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Abstract

To cope with the ever-increasing demand for energy efficient and reliable
fluid power solutions, research within newly emerging digital hydraulic con-
cepts is conducted in both academia and industry. A high potential digital
fluid power concept is the so-called digital displacement technology, where
numerous pressure chambers are controlled individually by electromechan-
ical actuated on/off valves to obtain the desired displacement throughput.
The feature of controlling the pressure chambers individually enables effi-
cient reduction in the committed displacement, since pressure chambers may
be held inactive in an idling mode which entails very low losses. The tech-
nology is assessed to have potential as being the core component of future
transmission solution for high power renewable energy take-off systems in
e.g. wind and wave energy. Furthermore, the digital hydraulic concept may
lead to a paradigm shift within hydraulic drives where the technology may
directly replace conventional fluid power pump and motor units. The present
thesis concerns development of control strategies for digital displacement
fluid power machines which is an important aspect with respect to success-
fully market deployment of the technology.

The present work focuses on development of control design models of
digital displacement (DD) units, enabling dynamical analysis and control
synthesis. The models must describe the important dynamics of the machine
with respect to system wide control, where one or more DD units are utilized
in a hydraulic application. It is desired that the models can describe the fun-
damental machine characteristics independent of operation conditions, i.e.
speed, displacement fraction, direction of motion, pumping or motoring, etc.
Furthermore, it is beneficial that the models are simple, and the applied con-
trol theory is relatively uncomplicated and well known. This enables model-
based feedback control design without very complex and time-consuming
algorithms. However, these two objectives often come with a compromise,
where a more general description often lead to a more complex model and
control algorithms, and vice versa. Therefore, models with a variety of com-
plexity and physical accuracy are developed, where the simplest are limited
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Abstract

to only apply under certain operation conditions.

A preliminary study is conducted to identify the control challenges re-
lated to such non-smooth dynamical system. The study shows that the dy-
namics of the machine is highly dependent on the applied operation and
control strategy. Furthermore, it is found that within a limited operation
region, the fundamental dynamical behavior may be described by both con-
tinuous and discrete approximations. Control synthesis for such systems are
well known and methods related to both linear and nonlinear systems may
be applied. Controller synthesis based on both deterministic and stochastic
optimal state feedback control, as well as model predictive strategies has been
applied to obtain the desired performance.

More complex dynamical system theories have been studied in the aim
of obtaining a more accurate and general control design model description.
Since the system dynamics is governed by nonlinear continuous differential
equations and the valves are limited to being either open or closed and may
only be altered in discrete intervals, the system dynamics belongs to the class
of hybrid dynamical systems. Hybrid dynamical system theory can describe
the dynamics of such system comprising both nonlinear continuous and non-
smooth discrete elements. However, the control law for such system is based
on stability proofs relating to both nonlinear continuous and discrete stability
theory. The analysis and control synthesis for hybrid systems are in general
considered quite complex even for relatively simple systems.

The research documented in this dissertation has contributed with an in-
vestigation of the underlying challenges related to control of a complex dy-
namical system comprising of nonlinear, continuous, discrete, binary and op-
eration altering dynamical elements. The developed control design models
are meant as the foundation in the process of designing feedback controllers
for digital displacement units. Since the presented analysis tools are inde-
pendent on which application the machine is used in, only a minor effort has
been put into optimized control performance for a specific applications.
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Resumé

For at imedekomme den stadigt stigende eftersporgsel af energieffektive
og palidelige hydrauliske lesninger udferes der forskning inden for nyud-
viklede digitale hydrauliske koncepter, bdde akademisk og industrielt. Et
digitalt hydraulisk koncept med heijt potentiale er den sakaldte digitale for-
treengnings teknologi, hvor adskillige trykkamre styres individuelt ved brug
af elektromagnetisk aktuerede ventiler for at opnd den enskede fortreengn-
ing. Funktionen med at styre trykkamrene individuelt muligger en effektiv
reduktion i den enskede fortreengning, da trykkamre kan holdes inaktive i
tomgangstilstand, hvilket medferer meget lave tab. Teknologien vurderes
at have et potentiale som den fremtidige hovedkomponent i energi effektive
drivsystem til vedvarende energi applikationer, f.eks. vind- og belgeenergi.
Desuden kan det digitale hydrauliske koncept fore til et paradigmeskifte
inden for hydrauliske drev, hvor teknologien direkte kan udskifte konven-
tionelle hydraulik pumper og motorenheder. Den foreliggende afhandling
omhandler udvikling af regulerings strategier til disse digital hydrauliske
maskiner, hvilket betragtes som et vigtigt aspekt med hensyn pa succesfuld
markeds implementering af teknologien.

Dette arbejde fokuserer pa udvikling af modeller af digitale fortreengning
(DD) enheder, der muligger dynamisk analyse og regulator design. Mod-
ellerne skal beskrive maskinens vigtigste dynamik med hensyn til system-
styring, hvor en eller flere DD-enheder anvendes i en hydraulisk applika-
tion. Det er ensket, at modellerne er i stand til at beskrive de grundleeggende
maskinegenskaber uafheengige af driftsbetingelser, dvs. hastighed, fortreengn-
ings forhold, bevaegelsesretning, pumpe eller motor operation, osv. Det er
endvidere gavnligt, at modellerne er enkle, og den anvendte reguleringste-
ori er forholdsvis ukompliceret og velkendt, saledes at modelbaseret regula-
tor design kan udferes uden meget komplekse og tidskreevende algoritmer.
Disse to mél kommer ofte med et kompromis, hvor en mere generel beskriv-
else ofte forer til en mere kompleks model samt regulerings algoritmer og
omvendt. Derfor udvikles modeller med varierende kompleksitet og fysisk
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Resumé

nejagtighed, hvor de mest enkle er begreenset til visse driftsforhold.

En indledende undersegelse udferes for at identificere reguleringsudfor-
dringerne i forbindelse med et sddant ikke-glat dynamisk system og viser, at
maskinens dynamik er steerkt atheengig af den anvendte drift og regulerings
strategi. Undersogelsen viser, at den grundleeggende dynamiske opfersel in-
den for en begraenset operationsregion kan beskrives af bade kontinuerlige
og diskrete tilneermelser. Regulator design til sédanne systemer er velkendt,
og metoder relateret til bade linesere og ikke-linezere systemer kan anvendes.
Kontrol design baseret pa bade deterministisk og stokastisk optimering, samt
model forudsigende strategier er blevet anvendt.

Mere komplekse dynamiske systemteorier er blevet undersegt med det
formal at opnd en mere preaecis og generel modelbeskrivelse til regulator de-
sign. Da systemdynamikken bestar af ikke-lineser kontinuerlige differential-
ligninger, og ventilerne er begreenset til at veere enten abne eller lukkede og
kun kan eendpres i diskrete intervaller, tilherer systemdynamikken hybrid sys-
temer. Hybrid dynamisk systemteori er i stand til at beskrive dynamikken
af et sddant system, der omfatter bade ikke-linezere kontinuerlige og ikke
glatte diskrete elementer. Regulator design for et sidant system er imidler-
tid baseret pa stabilitetsbeviser, der omfatter bade ikke-lineser kontinuerlig
og diskret stabilitetsteori. Analyse- og regulator design for hybridsystemer
anses generelt for at veere forholdsvis komplekse, selv for relativt enkle sys-
temer.

Forskningen dokumenteret i denne afhandling har bidraget med en un-
dersogelse af de underliggende komplikationer relateret til regulering af et
komplekst dynamisk system bestdende af ikke-linezere, kontinuerlige, diskrete,
binzre og hukommelseselementer. De praesenterede modeller skal ses som
fundamentet i processen med at udferer modelbaseret tilbagekoblings reg-
ulering af digitale fortreengnings enheder. Kun en mindre indsats er derfor
blevet lagt i optimal ydeevne af specifikke applikationer, da de praesenterede
analyseverktojer er uatheengige af i hvilken applikation maskinen anvendes.
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Chapter 1

Introduction

The main objective of this thesis is development of control strategies for dig-
ital displacement machines (DDMSs), where the primary focus is put towards
strategies that utilizes model based feedback control design. The DDM is an
emerging type of digital fluid power pump-motor unit, which has the poten-
tial of becoming the solution for future hydraulic drives and transmissions.
The prospective application utilization of these machines spans widely due
to their high power density and modular construction yielding great scalabil-
ity and efficiency. With the estimation that wind energy is one of the leading
resources in the future energy systems, the DDM technology may lead to
a breakthrough in hydrostatic transmission as the solution for increasingly
large wind turbine drive trains [59,77]. A special focus is hence made on
utilization of DDMs in a hydrostatic wind turbine transmission. This chapter
serves as an introduction to the digital displacement machine and its op-
eration principle and gives an overview of the development of the digital
displacement technology.

1.1 Digital Displacement Machine Fundamentals

The DDM technology differs in various ways when comparing to conven-
tional variable displacement fluid power machines (typically axis-piston type,
gear type or radial piston type), where the main difference lies in the way that
oil displacement to the high- and low-pressure manifold is controlled. In dig-
ital displacement units multiple hydraulic cylinders are connected to a com-
mon eccentric cam shaft (or cam ring), which employs a reciprocating piston
motion similar to the radial piston type machine. The fundamental difference
is that oil-displacement between the pressure chambers and the manifolds is
individually controlled by fast electro-magnetically actuated on/off valves.
Precise timing of the valve switchings is thus the key to obtain high efficien-
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Chapter 1. Introduction

cies and great control performance independent of operation conditions. A
fundamental description of the DDM is based on the simplified sketch of the
radial piston type machine shown in Fig. 1.1.

1 Low pressure mainfold
2 High pressure manifold
3 Low pressure valve

4 High pressure valve

5 Cylinder

6 Piston

7 Cylinder chamber
(Pressure chamber)

8 Eccentric

Fig. 1.1: Illustration of the radial piston type digital displacement machine. The shown design
has three modules with five cylinders in each module [Paper A,B,G,H,K].

It is seen that the cylinders are radially distributed around the eccentric
shaft, which results in a reciprocating piston motion being angular shifted
with respect to each other. The core feature of the digital displacement tech-
nology is that each pressure chamber may be controlled individually by the
electro-magnetically actuated and leakage free seat valves. A more detailed
illustration of a single cylinder and the configuration of the valves is shown
in Fig. 1.2. The high pressure valve (HPV) is of type normally closed, while
the low pressure valve (LPV) is of type normally open. In case of a fail-
ure, a spring ensures that the valves are in the original configuration, where
the chamber is depressurized. By manipulating the state of the high- and
low-pressure valves accordingly to the piston position each pressure cham-
ber may be reconfigured individually to operate in one of the three modes;
pumping, motoring and idling. Additionally, there are two distinct operation
strategies, namely full- and partial stroke. In full stroke, the decision of op-
eration mode is done on a stroke-by-stroke basis at a specific piston position
and the chosen mode is maintained throughout the full stroke. In partial
stroke operation, only a fraction of the full stroke is used while the machine
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1.1. Digital Displacement Machine Fundamentals

HPV
Pressure
Chamber ’
Eccentric :
shaft \

_.‘"\

Piston

Fig. 1.2: Tllustration of the individual pressure chamber and the configuration of the correspond-
ing valves [Paper A,B,C,H,L]JK].

is idling in the remaining part. An illustration of the three operation modes
with a full stroke strategy is shown in Fig. 1.3.

Idling Pumping Motoring
T T T

BDC |-

TDC

Open
Closed

Piston Pressure —— HPV

LPV ‘

Fig. 1.3: Illustration of the three operation modes of the digital displacement machine, being
pumping, motoring and idling [Paper B].

A full stroke strategy is considered the simplest, since the state (open or
closed) of the HPV and LPV may only be changed at specific piston positions.
Since the piston position is kinematically determined by the shaft angle, the
valve states are changed at specific local shaft angles located near either top
dead center (TDC) or bottom dead center (BDC). To understand the working
principle, descriptions of the three operation modes are made:

e Idling: The LPV is kept open and the HPV is kept closed during the
full revolution cycle. As a result, the chamber pressure is maintained
low, while oil is displaced to and from the low-pressure manifold. This
way the net displacement is zero and due to the low chamber pressure,
the losses are very low in idling mode.



Chapter 1. Introduction

e Pumping: The LPV is closed just prior to BDC, such that a pressure
buildup is created due to fluid compression as the piston moves to-
wards TDC. As the chamber pressure exceeds the high pressure, the
HPV is passively opened due to pressure force and a pressurized fluid
flow is created towards the high pressure manifold. At TDC the HPV
is again closed and as the volume increases right after, the pressure de-
creases below the low pressure. As a result of the created suction effect,
the LPV is passively opened and maintained open during piston con-
traction, until the cycle is repeated. Alternatively, based on the machine
design (pump only), a passive check-valve may be used as the HPV.
Using such setup only gives a minor shift to the shown timing scheme
without changing the working principle.

e Motoring: Is approximately a reflection of the pumping mode around
zero angle, where the LPV is closed near ahead of TDC. This results
in a chamber pressurization used for passive opening of the HPV at
TDC. As the chamber volume is increased when moving towards BDC,
pressurized fluid is withdrawn from the high pressure line and used as
the driving mechanism of the piston and common shaft. Near ahead
of BDC, the HPV is closed and due to the suction effect created by the
pressure decrease, a passive opening of the LPV is generated. The LPV
is afterwards held open during the upstroke, until the cycle is repeated.
Contrary to pumping mode, motoring requires active closing of both
valves.

In full stroke operation the altering of valve states is made in the prox-
imity of either TDC or BDC, where the flow rates are low. Since both the
pressure difference across the valves and the flow rates are low, the losses
and the required actuation power are reduced to a minimum. The machine
displacement throughput is seen to be determined by the ratio of active cham-
bers (pumping or motoring), why the machine displacement throughput per
revolution is quantized by the number of pressure chambers.

In partial pumping stroke operation, the LPV is closed at a later piston
position, such that the displacement fraction is reduced to the desired value.
Similarly, in partial motoring stroke operation the HPV is closed at an earlier
position, such that the desired displacement fraction is obtained. This fea-
ture yields the possibility of obtaining any displacement fraction during each
stroke for every cylinder. Despite that the valve states are still altered at low
pressure difference, it may occur at large fluid flows which brings increased
losses as well as flow /pressure spikes. In addition, the complexity of achiev-
ing precise valve control is increased as the flow rates and closing angles
are varying. A more detailed description of the operation modes is made in
Chap. 2 concerning control complications with respect to these machines.



1.2. Development of Digital Displacement Machines

How the actuation forces that are necessary to obtain the desired valve
opening and closing characteristics are generated is considered out of scope
of this thesis. For more information about this, Roemer [67] and Noergaard
[52] have made a tremendous contribution to the design and optimization
of these valves for improving the machine efficiency and obtain great valve
performance.

1.2 Development of Digital Displacement Machines

The following provides an overview of the research and development related
to the digital displacement technology. The overview includes the most sig-
nificant works carried out in both industry and academia.

The concept behind the digital displacement (DD) technology was estab-
lished at Edinburgh University in the 1980s by a team of researchers led by
Stephen Salter. The initial work were originated in the development of an en-
ergy efficient power take-off system for renewable energy applications, from
which ideas and possibilities were published in 1984 [70]. The first patent on
the DD technology was filed in 1989 (acc. 1994) for the pump design [71], fol-
lowed by the motor design in 1990 (acc. 1995) [72]. This led to the founding
of the company Artemis Intelligent Power Ltd. (AIP) in 1994, which con-
tinued to develop the technology. The first constructed DD unit was made
at 18 cc/rev scale [63], and was later upscaled to a simple 1.5 kW demon-
strator [39]. With focus on demonstrating the potential of the DD concept,
AIP has applied it in a wide range of different applications; wind turbine
transmissions, wave power take-off systems, commercial vehicles (cars and
buses) and off-road vehicles (excavators and heavy equipment) [76,83]. Dur-
ing the years AIP has been involved with several major industrial partners
with the aim of improving and commercializing the technology. Since 1998
AIP has been working with Sauer Danfoss (now Danfoss Power Solutions)
on mobile DD equipment and off-road vehicles [63,89]. In 1999 the company
Dana became involved, with the aim of developing hydraulic hybrid vehicle
transmissions [63]. This partnership lasted until 2006 where Bosch Rexroth
overtook the license and are of today still an active partner. In 2008 the DD
technology was demonstrated in a BMW 530i and showed promising fuel
savings of up to 50 %. Following this, AIP has been developing a retrofittable
hybrid transmission for a city bus based on the DD technology showing up
to 27 % energy consumption reduction [82]. Despite the large amount of re-
search regarding the digital displacement technology, only one product has
made its market appearance and was introduced in 2015. This product is a
12-piston 96 cc/rev DD pump with operation speeds of up to 1800 rpm and
pressures up to 350 bar. An illustration and a picture of the E-dyn 96 cc/rev
DD pump is shown in Fig. 1.4. The 12 cylinders are arranged in three mod-
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Fig. 1.4: Illustration and picture of the E-dyn 99 cc/rev DD pump [42,44].

ules of four and comprises of electrically actuated solenoid valves. However,
the DD unit is limited to pumping operation due to the HPV being a passive
check-valve. In early 2017, it was announced that a project for developing
digital displacement hybrid rail transmission is in progress, where a three
month test period has started in December 2017 [68]. Recently in 2018, AIP
has unveiled its plans for using the DD technology in the aeospace indus-
try [43].

The plans for development of a large scale DD wind turbine hydrostatic
transmission were established in the early years of the DD technology and
a paper has been published on the subject in 2006 [62]. A 1.5 MW wind
turbine transmission with a 1 MNm DD pump and two 800kW DD motors
running at 1500 rpm was tested in 2009 [63]. In 2010 Mitsubishi Heavy Indus-
tries (MHI) acquired AIP with the intention of developing a large scale fluid
power transmission system for wind turbines [22]. Plans for a 7 MW hydro-
static DD based wind turbine transmission were announced in 2013 [50] [87]
and in 2015 the complete system was tested in Scotland [23]. The 7 MW tur-
bine drive train prototype comprises of a 7 MW slow-rotating (w < 15 rpm)
digital cam-ring pump attached to the turbine rotor and two 3.5 MW fast-
rotating (w > 1000 rpm) digital radial piston motors. Fig. 1.5 shows a picture
of the turbine drive train set-up. Published results regarding operation of
the transmission are very limited, but it has been reported that the total ef-
ficiency of the transmission is 94 % (98 % and 96 % for the pump and motor
respectively) in a wide operation range [49]. Also, in 2015 MHI deployed a 7
MW digital hydrostatic transmission at Yokoshima, Japan for further testing
of the technology. However, no results have been made publicly available.
An undergoing project at AIP as of 2017 concern the implementation of the
DD technology in wave power take-off systems [41,55].
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1:7 MW DD Pump
2:3.5 MW DD Motor (1 of 2)
3:4.2 MW Synchronous Geneator (1 of 2)

4: Turbine/Pump rotor interface

Fig. 1.5: 7 MW wind turbine transmission based on the digital displacement technology [76].

Another commercial company with research activities related to the DD
technology is Diinef A/S and Chapdrive A/S, whose main focus is on low-
speed high-torque machines, with valves that are capable of opening against
large pressure forces [5,36,85]. A planned application is for large offshore
winch drives, which has resulted in the forming of the project Digiwin [7].

Research related to the digital displacement technology has also been ex-
plored in academia, where focus has been on various subcomponent of the
DD machine. Initially as mentioned, the fundamental development of the DD
technology began at Edinburgh University, Scotland, starting in the 1980s.
Two Ph.d. dissertations were published in the 1990s at the University of
Edinburgh on the fundamentals of the digital displacement machine [8, 61].
An industrial Ph.d. dissertation between Edinburgh University and AIP re-
garding the fundamentals of a digital displacement hydrostatic transmission
systems was published in 2007 [3]. Several other research institutions have
made contributions to the development of the technology. Purdue Univer-
sity, US, has conducted research regarding digital displacement motor and
pump concepts, where focus has mainly been on development of operation
strategies and valve timing control [20,21,47,48]. Tampere University of Tech-
nology, Finland, has been developing a hydraulic power management system
(DHPMS) similar to the digital displacement pump-motor concept with mul-
tiple independently controlled outlets [14,15,17,18]. The main focus has been
on development of an energy efficient digital flow control unit and special
effort has been put in the development of the fast switching valves for the
technology [29,37,88].

Research on the digital displacement machines has also been conducted at
Agder University, Norway, lately. Special attention has been on offshore ap-
plications with high power requirement. Work on drilling and winch drives
have been investigated and it is expected that the DDM is a viable machine
solution for energy efficiency improvement of these systems [12,53,54].

Since 2010 the Department of Energy Technology at Aalborg University
(AAU), Denmark, has performed research and development of the DD tech-
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nology, where the first initial experimental studies were conducted on a 1-
piston digital pump prototype [66]. Further research included design and
optimization of the electromagnetic valve actuation system, wear and relia-
bility studies, as well as the tribological interface and fluid mechanics related
to the digital machine [24,67]. A drawing of a 7.3 MW digital displacement
motor that has been designed at AAU is shown in Fig. 1.6.
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valve
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Fig. 1.6: Drawing of the radial piston type digital displacement motor designed at AAU with 64
cylinders and nominal speed of 1500 rpm [67].

The depicted DD motor comprises of eight radially distributed cylinders
banks with eight cylinders in each bank. The focus of the research has mainly
been on the design and optimization of the fast switching digital valves. The
shown design resulted in a valve with a measured response time of 1.8-2.9
ms and a pressure drop below 0.5 bar at a flow rate of 600 1/min. Suc-
cessfully deployment of the digital hydraulic machines is highly dependent
on the performance and reliability of these valves. Several research insti-
tutes are focusing on highly efficient and fast actuation valves, which may
be candidates for usage in the DD units. Amongst others, Linz center of
mechatronics and Johannes Keppler university of Linz, Austria have been a
long-time contributor in the development of such digital valves. Alternative
DD pump-motor concepts, which relies on robust mechanical valves relative
to the seemingly more fragile electronically controlled valves are also being
explored [19, 64, 86].

The mentioned milestones in the research and development of the digital
displacement technology are summarized in the illustration shown in Fig.
1.7.

10
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4 Academic activities Industrial activities >

Team formed at Edinburgh University
to develop efficient variable o
displacement fluid power machines [63]

Same team starts work on DD technology [63]c

Salter publishes seminal paper on digital
transmission for wind turbines [69] °
First digital pump-motors were developed and
first fundamental patents were filled [63,71,72]
Seminal paper published outlining o
the fundamentals of the technology [9]

Edinburgh publishes two Ph.D dissertation
on the digital displacement hydraulic pump [8,61]

1989-1993

19921997 o Salter and Rampen founds Artemis Intelligent Power Ltd. [63]

o AIP starts work with Saur Danfoss on DD mobile equipment [63]

Dana, an automotive component company
takes license for DD on-road vehicles from AIP [63]
AIP starts minor developments on large scale digital
° hydro-static transmission systems for wind turbines [63]

o Rosch Rexroth overtakes Dana license [63]

Edinburgh publishes a Ph.D dissertation o o AIP again starts work on tranmission for wind turbines [63]
on digital displacement transmission systems [3]

AIP demonstrates up to 50 % fuel savings using

DD technology for a BMW 530i [2]

Purdue publishes experimental results

on operation strategies [21]
o AIP completes 1.5 MW hydrostatic transmission [63]

AIP recieves grant for development of kinetic
energy recovery systems for e.g. trains [63]

TUT publishes results on a three and a six
piston proptype DHPMS [15,81]

o AIP is aquired by Mitsubishi Heavy Industries [22]

AAU publishes results on a one-piston_
digital pump prototype [66]
 MHI unveils plant for 7MW

hydro-static wind turbine transmission [50]
AAU publishes two Ph.D dissertations
on valves and tribology models for DDM's [24,67]°
MHI commences testing of a 7MW transmission
in wind turbine in Hunterston, Scotland [23]
AIP publishes results on retroffitable
° hydrid drives for busses [82]
, MHI installes 7MW floating wind turbine
at Yukushima with DD based transmission [76,91]

o E-dyn 96 pump is introduced to market

TUT introduces a new prototype DHPMS [18]o

University of Minnesota and others report

on DDM's without electric valves [19,64,86] AIP unveils plans for full scale testing of

o DD traction based system for trains and for
the power take-off of the wave energy converter Pelamis [55]

Fig. 1.7: Summarization of the milestones regarding research and development of digital dis-
placement machines. The timeline is made with inspiration from Noergaard [52].

1.3 Features of Digital Displacement Units

The digital displacement technology has the potential of becoming the pre-
ferred technology for future hydraulic pump and motor units due to a high
number of valuable features. Several of these features have already been
mentioned and are further explained in the following, together with several
other advantages of the DD technology.

11
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Efficiency

A key feature is the high efficiency that the technology enables compared to
conventional fluid power machines. The high efficiency is the result of hav-
ing very low losses of idling cylinders and only switching the valve states
at low pressure difference and low flow rates (full-stroke), as well as having
near zero leakage flow through the seat valves. The ability to idle cylin-
ders individually at low pressure enables an efficient reduction of the power
throughput. As a result, significantly improved energy efficiencies are ob-
tained at lower displacement ratios compared to conventional fluid power
pump-motor units. Controlling the displacement by the ratio of activated
pressure chambers has shown efficiencies above 90 % even at part-load oper-
ation as shown in Fig. 1.8.
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Fig. 1.8: Efficiency map comparison of conventional hydraulic pump pumps and the digital
displacement pump. a) 100 % displacement, 1800 rpm. b) 350 bar, 1800 rpm. c) 350 bar, 25 %
displacement [90].

It is evident that the efficiency map for a digital displacement machine
is significantly higher than those for conventional fluid power machines. At
full displacement the DDM has a peak efficiency of approx. 95 %, while at

12
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20 % displacement the machine efficiency is approx. 90 %. It is seen that in
approx. 80 % of the shown operation range, the efficiencies are above 90 %,
making the DD units a strong competitor to electrical machines in high power
applications.

Scalability, Redundancy and Reliability

Due to the modular construction with numerous identical pressure cham-
bers, the scalability of the machine is superb compared to conventional hy-
draulic units. Additional pressure chambers may simply be added to in-
crease the power rating, whereby the same operation curves are obtained at a
lager power rating. This feature omits the requirement to develop new larger
cylinders and valves to increase the power rating, which likely increases the
development and production costs.

The modular construction directly provides great redundancy, since the
operation of the machine is sustained in the case of a pressure chamber fail-
ure. Considering the failure of a single pressure chamber, the remaining
chambers are still functional, such that the machine functionality is main-
tained at a fractional lower peak power. Since the machine comprises of many
smaller components, a malfunctioned valve may be replaced easily by hand
and does not require large and heavy equipment. As a result, the mainte-
nance cost may be lowered for e.g. off-shore wind turbines, which have very
high costs related to downtime due to failed components.

The digital displacement unit has the potential of having high reliability,
since hydraulic components are known to be robust and operate under rough
conditions. However, the small and seemingly fragile electromagnetically ac-
tuated valves challenge this feature, which makes them the bottleneck with
respect to reliability. Therefore, development of reliable valves is also consid-
ered an important research topic with respect to successfully deployment of
the technology.

Other Important Features

The digital displacement machine comes with several other features, some of
which are worth mentioning are listed below:

e Extensive controllability, where flow, pressure, torque, power, speed
and position control is possible.

e Fast response (at high shaft speed) from zero to full oil displacement in
half of a revolution.

e Reliable load holding due to the use of leakage free seat valves.

e Requires less cooling due to the higher efficiency.

13
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Since control development for the DDM is the main objective of this work,
the first two features are noteworthy and are discussed throughout the re-
mainder of the thesis. Of course, there are several drawbacks related to the
technology, where some worth mentioning are; non-smooth output contain-
ing a large quantity of ripples, seemingly fragile valves, complex control and
distinctive sound pattern. However, since the work hours spent on devel-
oping and improving the technology is very limited compared to the work
hours spent on electrical rotary machines, there is a large potential of improv-
ing the technology. Therefore, one may consider the mentioned problems for
challenges rather than drawbacks.

1.4 Aims and Focus of Research

The overall aim of this thesis is the development of control strategies for
digital displacement units. Especially, focus is drawn towards control of dig-
ital displacement machines in a hydrostatic transmission for a wind turbine
which is a high potential application for the technology.

The research is primarily focused on development of control design mod-
els that allow for dynamical system analysis and model-based feedback con-
trol synthesis. It is considered a crucial task to be able to analyze the sys-
tem’s dynamical behavior if something goes wrong (instability, resonance,
limit cycles, malfunctioned pressure chamber, strange behavior, etc.). There-
fore, heuristic control methods are not considered, and the research is made
with focus on the mathematical framework for describing the system dynam-
ics with respect to control. Simple control structures and methods that are
well known, such as linear time invariant (LTI) or discrete linear time invari-
ant (DLTI) are considered beneficial with respect to potential usage in the
industry. However, such strategies are often limited to be valid in a minor
operation range, why more advanced and general models are demanded.

Therefore, the research is structured such that simple approaches are at-
tempted where possible and the complexity of control design models and
strategies are increased based on the difficulty of the control problem and
the requirements to the system. Unfortunately, no experimental work has
been conducted since a test-setup of the DDM has not been available during
the dissertation. However, the developed control models and strategies are
validated through simulation models describing the physical system behav-
ior, which has been experimentally verified for a single pressure chamber.

14
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1.5 Main Contributions

The main contributions of this research are:

o Identification of control challenges related to full-stroke and partial-
stroke operated digital displacement machines.

o Identification of control challenges related to the design and the appli-
cation use of the digital displacement machines.

e Development of control design models describing the fundamental dy-
namics of the digital displacement machines. These models (continu-
ous, discrete and hybrid dynamical system models) allows for dynamic
analysis and controller design.

e Development of control strategies related to full-stroke and partial-
stroke operated digital displacement machines. This includes usage
of modulation strategies for handling the digital behavior.

e Development of control strategies related to application use of digital
displacement machines. This thesis has a special focus towards hy-
drostatic transmission for wind turbines, but also direct cylinder drive
applications are considered.

e Control design procedures for controller synthesis. However, only a
minor effort has been put into synthesis of controllers for optimal per-
formance, since the work considers a general framework and not one
single specific application.

1.6 Reading Guidelines

Chap. 2 presents an investigation of the control challenges related to both
full- and partial stroke operation and provides suggestion when to apply
which strategy. Also, control related challenges with respect to the design
and application use of the DD units are investigated. Understanding the
control challenges is considered important for a successful development of
control strategies and control design models. The majority of this work is
also documented in [Paper A].

Chap. 3 provides a review of the state-of-the-art control strategies for the
DDM and investigates the dynamical behavior and digital effects of the ma-
chine, which is based on the work published in [Paper B]. Furthermore, con-
trol design models of the DDM is developed based on continuous [Paper
C], discrete [Paper D,EF] and hybrid dynamical system theory [Paper J K].

15
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The validity and limitations of the individual models are discussed, such that
the models may be applied accordingly. Both control strategies for full and
partial stroke operation are proposed and suggestions when to apply which
strategy are provided. Only a brief overview of the control models and strate-
gies are given, while references to published papers on the given subject are
provided for more detailed informations.

Chap. 4 discusses the applicability and limitations of the developed con-
trol design models. Suggestions on control design methods are provided
and a brief description of the mathematical design framework is given [Pa-
per D,E F,G H]. Several proposals on further important aspect related to this
work are provided, since additional research within control of DDMs is re-
quired to enhance the technology further.
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DDM Control Challenges

Often the control problem for a dynamical system (continuous or discrete) is
related to choosing the most suitable control strategy and then tune the con-
troller with respect to the desired performance criteria. Since control of the
digital displacement technology is a relatively unexplored field, an important
initial step is to identify the control challenges related to the non-smooth ma-
chine behavior and the application it is used in. The identification of control
challenges is meant as a foundation in the development of control design
models. Instead of deriving a complex model for investigation of the control
challenges, a relatively simple model with idealized behavior is used, which
maintains the fundamental dynamics and all the challenges with respect to
machine level control.

2.1 Establishment of Mathematical Model

The derivation of the relatively simple mathematical model is based on the
illustration of the digital displacement machine shown in Fig. 1.1 and the
single pressure chamber shown in Fig. 1.2.

The piston displacement, x, for a single pressure chamber is kinematically
described as function of the shaft angle by

x; =rte (1 —cos(6;)) 6; =9+2N—7T(i—1) ie{l,...,Nc} (2.1)

where N, is the number of cylinders and 7. is the eccentric radius, such that
the piston stroke length is ¥ = 2. The cylinder chamber volume, V, and its
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time derivative are then described by

Vv . V. :
Vi = ?d (1 — COS(Q;’)) + WV V= 7(1 Sil’l(@i) 0 (2.2)

where V) is the minimum chamber volume and V4 = 27e Ap is the displace-
ment volume, where Ay, is the piston area. The cylinder pressure dynamics
is described by the continuity equation and given to be

ﬁ‘* (Qei — QL — V) 23)

where Qy and Q are the flows through the high and low pressure valve
respectively and S, is the effective bulk modulus being considered constant.
The oil-flows through the valves are described by the orifice equation and

given to be
X /
QL,i = ka 51gn
XH
= kf \ |pa — pil sign (pu — pi)

where ki is the valve flow coefficient, while ¥ € [0,1] and %y € [0,1] are
normalized valve plunger positions. The torque from each pressure chamber
is derived to be given by

(2.4)

AV (6; 1
T = ;lé 2 pi = 7dsm(9>m (2.5)

The parameter values used in the simulation model do not change the dy-
namical behavior significantly. For this particular simulation the values pro-
vided in Tab. 2.1 are utilized.

Table 2.1: Parameter values for the digital displacement machine simulation model.

Parameter Symbol | Value Unit
Eccentric radius Te 25 mm
Piston area Ap 30.7 cm?
Minimum chamber volume Vo 153.4 cm?
Effective bulk modulus Be 12000 bar
Valve flow coefficient k¢ le6 m3/+/Pa
Low pressure PL 20 bar
High pressure PH 300 bar
Rotational speed ) 100 rpm

18



2.1. Establishment of Mathematical Model

The dynamics of the pressure chamber is illustrated by a polar phase plot
of the pressure trajectories for a full and a partial stroke operation and are
shown in Fig. 2.1.
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(a) Full stroke operation phase plot. (b) Partial stroke operation phase plot.

Fig. 2.1: Polar phase plot of the pressure trajectories of a single pressure chamber. Red trajectory
indicates a motoring stroke and blue trajectory indicates a pumping stroke [Paper A,B,K].

The motoring strokes (full and partial) are initiated by closing the LPV at
¢m1 shortly before TDC, which results in a pressurization due to piston exten-
sion. As the pressure increases above the high pressure, the HPV is passively
opened at TDC due to the generated pressure force. The motoring stroke is
ended by closing the HPV at ¢y, which results in a depressurization due
to piston retraction. As the pressure decreases below the low pressure, the
LPV is passively opened due to the generated suction force. The pumping
operation is seen to be a reflected version of the motoring stroke around a
horizontal line between BDC and TDC. The pumping stroke is initiated by
closing the LPV at ¢, and due to piston retraction, the pressure is increased
towards TDC and results in a passive opening of the HPV. Therefore, the first
part of the pumping stroke generates no flow and torque, while the last part
of the motoring stroke generates no flow and torque.

In the following investigation of control challenges, a quasi-static scenario
is considered, where the pressure build-up in a chamber takes place instan-
taneously. The chamber pressure is hence allowed to jump between low and
high pressure momentarily. This simplification is valid when describing the
fundamental machine dynamics, since the pressure build up as function of
the shaft angle is fast as seen in Fig. 2.1. As a result of the simplification,
Qu V QL = V., depending on whether the high or low pressure valve is
open. From the above model description, the flow and torque throughput as

19



Chapter 2. DDM Control Challenges

function of the displacement volume are given by

D; = % sin (6;) ; Qn,i = D;b; 5 =Dipi (26
where D is the displacement volume and i € {0,1} describes whether the
pressure chamber is active or inactive. It is seen that the flow and torque
throughput are highly nonlinear functions. Additionally, the input, @, may
only be altered at certain angles as identified in Fig. 2.1.

The description of the displacement throughput is used in the following
analysis to examine the operation principle of the digital displacement ma-
chine. The control challenges for full- and partial stroke operation are vastly
different, since the system behavior is changed based on the operation strat-
egy. Therefore, the control challenges for the two operation strategies are
investigated separately.

2.1.1 Full Stroke Operation

In full stroke operation, the decision to either pump or idle during piston
extension is made on a stroke-by-stroke basis once for every revolution at
a fixed angle. Similarly, the decision to either motor or idle during piston
retraction is made once every revolution at a fixed angle. (¢mr and ¢ for
motoring and pumping respectively). An illustration of the decision angles
is shown in Fig. 2.2.

BDC
TDC
x
o § ™ dn o |D—
PmL (PpL
Motoring Pumping
Decision Decision

Fig. 2.2: Tllustration of the decision angles for pump and motoring using full stroke operation.

It is seen that the decision to either motor or idle (motoring decision)
is made at ¢ shortly ahead of TDC and the decision to either pump or
idle (pumping decision) is done at ¢, located at BDC. An illustration of the
control sampling scheme and displacement responses are shown in Fig. 2.3
for a DDM with 5 cylinders.
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Fig. 2.3: Displacement response and control decision scheme of a full stroke operated DDM
using both pumping and motoring strokes. Black samples are for motoring and blue samples
are for pumping [Paper A].

If the DDM is to supply pressurized fluid as a pump, only the decisions
to either pump or idle are made (blue samples). Similar, if the DDM is to
operate as a hydraulic motor, only the decisions to either motor or idle are
made (black samples). Considering the DDM to operate exclusively as ei-
ther a motor or pump, a control decision is made for every cylinder at every
2 1/ N¢ rad. The synchronous decision angle results in an asynchronous deci-
sion time if the machine speed is varying. If the machine is to both pump and
motor, only a periodic synchronous decision in the angle domain is obtained.
Furthermore, it is seen that the displacement responses are different for the
motoring and pumping decision, since the last part of the motoring stroke is
not used, while the first part of the pumping stroke is not used.

The control problem is further complicated if the machine is to operate
in all four quadrants (Pumping and motoring in both directions of motion),
since operation in both direction of motion changes the decision sampling
scheme. This is illustrated in Fig. 2.4 with steep changes in the rotational
speed between clockwise and counter-clockwise direction of motion. It is
seen that if the direction of motion is changed during a motoring stroke, the
remaining part of the stroke is committed as pumping. Additionally, the
subsequent sample is also for a motoring stroke, but since the direction of
motion is reverse, the decision angle ahead of TDC is now located at ¢_; =
27T = Py -

One interesting control phenomenon occurs when the speed of the ma-
chine is zero and the shaft is stationary. At standstill the system is uncon-
trollable, since the next control update never occurs. Therefore, an external
torque is required to bring the machine into motion and is thus also required
at startup.

21



Chapter 2. DDM Control Challenges

O /
\ / 0

T A /0D
A QT/N 7 nufg ”Wﬂ@
T T T T T

Pt PmL PpL oL P, O

Fig. 2.4: Illustration of response and sampling scheme with motion in both directions. w is the
rotational shaft speed. [Paper A].

2.1.2 Partial Stroke Operation

As an alternative to controlling the displacement throughput in discrete steps
determined by the ratio of activated cylinders in full stroke operation, the dis-
placement resolution may be increased by utilizing partial stroke operation.
Partial stroke operation is characterized by using a continuous fraction of the
full stroke for every cylinder. Three different partial stroke operation strate-
gies exist which are illustrated in Fig. 2.5 for pumping.

Pumping

<
BDC

(@) Conventional flow- (b) Flow-limited pumping. (c) Sequential flow-
diverting pumping. diverting pumping.
Fig. 2.5: Partial stroke operation methods: Black hatched area indicates an open valve and white
area a closed valve. The outer colored circle represent the pressure level in the chamber. Red

is high pressure, blue is low pressure and gray is cavitation pressure. Made with inspiration
from [20].

Using the conventional flow-diverting strategy (FDS) shown in Fig. 2.5a,
the LPV is closed later in the pumping period to reduce the displacement
output compared to full stroke. Although the valve state has to be altered at
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higher flow rates compared to full stroke, the pressure difference across the
valve is maintained low.

The flow-limiting strategy (FLS) shown in Fig. 2.5b relies on cavitating
the pressure chamber by closing the LPV during the suction part at an angle
¢. As the pressure again rises during the pumping part, the HPV is passively
opened at an angle approximately equal to 2 7t — ¢. This strategy entails lower
losses due to the marginally lower pressure level. However, reducing the
pressure below atmospheric pressure may introduce further complications,
such as additional mechanical- and fluid wear [20,21,51]. Additionally, a
large delay is introduced since the decision is taken in the first part of the
revolution and the output is generated in the last part.

In the sequential flow-diverting strategy (SFDS) shown in Fig. 2.5c, the
strategy is similar to that in Fig. 2.5a, but the active pumping part is divided
into segments. In this example the pumping stroke is divided into two parts,
but the strategy may be extended to comprise of multiple parts. This strat-
egy increases the control update rate, since several decisions may be taken
for every stroke. Additionally, switchings at high flow rates located at the
midpoint between BDC and TDC may be avoided if a displacement fraction
of approx. 50 % is desired. However, the method costs more actuation energy
since it is required to open the LPV against high pressure difference. There-
fore, larger valves that can open/close against high pressure difference are
required compared to the other strategies.

The partial stroke methods are also applicable for motoring operation,
which are illustrated in Fig. 2.6.
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BDC

(a) Conventional flow- (b) Flow-limited motoring. (c) Sequential flow-
diverting motoring. diverting motoring.

Fig. 2.6: Partial stroke operation methods: Black hatched area indicates an open valve and white
area a closed valve. The outer colored circle represent the pressure level in the chamber. Red
is high pressure, blue is low pressure and gray is cavitation pressure. Made with inspiration
from [20].
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Partial Stroke Control Challenges

The challenges with respect to control of a partial-stroke operated DDM are
very different than those identified for full stroke operation. The displace-
ment response in partial stroke operation is peculiar when compared to the
response of a conventional dynamical system. This is due to the input being
a state altering angle, ¢ that scales the width of the response, rather than a
conventional system which input scales the magnitude of the response. To
normalize the input, an input variable change is made, such that the input is
a displacement fraction 77 € [0,1]. The input transformation is done by con-
sidering the committed displacement fraction for a motoring stroke by use of
(2.2).

<

V(p) _ 3t (1—cos(¢)) _ (1—cos(¢)) 2.7)

1= V() % (1 —cos(m)) B 2

The resulting input transformation is then given by
¢(n) = acos(1 —27) n €0, 1] (2.8)

How the displacement response of the DD unit depends on the input is illus-
trated in Fig. 2.7.
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Fig. 2.7: Displacement response as function of the input, 7 = 0.7 for conventional partial stroke
operation [Paper A,B].

This highly non-smooth system behavior introduces control challenges,
since the input changes the impulse response. In theory, it is possible to
change the input, #, continuously until the local shaft angle has exceeded the
state changing angle, 6; >= ¢ (1), where the HPV is closed. This yields a high
degree of freedom, but also complicates control further since the impulse
response is unknown when initiated.
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A partial stroke strategy is seen to yield a continuous displacement through-
put over a revolution, but that the instantaneous output value for each cham-
ber is determined by the shaft angle and may therefore not be controlled.
Considering an angle average displacement over a full revolution, there is
an infinite number of combinations that yields the same combined displace-
ment. This is illustrated in Fig. 2.8 where the same integrated displacements
(50 %) are committed over a full revolution with two vastly different activa-
tion patterns.

Fig. 2.8: Output displacement response and control decision scheme of a partial stroke operated
DDM, using only motoring strokes [Paper A].

The top strategy commits 50 % displacement for each pressure chamber
and is considered the most simple approach. The bottom strategy is chosen
arbitrarily to give a total displacement of 50 % over a full revolution and is
seen to be much more sophisticated. Since the flow is largest as the mid-
stroke, the pressure spikes and energy cost due to switching is also largest at
this point. Therefore, it may be beneficial to avoid switching near maximum
flow rates. However, including the energy and pulsation cost in the control
strategy further increases the control complexity.

Sequential Partial Stroke Control Challenges

In sequential partial stroke, the valves are opened and closed independently
of the shaft position. Thereby, the control update rate may be significantly
increased and is only constrained by the valve actuation time. An illustration
of two arbitrary sequential partial stroke operations are shown in Fig. 2.9.
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Fig. 2.9: Examples of response yielding a displacement fraction of, # = 0.7, with sequential
partial stroke [Paper A].

Although the obtainable displacement fraction during a revolution is con-
tinuous and the control update rate may be high, it is not possible to obtain
continuous control of the committed displacement. Even if it is theoreti-
cally possible to activate and deactivate the pressure chambers infinitely fast,
the instantaneous displacement for each pressure chamber is a fixed value
depending on the shaft angle as shown in Fig. 2.7. Considering a DD mo-
tor, the maximum number of cylinders that may be active simultaneously is
Nmax = ceil (N./2). Since each chamber may be either active or inactive,
there is a maximum of 2Nmax possible displacement combinations for each
angle. An illustration of the combinations as function of the shaft angle are
shown in Fig. 2.10.

D

0 2n 47 61 87x 2 0
5 5 5 5

Fig. 2.10: Illustration of the displacement combinations as function of the shaft angle with 5
cylinders [Paper A].

With 5 cylinders there are either 22 = 4 or 23 = 8 combinations to choose
between at each angle. The shown example is a best-case scenario where the
pressure chambers are activated and deactivated instantaneously and very
high number of times during a stroke. The intersection points between curves
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2.1. Establishment of Mathematical Model

shown in the top figure are non-unique points, where the same displacement
is obtained by two different combinations. If the pressure chambers may both
use motoring and pumping strokes, the number of combinations becomes 2N
and may both take positive and negative values.

2.1.3 Discussion of Operation Methods

To provide an overview of when to use what operation strategy, a summary
of the characteristics, advantages and disadvantages of the different strategies
are listed in the table below [Paper A]:
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e Full stroke: Is the favorable choice for high-speed machine operation,
where energy efficiency is important. Furthermore, it is considered the
simplest strategy since valve state changes are done at fixed angles.

e Partial stroke (FDS): Is the favorable choice for relatively low speed
machine operation, where both tracking performance and energy effi-
ciency are important.

e Partial stroke (FLS): Is not considered favorable, since relying on cavi-
tation is in general something to avoid for hydraulic systems. Addition-
ally, the strategy introduces a varying delay of up to half of a revolution
which preferably should also be avoided.

e Sequential partial stroke: Is the favorable choice for very low speed
operation, where control tracking performance is important and energy
efficiency is of less importance.

Although, that the advantages and disadvantages of each method are speed
dependent, it may also be beneficial to use a full stroke strategy at low speed
if tracking performance is not very important, but simplicity and energy effi-
ciency are. Similar, it may be beneficial to use a partial stroke strategy at high
speed, if tracking performance is very important, but simplicity and energy
efficiency are not.

Based on the above analysis it may seem favorable to utilize a combina-
tion of full- and partial stroke operation if the machine is to operate in a wide
range of speeds. However, a combination of full and partial stroke operation
is simply a partial stroke operation, since a full stroke is also a possible choice
when utilizing a partial stroke strategy. Using the sequential partial stroke
strategy where several state changes may be made during each stroke also
covers the conventional partial stroke strategy, since a possible choice is to
only do one state change or none at all (full stroke). However, this does
not mean that it is advantageous to use the SFDS independent of the opera-
tion speed, since the SFDS strategy requires large valves capable of opening
against high pressure and the control complexity may be severely increased
if the optimal control choices are e.g. only full strokes.

2.2 Application Control Challenges

In addition to the identified control challenges for an individual DDM, there
may be introduced additional challenges when the machine is used in a hy-
draulic application. Two high potential applications for the digital displace-
ment technology are in hydrostatic transmission systems and direct cylinder
drive concepts.
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2.21 Hydrostatic Transmission

A hydrostatic transmission is a potential alternative to conventional mechan-
ical gearbox transmissions in e.g. off-road vehicles, winch drives and wind
turbines [7, 62, 89]. Since the dynamical behavior of the digital machines
is vastly more complex than for conventional hydraulic pump-motor units,
the control challenges are further increased when using multiple DDMs in
a hydrostatic transmission. An identification of this is covered by a further
investigation into a hydrostatic wind turbine transmission and a hydraulic
winch drive.

Wind turbine transmission

An illustration of a hydrostatic wind turbine transmission comprising two
digital displacement machines is shown in Fig. 2.13. The transmission is
essentially working as a variable gear, since the speed of the rotor shaft and
generator shaft is completely decoupled.

Fig. 2.11: Digital fluid power transmission for a wind turbine [Paper A].

The wind turbine transmission comprises a DD pump unit being driven
by the low speed rotor shaft (w < 15rpm). The pump supplies pressur-
ized fluid to the DD motor driving the high speed electrical generator (w >
1000 rpm). To get a large volumetric output in a compact design of the low
speed pump, a multi-lobe cam-ring design is used [62,76]. This design in-
creases the number of strokes per shaft revolution by the number of lobes on
the outer circumference. As a result, the control update rate and volumetric
output resolution is proportionally increased by the number of lobes.

The turbine rotor and electrical generator is only rotating in one direction
and the power flow is only in one direction. Therefore, the pump is solely
using a pumping strategy and the motor is solely using a motoring strategy.
The wind turbine has a cut-in wind speed, which corresponds to the pump
rotating at approximately 58 % of its rated speed (corresponding to w =~
7 rpm) as identified in [Paper K]. With a relative high number of lobes (>
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12 [45,46,76]), the minimum angular speed is w > 84 rpm for the pump
cylinders. Additionally, the generator is controlled to maintain its rated speed
(w > 1000 rpm), such that both DD machines have a control decision rate
that is relatively high. With a relatively high control update rate and energy
efficiency being a top priority, it is considered favorable to use a full-stroke
control strategy for both machines in a wind turbine transmission.
Considering the hydrostatic transmission shown in Fig. 2.11, there are two
machines with different speeds and a different number of actuation decisions
per revolution. To illustrate the actuation decisions for the two machines, a
downscaled 5 decisions per. revolution pump and a 3 decisions per. rev-
olution motor are considered and shown in Fig. 2.12. (For the purpose of
illustration, the radial piston design is shown for the pump also).

Pump activation decision

Uniform spatial-domain activation rate:

I I I [ I I I I I 0

Non-uniform time-domain activation rate:

I | [ I | R
0 T T T, T;

Motor activation decision

Uniform spatial-domain activation rate:

I I I I I I,y

0 4 & 27

Uniform time-domain activation rate:

I I T I I I,
0 T 2T 3T

Fig. 2.12: Illustration of the activation decisions scheme for a variable speed DD pump and fixed
speed DD motor presented as function of the angle (spatial-domain) and time [27].

An arbitrary and exaggerated speed profile is used for the digital dis-
placement pump for the purpose of illustration. When combining the two
control decision schemes, it is seen that the combined scheme becomes non-
uniform in both the time and spatial domain. However, the combined acti-
vation decision scheme is periodic synchronous for every revolution in the
angle domain. The system is hence a multi-rate sampled control system,
which is often considered complex with respect to dynamical analysis and
control design.
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Winch Drive System / Vehicle Transmission

A winch drive system is different in several aspects compared to the turbine
transmission, since it has to be able to reverse the direction of motion and
possibly also reverse the direction of the power flow (similar to vehicle trans-
missions). By reversing the power flow direction, it is theoretically possible
to recuperate energy by the electrical motor running in generator mode. An
illustration of a digital hydrostatic winch drive is shown in Fig. 2.13.

¥Rl

Fig. 2.13: Digital fluid power transmission for a which system [53].

————

When hoisting the load, the DD unit, D2, is operated as a motor, while
the DD unit, D1, is operated as a pump driven by the electrical motor. When
lowering the load, the operation is revered and the machine, D2, is operated
as a pump driven by the load due to gravity. The high pressure fluid can then
be stored in the hydraulic accumulators and consumed again during hoisting.
Alternatively, the unit, D1, can be driven as a motor, while the electrical motor
runs in generator mode. Transiently it is even possible to lower the load while
the machine, D2, operates in motoring mode to accelerate the lowering. The
ultimate hydraulic transmission system comprises of two DDMs that are able
to both pump and motor in both direction of motions in a four-quadrant
operation.

Combining the control challenges related to a single DDM operating in
all four-quadrants with the challenges related to having multiple DDMs in-
terconnect through pressure lines results in great challenges with respect to
dynamical model based feedback control.

2.2.2 Direct Cylinder Drive

The digital displacement technology also has a large potential for use as a
direct cylinder drive, since individual separate metering control of multiple
cylinders and energy regeneration is possible. A conceptional drawing of
a multi cylinder direct drive system with one single DD unit is illustrated
in Fig. 2.14. Each main cylinder rod and piston side is connected to each
individual module of a single DD unit. This gives the possibility of individual
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Fig. 2.14: Conceptional drawing of a multi cylinder digital displacement controlled direct drive.
(Red illustrates pumping and blue illustrates motoring) [Paper A].

meter-in meter-out cylinder control by its respective module. In the case of
piston extension, a high pressure is created on the piston side by a pumping
module (Shown with red for cylinder C;). Simultaneously, the return flow
on the rod side is supplying the motoring module and thus regenerating
energy to the common shaft (Shown with blue for cylinder C;). By changing
the pumping module to a motoring module and the motoring module to
a pumping module, enables piston movement in the opposite direction as
illustrated for the second cylinder, C,. Since reverse operation is not required
with the proposed setup, a fixed high-speed electrical motor may be used to
drive the DDM. Therefore, a full stroke operation strategy seems suitable, but
partial stroke methods are also considered valid to yield a smoother output,
especially at low displacements.

If a cylinder experiences a light load, while another cylinder has a large
load, it is possible to reconfigure the setup using electrically actuated on/off
valves. Thereby, several modules may be connected to the cylinder with a
high load. On a conceptional level at least, it is possible to reconfigure the
system online, which however requires more components and changes the
systems dynamical behavior accordingly. As a result, the control problem
becomes significantly more complex.

2.2.3 Alternative Machine Construction and Configuration

The digital displacement technology features many interesting possibilities
with respect to design and configuration. Several of these ideas are discussed
to identify the possibilities and related control challenges.
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Multiple Individual Outlets

An alternative design for the digital displacement machine concept is through
the use of pressure chambers with multiple individual outlets. This way, a
single pressure chamber is able to supply flow to both the piston and rod side
of a direct cylinder drive. This concept corresponds to the Digital Hydraulic
Power Management System (DHPMS) developed at Tampere Unversity [16].
A conceptional drawing of a direct cylinder drive system with one single DD
unit having multiple individual outlets is illustrated in Fig. 2.15.

il

=T

Fig. 2.15: Conceptional drawing of a digital displacement direct cylinder drive with individual
inlets/outlets [Paper A].

Hi

With the shown configuration every DD cylinder chamber is able to both
supply and receive flow from both the piston and rod side of the main cylin-
der. As a result, the control decision update rate is doubled with respect to
the concept shown in Fig. 2.14 when using the same number of cylinders.
Opposite to the concept shown in Fig. 2.14, fluid may be directly displaced
from the piston to the rod side of the main cylinder and vice versa. En-
ergy regeneration is thus achieved by fluid reallocation rather than through
the torque as with the other concept. The proposed concept does however
require multiple high pressure valves and the DD chamber sizes cannot be
matched with the differential cylinder area ratio.

The concept introduces additional control challenges, since a control de-
cision is now to determine whether the pressure chamber should be inactive
(idling) or active towards the piston or rod side. Additional high pressure
valves may be used to further increase the number of outlets to supply addi-
tional cylinders, which further increases the complexity and production cost.
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Multiple Sized Cylinders

Since a full stroke operation is the simplest and most energy efficient strategy,
but has a poor displacement resolution, it may be beneficial to utilize an alter-
native machine design with multiple sized pressure chambers. To reduce the
machine costs, it is desired to have a low number of pressure chambers with
a high displacement volume. However, to increase the displacement resolu-
tion and control update rate, it is desired to have a high number of cylinders
with a small displacement volume. A compromise is to use variable sized
pressure chambers, where the small chambers are used to yield a smoother
displacement throughput.

Having multiple sized pressure chambers increases the control complexity
significantly, since the displacement response from the individual pressure
chamber has different magnitudes depending on the chamber size. Addi-
tionally, the control activation decisions become asynchronous with respect
to the shaft angle. One design proposal is to have fewer large cylinders in
one module and more smaller cylinders in another module and so forth as
illustrated in Fig. 2.16.

5 medium
3 large sized 7 small D
sized chambers sized

chambers chambers

Fig. 2.16: Conceptional drawing of a digital hydraulic direct cylinder drive with multiple sized
pressure chambers [Paper A].

It is seen that the variable size chambers in each module results in an
asynchronous activation decision scheme and that the displacement response
from the cylinders in the different modules has variable magnitudes depend-
ing on the size of the displacement chamber. How the eccentric is rotated
for each module also plays a direct role with respect to which angles the
individual actuation decisions are made for the respective module. The sam-
pling scheme of each module (black, blue or red) may thus be shifted with
respect to each other based on the eccentric orientation for the individual
modules. The sampling scheme is however always periodic synchronous for
every revolution.

In theory, cylinders with different pressure chamber sizes may be located
in the same module, e.g. one module with 5 different sized pressure cham-
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bers. This construction may however impose other problems, such as uneven
load distribution, complicated construction, etc.

2.3 Summary

As presented, the challenges and complexity with respect to development
of dynamic control design models are highly dependent on the DD unit(s)
configuration, applied operation strategy and the application which it is used
in.

The alternative machine designs may be used in all the presented applica-
tions. For a digital displacement transmission with four-quadrant operating
DD units, each having multiple sized chambers and possibly multiple outlets,
the challenges with respect to model-based control development may become
very difficult. As mentioned, it is even possible to reconfigure the outlet man-
ifold connections of modules online with electrical actuated on/off valves,
which further complicates the control. The investigation hence indicates that
it might be nearly impossible to develop a unified dynamical control design
model, which covers all the presented control related challenges. Therefore, it
is considered beneficial to develop models for specific scenarios and thereby
divide the control problem into multiple subproblems to reduce the complex-

ity.
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Chapter 3

Development of Control
Strategies and Models

The goal with respect to control of digital displacement units is to be able
to perform dynamic system analysis and model-based feedback control inde-
pendent of the operation strategy, design configuration and in which applica-
tion the machine(s) is used. This is considered a very challenging task, since
the presented investigation show that the dynamics comprises of a broad
class of components (linear, nonlinear, continuous, discrete, time-varying and
binary inputs, as well as state-dependent, multi-rate and asynchronous con-
trol updates, etc.). Furthermore, the dynamical behavior is changed based on
the machine configuration and chosen operation strategy.

3.1 State-of-the-art Control Strategies

The published results with respect to control of digital displacement units are
very limited and are mostly based on open-loop methods and often limited
to simplified load conditions at fixed speed operation. However, several pub-
lications have been made regarding both flow, pressure, torque and velocity
control of digital displacement machines. Research within development of
control strategies for DD units has been conducted both in academia and in-
dustry. A brief overview of the current state-of-the-art control strategies for
digital displacement units is provided in the following.

The earliest published control strategies are based on the research results
from Edinburgh University obtained during the development process of the
machine technology. Ehsan et al. (2000) [9] presents several control strategies
based on a full stroke valve timing control (VIC) method. The VIC han-
dles the task of providing signals for the actuation valves at the optimal shaft
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angle based on the desired operation mode (pumping, motoring or idling).
Initially, a simple ternary control mode is described, where the decision to
pump, motor or idle the next cylinder is determined by a ternary code table
(containing +1, -1, 0) corresponding to the operation mode. The method is
simple and robust, while being strong for repetitive control and rapid change
in demands where a controller might be too slow. However, the method is
open loop and a quantization error has to be accounted for in time. The
authors subsequently propose both a pressure and a flow control strategy
based on a decision making algorithm. The decision to idle or activate the
next cylinder is based on an estimation of already committed displacements
and the load flow in a look-ahead angle, together with the displacement
necessary to maintain the reference. In the flow control method, the accu-
mulated quantization error is taken into account and minimized. Although
the methods are simple and show promising results, they do not include any
system dynamics. Heikkila and Linjama (2013) [16] extends the look-ahead
displacement estimation technique by including an estimated valve delay and
compression/decompression time. Sondre et al. (2017) [53,54] applies a sim-
ilar displacement estimation control strategy for a digital hydraulic which
drive system, where a PID controller is used in an outer loop for disturbance
rejection and to remove eventual steady state errors.

Armstrong and Yuan (2006) [1] describes a multi-level control strategy for
speed control of a digital fluid power motor. The outer control level consist of
a simple PI velocity controller, while the inner control level identifies the op-
timal cylinder actuation sequence, based on an estimate of the torque output
using all the possible combination of active/inactive chambers. The transient
behavior and number of switching events are not considered when deter-
mining the optimal combination sequence. However, an improved method
where the slope of the torque curve for a cylinder chamber is considered is
proposed.

Xubin Song (2008) [80] presents a five-level flow control method for a fixed
speed digital displacement pump/motor unit in an active vehicle suspension
system. The control algorithm converts the flow demand into a series of se-
quential valve control commands. The five-level control commands consist
of a full and partial stroke pumping mode, full and partial stroke motoring
mode and an idling mode. The control sequence is determined by a prepro-
grammed decision scheme representing the optimum decisions.

Johansen and Roemer (2011) [66] investigates several control strategies
for a DD pump. Both full and partial stroke methods based on look-ahead
volume estimation techniques in a closed loop configuration are presented.
The same authors present a full stroke delta-sigma pulse-density modula-
tion method for flow control [25] (2015). In the strategy, the load pressure
is measured and used to scale the displacement reference based on offline
simulation results. The modulator then converts the scaled displacement ref-
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erence needed to maintain the load pressure to a pulse train, determining
whether the current cylinder should pump or idle. Johansen et al. (2017) [26]
proposes a flow control method for a fixed speed DD pump using partial
stroke operation, where the control design is based on a discrete linear time
invariant (DLTI) model. The DLTI model is constructed by considering the
sum of committed displacement responses from the individual chambers be-
tween each actuation decision. The controller sets a displacement reference
for each cylinder chamber from where a local VTC converts the displacement
reference to a closing angle for the low pressure valve. To account for the
load pressure influence on the output flow, the load pressure is measured
and used to scale the reference based on offline simulation results. Yigen
(2012) [92] performs flow control of a DDP utilizing an internal model con-
troller and a smith predictor to account for the actuation time delay. The
control design is based on a discrete transfer function obtained through sys-
tem identification methods.

Sniegucki et al. (2013,2016) [78,79] present an optimal torque control
strategy. A mixed logical dynamic (MLD) system representation is used to
describe the nonlinear and discrete phenomenas of the digital machine. The
MLD representation is then used to set up a constrained optimization prob-
lem. The optimization objective is chosen as a summed weighting of set-point
derivation, frequency content and number of switching events. Since an ac-
tive cylinder influences the output for a significant angle interval, the predic-
tion horizon ensures that the constraints are not violated in the look-ahead
angle. Simulation result show reduced torque ripples and improved steady
state accuracy compared to pulse-width and pulse-density modulation tech-
niques. A large drawback of the method is however the large computational
time of 2 s. on average pr. decision, making the method only usable for
offline optimization.

A vastly different control strategy based on "creep-mode" operation is pre-
sented by Larsen et al - Diinef (2018) [34]. The strategy relies on closing all
pressure chamber valves (both the HPV and LPV) and with some arbitrary
load, each pressure chamber obtains an equilibrium pressure. Clockwise ro-
tation is then achieved by connecting a pressure chamber that yields positive
torque to the high pressure manifold or a chamber that yields negative torque
to the low pressure manifold. Similarly, counter-clockwise rotation is done
by connecting the pressure chamber to the opposite pressure manifolds. This
results in a minor shaft movement, where after a new equilibrium is obtained
and a new decision is taken. The strategy hence allows for an accurate control
of the shaft angle, but no dynamics is considered and thus leaves potential
for further exploration of the method.

In addition to the above presented research results, several patents have
also been published on the subject of controlling digital displacement ma-
chines. The patents are mainly from Artemis Intelligent Power Ltd. (AIP
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A/S), Sauer Danfoss ApS (now Danfoss Power Solutions), and Mitsubishi
Heavy Industry (MHI). The patents are in general methods that have a great
similarity with the above presented modulation techniques and displace-
ment estimation strategies [4, 31, 32,40, 60]. Furthermore, several methods
for reducing ripples and evenly distribute the load for reduced fatigue is
patented [38,46]. However, similar for all of the strategies is that no dynam-
ics is considered.

The mentioned milestones regarding research and development of con-
trol strategies for the digital displacement technology is summarized in the
illustration shown in Fig. 3.1.

Commercial activities >

< Academic activities

Ehsan et al, Edinburgh university, presents a full stroke
valve timing control method based on
displacement estimation in a look-ahead angle [9]

2000

Armstrong and Yuan, Eaton Corporation and Innovation
Center, presents a multi-level control strategy with an
inner torque estimation loop and outer PI-controller [1]

2006 2006 Caldwell et al, AIP Ltd. patents an

operation method for the DD technology [4]
Xubin. S., Eaton Corporation, presents a five-level
flow control method, comprising both

partial and full stroke operation [80]

Saur Danfoss Aps, patents flow control

methods based on pre-calculated actuation

patterns and actuation delay algorithms [31,32]
Rampen et al, AIP Ltd. patents modulation techniques
for valve timing control of DD machines [60]

AIP Ltd. patents a control algorithm for reducing
load fatique through the use of penalty functions [38]
and a full stroke estimation based strategy [40]

Johansen and Roemer, Aalborg University,
proposes several full and partial stroke control
strategies for a DD pump [66]

Cemre Yigen, Aalborg University, presents
a discrete control strategy for a DD pump
based on system identification methods [92]

2012

Sniegucki et al, Bosch Rexroth, publish an optimal
mixed logical dynamical programing algorithm

for a digital hydraulic drive [78,79]

MHI Ltd, patents a control method for reducing torque
ripples by use of cylinder groups [46]

Heikkila and Linjama, Tampere University,
extended the estimation method in [9]
with the oil compresibility influence [16]

2013 2013-2016

Johansen et al, Aalborg University, presents
a pulse-density modulation technique for
a full stroke operated DD unit [25]

Johansen. et al, Aalborg University, presents a
DLTI model of a fixed speed DD pump [26]

Sondre et al, University of Agder, proposes a feed-
forward displacement estimation algorithm with PI

correction term for a winch drive application [53,54] Diinef presents "creep mode" control strategy based

on an equlibrium consideration [34]

Fig. 3.1: Summarization of the milestones regarding research and development of control strate-
gies for digital displacement machines. The timeline is made with inspiration from Noer-
gaard [52].

3.2 Investigation of the Digital Effect and Dynam-
ics

Often the state-of-the-art control strategies neglects the transient behavior
when developing the control system for the DDM. Depending on how the
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machine is constructed and operated, this simplification may or may not be
justified. To investigate if its acceptable to omit the DDM when designing
the control system for the actuated plant, an investigation of the digital effect
is conducted. This investigation also serves to provide a deeper understand-
ing of the DDM dynamics and may thus aid in the establishment of control
design models.

The analysis of the digital effects is made by simulating the response of
a pulse modulated DDM connected to a first order continuous plant. The
DDM effect is determined by comparing the response with the response of an
identical first order plant being actuated by an ideal pump/motor. The ideal
pump/motor is described by a unity gain with infinitely fast dynamics and
thus correspond to neglecting it. The system under investigation is illustrated
in Fig. 3.2 for a full stroke operated machine with pulse-density modulation
(PDM).

 DDM
AY-
: l\'Iodqu:at or DDM
N Ay
| "H m %%
n | 'ldeal e
|
|
|

Fig. 3.2: Strategy for investigation of the digital effect [Paper B].

It is seen that a constant displacement fraction, 7 € [0,1], is given to a
PDM, that generates a binary actuation sequence, 7j € {0,1}, for the individ-
ual cylinders. The DDM output is simplified to be sine wave pulses for each
active chamber, y4, which is considered a valid representation of the torque
and flow characteristics for this investigation. The displacement output of the
DDM is scaled with a constant 77/ (#m N¢) to normalize the output for com-
parison to the ideal actuated plant. 77y, = 0.96 is the maximum displacement
fraction of a full-stroke and takes into account that the last minor fraction of
a motoring stroke is not used to allow for passive LPV opening. The sum of
sine wave pulses, yx, is given as input to a continuous first order plant with
eigen-frequency, wn. This plant represents either the pressure or shaft speed
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dynamics and are given by

o) = PO __ ¥ Cue) = ) _ T o)
TR T Gy T TR T, '
S~ <

where Be is the effective fluid bulk modulus, V is the pressure line volume,
ky is the fluid leakage coefficient, | is the mechanical shaft inertia and d is
the viscous friction coefficient. It is evident that w, represents the inertness
of the system and is expected to greatly influence the digital effect on the
output, yp, due to the filtering property.

The effect of the DDM is investigated by taking the difference, Ay, be-
tween the plant response with the DDM and that being actuated by an ideal
pump/motor. The same strategy has also been applied for a partial stroke
operated machine with pulse-width modulation (PWM). The responses are
shown in Fig. 3.3 for a DDM with 5 cylinders and a displacement fraction of
1 = 0.5. It is seen that the differences in the plant responses, y, are an initial
delay angle, 84 and ripples in the response actuated by the DDM. The size of
this delay and the energy in the steady state part of the difference signal, Ay,
gives a measure of the digital effect of the DDM. If this digital effect is below
a certain threshold, it is considered valid to neglect its dynamics when de-
signing the control system. The digital effect is however a function of several
variables, being the number of cylinders, displacement fraction, rotational
speed and the plant eigen-frequency. It is possible to reduce the number of
variables by one when considering a relative frequency, wr, defined by

Wn

wy = (3.2)

w
where w is the rotational speed of the DDM. The relative frequency exploits
that the response in the angle domain is identical for a constant w;, and hence
describes the relative bandwidth between the DDM and plant. The squared
average energy in the steady-state response of the difference signal, Ay, is
evaluated for 10 full revolutions given by

6p+20 71

_ 1 2
E=or 9/ Ay (6)2d0 (3.3)
0

where 6y is the initial angle during steady state operation. The resulting
energy and time delay are shown in Fig. 3.4 and Fig. 3.5 for a PDM operated
DDM and in Fig. 3.6 and Fig. 3.7 for a PWM operated DDM respectively.
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Fig. 3.3: Simulation results for analysis of the digital effect. Red line indicates the DDM response
delay and the blue line indicates the initial steady state angle [Paper B].

It is seen that the steady state energy for PDM operation is drastically
decreasing for a higher number of cylinders, since the response contains more
but significant smaller ripples as the number of cylinders increases. The
energy is also drastically decreasing for a lower relative frequency, since the
digital machine dynamics is increasingly filtered by the plant. Furthermore,
the energy is seen to be almost symmetric around # = 0.5, since activating
a single chamber yields the same absolute ripple as deactivating a single
chamber.

The time delay for PDM operation is in general seen to be reduced for
a higher number of cylinders and higher rotational speed of the DDM. The
time delay is actually inverse proportional to the speed of the machine and
number of cylinders, since the delay is the angle to the next activation deci-
sion for the subsequent cylinder. Therefore, if the displacement fractions and
rotational speed is going towards zero, the time delay goes towards infinity.
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PDM: Steady state Energy [-]

20
25

o

Cylinders, NC [-]

Disp. fraction, 7 [-
Freqyency, w, [rad/s] P nll

Fig. 3.4: Energy in difference signal as function of number of cylinders, relative frequency and

displacement [Paper B].

PDM: Time delay [s]

20

@

Cylinders, Nc [-]

0.05

Disp. fraction, 7 [-]

Frequency, w [rad/s]

Fig. 3.5: Time delay as function of number of cylinders, rotation speed and displacement [Paper

BI.
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Fig. 3.6: Energy in difference signal as function of number of cylinders, relative frequency and
displacement [Paper B].
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Fig. 3.7: Time delay as function of number of cylinders, rotation speed and displacement [Paper
B].
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The minimum delay occurs if the first cylinder is activated, which occurs if
7(0) > 0.5.

The simulation conducted for the PWM operation show a lower energy
level in general but has a similar tendency as for the PDM operation. How-
ever, the correlation between displacement fraction and energy is difficult to
interpret from the results, since the number of cylinders has a high influence.
Although, for a relatively high number of cylinders (N, > 15), the highest en-
ergy is for a displacement fraction of # = 0.5, since the output is ended at the
maximum point on the sine wave. The time-delay is seen to be constant with
respect to the number of cylinders and displacement fractions (considering
motoring operation), since the first cylinder is always activated. Since the
delay is a constant angle, the time-delay is proportional to the speed of the
machine as seen. For pumping operation, the delay is reduced proportional
to the displacement fraction.

The investigation show that the digital effect is reduced for an increasing
number of cylinders, higher rotational speed and slower plant dynamics.
Additionally, the minimum delay occurs for all displacement fractions with
PWM operation and for displacement fractions above #(0) > 0.5 in PDM
operation. The results clearly reveal that the dynamics of the DDM should
not be neglected in cases where the steady-state energy and/or the time-
delay is high, since it may cause severe reduction in control performance and
especially a large time-delay may lead to instability.

3.3 Dynamical Control Design Model Development

It is evident that only a very limited number of the state-of-the-art control
strategies include the transient behavior of the digital displacement machines
and those methods are in general based on simple approximations and/or
simplified operation and load conditions. Since it is considered an important
objective to be able to perform dynamical analysis with respect to stability,
controller synthesis and study of failure mechanism, control methods not
based on dynamical models are considered out of scope of this thesis. Al-
ternative control strategies that do not require a dynamical model represen-
tation of the system are open-loop estimation methods, fuzzy logic control,
ternary mode control, hysteresis control, etc. In classical control theory, there
are two branches of dynamical systems, namely continuous and discrete time
systems. Linear control theory in both branches is well established and used
both academically and industrially. Also, non-linear control theory has been
thoroughly studied and stability analysis for control design is developed, es-
pecially for continuous time systems. As identified, the digital displacement
machine has dynamics relating to both branches, since non-linear continuous
dynamics are switched in discrete events. Such system belongs to the class
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of hybrid dynamical systems. Although, hybrid dynamical system theory
enables an accurate description of the system dynamics, the design of stabi-
lizing feedback control laws is a difficult task. Therefore, instead of deriving a
general mathematical model that covers all combinations of machine config-
urations and operation strategies, simpler models and control methods that
are only valid under certain conditions are developed. An overview of the
possible settings and operation conditions that greatly influence the control
design model are shown in Fig. 3.8.
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Fig. 3.8: Overview of the different configurations that greatly influence the control challenges.

Proposals on how the different branches of dynamical theory may be
exploited and enable model-based control design for digital displacement
machines are provided in this chapter. The solution strategy is to initially
develop control strategies for the simpler operation methods and configura-
tions and expand the machine(s) complexity of configuration and operation
method as solutions proposals are made. The chapter is structured such that
each branch of dynamical systems, i.e. continuous, discrete and hybrid is
investigated and the limitation of applicability for each branch is discussed.
Since the solution proposals are only described briefly, references to papers
are made for a more detailed description of the strategy.

3.4 Continuous Dynamical Approximation

Although the dynamics of each pressure chamber of the DDM is continuous,
the inputs are binary (active or inactive) and updated discretely, the ma-
chine dynamics may be approximated to be continuous by exploiting meth-
ods from digital electronics. As reviewed in the state-of-the-art section, both
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pulse-width modulation (PWM) and pulse-density modulation (PDM) tech-
niques are used to convert a continuous signal u(t) € R into a digital sig-
nal. The analog signal hence corresponds to a duty-cycle which for the PDM
technique result in a binary actuation sequence ii(k) € {0,1} and for the
PWM technique 7 (k) = u(t) for each pressure chamber. The displacement
step response using both a PDM and a PWM technique is illustrated in Fig.
3.9 for a DDM with 5 and 20 cylinders. The displacement references are
u(t) ={0.10.20.40.60.81}.

5 cylinders PDM 20 cylinders PDM
“ \ {/
=08 ACTAL AT A TATA
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Fig. 3.9: Step response for various displacements using delta-sigma modulation and pulse-
density modulation [Paper A].

Using the PDM strategy, it is seen that for a high number of cylinders at
high displacements, the step response resembles a continuous response with
minor ripples in the angle domain as expected. The response has an initial
delay, due to the actuation decision being made ahead of the active stroke
part and has a response time of approximately half of a revolution, resp ~ 7.
Using a PWM strategy, the response resembles a slew-rate limited continuous
response with ripples. The slew-rate limited alike behavior is caused by the
response angle is given by Oresp =~ ¢(17). The response is fitted to a continuous
transfer function by use of a spatial domain Laplace transformation defined
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as

F) = L{f(0)} = [ e f(o)do
0

(3.4)
) — ;’](S_) _ wl% —§9d
) = u(s) _K§2+2§wn§+wg ¢

where 64, K, wn and ¢ are the approximated delay angle, dc-gain, eigen-
frequency and damping coefficient. A comparison of the continuous model
approximation with the non-linear mathematical model is shown in Fig. 3.10.
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(a) Various step response comparison (b) Variable frequency comparison with
with 20 cylinders. 42 cylinders.

Fig. 3.10: Comparison of continuous model approximation with non-linear model [Paper C].

It is seen that the transient response of the approximation crosses the
physical response and that the steady state response of the approximation is
an average value of the physical. For amplitude and frequency varying dis-
placement fractions, it is seen that the approximated model response slightly
lags the non-linear response at low frequencies, but slightly leads at high
frequencies. Similarly, the approximated gain is lower than the non-linear at
low frequencies, but higher at high frequencies. Therefore, it is not consid-
ered possible to make a significantly more accurate linear model if it must be
valid in a broad range of frequencies.

To analyze the continuous method further, a frequency response compar-
ison is made. Since the physical system behavior is non-smooth and has a
large quantity of ripples, a frequency response band is conducted. This band
is constructed by considering the maximum and minimum value of the gain
and phase, such that the physical response is always within this band. The
response band has been made by applying a high number of inputs with
varying amplitudes and offsets, u(t) = A sin(w t) + B. The maximum and
minimum values are determined by the method illustrated in Fig. 3.11a. The
resulting frequency response is shown in Fig. 3.11b
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Fig. 3.11: Frequency response comparison between the non-linear and continuous approximation
model [Paper C].

A1 and Ap represents the identified minimum and maximum gain re-
spectively. Similarly has the maximum and minimum phase been identified
based on a high number of periods. The resulting frequency response of the
continuous model is seen to be within the response band at low frequen-
cies. However, it is seen that the approximation is less accurate at higher
frequencies where both the gain and phase cross the response band. Since
the system is discretely controlled, the sampling effect has a large influence
at higher frequencies, making a continuous approximation insufficient. The
red line in Fig. 3.11b illustrates the Nyquist frequency and is the maximum
frequency where the approximation may be considered valid.

The above machine dynamics has been described in the angle domain and
to couple the machine dynamics with the remaining system dynamics (pres-
sure line, mechanical shaft, load, etc.) and thereby enable classical control, a
conversion to the time domain is necessary. Conversion from the angle to the
time domain is done by the relationship given as

1
40 = w(t)dt ¢ dt = o (3.5)

Using this relation yields the time transfer function given by

_n(s) _ w?(s) w? et
CO7ue TG wst et 09

Since the shaft speed, w(t), is a time varying state, the system becomes non-
linear in the time-domain for varying speed operation. The eigen-frequency
is seen to be proportional to the shaft speed, which corresponds well with
the previous described machine characteristics. Frequency responses of the
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continuous approximation in the time domain at varying shaft speeds are
shown in Fig. 3.12
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Fig. 3.12: Frequency responses of the continuous approximation in the time domain at varying
shaft speeds [Paper C].

It is evident that if linear control theory is applied, linearization is re-
quired by choosing a steady state operation speed. To ensure stability the
speed of the machine must be above the linearization speed to avoid addi-
tional unmodeled phase. Since the approximation only represents the low
frequency fundamental characteristics of the DDM dynamics, the method is
limited in use for control design. However, for a DDM with a relative high
number of cylinders operated at relatively large displacements and speeds,
the strategy is considered sufficient to ensure stability.

Summarization:

e Simple dynamical model and subsequently well-known control design
methods.

e Only applicable to pulse-density and pulse-width modulation techniques.

e Is an angle average approximation, which average output matches the
physical system output.

e Does not describe the discrete sampling effect and the non-smooth rip-
ple dynamics.

e Reduced accuracy for a lower number of cylinders.

e Reduced accuracy for lower displacement with full stroke operation
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e Only valid up to a certain excitation frequency (where the discrete effect
is no longer neglectable).

¢ Yields a nonlinear model in the time domain if the shaft speed is vary-
ing.

e In case of applying linear control, the minimum speed has to be lower
bounded by the linearization speed to ensure stability.

3.5 Discrete Dynamical Approximation

Since the DDM is a discretely actuated continuous system, a discrete approx-
imation may be made by considering a sample-and-hold system, similar to
conventional discrete control of a continuous plant. Considering the pres-
sure build-up in each chamber to be significantly faster than the remaining
machine dynamics, the flow and torque may be approximated by

av(e) do vy

Qu ~ d‘;lzg) o :V7 sin(0) 8 = D(6) 6 67
~ 24 g =
=~ PR sin(0) p =D(0) p

The flow and torque are seen to be described as function of the displacement
like a conventional fluid power machine, but where the displacement is a
function of the shaft angle.

3.5.1 Full Stroke Operation

The discrete model is established by considering the displacement through-
put between samples and is given by the change in chamber volume divided
by the constant sampling angle. This discretization method is initially pro-
posed by Johansen et al. [26]. The discrete displacement fraction is given
as

AVI[k]  (V(0[k+1]) =V (0[k])) Nc

Dk] = ke 5 (3.8)

where §; = 2 71/ N, is the sampling angle. Considering a motoring stroke,
the angles where a control decision is made are given by

Olk] = pmr + 65 (k—1) ie{l,.,N} (3.9)

where ¢ is the angle where the LPV is closed and the decision whether
to idle or motor for the given chamber is made. For the motor flow, the
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displacement fractions are evaluated by

0 O[k], 0k + 1] & [0; pmm]
AVIK = V(0lk+1]) — V(6[K]) 6[k],6[k+1] € [0; Ppmp] (3.10)
) V(Olk+1]) = V(0)  6[k] <0< B[k+1] '
[K]

V(¢mu) = V(O[K]) 6kl < Pmu <0k +1]

where ¢y is the angle where the HPV is closed and the active part of the mo-
toring stroke is ended. It is seen that only a displacement is output between
6 € [0, pmpur]. The resulting displacement response of the full stroke discrete
motor approximation is shown in Fig. 2.3 for a DDM with 15 cylinders.
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Fig. 3.13: Discretization of displacement response for a motoring stroke [Paper A].

As seen, the discrete approximation is increasingly accurate for a higher
number of cylinders, since the quantization resolution is increased propor-
tionally. The shown displacement fractions are given by d, = D[7 — k] and
are used to establish a linear discrete transfer function given by

D(Z) o d7z7+d626+“'+d12+d0
u(z) z7

Glz) = (3.11)

Since each chamber may either be active or inactive, u(k) € {0, 1}, this type of
system is very different compared to a conventional discrete control system
where u(t) € R. In state space form the transfer function may be written as
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memory states given by

u(k) 00 --- 00 uk—1) 1

u(k—1) 10 --- 00 u(k—2) 0
ukk—=2) | 101 --- 0 0 : + 0] u(k) (3.12)

: Do : ulk—m+1)

uk—m+1) 0 0 10 u(k —m) 0

~—~

zu(k+1) Ay zu (k) By
D(k) = [D[1] D[2] .. D[m]] zu(k)+D[0] u(k) (3.13)

where m = 6 is the number of states necessary to describe the full stroke.
The motor flow is then obtained as Q(k) = D(k) 8 (k).

To describe the torque in (3.7) requires a discrete representation of the
chamber pressure. The pressure dynamics may be split up in a fast and a
slow dynamical component given by [79]

. Be PN
P—V(Q) Qu — QL V(G,Gl (3.14)

fast slow

Neglecting the fast transient flow dynamics and describing the pressure build-
up as function of the shaft angle yields

dpdt _dp  Be dV(0) _ Be V4

et far = —- sin(0
dt d9  do V() do % (1—cos(6)) +Vy 2 =in(9) (3.15)

fp(0)

A discrete representation of the chamber pressure may then be written as

PH if (JZLZO/\J?Hzl)VP(k+1)>pH
plk+1) = p(k) —i—fp(G[k]) if Xx=0A%g=0 (3.16)
PL if (fL:1/\fH=0)\/p(k+l)<pL

By normalizing the discrete pressure by p(k) = p(k) pu(k), the torque output
of the discrete model is given by T(k) = D(k) p(k) pr (k). The discrete model
is validated by comparing its response to the response of the nonlinear model
presented in Chap. 2. The valve dynamics in the non-linear model has been
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modeled as a simple first order system given by

X 1 X 1
w1 m_ 1 (3.17)
ur, Tws+1 Uy Tvs+1

where up, A uy € {0,1} is the valve input and 7, = 2ms is the valve time
constant. The response comparison is shown in Fig. 3.14 for a DD motor
with 42 cylinders.
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Fig. 3.14: Comparison of nonlinear and discrete approximation response. § = 100 rpm, pg =
300bar, pr, = 10bar.

It is seen that the discrete approximation is fairly accurate for a high num-
ber of cylinders. However, for a low cylinder number, the pressure jumps di-
rectly between high and low pressure, such that the torque may be described
as 7(k) = D(k) pu.
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Utilizing a pulse-density modulator to generate the binary input sequence
introduces a high non-linearity due to the quantizer given by

{1 it yk)>05
u(k>_{o it  5(k) <05 (3.18)

where 7 (k) is the displacement fraction reference. Since control theory for
nonlinear discrete control systems is complex, it is often favorable to pursue a
linear strategy. In linear control of electrical systems, the nonlinearity caused
by the quantizer is commonly described by considering a dc-component com-
bined with an additive noise input, u(k) = (k) 4+ n(k) [65]. Where n(k) is the
noise input with intensity I € [0,0.5]. When omitting the noise term, this cor-
responds to a duty-cycle ratio approximation, which is the commonly used
strategy in control of electrical systems. However, the major difference is that
the sampling rate is very high in electrical systems, but is speed dependent
for a DDM. An examination of the duty-cycle ratio approximation is done by
comparing the nonlinear response with the linear. The resulting responses
are shown in Fig. 3.15 for an input of #(k) = 1/3. The discretization is not
shown for simplicity of illustration.

_ Non-linear Linear

response approximation
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Fig. 3.15: Discretization of displacement response [Paper IJ.

The linear duty cycle approximation is seen to result in an angle average
description of the output. Although that the integrated output of the lin-
ear model matches the nonlinear response, it is significantly smoother. The
linear approximation is also seen to be increasingly inaccurate for lower dis-
placements, where the highly non-smooth pulsating behavior is not very well
captured. As a result, one should be carefully when applying this strategy
for machines with a low number of cylinders and for operation at low dis-
placements.
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Variable Speed Operation

An additional challenge is introduced if a variable speed DDM is to actuate
a continuous time plant, which is very often the case. The constant control
decision rate in the angle domain result in a varying decision rate in the
time domain for speed varying machine operation. To enable classical dis-
crete control of such system, by having a constant decision rate, requires a
transformation of the continuous time equations to the angle domain by

G0 G- om o e 619

where f(x(t)) described the continuous plant dynamics with state x. Con-
version from the time to the angle domain is seen to introduce a nonlinearity
through the multiplication of the reciprocal shaft speed. Like the continuous
approximation, a steady state operation speed may be chosen as linearization
point and the speed of the machine has to be above this value to maintain
the stability margins. After linearization, the plant may afterwards be dis-
cretized by the decision angle when considering a sample-and-hold input
from the discrete approximated DDM model.

3.5.2 Partial Stroke Operation

For partial stroke operation, only a part of the full stroke is used, which
introduces additional complications seen from a partial stroke discrete ap-
proximation shown in Fig. 3.16.

Chamber Discrete Chamber Discrete
response approx. response J approx.
dy !

Fig. 3.16: Left: Discrete approximation with # = 0.3. Right: Discrete approximation with 7 = 0.7
[Paper G].

It is seen that the displacement is committed over less samples and the
number of samples is depending on the input displacement fraction. As a
result, the transfer function model order and coefficients are functions of the
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displacement fraction input. The resulting transfer functions for the illus-
trated examples are given to be

- d323+"'+d12+d0
= 3

_d525+"'+d12+d0

= (3.20)

Ga(z)

Gi(z)

Since the displacement fraction is a varying input, the discrete model struc-
ture is an input dependent angle varying system. By further allowing the
closing angle of the HPV (displacement fraction) to be changed until the
HPV is closed, yields an unknown impulse response when the stroke is initi-
ated. This is considered a tough control challenge and does not comply with
any classical control theory. How the system dynamics varies depending on
the input as illustrated by the frequency response shown in Fig. 3.17.
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Fig. 3.17: Frequency response as function of the displacement fraction input [Paper G].

It is seen that the worst-case phase contribution occurs for a full stroke,
7 = 1, and thus represents a worst case scenario with respect to the phase
contribution. Using a strategy where the displacement fraction is fixed when
the stroke is initialized greatly simplifies the control problem. A conserva-
tive angle invariant model is obtained by choosing a linearization point of
7 = 1, which result in an angle average approximation where the integrated
output over a full stroke matches the physical response. The angle average
approximation is illustrated in Fig. 3.18.
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Fig. 3.18: Discretization of displacement response, where 17 = 0.5 corresponding to half of a
stroke. A full stroke # = 1, with u = 0.5 yields the angle average committed displacement as if
7 =05 and u = 1 [Paper G].

It is seen that the angle average approximation is increasingly inaccurate
for lower displacement fractions, where a significantly smoother response is
obtained. However, the presented model is considered the best possible when
considering a DLTI approximation.

Summarization:

3.6

Relatively simple dynamical model approach and well-known control
design strategies in the linear case.

Does describe the discrete sampling effect and the non-smooth ripple
dynamics.

Valid in a broad frequency range (up to the Nyquist frequency).
Reduced accuracy for a lower number of cylinders.

Results in a nonlinear model if the shaft speed is varying.

Results in a time varying model when using partial stroke operation.

In case of applying linear control, the minimum speed has to be higher
than the linearization speed to maintain the stability margins.

In case of a linear approximation, it is increasingly inaccurate for lower
displacements.

Hybrid Dynamical System

Since the non-smooth dynamics of the digital displacement machine com-
prises of both continuous time dynamics and discrete switching events, the
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system is essentially a hybrid dynamical system. Although the continuous
and discrete approximations are applicable in certain operation regions, their
applicability is limited, especially if linear control theory is considered. To
more accurately capture the machine dynamics and allow for analysis and
control design in a broader range of situations, hybrid dynamical system
theory is deemed necessary.

The class of hybrid dynamical system comprises several sub-classes with
different structures, which describes the non-smooth interactions differently.
The choice of hybrid class model is often based on the type of switching phe-
nomena for the given system. Mention-worth classes are; switched systems,
impulsive systems, hybrid automatons, petri nets, discrete event dynamical
systems, etc. However, in general all of the different branches may be de-
scribed through a hybrid dynamical notation.

A hybrid dynamical system comprises both continuous differential (flow)
equations and discrete difference (jump) equations [10,73,75,84]. A hybrid
system is in generality formulated by

x  €F(xu), xeC,
H: xt € G(x,u), xeD (3.21)
y  =h(xu)

where % is the state time derivative and x* is the state value after a jump.
u and y are the input and output respectively. The system dynamics is de-
scribed by the following maps and sets:

o The flow set: C e The flow map: F
e The jump set: D o The jump map: G
e The output map: h

As long as x belongs to the flow set, C, it is described by the differential
inclusion given by the flow map, F and when x belongs to the jump set, D,
it is described by the difference inclusion given by the jump map G. The
dynamical behavior of a hybrid system is illustrated in Fig. 3.19.
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(a) State behavior of a hybrid dynamical (b) Solution behavior of a hybrid dynam-
system. Modified from [10]. ical system. Modified from [10].

Fig. 3.19: Dynamical behavior of a hybrid dynamical system.

The left figure illustrates how the state evolves in accordance with the
continuous flow map when it belongs to the flow set and how the state dis-
cretely jumps based on the jump map when reaching the jump set. The right
figure illustrates the solution domain of a hybrid system, where t is the time
and j is a counter for every jump caused by triggering the jump set. Contrary
to conventional discrete control of continuous systems where the time gen-
erates the jumps, also a combination of the states may generate a jump for
hybrid systems.

3.6.1 Hybrid DDM Model

Hybrid models are intuitive and enables an accurate description of the DDM
dynamics. However, the same behavior may be obtained with numerous
model structures depending on how the switching phenomenas and state
evolving are modeled. With respect to control it is desired to have a rel-
atively simple model which only captures the fundamental characteristics
and thereby significantly reduces the control design complexity. This section
presents a physical intuitive model which includes the pressure chamber dy-
namics and therefore is relatively accurately, as well as a simper model only
applicable for full stroke operation.

Physical intuitive model

The physical intuitive model is established by describing the dynamics of
each individual pressure chamber by the corresponding differential equa-
tions. The flow map and set for a single pressure chamber is given by (3.22)
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in correspondence with the model presented in Sec. 2.1.

b=w
. PBe -
pi=% (Qmi — Qui — Vi)
1
\%
Vi= 5 (1 cos(8)) + Vg
Vi = % sin(6;) w

X7 .
Qui =2 V/Ipi = pulsign (pi = pu)

X1 ) (xi, Mi) cR" \ID1 (3.22)
Qnji = P; |pr — pil sign (pu — pi) ——

k
. 1
i = (up; —xLi)

A\
) 1
Xpi = — (Uni — XHi)
Ty
uL; =0
tp; =0
4 =0

where x; = [0 pi xu; XHi ULi XHj qi]T are the states. The i'th entry
indicates that there should be a state for each pressure chamber. The valves
dynamics are modeled as a first order system with time constant 7,. u, €
{0,1} and ugy € {0,1} are the valve inputs (active or inactive). The state q
is introduced to identify which mode the chamber operates in and is used
to set-up a hybrid automaton representation. Additional states describing
the shaft acceleration, high pressure dynamics, etc. may also be included
similarly to how the shaft angle state is included.

The digital valve actuation dynamics is described by considering the hy-
brid automaton shown in Fig. 3.20. The three modes are seen to be idle, com-
pression and pressurization. Two mode switching functions are defined as
A =F— (pgu—p) Avand AL, = i — (p — pL) Ay and are used to construct
the jump maps. The mode switching function are described by considering
the force equilibrium illustrated in Fig. 3.21.
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Fig. 3.20: Hybrid Automaton representation of valve control of the digital displacement machine
[Paper K].

Fig. 3.21: DDM chamber model and force equilibrium used to construct the switching functions.

The system inputs are the valve forces, u = [Fy | " for the high and
low pressure valve respectively. Ay is the effective valve area that the pressure
is generating a force on. The effective valve area is simplified to be the same
on both sides of the valve. Since the valve areas are truly not identically on
both sides, different areas should be used to increase the model accuracy.
The mode switching functions hence generates jumps based on the relation
between the force input and the force generated by the pressure difference
across the valve.

To transfer from idle mode to compression mode, the LPV is closed by a
force Fi, < —a. In compression mode a pressure build up is created due to
fluid compression and when (p — py) Ay > a the HPV is passively opened
due to the generated pressure force. Similar transitions are made to deacti-
vate the pressure chamber, where the HPV is actively closed and the LPV is
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passively opened. The constant « creates a minor hysteresis band around the
switching point, to avoid numerous jumps subsequently between modes.

The hybrid automaton representation is used to set-up the jump maps
and sets and are given by

T =6
+ — 4.
x£ : :_x:t (x;,u;) € Di Dj= Dq1,;UDg2;iUDg;
Xfi = XH;
ui’,i =1
uﬁi =0 (xi,u;) €dai Ngi =2
g =1 Do (3.23)
uii =0
ufy; =0 ((xi,u3) €d1iAgi =1)V ((x3,u5) € dsz; Agi = 3)
qﬁ =2 Dp;i
“Iti =0
Uy = (xi,u;) Edpi Ngy =2
qi+ =3 Dgs,i

Three jump maps and sets are required for each pressure chamber to describe
the three modes as seen. Since each pressure chamber requires 6 states, the
model becomes increasingly larger for a higher number of cylinders. It is
seen that only the valve input states, u;, and uy and the mode state g are
updated on a jump, while the remaining states values are continuous and
therefore maintains their values. Simulation results for the presented hybrid
dynamical model of the DDM is shown in Fig. 3.22 for both pumping and
motoring strokes. The simulations are done by use of the Hybrid Equations
Toolbox v2.04 for Matlab. It is seen that the hybrid model yields a rather ac-
curate description of the DDM dynamics, where also the pressure and valve
dynamics is included. Although it is not shown, the model is also valid for
operation in both directions of motion, partial stroke and sequential partial
stroke operation [Paper K].

Despite the physical accuracy of the hybrid model, it is considered chal-
lenging to utilize it for stability analysis and control design. This is due to
the quite large number of states, as well as multiple jump maps and sets.
Additionally, an infinite number of sizes and shapes of the force input yields
the same response, while the actuation energy may be very different. The
presented hybrid dynamical model is made in a general description where
control design is made through stability analysis using Lyapunov functions
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Fig. 3.22: Simulation of a pumping, idling and motoring strokes of the digital displacement
machine. 6 = 100 rpm, pg = 300bar, p;, = 10bar, 7w = 2ms, « = 50N and A, = 0.317 cm?
[Paper K].

and passivity theorems [10,73,75,84]. Due to the model complexity, it is con-
sidered a very tough mathematical task to derive control algorithms based
on the presented model.

As mentioned earlier a partial or sequential partial stroke method are
considered most suitable for relatively low speed operation. Since energy
consumption, as well as torque and pressure pulsations are desired to be
minimum, a model predictive strategy is considered highly favorable for
partial stroke methods at low speeds. The presented hybrid model is not
directly applicable for model predictive control and demands a reformula-
tion. Sniegucki (2016) [78] has made a tremendous contribution with respect
to model predictive control using discretization of DDM dynamics with bi-
nary inputs. However, a discrete model requires motion in the same shaft
direction to have a monotonic increasing control decision scheme. Since nu-
merous hydraulic systems requires pumps and motors operating in two or
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more quadrants, models as the above presented may be a necessity for such
system.

Full stroke model

Stability based control design for hybrid systems is assessed to have the high-
est potential for high speed operation using a full stroke strategy. Therefore,
a much simpler hybrid dynamical model is proposed for full stroke opera-
tion in a single quadrant (pumping or motoring in one direction of motion).
With a full stroke method, the system is a sample-and-hold control system
with a constant decision angle. Such system is modeled by timers for hybrid
dynamical systems. As an example, a sample-and-hold feedback control sys-
tem for a continuous plant may be modeled as a hybrid system on the form
given by

1 : . . . . ! ! ! .
—7
Xx=-01x+u 051 —
x=1 x €[0,1] I
=0 05 ! : :
(3.24) :
+
x x <05
Z+ u=—-04x Oo 1 2 3 4 5 6 7 8 9 10

Fig. 3.23: Example of hybrid dynamical sample-and-hold control model and response [Paper J].

A first order continuous plant is seen to be discretely controlled by the
control law u = —0.4 x, which input is held constant between samples. The
timer x counts the time between samples and generates the control update
and subsequently resets when reaching the sample time (jump map) of 1s.

For the full stroke operated DDM, an input decision is taken at a constant
angle for every cylinder. When a decision of an active stroke is taken, the
response is affected for the next half of a revolution where the subsequent
decisions are taken meanwhile. This is illustrated in Fig. 3.24 by the sampling
scheme of a DD motor with 42 cylinders. It is seen that there is an initial
delay of 64 lasting for a few samples and it takes m samples to describe the
full stroke. The memory effect is described by introducing an input decision
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Fig. 3.24: Sampling scheme for DD motor with 42 cylinders. [Paper I].

state vector defined as
zf = [za(k) za(k—1) .. za(k—m)]" (3.25)

where z, € {0,1} contains the previous input decisions. The memory states
for the input are updated linearly by the matrix-vector representation given

by

zu (k) 0 0 00 zu(k—1) 1

zu(k—1) 10 00 zu(k —2) 0
zu(k—2)| — |0 1 0 0 : + 0] u(k) (3.26)

: N zy(k —m) :

zu(k —m) 00 1 0] |lzu(k—m—1) 0

~~

zF Ay Zy By

The hybrid formulation is described by (3.27) where an angle timer is used
to trigger the jump map and thereby accounts for variable speed operation.

=w 9T =9

t=wl ey X0 — 9 (3.27)
2y =0 x " 2t = Agzy + Buu A="0s '
29:0 23_29

where u € {0,1} and 6; is the constant sampling angle. The state z, contains
the angle where the newest sample has been taken and is used to shift the
output map accordingly. By neglecting the fast chamber pressure dynamics,
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the flow and torque throughput may be described as

N¢ m
Om(t) =) Qu,(t) = % w(t) Y sin | 6(t) —zg+ 65 (i—1) — 0 | zy,
i=1 i=n

Oshife

N, m
< V. . .

(1) = Y u(t) ~ =t pu(t) Yosin | 6(t) =29 +6s (i —1) = 6g | 2,
i=1 i=n

Oshife

(3.28)

where Qn, and Ty are the total flow and torque throughput of the DDM and
constitutes the output map y = [Om Tm]T. The n’th sample is the first sample
after the delay, 4, with a displacement output. The shifting angle, gy, is
updated accordingly to the shaft angle to generate the correct sine waves.
The full stroke hybrid model is validated by comparing its response to
that of a nonlinear model similar to that with a response shown in Fig. 3.22.
A radial piston motor comprising 42 cylinders and a multi-lobe cam-ring
pump comprising 100 cylinders and 25 lobes for a 5 MW transmission have
been simulated. The impulse responses are obtained by simulation in the
Hybrid Equations Toolbox v2.04 for Matlab and are shown in Fig. 3.25.
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Fig. 3.25: Validation of the full stroke hybrid model of the flow and torque model of the DDM.
pu = 350 bar and w = 1500 rpm for the motor and w = 9.1 rpm for the pump [Paper J].

Fairly accurate approximation responses are seen with minor deviates in
the beginning and end of the stroke due to neglecting of the pressure dy-
namics. This hybrid model is also increasingly accurate for a higher number
of cylinders, since the output map is discretized by the number of cylinders.
However, a model improvement could be made by utilizing another descrip-
tion of the displacement for the first and last sample of the active stroke part.
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A further model simplification is made by considering a constant output
between samples similar to the discrete model presented in Sec. 3.5.1. The
resulting state model representation is similar to that in (3.27) and the only
difference is that the sampling angle state is omitted. The resulting hybrid
state model thus becomes

=w 6t =0
X=w p x€[0,65] x =0 X =0s (3.29)
2, =0 z = Ayzy+ By u

The output map is generated by the sum of individual displacement fractions
obtained by the procedure presented in Sec. 3.5.1. The output map is given
to be

D=[Dl0] D[] DR --- Dm]] z
c (3.30)

y=[Qm Tm] =[wCzi puCzi’

The response of the hybrid model is again compared to the nonlinear model
representing the physical system. The simulation results are shown in Fig.

3.26.
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Fig. 3.26: Validation of the full stroke hybrid model of the flow and torque model of the DDM.
pu = 350bar and w = 1500 rpm for the motor and w = 9.1 rpm for the pump.

The simulated responses are identically to that obtained with the discrete
linear model, when assuming that the pressure jumps directly between high
and low pressure. A more precise torque approximation may thus be ob-
tained by also discretization the chamber pressure dynamics as described in
(3.16).

The hybrid model is capable of capturing the nonlinearity in the output
map where states are multiplied, as well as the position dependent sampling
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and the quantizer effect. Additionally, it enables description of eventually
nonlinearities in the application dynamics.

Summarization:

e Intuitive and possibly accurate model, where the complexity is greatly
dependent on the chosen level of accuracy.

e Does describe the discrete sampling effect and the non-smooth ripple
dynamics.

e Does describe the nonlinear continuous dynamics

e Reduced accuracy for a lower number of cylinders for the two full
stroke models

e Difficult and complex control design based on nonlinear stability anal-
ysis.
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Chapter 4

Application Control
Synthesis

With a variety of different dynamical model representations, it is not evident
when to use which model for control design and how to perform controller
synthesis. As identified, several of the presented models are only valid under
certain conditions and their complexity with respect to use for control design
are vastly different. Additionally, the application utilization has a large im-
pact on the challenges with respect to synthesizing the controllers. Therefore,
the following chapter describes and discusses control design methods based
on the presented dynamical model.

4.1 Low Speed - Partial Stroke Operation

For low speed operation it is found favorable in Sec. 2.1.3 to use a partial
stroke operation method combined with model prediction control (MPC).
This gives the possibility to optimize the control performance relative to
the energy cost and generated pressure/torque pulsations caused by valve
switchings. Since the continuous partial stroke model approximation (fea-
turing a pulse-width-modulation technique) is not applicable for MPC, the
strategy is only considered feasible for partial stroke operation if the goal
is to use the simplest strategy. In this thesis, a conventional discrete model
based MPC strategy is investigated for control of the partial stroke operated
DDM.
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4.1.1 Discrete Linear MPC:

Since the input of a partial stroke operated DDM scales the width of the
response and not the amplitude, the discrete model is input dependent with
unity amplitude as identified in Sec. 3.5.2. A model predictive strategy for
partial stroke operation is proposed in Paper G and is written as

7" = argmin {hT Ji+Wi 3 ]2}

U*e[ofﬂmax]
P p
hi = X ] = prerlk]) 21 = ) (4.1)
ylK = Cplk) x(K + D(y(k])  x[k+1] = A(y[k]) x[K] + B(y[K])

where p is the number of samples in the prediction horizon, * € [0, max]
is the optimal input. The prediction horizon is chosen as the number of
samples necessary to describe a full stroke (approx. N./2) and #max ~ 0.96
is the maximum displacement fraction corresponding to a full stroke. J;
and ], are the functions to minimize and represent the reference tracking
error and the switching energy (pulsation magnitude) respectively. Wj is
a weighting parameter specifying the relative importance between tracking
performance and energy/pulsation reduction. A simple representation is
made of the energy and pressure/torque pulsation term, where it is assumed
that the energy and pulsation magnitude is proportional to the flow level
when switching.

The dynamical state model is obtained by rewriting the transfer function
representation in (3.20). The model with output ¥ = Qm V T is seen to be
varying and depends on the optimal solution #*. Such problem is possible to
solve through various optimization methods but does not belong to classical
MPC, since the input to the model is always unity. Additionally, stability
proof of such problem may be very hard to find if it even exists.

To obtain a discrete linear time invariant (DLTI) MPC problem, the con-
servative linearization approach shown in Fig. 3.18 may be used to obtain a
linear model and apply classical MPC. The linearization approach result in
the state space form given by (4.2) and has the impulse response shown in
Fig. 3.13.

ylk] = Cx[k] + D u[k]| x[k+1] = Ax[k] + Bulk] (4.2)

An illustration of the DLTI MPC strategy for a 15 cylinder DDM is illustrated
in Fig. 4.1. The decision for the 5’th cylinder c5 is taken at sample k = 1,
where the decision for the previous cylinders are fixed. The MPC algorithm
estimates the optimal displacement fractions for the subsequent cylinders in
the prediction horizon of a full stroke. The choice of suitable solving algo-
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Fig. 4.1: Illustration of the model predictive control strategy for partial stroke operation [Paper
Gl.

rithm for the optimization problem has not been investigated in this thesis,
since no specific application has been studied. The objective is of course to
identify the global minimum (or the lowest possible objective function value)
and have a low computational time, such that the algorithm is suitable for
online implementation.

It is clear that the DLTI MPC strategy does not allow a re-decision of the
displacement fraction, since the HPV closing angle is determined in the be-
ginning of the stroke. Being able to make a re-decision is expected to increase
the tracking performance due to a reduced phase in the control system. Ad-
ditionally, it is also expected to reduce the energy consumption and pulsation
magnitude. Therefore, research into more advanced MPC strategies with on-
line solving capability is desired.

Several more advanced classes of MPC are considered feasible for the
presented models in Chap. 3, but additional alternative MPC strategies may
likely exist.

e Advanced discrete MPC (Discrete): nonlinear, robust, adaptive etc. The
methods feature a discrete model where the optimal input is found
through optimization in a finite prediction horizon [30].

e Mixed Logical Dynamical Programming (Hybrid): Optimal control strat
egy involving a discrete model, as well as discrete valued states, con-
straints and logic elements. This makes it possible to include the special
type of input when solving for the optimal input in the prediction hori-
zon. Additionally, constraints to the closing and opening of valves may
be implemented in the control structure [13,28].

e Lyanunov based MPC (Hybrid): Deals with hybrid systems, where the
state equations are solved in the prediction horizon from where the op-

75



Chapter 4. Application Control Synthesis

timal input is found through stability proofs featuring Lyapunov Con-
trol Functions (LCF) [35].

Each method has its own advantages and disadvantages related to complex-
ity, accuracy, computational time, etc. A Mixed Logical Dynamical (MLD)
system representation and control strategy for a fixed speed DDM has been
demonstrated and show promising results [78]. However, due to the high
computational time, the speed of the machine has to be very low for online
implementation. Lyapunov based MPC for hybrid systems is considered a
tough mathematical problem, since it relies on finding a Lyapunov control
function that ensures that the energy dissipates for every sample (jump) [35]:

o < Vpe (Xk41) < Ve (k) < .. < Vivpe(x0) (4.3)

where Wpc is a Lyapunov control function fulfilling the required criterias.
Although that the strategies are rather complex, such methods are demanded
and further research is required.

4.1.2 Sequential Partial Stroke

In sequential partial stroke, the valves may be switched multiple times and
at any angle during a stroke. However, to obtain a constant sampling angle
required for conventional MPC, a strategy where the valves are only switched
at discrete angles is proposed. This greatly simplifies the control problem,
since the MPC problem becomes time invariant.

The proposed strategy divides a full stroke into discrete steps, where the
valves may only be switched at the discrete angles. Since the strategy is con-
sidered for very low speed operation, the valve switching time is fast com-
pared to the time it takes to perform a full stroke. Therefore, the switching
dynamics is neglected and the input is a displacement fraction. By dividing
the stroke into discrete steps, every cylinder may either be active or inactive
for every step.

Since it is desired to be able to switch the pressure chambers on and off
in the beginning and at the end of the stroke, a full revolution is divided into
the same number of parts as there is cylinders. A comparison between the
discrete model and the nonlinear model is shown in Fig. 4.2 for a 10 cylinder
DDM. Large valves capable of opening against a high pressure difference are
used. It is seen that the same cylinder is subsequently switched on and off at
every discrete decision angle. It is seen that the nonlinear model has severe
torque and flow spikes due to the high pressure difference when switching
the valves. It is clear that it cost the most energy to switch the valves when
opening against high pressure difference at large flows. The energy cost
function hence penalize the valves that opens against the highest pressure
difference at a large flow rate [Paper H].
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Fig. 4.2: Comparison between DLTI and nonlinear model, w = 10 rpm, py = 300 bar [Paper H].

Since every cylinder can be either active or inactive, there are 2Nc = 1024
combinations for every decision, whose tracking performance and energy
consumption may be very different. By only allowing the machine to either
motor or pump the number of combinations is reduced to (2Ne/2) = 32. The
discrete displacement fraction are shown in Fig. 4.3 for a DD pump.
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Fig. 4.3: Discrete displacement fraction inputs [Paper H].

Since the input is chosen from a set of discrete values, the optimization
algorithm has to be capable of handling a discrete valued optimization prob-
lem. The discrete model of the DDM becomes that in (4.4) and is very simple
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since there is no memory effect.
ylk| =Dulk] ulk] €y (4.4)

Although the DDM model is simple, a discrete dynamical representation is
introduced when the machine is combined with the controlled plant dynam-
ics. An illustration of the sequential partial stroke MPC strategy for a 10
cylinder DDM is illustrated in Fig. 4.4.

Fig. 4.4: Illustration of the chamber actuation decisions in the prediction horizon [Paper H].

The MPC strategy is seen to predict which valves that should be active
(solid color) and which should be inactive (transparent color) in the predic-
tion horizon. Since the model of the sequential partial stroke operated DDM
comprises no dynamical effects, an improvement of the method is obtained
by increasing the control decision frequency by an integer number, while
maintaining online computation capability. One of the major drawback of
the presented method is the severe flow /pressure/torque spikes, which sug-
gest the use of a more advanced MPC strategy where valve switching pattern
and pressure chamber dynamics are included.

4.2 High Speed - Full Stroke Operation

For full stroke operation, all the presented models are applicable for control
design. However, the models are different in many aspects with their own ad-
vantages and disadvantages and should hence be applied accordingly. Since
the choice of control design method is highly dependent on the model and
application use, a comparison of the models presented in Chap. 3 is made in
Tab. 4.2.
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6.

Full stroke Continuous Discrete Hybrid 1: Hybrid 2: Hybrid 3:
Approximation Approximation Physical accurate Nonlinear D Linear D
Number of states 2 ~ N./2 6N, ~ N./2+3 ~ N./2+2
Number of inputs 1 1 2N, 1 1
Eigenfrequency Sampling freq. Chamber flow, State jumps,

proportional to

proportional to

chamber pressure,

quantizer,

State jumps,

Nonlinearities speed and the speed, quantizer state jumps and displacement D quantizer and
and the output output map
output map map output map and output map
Reduced accuracy
for lqwer number Reduced accuracy Reduced accuracy | Reduced accuracy
of cylinders, lower
Accuracy . for lower number Always accurate for lower number | for lower number
displacement and of cylinders of cylinders of cylinders
higher excitation y y y
frequencies
Ml%ltlple Single machine Mu.1t1p1e Ml,.lltlple Mu.1t1ple
- machines and machines and machines and machines and
Validity and one-quadrant
four-quadrant operation four-quadrant one-quadrant one-quadrant
operation P operation operation operation
Simple when Simple when
Control design linearized, linearized, Extremely g e
difficulty Moderate when Difficult when difficult Very difficult Very difficult
nonlinear nonlinear
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Chapter 4. Application Control Synthesis

Based on the above comparison, suitable control design methods are dis-
cussed for the different models. Additionally, an assessment of when to use
each model is provided. It is considered beneficial to use the simplest strate-
gies as long as their accuracy and validity meets the requirements.

421 Continuous Approximation Model

Although the model is applicable for four-quadrant operation, its limited ac-
curacy at low displacements makes it unsuitable for operation in more than
one-quadrant. Since the discrete model is significantly more accurate than the
continuous model, its applicability is limited. However, the discrete model
seems unsuitable for describing the combined sampling domain for varying
speed DD machines in a fluid power transmission. Therefore, the model is as-
sessed to have the greatest potential for a transmission system with multiple
DDMs operating in one quadrant at relatively high displacements.

One such application is a wind turbine transmission with a DD pump
connected to the turbine rotor and a DD motor connected to an electrical
generator, see [Paper L] for operation curves. An illustration of the digital
fluid power transmission for a wind turbine is shown in Fig. 4.5.

Fig. 4.5: Illustration of a digital fluid power transmission for a wind turbine [Paper A].

The transmission dynamics may be described relatively simple by (4.5)
when considering constant oil stiffness and neglecting the pressure drop in
the transmission line.

d 1 . 1
. P
Wp=——wp——ApVynp + —1
P To P To P Vpip To r
Ap:—&kLAp—i—&Vw 1 —&Vmwmlym (4.5)
VL VL p*p P VL
dm 1 - 1
Wm = = wm + — Ap Vi fjm — — T,
mT T T g CP m M T Te

where [, and |y are moments of inertia, dp and dp, are viscous damping
coefficients, V, and Vi are the volumetric output per radians for the pump
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4.2. High Speed - Full Stroke Operation

and motor respectively. ki, is the leakage coefficient, V7, is the high pressure
transmission line volume, Be is the effective bulk modulus and Ap = py — pL,
is the pressure difference. The parameter values for the transmission based
on the 5 MW NREL wind turbine are found in Paper C.

The dynamical influence of the digital displacement machines in the trans-
mission is analyzed by a frequency response showing the singular values. A
comparison between the transmission system dynamics where the DDM is
modeled by the continuous approximation and where an ideal pump and
motor are assumed (omitted dynamics) is shown in Fig. 4.6.

w
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—— w. DDM dynamics
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Singular Values (d
o

Fig. 4.6: Singular values analysis of a digital fluid power transmission with and without the
DDM dynamics [Paper C].

wnp and wnm are the estimated transfer function eigen-frequencies of the
approximation for the pump and motor respectively. wp and wp, are the
lowest shaft speed of the pump and motor respectively and thus yields the
lowest system bandwidth. Since the closed-loop excitation frequency is rel-
atively low for the large mechanical system, the dynamics of the digital dis-
placement machines may be neglected during control synthesis, making the
continuous model dispensable. Therefore, it is considered that the usefulness
of the continuous approximation model is very limited.

If the DDM is operated at lower speeds where the dynamics cannot be
neglected, the model may be used in conjunction with an observer to estimate
the non-measurable states of the DDM. Since the transmission has at least
3 states and each DDM comprises of 2 states, the relatively large number
of states complicates the use of nonlinear control strategies. Therefore, a
linear control design strategy based on the Linear Quadratic Gaussian (LQG)
algorithm is suggested. The control challenge is hence reduced to specifying
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the weighing matrices Q and R for the optimal control problem given as
j:/(xTQx—i—uTRu) (4.6)
0

where Q and R are weighting matrices for the states and input energy re-
spectively [58]. To avoid additionally phase in the control system, the lowest
machine speed is again used as linearization point.

4.2.2 Discrete Approximation Model

The discrete approximation model is more accurate than the continuous ap-
proximation model but is only applicable for single-quadrant operation and
for a system with a single DDM. Therefore, the strategy is most suitable
for system where conventional fluid power pumps/motors are replaced by
DDMs, e.g. cylinder drives.

The binary input to the full stroke operated DDM, together with the out-
put map are severe nonlinearities in the plant dynamics. If it is required to
include the nonlinearities, it is assessed to be beneficial to utilize a hybrid
model formulation instead of the discrete approximation. This is justified by
the control theory being similar, but the hybrid formulation is more accurate.
If nonlinear control is pursued the objective is to show stability through a
Lyapunov Control function (LCF) given again to be

.. < V(xk+1) < VLCF(xk) <..< VLCF(xO) (4.7)

Numerous alternative strategies where the nonlinear dynamics is approxi-
mated also exist [6,33,57].

Due to the relatively simple and structured design procedure, linear con-
trol theory is considered favorable for control of a discrete plant with a rel-
atively large number of states. However, it introduces another restriction to
the controlled plant. Linearly, the quantizer that generates the binary input is
treated as a duty cycle ratio with an additive noise source. By neglecting the
noise source, the linear model is inaccurate at low displacements as shown
in Fig. 3.15. Since a hydraulic pump is often operated in the whole dis-
placement range, the inaccurate model description at low displacements may
cause problems with respect to control performance and stability. Addition-
ally, it is often found that the dynamics of the DDM may be neglected when
the linear model is analyzed if the machine is operated at a fixed high speed.
However, this does not necessary mean that the dynamics is neglectable, since
the input to the linear model is limited to be binary, which introduces a sig-
nificantly delay in the response for lower displacements [Paper B].
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4.2. High Speed - Full Stroke Operation

Since the full stroke method is favorable for high speed operation, it is not
considered a problem to utilize a linear discrete method for variable speed
operation. Additionally unmodeled phase is avoided by choosing the low-
est operation speed as the linearization point. Furthermore, since the model
is increasingly accurate for a higher number of cylinders, a high number
of cylinders is expected when applying the discrete approximation method.
Therefore, the number of states (= N./2) is large and optimal control theory
is again considered favorable. The control design is hence reduced to choos-
ing the weighting matrices Q and R for the states and input respectively.
The objective function to minimize when applying discrete optimal control is
given by [58]

7=y (x0T Qx(k) +u(k)" Ru(k)) (48)
k=1

The stochastic Linear Quadrant Gaussian (LQG) algorithm enables the in-
clusion of the additive quantizer disturbance source compared to the Linear
Quadrant Regulator (LQR) algorithm. However, it has been found that the
control performance, where the controllers have been designed by the two
strategies are indistinguishable [Paper D]. This is caused by the binary states
of the DDM are all being estimated to be the duty cycle ratio, where after the
generated control input u € [0,1] is quantized to be binary, # € {0,1}.

4.2.3 Hybrid Dynamical model

Two similar full stroke hybrid models have been proposed and are considered
sufficiently simple to be used for control synthesis. However, since control
law establishment and stability proof for control of hybrid dynamical sys-
tems are considered a difficult task, this section briefly describes the related
challenges and control theory. The following section presents a simplified
and engineering intuitive description of the stability based control synthe-
sis of hybrid system. A more mathematical description is given in several
publications [10,73-75, 84].

Establishment of control laws for hybrid dynamical systems are normally
done through stability proof by Lyapunov Control Functions (LCF). Stability
theory for hybrid systems combines the theories of stability for nonlinear con-
tinuous and discrete systems. The main difference is that instead of driving
all the states to zero in conventional nonlinear control theory, the objective is
to drive the states to a closed set .A. This set consist of a subset, S, containing
all values for the logic states, timer states, sampling and mode states, etc.
which are always bounded and stable. Additionally, it comprises the subset,
P, containing the equilibrium point for those states for which values may
diverge and should be driven to zero. For the DDM system, these states are
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the plant states actuated by the DDM, e.g. shaft angle, shaft velocity, pressure
etc. The definition of the closed set A = SJP is shown in Fig. 4.7.

A=SupP

*Logics
«Timers
-Samples
*Modes

«Position {0}
*Angle {0}

Fig. 4.7: Definition of the compact .A comprising all values of the bounded and stable states, as
well as the zero value for the states to be stabilized.
Stability Theory for Hybrid Dynamical Systems

The objective is to obtain a system which is Uniformly Globally pre-Asymptotically
Stable (UGpAS) with respect to the set .A. The definition of UGpAS is similar
to that of conventional nonlinear systems and is illustrated in Fig. 4.8.

D

C A+6B

Fig. 4.8: Illustration of stability of hybrid dynamical systems.

The illustration shows the set .4 having a ball B with distance ¢ and a ball
with distance € around it. These sets are used to define the UGpAS properties
of the hybrid system defined as
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(Deﬁnition: (Uniformly Globally pre-Asymptotically Stability) \
Given H and a closed set A C R", we say that A is asymptotically
stable if it is both

e (S) Stable: for each € > 0 there exist § > 0 such that each max-
imal solution ¢ to H with |¢(0,0)| 4, < 4, satisfies [¢(f,])]| 4 <
€ for all (t,j) € dom ¢. With definition |x| ; = min{x — y| :
y €A}

o (A) Pre-attractive: there exist € > 0 such that every maxi-
mal solution ¢ to H with |¢(0,0)| 4 < €, is bounded and the
complete solution converges to A, that is

li t,q —0 4.9
(t,j)edonlzrq?tﬂ%o'(l)( Dla (4.9)

The set A is said to be pre-asymptotically stable if its stable
and pre-attractive. Asymptotic stability is said to be global
when the attractivity property holds for every point in D and
every point in the closure of C. It is uniformly if the time to
converge to the set A is uniform with respect to a compact

\ set of initial conditions ¢(0,0) [10,11,73,75]. )

where maximal solution is defined as the solution domain of ¢ that can not
be extended. The proof of pre-asymptotically stability may be established
by a Lyapunov Control Function (LCF), V(x), that is continuous differential
and ensures that the energy in the system dissipates along the solution trajec-
tory. The condition for pre-asymptotically stability in the sense of Lyapunov
theory is defined as

(Deﬁnition: The set A is pre-asymptotically stable if there exist a\
Lyapunov-function candidate V for (#, .A) such that
(VV(x),f) <0 VxeC\ANVfeF(x)

4.10
V(g(x))—V(x) <0 VxeD\AVgeG(x) (10
then the set A is pre-asymptotically stable [10].

(VV(x), f) = %V(qf?(f)) = VV(x) e f(x)|x = () )

\_
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UGpAS is shown by introducing a class K« function, ensuring that the con-
vergence to the set A is uniform. The sufficient Lyapunov condition for UP-
GAS is defined as

(Deﬁnition: Let H = (C,F,D,G) be a hybrid system and let A C\
R" be closed. If V is a Lyapunov function candidate for H and
there exist a1, ay € Ko, and a continuous positive definite function
p: R — R such that

o ar(lx[y) S V(x) <ao(lx]y) Vx e CUDUG(D)
o (VV(x), f(x)) < —p(|x]4) VxeC, feF(x) 412)
o V(g(x)) = V(x) < —p(|x|4) Vx € D,g € G(x)

Then A is Uniformly Globally Pre-Asymptotically Stable for H

\[11]. )

where the class K« is defined to be a function that is continuous, strictly
increasing and unbounded, as well as evaluates to zero in zero. The objec-
tive is hence to find the functions V,a1,a;,p. Such functions for numerous
non-smooth systems have been proposed, which includes sample-and-hold
control systems [10,11,73,75]. Relaxed conditions for UGpAS based on LCFs
exist, where e.g. the jump or flow map may give an increase in energy, as
long as the total energy decrease during a certain period. However, these re-
laxed conditions are not shown in this dissertation to keep the content short
in the summary:.

Control Challenges for the DDM Hybrid Models

It is seen that the objective is to ensure that the energy dissipates both dur-
ing flows and jumps. For the full stroke hybrid model, several complications
with respect to finding the Lyapunov control function exist. The state models
for the full stroke operated DDM given in (3.28) and (3.29) comprise of nu-
merous logic states (angle sampler, angle timer and previous binary inputs).
Hence, for a fixed speed machine the system is always stable since all states
belongs to the closed set .A. However, for a variable speed DDM the machine
speed requires stabilizing. Additionally, for a DDM that actuates a continu-
ous plant, the states of the continuous plant need stabilization. To illustrate
the control problem, a simple system is considered in Fig. 4.9 where a fixed
speed DDM is controlling the pressure in the high pressure line where an
orifice is implemented as flow restriction.
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Fig. 4.9: Illustration of simple system where a DDM is controlling the pressure in the high
pressure line. [Paper G].

Considering the hybrid model in (3.29), where constant displacement be-
tween samples is assumed, then the model of the system to be controlled
becomes

9:‘; ot =0
= (WCzy—k 5=
PH VL( u qo \/?H) XE[OIQS] pil PH XZGS
i=w x =0
5 =0 z5 = Auzu+ Buu
W=
(4.13)

where QO = w Czy and Qp = kqo V/PH, the low pressure p is assumed to
be zero and kg is the orifice flow coefficient. The definition of the set A for
the states x = [0 pu X zu] is given by A = {R} x {0} x {R} x {R},
indicating that the objective is to show uniform convergence to zero for the
pressure state, pyy. The main challenge is that the input is limited to be bi-
nary, u € {0,1}. Therefore, it is very difficult to ensure that the energy always
dissipates by (4.12). An approach to overcome this challenge is to consider a
duty cycle ratio as input. However, by doing this the accuracy of the model
is severely reduced and corresponds to linearizing the discrete approxima-
tion of the DDM. Published research where a disturbance input is considered
to scale all inputs to binary values (similar to the linear description of the
quantizer) has been considered for a similar system [56]. The main difference
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is that the control input is continuous updated and not discretely as for the
DDM system. Another approach is to apply relaxed conditions, where the
energy is allowed to increase momentarily if the total energy over a certain
period is decreased [11]. However, the complexity of theory for relaxed con-
ditions is greatly increased. This explains why it has not been possible to
establish a proof of stability for a full stroke operated DDM in this disserta-
tion. However, the presented hybrid models may be an inspiration for further
work with respect to control development.
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Chapter 5

Closing remarks

5.1 Conclusion

This dissertation concerns model based development of control strategies for
digital displacement machines (DDMs). The main contributions are the iden-
tification of the many challenges related to control of the DDMs, as well as
development of control design models allowing for dynamical analysis and
feedback control synthesis.

The many control challenges related to the non-smooth behavior of the
machine has been investigated with the purpose of clarifying suitable oper-
ation and control strategies. The findings shows that the control challenges
are highly dependent on the operation strategy (full stroke, partial stroke or
sequential partial stroke), machine design (number of cylinders, output con-
nections, pressure chamber orientation and size, etc.) and application use
(motoring, pumping, direction of motion, multiple machines, etc.). Since the
DDM dynamically behaves significantly different depending on its settings,
there are many sub-challenges to be solved with respect to development of
control strategies.

An investigation is conducted to examine the effects of the DDM by com-
paring the response of a first order plant actuated by a DDM to the response
of the same plant actuated by an ideal pump/motor unit. The results shows
that the time delay and energy in the steady state ripples are reduced for
a higher number of cylinders and faster shaft speed. Hence, the results in-
dicates that the dynamics of the DDM should not be always be omitted to
ensure stability, which has been done by the majority of state-of-the-art con-
trol strategies.

Since the dynamics of each pressure chamber of the DDM is continuous
and the actuation of it is made discretely, the system dynamics belongs to
the class of hybrid dynamical systems. Due to the complexity in establishing

89



Chapter 5. Closing remarks

feedback stabilizing control laws for such nonlinear system with switching el-
ements, approximation models are initially applied which are valid in a lim-
ited amount of situations. Both continuous and discrete approximations has
been developed and allows for use of classical control design methods. Both
deterministic and stochastic optimal control methods, as well as model pre-
dictive control strategies have been used to synthesize controllers. However,
in this thesis a limited effort has been spent on control design and optimized
control performance since no specific application is considered.

Due to the approximation models only being valid in a limited number
of situations, several hybrid dynamical models of the DDM have been devel-
oped, where one is very accurate in describing the machine dynamics on a
pressure chamber level, while the others are simpler and only captures the
fundamental dynamics of a full stroke operated machine. Development of
stabilizing feedback control laws of hybrid dynamical system is considered
difficult even for relatively simple systems. The DDM is not considered to be
a simple system, since its dynamics contains nonlinear continuous, discrete,
binary and switching elements being both dependent on the input and states.
Furthermore, since the dynamics highly depends on the machine settings, a
general framework in control development is considered very challenging
and is yet to be solved.

5.2 Further Work

This thesis only briefly investigates the three branches of dynamical con-
trol (continuous, discrete and hybrid) with respect to the three operation
modes (full, partial and sequential partial stroke). Only linear control theory
has been pursued with the continuous and discrete strategies, but nonlinear
strategies are likely to improve the validity of the strategies and the control
performance and is thus open for further exploration.

The input dependent discrete model is assessed to have a great potential
for model predictive control (MPC), but has an unconventional model struc-
ture with a varying model structure and unity input. In this thesis an angle
average MPC strategy has been applied for a low speed and partial stroke
operated DDM. However, an improved performance is expected with more
complex MPC structures featuring the input dependent discrete model.

Since the applicability of the continuous and discrete approximation are
applicable in a limited number of situations, there is a high incentive to fur-
ther explore hybrid dynamical theory with respect to modeling and control
of the digital machines. Proper tools for analyzing and developing control
laws for four-quadrant operated machines and multiple machines in a trans-
mission are in high demand and requires further research. Similarly, control
methods for DDMs with multiple sized pressure chambers and/or multiple
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individual outlet connections has not been investigated in this thesis and
therefore requires further investigation.
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Abstract

This paper investigates the many complications arising when controlling a digital displacement hydraulic
machine with non-smooth dynamical behavior. The digital hydraulic machine has a modular construction
with numerous independently controlled pressure chambers. For proper control of dynamical systems, a
model representation of the systems fundamental dynamics is required for transient analysis and controller
design. Since the input is binary (active or inactive) and it may only be updated discretely, the machine
comprises both continuous and discrete dynamics and therefore belongs to the class of hybrid dynamical
systems. The study shows that the dynamical system behavior and control complexity are greatly de-
pendent on the configuration of the machine, the operation strategy, and in which application it is used.
Although the system has non-smooth dynamics, the findings show that simple continuous and discrete
approximations may be applicable for control development in certain situations, whereas more advanced
hybrid control theory is necessary to cover a broader range of situations.

Keywords: Digital Displacement Units, Fluid Power, Control, Non-smooth System, Hybrid Systems

1 Introduction linear or non-linear control theory is then applied on
these models to ensure stability and obtain the desired

N
Throughout the past decade, there has been an increas- performance. However, control of DDM’s is different

ing interest in research and development of energy effi- 1 VAIlous ways, smce the tr1gger%ng of a control up-
. . . . . . date is angle dependent and not time dependent. Ad-
cient fluid power systems for both conventional cylin-

der drives Schmidt et al. (2015); Jarf et al. (2016) and dltlonally?.the dynamics are highly 1nﬂ}1elllced by the
- heon - e ora on1ey. configuration of the machine and how it is operated,

power take-off systems Hansen and Pedersen (2016); . - VLR alld ;

Hansen et al. (2014); Payne et al. (2007, 2005); Peder- as well as in which application it is used. Since control

sen et al. (2016a); Rampen (2006); Salter et al. (2002). of the digital displacement technology is a relatively

A promising technology is the so called digital displace- u.Il:exILlored ﬁe11d7 harfl 1mp?rtallnt f;rst s;fp 15 to lden};
ment machine (DDM), which besides providing great tity ﬁ € ck())n}t]ro. C» a ;Eges re aFe to,(; € non-smopt
energy efficiency also yields superb scalability. For suc- machine behavior. 1S paper Provides an overview

cessful deployment of the technology, proper control of Wllt h reTp'e.th to ddf Vedlgprrlient of T(:idd based gygﬁn?l_
the machine is considered a key challenge to be solved. cal analysis and feedback control design methods for

e e . these machines. The investigation is based on a sin-
However, this is a complicated task due to the non- . . _ .
. I . gle module of a DDM with 5 cylinders as illustrated in
smooth dynamical behavior.

Fig. 1. It is seen that the machine comprises numerous
cylinder pressure chambers being radially distributed
around an eccentric shaft. The flow to and from the

For most computer controlled systems, either contin-
uous or discrete approximation models are fairly accu-
rate in describing the system macro dynamics. Either

doi:10.4173/mic.2018.2.4 (© 2018 Norwegian Society of Automatic Control
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Low pressure mainfold
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Low pressure valve
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Figure 1: Illustration of the radial piston type digital
displacement machine with 5 cylinders.

pressure chambers is controlled by electro-magnetically
actuated on/off valves connecting each pressure cham-
ber to the high and low pressure manifold. A more
detailed description of the digital displacement technol-
ogy may be found in several publications Ehsan et al.
(1997); Payne et al. (2005); Rampen (2010); Roemer
(2014); Noergaard (2017); Johansen (2014); Johansen
et al. (2015b).

Published state of the art control strategies for dig-
ital displacement units is mostly limited to neglect-
ing the transient behavior of the machine and utiliz-
ing pulse density modulation or pulse width modula-
tion techniques to determine the actuation sequence
for the pressure chambers Johansen et al. (2015a);
Sniegucki et al. (2013). Another method where the
dynamics has been neglected is through determination
of the actuation sequence of the individual chambers
as function of the displacement reference and shaft an-
gle through offline optimization Armstrong and Yuan
(2006); Sniegucki et al. (2013); Song (2008); Heikkila
and Linjama (2013). However, none of these meth-
ods includes the machine dynamics which may intro-
duce transient problems with respect to stability and
performance. Dynamical models applicable for system
analysis and controller design has been developed and
governs both continuous, discrete and hybrid represen-
tations Johansen et al. (2017); Pedersen et al. (2016b,
2017a,b,c, 2018¢); Sniegucki et al. (2013). However, the
discrete and continuous models are often only valid in
limited situations, while the hybrid models are often
quite complex with respect to development of stabiliz-
ing feedback control laws. This paper provides a clar-
ification of the related control challenges in a broad
range of machine operations, machine designs and pos-
sible target applications. A discussion of the applicable
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control models and methods, as well as their limitations
is made. The findings of the paper should hence serve
as a tool for determining suitable control strategies and
dynamical control oriented models when utilizing dig-
ital displacement machines.

2 Simplified model analysis

Instead of deriving a complex model for investigation
of the control challenges, a relatively simple model with
idealized behavior is used. The model maintains all the
system wide control challenges and includes the funda-
mental dynamics of the machine. Although only sys-
tem wide control is considered in this paper, valve con-
trol related problems are important for proper machine
operation. The non-linear features during the switch-
ing event has been studied in Bender et al. (2018Db);
Roemer et al. (2015a, 2014, 2013, 2015b) and the repet-
itive nature of the machine has lead to several valve
timing control strategies Bender et al. (2018a); Brendi
et al. (2017); Breidi (2016); Merrill (2012). The deriva-
tion of the mathematical model of the macro dynamics
is based on the illustration of a single pressure chamber

shown in Fig. 2.
HPV

\

LPV

Pressure
Chamber

ﬁl

—~

Piston

Figure 2: Illustration of the individual pressure cham-
ber and the configuration of the correspond-
ing valves.

It is seen that a normally closed high pressure valve
(HPV) and a normally open low pressure valve (LVP) is
used, such that each pressure chamber is normally in an
idling mode at low pressure. The piston displacement,
z, is kinematically described as function of the shaft
angle given by

2 (0;) = re (1 —cos(6)) (1)
where 7 is the eccentric radius, such that the piston
stroke length is # = 2 r,. The local cylinder angle is
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given by

0, =0+ i€f0,...,No—1}  (2)

2w .
—
N.

where N, is the number of cylinders.
chamber volume, V, is then given as

The cylinder

Vi) =

Vi (0) = % sin(6;) 6

(1 —cos(8))+ Vo
®3)

where Vj is the minimum chamber volume and V3 =
27re Ap is the displacement volume, with A, being the
piston area. The pressure dynamics in one displace-
ment chamber is governed by the continuity equation
and is given to be

. 66 ¥

Pi=30 (QH,i —Qu;i— Vl) (4)
Where Qu and @y, are the flows through the high and
low pressure valve respectively and (. is the effective

bulk modulus. The oil-flows through the valves may
be described by the orifice equation given by

L .
Qui= ™ Ipi — pr| sign (pi — pr)
£
- (5)
TH .
Qu,;i = T |pu — pi| sign (pu — pi)

where kg is the valve flow coefficient and Z1, and Zy are
normalized valve plunger positions. The torque from
each pressure chamber is described by

_dVi(6) Ve

— 24 5000 p-
p7) pi = 2 sin(6;) pi

7i (6)

The dynamical behavior of a single pressure cham-
ber is investigated by considering the pressure trajec-
tories as function of the shaft angle in a polar phase
plot shown in Fig. 3. In the simulation, the pres-
sure is initially equal to the high pressure, p = pg,
during the down-stroke, § = [0;7] and the initially
open HPV is closed Zpy : 1 — 0. This results in a de-
pressurization and when p < pi, the LPV is passively
opened Zy, : 0 — 1. During the upstroke, § = [r; 27],
the pressure is initially equal to the low pressure p = py,
and the initially open LPV is closed zp, : 1 — 0. This
results in a pressurization and when p > py the HPV
is passively opened Zy : 0 — 1. ¢, is the latest an-
gle that the LPV should be closed in order to obtain
passive opening of the HPV at top dead center (TDC).
¢mu is the latest angle that the HPV should be closed
during motoring for the LPV to be passively opened at
bottom dead center (BDC). Similarly, ¢, is the ear-
liest angle that the pumping stroke may be initiated

/ \

240

Figure 3: Phase portrait of the pressure dynamics as
function of the angle. Red trajectory illus-
trates a full motoring stroke and blue trajec-
tory illustrates a full pumping stroke.

and ¢py is the angle where the HPV is closed to end
the pumping stroke.

It is seen that the pressurization and de-
pressurization are very fast as function of the angle
except at BDC and TDC. Since the pressure is ap-
proximately constant when the HPV is open, the flow
throughput may be simplified to be Qu = Ve, seen
from (4), when considering the macro dynamics of the
system. From the above analysis, the flow and torque
as functions of the displacement volume are given by

(7)

where Zy = {0, 1} depending on whether the chamber
is active or inactive. The displacement throughput is
used in the following analysis to examine the operation
principle and control challenges related to the digital
displacement machine. The control challenges for full-
and partial-stroke operation are vastly different, since
the system behavior is changed based on the chosen
operation strategy. Therefore, the control challenges
for the two operation strategies are investigated sepa-
rately.

D(G):%sin(@) Im Qu=D6 7=Dp

3 Control Challenges - Full stroke

Considering a full stroke operated DDM, the inputs
may be considered to be u = {1,0,—1} corresponding
to motoring, idling and pumping respectively. For ev-
ery chamber the decision to either motor or idle is done
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once every revolution at ¢n,1,, while the decision to ei-
ther pump or idle is done once every revolution at ¢pr,.
This angle dependent sampling yields an asynchronous
sampling scheme for varying shaft speeds due to the
relation
1
df = w(t)dt <> dt = ——df 8
0 50 (3)
An illustration of the sampling scheme in the posi-
tion domain and time domain for an arbitrary variable
speed DDM is illustrated in Fig. 4.

Dacs 1 G G G G Oy

T TT TT TT TT TT

-7 [N 7R == 7R -7

%23 43, 3, 43 a0
ITT TT T T T T T T TT
SRt SRt A A e A SRRt & 5
TR L% Rk, RR R t

Figure 4: Displacement output response and control
decision scheme of a full stroke operated
DDM using both pumping and motoring
strokes. Black samples are for motoring and
blue samples are for pumping.

It is seen how a varying speed machine results in
an asynchronous sampling scheme in the time domain,
while the sampling scheme is synchronous in the angle
domain if the machine is to only operate as a pump
or motor. However, if the machine is to both motor
and pump the sampling scheme is only periodic syn-
chronous in the angle domain. Additionally, the inputs
can only be chosen from u,,, = {1,0} for motoring sam-
ples and u, = {0, —1} for pumping samples, similar to
a pulse density modulation technique used in electrical
circuit control. Furthermore, the impulse response is
seen to be different, since the last part of the motoring
stroke is not used, while the first part of a pumping
stroke is not used. Since a full stroke lasts for approxi-
mately half of a revolution, it takes half of a revolution
to activate all the pressure chambers. Hence, the re-
sponse angle from zero to maximum displacement is
also half of a revolution. As a result, both the control
input frequency and response time is proportional to
the speed of the machine, while the displacement dis-
cretization resolution is proportional to the number of
cylinders.

3.1 Four quadrant operation

An additional complication is introduced if the ma-
chine is to operate in both directions of motion, which
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may be illustrated by a steep change in the rotation
speed between positive and negative rotation as shown
in Fig. 5.

0
\ ] 0

A D

T %1/2% 3r W\f WQJ/M
2 2

T T T T T

+ —
mL ¢mL

- + +
Y pL et

Figure 5: Illustration of response and sampling scheme
with motion in both directions.

It is seen that a motoring decision is taken at ¢
ahead of TDC, but as the direction of motion is
changed, the stroke becomes a pumping stroke. As a
result, the subsequent decision is also for motoring, but
since the direction of motion is reverse, the sampling
angle ahead of TDC is now at ¢ ; =27 — ¢$L. The
same is illustrated for a change of direction during a
pumping stroke, which similarly results in two pump-
ing samples subsequently. It is seen that the sampling
scheme for a DDM operating in both directions is
asynchronous in both the time and position domain
and the position domain is further not monotonically
increasing.

4 Control Challenges - Partial
stroke

The challenges with respect to control of a partial-
stroke operated machine is very different than those
identified for full-stroke operation. A partial motoring
stroke is simply made by closing the HPV earlier and
a partial pumping stroke by closing the LPV later as
illustrated in Fig. 6.

It is seen that the impulse response of a partial stroke
operated DD unit behaves different than that of a con-
ventional dynamical system, since the input scales the
width of the response rather than the amplitude. The
input is the angle ¢,y for motoring and ¢pr, for pump-
ing, which controls the ratio where the given pressure
chamber is active. The state changing input angle may
be linearly normalized by an input variable change,
such that the input is a displacement fraction n = [0; 1].
The input transformation is done by considering the
committed displacement fraction for a motoring stroke
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Figure 6: Phase portrait of the pressure dynamics as
function of the angle. Red trajectory illus-
trates a 70% partial motoring stroke and blue
trajectory illustrates a 70 % partial pumping
stroke.

by use of (3) and yields

V(¢mH) % (1 - COS(¢mH))

o _ _ (1~ cos(d)
™V T % (1 - cos(n) 2
9)

The resulting input transformation for motoring and
pumping is then given by

(10)
(11)

where 7, and 7, are the maximum possible displace-
ment fractions (corresponding to a full stroke) for mo-
toring and pumping respectively. How the impulse re-
sponse of the DD unit depends on the input is illus-
trated in Fig. 7 for a motoring stroke, where n,, = 0.7
corresponding to a displacement of 70 % of the maxi-
mum displacement. It is seen that the state change of
a chamber from active to inactive may only be given
once for each revolution (considering motoring mode
only) with conventional partial stroke. Therefore, the
decision frequency is still proportional to the speed
of the machine, but the response may be smoothened
compared to full stroke operation. The state chang-
ing angle may however be updated continuously un-
til the state change is carried out at the given angle.
Considering, the input to be limited to only update
at ¢mr, when the stroke is initiated, the system be-
comes a sample-and-hold system similar to that for

7 € [0, i)
n € [0, 7p)

¢mH (Thn) = acos(l -2 77111)
opL(1p) =271 —acos(1 —21p)

D 0 0.0502 0406 08095 1

Va | "Im
\ ! T 0
0 ¢mH(77m) ﬂ-

Figure 7: Impulse response as function of the input,
nm = 0.7 in conventional partial stroke
operation.

full-stroke. However, the impulse response is now time-
varying, where the number of subsequent samples be-
ing made during the length of the impulse response
varies as function of the input. This is illustrated in
Fig. 8, where it is shown that 50% displacement during
one revolution may be obtained with vastly different
activation patterns.

D

0

Figure 8: Flow/torque output response and control de-
cision scheme of a partial stroke operated
DDM, using only motoring strokes.

The top shown activation pattern corresponds to the
output of a pulse width modulation strategy, while the
bottom shown pattern is one arbitrary pattern of in-
finitely many, yielding an average of 50 % displacement
during a full revolution. Since the flow is highest at
the mid-point between TDC and BDC, the most se-
vere flow spikes are also expected to occur if the valves
are switched here. The flow level also has an impact
on the energy cost when switching, which however is
minor since the pressure across the valve is low when
switching.
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4.1 Sequential partial stroke

If the valves are designed to be able to open against
high pressure difference, the sequential partial stroke
method may be used to allow for multiple state changes
during a revolution as illustrated in Fig. 9.

Figure 9: Impulse response as function of the input,
nm = 0.7, with sequential partial stroke.

It is seen that a 70 % stroke has been split into two
sections, but in theory the displacement may be split
into many more parts. With sequential partial stroke
it is also possible to utilize the last part of the motor-
ing stroke and first part of a pumping stroke, since
the valves may be actively opened and closed inde-
pendent of the angle. With this strategy, the state
changing input may be updated continuously and is
only constrained by the time it takes to open and close
the valves. Therefore, the response may become even
more smooth with this strategy. However, opening the
HPV against high pressure difference (against the so-
lution trajectories shown in Fig. 6) requires a substan-
tially amount of energy and larger valves with higher
actuation power is necessary Noergaard (2017). Even
though the input may be updated continuously it is
still binary, such that the output is in discrete levels
based on the shaft angle as shown in Fig. 10. Only

(==
N
N
IS
3

27 4n 67 81 27 0
5 5 5 5

Figure 10: Illustration of the displacement combina-
tions as function of the shaft angle with 5
cylinders.
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motoring combinations are illustrated, but the num-
ber of combinations may be increased by including the
possibility to pump. This does however mean that sev-
eral cylinders will work against each other to lower the
combined throughput. Contrary to conventional dis-
crete input systems, it is seen that the discrete levels
are changing as function of the angle.

4.2 Discussion of operation methods

The investigation clearly identifies that the dynamical
behavior and control complications of the digital dis-
placement machine is greatly influenced by the chosen
operation strategy. A summarization of the dynami-
cal behavior and control challenges is provided in Tab.
1. To give an overview of when to use which opera-
tion strategy, based on the mentioned advantages and
disadvantages the following may be summarized:

e Full stroke: Is considered the favorable choice
for high-speed machine operation, where energy
efficiency is important. Also it is considered the
most simple strategy, since state changes are done
at fixed angles.

Partial stroke: Is considered the favorable choice
for low-speed machine operation, where both
tracking performance and energy efficiency is im-
portant.

Sequential partial stroke: Is considered the fa-
vorable choice for very low-speed machine opera-
tion, where control tracking performance is impor-
tant and energy efficiency is of less importance.

Even though the advantages and disadvantages of each
method are speed dependent, it may also be beneficial
to use a full stroke strategy at low speed if tracking
performance is not very important, but simplicity and
energy efficiency is. Similar, it may be beneficial to use
a partial stroke strategy at high speed, if tracking per-
formance is very important, but simplicity and energy
efficiency is not.

Based on the above analysis it may be favorable to
utilize a combination of full-stroke and partial-stroke
operation if the machine is to operate in a wide range
of speeds. However, a combination of full and partial
stroke operation is simply a partial stroke operation,
since a full stroke is also a possible choice when utiliz-
ing a partial stroke strategy. Using the sequential par-
tial stroke strategy, where several state changes may be
made during each stroke also covers the conventional
partial stroke strategy, since a possible choice is to only
do one state change or none at all (full stroke). This
does however not mean that it is advantageous to use
the sequential partial stroke independent of the opera-
tion speed and application, since the strategy requires
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Machine features

Pressure and
mechanical
dynamics

Non linear continuous differential equations

i = f(z)

Control input

Binary (active or inactive)

]
type o
Operation strategy features
. Sequential Partial
Full stroke Partial Stroke
stroke
Valve type Only capable of Only capable of Capable of opening U _A—J-
and opening against low opening against low | against high pressure }
requirements pressure difference pressure difference difference _V T
Proportional to the Proportional to the
shaft speed a.nd once | shaft speed a.nd once Continuous, but Pump  Motor
Control every revolution at a | every revolution at a .
. constrained by the LI I T
update rate fixed angle for both variable angle for . .
L . actuation time
pumping and both pumping and Il ITIT T 5

motoring

motoring

Proportional to the
number of cylinders

Continuous over one

Continuous over one
revolution, but
proportional to the

Revolution

Displacement . revolution and number of cylinders — »
. over one revolution . . .
resolution . non-existent instantaneously with
and non-existent . . . X
. instantaneously discrete levels being
instantaneously
dependent on the | 0
nstantaneously
angle
Scaled by the input,
up to half of a 2
Chamber Proportional to the revolution. The The time between .
impulse shaft speed (half of a impulse response each actuation
'

response time revolution) time is hence scaled decision
by the input and + Response angle
shaft speed.
Machine . .
response time Proportional to the Proportional to the Instantaneously
P shaft speed (half of a shaft speed (up to (limited by the
(0 to max ) . Lo
. revolution) half of a revolution) actuation time)
displacement)

Pumping vs
motoring

Impulse response is
different (first part of
pumping is not used

and last part of
motoring is not used)

Impulse response is
different (first part of
pumping is not used

and last part of
motoring is not used)

Similarly

Change of
rotation
direction

Pumping becomes
motoring and vice
versa. Angle of
control decision
changes.

Pumping becomes
motoring and vice
versa. Angle of
control decision
changes.

Pumping becomes
motoring and vice
versa

Energy cost
and pressure
spikes

Very low due to no
pressure difference
across the valve and
no flow at switching

Dependent on the
angle where the
chamber is
deactivated. Largest
at mid-point between
BDC and TDC

Dependent on the
angle where the
chamber is
deactivated. Largest
at mid-point between
BDC and TDC.
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Table 1: Summarization of the dynamical behavior and control challenges of digital displacement units.
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large active valves capable of opening against high pres-
sure and the control complexity may be severely in-
creased if the optimal control choice is e.g. only full
strokes.

5 Control model development

For successful deployment of the digital displacement
machine in a wide range of application it is beneficial
to be able to analyze and design feedback controllers
independently of operation. This is considered a com-
plex task, especially since the dynamics is changing
significantly depending on operation. Instead of devel-
oping a very complex control oriented model capable of
handling every situation, it is considered beneficial to
develop control oriented models for specific situations
individually. In certain situations, simple dynamical
approximation models may be sufficient for describing
the systems macro dynamics.

5.1 Continuous approximation

Even though the non-smooth dynamical system is dis-
cretely controlled, a continuous approximation may be
applicable in certain situations and results in a signif-
icantly simpler model for analysis and control design
Pedersen et al. (2018a). The continuous approximation
is illustrated for a full stroke operated pulse-density
modulated (PDM) machine and a partial stroke pulse-
width modulated (PWM) machine, where the input
corresponds to a duty cycle. The step response for
various duty cycles (normalized displacement fraction
references), D = {0.1 0.2 0.4 0.6 0.8 1}, is shown in
Fig. 11. Both responses for a machine with 5 cylin-
ders and one with 20 cylinders is shown to illustrate
the applicability of the method. It is seen that for a
high number of pressure chambers, the response resem-
bles a continuous response with ripples in the position
domain. However, for low displacement fractions, the
continuous approximation is seen to be quite poor for a
full stroke PDM strategy, while it remains reasonably
accurate with a partial stroke PWM strategy. The re-
sponse may be fitted to a continuous transfer function
by use of a spatial domain Laplace transformation de-
fined as

F(s) = L{f(0)} = / SOfO)d0 (12)
0

Fitting the response dynamics to a second order system
results in the transfer function given by

D w2 ]
§l= — =K—————10 50 1
OO = = us (13)

98

5 cylinders PDM 20 cylinders PDM

4
\ \
08+ [
c
2o6!
8
204
)
o /
02] // VLU LU
ol NN
20 cylinders PWM

1f —
=08/
€
Lo6:
3
E;o.‘t—
e 027 i i I I

o I

0 0 ™ 27 3r 4
0 [rad/s] 6 [rad/s]

Figure 11: Step response for various displacements
using delta-sigma modulation and pulse-
density modulation.

where 64 is the delay angle due to the decision being
made ahead at ¢, ahead of TDC, where the active
motoring stroke starts. Converting the transfer func-
tion to the time domain by (8) yields a time-invariant
system dependent on the machine speed. Therefore,
if linear control is to be applied, a linearization point
for the shaft speed must be chosen. In the time do-
main the bandwidth of the system is proportional to
the shaft speed and to ensure stability in the case of
linear control, the speed should be greater than the lin-
earization speed. For high speed operation the dynam-
ics of the machine is possibly significantly faster than
the dynamics of the high pressure line and mechanical
system it is connected to and may therefore possibly
be neglected during control design. This is coherent
with the non-smooth ripples in the response not being
seen in the mechanical response for high mass inertia
systems. It should however be clear that the method is
very inaccurate for a low number of cylinders and for
full stroke operation also at low displacements, where
this method should not be applied. It is also impor-
tant to consider that it is a discrete sampled system,
S0 a continuous approximation is only valid up to a
certain frequency where the sampling effect becomes
significant.

5.2 Discrete approximation

To capture the discrete control effect of a full stroke
operated digital displacement machine, a discrete ap-
proximation of the machine dynamics may be applied
in several situations Johansen et al. (2017); Pedersen
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et al. (2017a,b, 2018d). The displacement throughput
between samples is given by the change in chamber
volume divided by the constant sampling angle given
as

ADMFZAVWMD:(VWW+H)*VWMD)N

O 27

(14)

where 6 is the sampling angle and N is the number of
cylinders. The discrete approximation of the displace-
ment response is shown in Fig. 12 for a DDM with 15
cylinders.

Discrete
approximation

Chamber
response

D

Figure 12: Discretization of displacement response for
a motoring stroke.

The discrete response is seen to be fairly accurate for
a high number of cylinders. The initial delay is again
due to the decision being taking at ¢.,1, ahead of TDC.
The discrete transfer function becomes that given by

D drz"4dg2+---+d d
D _drz'tds2 +7 tdiz+do (15)

G(z) =
(=)=~ ;
where u = {0,1} depending on whether an active or
inactive stroke is taken. Utilizing a pulse density mod-
ulator introduces a high non-linearity to the control
system due to the quantizer given by

h = 1 if Dk >05
Y=Y if D <05

where D*[k] is the displacement fraction reference.
Since the flow and torque are functions of the speed and
pressure respectively given by (7), the output trans-
fer function is non-linear. Additionally, for a variable
speed machine the sampling scheme is asynchronous,
why a transformation to the position domain by (17)
is necessary to obtain a synchronous sampled system.

dx 1 dzx

B ol & (17)

(16)

However, this transformation is seen to yield another
non-linearity due to the speed being varying. Since
non-linear discrete control is often quite complex, sim-
pler linear approximations are often applied, which
however limit the range of applicability. By lineariz-
ing around a steady-state speed, the operation speed
should be greater than the linearization speed to ensure
stability. The common method of describing a quan-
tizer linearly is to simply consider the quantizer as an
additive noise input, u[k] = D*[k] + n[k]. This corre-
sponds to a duty-cycle ratio approximation, where n[k]
is the noise input with intensity I € [0;0.5]. By omit-
ting the noise term, the resulting response is shown in
Fig. 13 for an input of D*[k] = 1/3. The discretization
is not shown for simplicity of illustration.

Linear
approximation

Non-linear

D response

R e AP oy

Figure 13: Discretization of displacement response.

It is seen that the linear approximation results in
an angle average approximation, which is significantly
more smooth than the non-linear physical response.
Since the linear discrete approximation is poor at low
displacement, it is not very accurate if the machine
should both pump and motor. Furthermore, the pump-
ing and motoring impulse responses are different, and
if the method should both allow for pumping and mo-
toring, synchronous sampling is required, which in-
troduces additional delay to the system. The linear
method hence includes the sampling effect and to some
extent the ripples in the response, but the method
range of validity is limited to machines with a high
number of cylinders and high displacements, similar to
the continuous approximation. Additionally, the direc-
tion of motion must not change since a monotonically
increase in the sampling domain (angle or time) is re-
quired when applying discrete control methods.

5.2.1 Partial stroke strategy

It has been identified that partial stroke and sequential
partial stroke methods are great for low speed opera-
tion, where tracking performance is quite poor for a
full stroke strategy. However, for a partial stroke op-
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eration, the energy cost of switching and the result-
ing pressure spikes are greatly influenced by the an-
gle where the active stroke is stopped. With respect
to control, the optimal solution may include trajec-
tory tracking, energy efficiency, pressure spikes and
frequency content, which is hardly achieved with a
static control law. Therefore, model predictive con-
trol (MPC) is considered to have a high potential for
control of a partial stroke operated DDM. MPC does
however require a discrete model representation of the
system dynamics Sniegucki et al. (2013); Pedersen et al.
(2018¢). For partial stroke operation, only a part of the
full stroke is used, which introduces additional compli-
cations seen from a partial stroke discrete approxima-
tion shown in Fig. 14.

Full-stroke
response

Discrete

Chamber
approx.

response

RN Full-stroke
approx.

‘_gSamplo
X x X x
O > T S
Figure 14: Discretization of displacement response,
where 7 = 0.5 corresponding to half of a
stroke. A full stroke n = 1, with u =
0.5 yields the angle average committed dis-
placement as if n = 0.5 and u = 1.

In this partial stroke example, the displacement is
seen to be committed over less samples, such that the
transfer function order is reduced to

27d424+d323+"'+d12+d0
- 4

G(z) = (18)

u z
Partial stroke operation hence results in an input
dependent time-variant system, where the input to
the transfer function is unity. This model is only
obtainable if the stroke ratio is determined at sample
k, where the stroke is initiated. If the stroke ratio may
be updated continuously until the pressure chamber
is deactivated, the impulse response and hence the
discrete model is unknown when the stroke is initiated
by closing the LPV at ¢,,u. It is possible to apply
model predictive control to such system, but it does
not fulfill the requirements of classical MPC, where the
input scales the magnitude of the response and not the
model it self. To enable classical linear MPC control,
an angle average approximation may me made, since
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a 50 % stroke, n = 0.5 with unity input, v = 1, has the
same integrated displacement as a full stroke, n = 1,
with input w = 0.5. This angle average approximation
is also shown in Fig. 14 and is seen to smoothen
the response and be decreasingly accurate for lower
displacement fractions. However, the angle average
approximation is quite conservative with respect to
stability, since the slowest response with the largest
phase angle is a full stroke (highest order model),
but the gain is seen to be lowered simultaneously. It
should be evident, that for a fixed sampling angle, the
time between samples is inverse proportional to the
machine speed and to solve the optimization problem
in real time constrains the maximum speed.

Similarly to partial stroke operation, MPC has a
high potential for sequential partial stroke operation,
since energy efficiency and pressure ripples become
increasingly important with an increased number of
switchings. MPC for a sequential partial stroke oper-
ated DDM is very similar to conventional MPC control
of continuous dynamical systems, since the input may
be updated at every sample Pedersen et al. (2018¢).
However, the input is limited to be a discrete set of
displacements, which requires optimization algorithms
capable of handling such problem. The methods en-
able both motoring and pumping strokes, since the op-
timal combination of all combinations of active and
inactive pressure chambers is considered. The method
does however not allow for operation in both direc-
tions, since the sampling domain must increase mono-
tonically.

5.3 Hybrid dynamical system

Since the non-smooth dynamics of the digital displace-
ment machine is of hybrid nature, hybrid system the-
ory is able to describe both the continuous and dis-
crete dynamics of the system Pedersen et al. (2017c,
2018b); Sniegucki et al. (2013). Neither continuous
nor discrete approximations are able to describe the
machine dynamics if the machine is to operate in both
directions. Therefore, hybrid dynamical system theory
is necessary to capture the dynamics, especially since
stability is of high concern at low speeds where the con-
trol update rate is low in full and partial stroke oper-
ation. Furthermore, the approximation methods have
shown poor accuracy for a low number of cylinders,
low displacements and low speeds, where hybrid the-
ory might be necessary to ensure stability and obtain
the desired transient behavior. Several hybrid formu-
lations exist, which are able to describe the dynamical
behavior (e.g. hybrid automaton, impulsive system,
switched system), where each has their own advantages
and disadvantages. Although, hybrid dynamical sys-
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tem models are very intuitive, hybrid control theory is
quite complex even for simple systems. Since a discrete
event occurs every time a valve is opened or closed (or
every time the pressure chamber is activated or deacti-
vated) for every cylinder, the hybrid dynamical model
of the digital displacement machine is not considered
a simple system. Control theory for hybrid systems
is an undergoing research topic, but stabilizing feed-
back control theory does exist, e.g. control Lyapunov
function theory Teel et al. (2015); Goebel et al. (2009);
Brogliato (2016).

6 Control challenges related to
application and design

The control challenges when operating a system com-
prising digital displacement machines is highly depen-
dent on the application where it is used. Furthermore,
due to the modular construction of the machine, the
control challenges are also greatly dependent on how
the machine is designed and how it is connected to the
individual target application.

6.1 Fluid Power Transmission

One application with very high potential for use of
DDM’s is a transmission system for converting low
speed high torque power into high speed low torque
power or vice versa. An illustration of a digital fluid
power transmission is shown in Fig. 15. A ring cam
design is used to increase the number of strokes per
revolution of the slow rotating machine.

D2

ar

Figure 15: Ilustration of a fluid power transmission
system comprising two digital displacement
machines.

Having multiple digital displacement machines
which dynamics are directly influencing each other,
the control challenges are further complicated. The
high speed machine is seen to have 5 cylinders and
the low speed machine to have 10 cylinders and 8
cam ring lobes for a total of 80 strokes per revolution.
This means that for two digital displacement machines,

where one is solely pumping and the other is solely mo-
toring in a full stroke mode, the combined control input
scheme is only periodic synchronous in the position do-
main even for fixed speed as illustrated in Fig. 16.
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Figure 16: Input decision scheme for a digital hydraulic
transmission with a high and a low speed
digital displacement machine.

It is seen that if the number of strokes per revolu-
tion of the two machines are vastly different, a large
amount of information is required to describe the com-
bined sampling scheme in one revolution. Several drive
trains need to operate in four quadrants, where each
machine can both pump and motor and rotate in both
directions (vehicle transmission etc.). Based on the
identified control complications, it is clear that the
control challenges of such system become significantly
more complex and increasingly complicated if it is to
utilize partial stroke operation also.

6.2 Direct cylinder drive

Another application where digital displacement ma-
chines has a large potential is in direct cylinder drives
for large inertia systems, since they may potentially
increase the energy efficiency significantly. A concep-
tional illustration of a multiple direct hydraulic cylin-
der drive is shown in Fig. 17.

Figure 17: Conceptional drawing of a multiple cylinder
digital displacement direct cylinder drive.

It is seen that one digital displacement machine is
being powered by a motor and is used to control sev-
eral hydraulic cylinders independently. In the illus-
trated concept, each module of the DDM is connected
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to either the rod or piston side of a cylinder for sep-
arate metering control. Development of a dynamic
model allowing for analysis and control of such sys-
tem is complicated, since the dynamics of the whole
system is coupled through the mechanical shaft. Since
the input for each main cylinder chamber may only
be updated every fourth sample, the sampling scheme
is again asynchronous. In theory, the connections be-
tween the chambers of the digital hydraulic machine
and the main cylinder chamber could be reconfigured
in many different combinations (e.g. connecting addi-
tional chambers to a main cylinder with a high load),
which would change the dynamical behavior.

6.3 Alternative machine design concepts

An alternative concept is to utilize multiple indepen-
dent inlets/outlets for each pressure chamber, requiring
additional high pressure valves. The concept is sim-
ilar to the digital hydraulic power management sys-
tem (DHPMS) developed by Heikkila and Linjama
(2013). This concept directly increases the control up-
date rate for each input to the main cylinder cham-
bers and thereby possibly improves the control per-
formance. The multiple inlet/outlet digital hydraulic
cylinder drive concept is illustrated in Fig. 18.

Figure 18: Conceptional drawing of a digital hy-
draulic direct cylinder drive with multiple
inlets/outlets.

Even though the control update rate is doubled,
the effective update rate is not, since multiple high
pressure valves should not be opened simultaneously.
This would result in a short circuit where the pressure
is not controllable due to the differential cylinder and
will thus lead to unwanted dynamical problems. With
this concept the control input consists of multiple
decisions, being pump to rod or piston or idle during
up-stroke and motor to either piston or rod side or
idle during down-stroke. Taking multiple decision is
considered to further increase the control complexity,
where classical discrete and continuous methods are
not applicable.
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With respect to control tracking performance, a high
number of small cylinder chambers is beneficial, but
it is much more costly than using a few larger cylin-
ders. An alternative design that may be beneficial is
to utilize multiple sized cylinders. Using such design
with a full stroke operation strategy, the displacement
discretization resolution is significantly improved with-
out a huge increase in production cost. An illustration
of a DDM with variable sized displacement chambers
and its corresponding sampling scheme and impulse re-
sponses for motoring strokes is shown in Fig. 19.

5 medium
3 large sized 7 small
sized chambers

sized

chambers chambers

ITTT T TTITIT
0 E T :

Figure 19: Illustration of a DDM with variable sized
displacement chambers.

It is seen that the control update scheme is only pe-
riodic synchronous in the angle domain, while the im-
pulse response is time varying dependent on the size
of the chamber. As a result, this alternative concept
introduces further complications with respect to model
based dynamical analysis and control. Combining the
different concepts: e.g. a multiple digital hydraulic
direct cylinder drive with multiple sized displacement
chambers and multiple inlets/outlets makes the dy-
namical control challenges tremendous, especially if it
is to operate in all four quadrants and using both par-
tial and full stroke methods.

To summarize the outcome of the investigation, it is
identified that the control challenges and complexity is
highly dependent on the machine configuration, oper-
ation strategy and the application it is used in. For
the more complex systems, hybrid dynamical theory
is considered necessary, but the development of sta-
bilizing feedback control laws is very challenging and
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remains an undergoing research topic.

7 Conclusion

This paper identifies many of the challenges related to
model based feedback control of digital displacement
machines. It is found that the challenges are highly
dependent on the chosen operation strategy of the ma-
chine, as well as how the machine is configured and
in which application it is used. Since the continuous
dynamics of each pressure chamber is activated or de-
activated discretely, the system dynamics belongs to
the class of hybrid systems. Since control of hybrid
dynamical systems is quite complex and remains an ac-
tive research field, simpler continuous and discrete ap-
proximations have been investigated and deemed valid
in certain situations. However, to be able to perform
proper feedback stabilizing control and obtain the de-
sired transient performance in a broad range of situ-
ations, more advanced control theory is required, e.g.
hybrid control. The paper hence provides an overview
of the many unsolved problems related to control of
digital displacement machines, which is considered a
key elements for successful deployment of the technol-
ogy in a broad range of hydraulic applications.
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ABSTRACT

Newly emerging digital hydraulic pump-motor units enable high efficient operation and
thereby span widely with respect to potentially application use. The digital displacement
machine (DDM) provides four-quadrant operation at lower losses compared to conven-
tional fluid power machines, due to the possibility of activating/deactivating individual
pressure chambers. However, its non-smooth digital effects introduces pressure oscilla-
tions and complicates the control system development. This possibly explains why most
state-of-the-art control strategies neglects the transient machine behavior when synthesiz-
ing controllers for the actuated plant. Since the dynamical behavior and control perfor-
mance is greatly dependent on the chosen operation strategy and rotational speed of the
machine, this paper identifies how the suitable operation and control strategy changes as
function of the rotational speed. The paper shows that the DDM dynamics should only
be neglected for a machine with a relatively high number of cylinders, relatively high dis-
placement operation and if the rotational speed of the DDM is significantly faster than the
plant dynamics.

KEYWORDS: Fluid Power, Digital Displacement, Hybrid system, Control model, Event-
driven

1 INTRODUCTION

Energy efficient fluid power systems have received increasing research interest in the past
decade both in academia and industry. Application utilization spans from cylinder drives
[1, 2], to transmissions and power take-off systems [3, 4, 5, 6, 7, 8, 9]. In this paper, the
digital displacement technology is considered which has great potential for use in all of
the above mentioned applications. The machine uses the radial piston type design, where
cylinders are radially located on a eccentric shaft, resulting in a reciprocating piston mo-
tion. The use of digital control valves located between each pressure chamber and high
and low pressure manifold enables each chamber to be controlled individually. Thereby,
the efficiency may be improved significantly, especially at part load operation. Addition-
ally, the technology provides great redundancy and scalability due to its modular design.
However, several challenges remains for the technology to be deployed on the market,
which explains the large work focusing on design and performance optimization of the
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machine [6, 10, 11, 12, 13, 14, 15, 16]. For the technology to be competitive to existing
solutions, proper displacement control is considered of major importance, but is compli-
cated by the non-smooth digital effects. Most state-of-the-art control strategies for the
digital displacement machine neglects the transient machine behavior, and determines the
cylinder chamber activation sequence based on either offline optimization or estimation
techniques in a look-ahead angle [17, 18, 19, 20, 21, 22]. However, since the activation of
the pressure chamber is conducted as function of the shaft angle and not time, the response
time of the DDM is proportional to the rotational shaft speed. This paper investigates the
dynamics of the digital displacement machine (DDM) as function of machine speed and
operation strategy and shows that the dynamics should not always be neglected if proper
operation and stability are to be guaranteed. Furthermore, the paper shows that the suit-
able operation and control strategy changes as function of machine speed and proposals
on suitable strategies are provided accordingly. To simplify the dynamical analysis, the
investigation is based on a relatively simple mathematical model, which only captures the
fundamental dynamics of the DDM.

2 MATHEMATICAL MODEL

The relatively simple mathematical model is established based on the illustration of the
DDM and a single pressure chamber shown in Fig. 1.

Pressure
Chamber
AN
\ p
Pist/on <jc b L\| X
LPV

Figure 1: Illustration of the radial piston type digital displacement machine (25 cylinder
machine) and definition of variables used for the mathematical model [23, 26].

The piston displacement for the i’th cylinder, xj, is described as function of the shaft
angle by

2n
xi=re (1 —cos(6;)) Gi=9+ﬁ(i—1) ie{l,...,N.} ()
C
where r, is the eccentric shaft radius and N, is the number of cylinders. The displacement
volume is thus given as Vq = 27, A}, where A, is the piston area. The chamber volume for
the i’th cylinder, V;, and its time derivative are then given by

V= % (I—cos(6:))+ W Vi= % sin(6;) 6 @)
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where A, is the piston area and Vj is the minimum chamber volume. The continuity
equation is used to describe the pressure build-up for the i’th cylinder given by

. Pi ;

pi= @ (Ou,i—OLi—Vi) 3)

1

where f is the pressure dependent effective bulk modulus. Qp and Qy are the flows
through the low and high pressure valve respectively. The orifice equation is used to
describe the flows through the valves and are given to be

XL,i . XH.,i .

O, = 7; V|pi— pL|sign (pi — pL) On,i = le V|pu — pilsign(pu—pi)  (4)
where x, € [0,1] and xy € [0, 1] are normalized valve plunger positions, while k¢ is the
valve flow coefficient. When considering the fundamental machine dynamics it is deemed
sufficient to model the valves as a simple first order system given as

, 1 , 1
A= — (umi—xn,i) dLi=— (uLi— i) ®)
Ty Ty
where uyy and up, are the inputs to the high and low pressure valve respectively, while ¢, is
the valve time constant. The torque contribution from the i’th pressure chamber is derived
to be given by

dv;(6; Vi .
7= ['lé ) Pi:?dsm(ei)l’i (©6)

The dynamical behavior of the pressure build-up in a pressure chamber is investigated by
simulation the pressure trajectories in a polar plot as presented in [23]. The pressure tra-
jectories for a pumping and motoring stroke is shown in Fig. 2a for a full-stroke response
and in Fig. 2b for a partial-stroke response.

p . . p

/. o

/, \ N\
240 300 240 300
(a) Full stroke operation phase plot. (b) Partial stroke operation phase plot.

Figure 2: Polar phase plot of the pressure trajectories of a single pressure chamber. Red
trajectory indicates a motoring stroke and blue trajectory indicates a pumping stroke [23,
26].

An active stroke is initiated by closing the low pressure valve (LPV) at ¢y, and ¢pL
for motoring and pumping respectively. As the pressure exceeds the high pressure due
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to compression, the high pressure valve (HPV) is passively opened. The pressure level
remains high until the active stroke is ended by closing the HPV at ¢, and ¢,y for
motoring and pumping respectively. It is seen that the last part of the motoring stroke and
the first part of the pumping stroke in full-stroke operation is not utilized. This is done
such that passive valve opening of the LPV due to the generated suction force may be
utilized to reduce the energy losses.

It is seen that the pressure dynamics with respect to the angle is relatively fast, why
it is considered valid to neglect the transient pressure build-up. As a result, the flow
and torque throughput may either be active or inactive depending on the binary input,
i€ {0,1}, given by

\Z3 _ :

D; = - sin (6)) i On, =D; 6; T, = D; pi (7
where D; is the displacement throughput of the i’th pressure chamber. An illustration of
the piston position, chamber pressure, valve plunger positions and displacement through-
put is shown in Fig. 3 for full stroke operation.

Idling
T

Pumping Motoring
T T

BDC

TDC

Open
Closed

Il
T 0 L 0 T - 0 T 6

Figure 3: Illustration of the machine response in full stroke operation.

Piston

Presswe  —— HPY ~ —— LPV ‘

It is seen that the displacement response may be simplified to be a fraction of a sine
wave, when neglecting the pressure dynamics. In the remainder of this paper, this simpli-
fication is used to describe the input-output relation of the DDM, whereby the complexity
of dynamical analysis is significantly reduced.

The different operation strategies considered in this study are shown in Fig. 4 together
with a comparison of the important characteristics. Since every operation strategy has its
associated advantages and disadvantages, they should be applied accordingly to obtain
the best possible performance. The dynamical behavior of the operation strategies are
also vastly different, such that the suitable control strategy for each operation strategy
is different and should be applied accordingly. This paper investigates the non-smooth
dynamical effect of the different operation strategies and provides proposals on suitable
control strategies for each operation strategy.

3 THE NON-SMOOTH DYNAMICAL EFFECT OF THE DDM

Most state-of-the-art control strategies for digital displacement units neglects the dynam-
ical behavior of the DDM when designing the control system for the actuated plant. This
paper investigates under which operation conditions it is sufficient to neglect the DDM
dynamics and how the operation conditions affects the dynamical behavior. This is done
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Figure 4: Operation strategies for the digital displacement machine [26].
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by comparing the response of a continuous first order plant actuated by the DDM to the
response of an ideal infinitely fast actuator (corresponding to neglecting the DDM dynam-
ics). The comparison is illustrated in Fig. 5 where a full-stroke delta-sigma modulation
strategy is considered [24, 25]. n is the constant displacement fraction input, 7} is the
binary input sequence determine whether the current cylinder chamber should be active
or inactive. y. is the total output displacement of all pressure chambers and y;, is the plant
response. The plant is scaled with the constant 7 /(1, N;) to obtain unity dc-gain and en-
able comparison to the ideal actuated plant. The constant 1y, ~ 0.96 is the maximum full
stroke displacement fraction. The plant eigen-frequency, @y, represents the plant inertness
and is expected to have a large influence on the severity of pulsations in the plant response
due to its filtering property. The difference between the plant response with and without
the DDM, Ay, gives a measure of the digital effect introduced by the DDM. Simulation
results for investigation of the DDM dynamical and non-smooth effect is shown in Fig.
6 for both a full-stroke pulse density modulated (PDM) and a partial-stroke pulse width
modulated (PWM) digital displacement machine. A 5 cylinder DDM with a displacement
fraction input of 7 = 0.5 is considered for simplicity of illustration.
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Figure 5: Strategy for investigation of the digital effect of the DDM. A full-stroke delta-
sigma modulation strategy is considered [26].

It is seen that every second cylinder is activated for the full stroke period with the
PDM strategy and every cylinder is activated for half of the stroke period with the PWM
strategy. The red line indicates the angle delay, 6y, in the response from the actuation
decision is made until the first committed output. The dashed line shown for the plant re-
sponse, yp, is the ideal actuated response and thus has no delay. The important dynamical
characteristics of the DDM may be divided into three parts; time-delay, response time and
steady state energy of the oscillations. The time-delay is known to introduce phase-lag to
a closed loop control system and is therefore of high importance with respect to ensuring
stability. The DDM response angle, ¢, from zero to maximum displacement is equal to
the angle where the active stroke part is ended and is determined by the displacement
fraction as

L V) S (—cos(o) (1 eos)
V(m) Y (1-cos(n)) 2 (®)

¢(n) =acos(1-21) N € [0, Nm]

Therefore, the DDM response time is inversely proportional to the machine speed, @
given by

¢(n)
==, €))
where 11 = N, for a full stroke operated machine. The energy in the steady state part of the
difference signal, Ay, is a measure of the severity of the oscillation caused by the DDM.
This measure is calculated by the squared average energy in the steady-state response of
the difference signal and is evaluated for 10 full revolutions indicated by the blue line in
Fig. 6 and is given by

| 6p+207
E=— Ay(0)%d0 1
oz | e (10)
6o

where 6 is the initial angle during steady state operation. Since the steady state energy is
dependent on four variables; displacement fraction, number of cylinders, machine speed
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Figure 6: Simulation results for analysis of the digital effect. Red line indicates the DDM
response delay and the blue line indicates the initial steady state angle [26].

and plant eigen-frequency, a relative eigen-frequency, @, is introduced and given by

@n

o= (1)
The relative frequency hence reduces the number of variables by one and exploits that
the response in the angle domain is identical for a constant @,. Results for the time-
delay and steady state energy is shown in Fig. 7 for a PDM operated DDM and in Fig.
8 for a PWM operated DDM. The response time is not shown, since it may be directly
calculated from (9) and is only dependent on the machine speed for a PDM strategy.
It is seen that the energy in the steady state response is decreasing for a higher number
of cylinders and a lower relative frequency. Additionally, the energy is approximately
reflected around 1 = 0.5, since actuating a single cylinder yields the same oscillation
amplitude as deactivating a single cylinder in full-stroke. However, the relative oscillation
energy with respect to the input, E /1, is much larger for low displacements, since the
energy in the input signal is significantly lower. For PDM operation, the time delay is seen
to be decreasing for a higher number of cylinders and a higher machine speed. For PWM
operation the time-delay is always the minimum delay since all cylinders are activated,
while the minimum time-delay for PDM operation occurs when the current cylinder is
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Figure 7: Pulse Density Modulation.

PWM: Steady state Energy [-] PWM: Time delay [s]

Cylinders, N, [-]
Cylinders, N, [

.
Disp. fraction, |- Diop, racion, 9
Frequency, «, [rad/s] Fop. oastion, 711 Frequency, w [rad/s] isp. fraction, n [-]

(a) Steady state energy [26]. (b) Time delay.

Figure 8: Pulse Width Modulation [26].

activated.

It is clear that the dynamics of the DDM can only be neglected in the control design
process if the number of cylinders is relatively high, the relative frequency, @, is relatively
low and the displacement fraction is relatively high. To avoid unmodeled phase when
omitting the DDM dynamics it is required that @ > 10 @,. However, providing specific
numbers about when it is considered sufficient to neglect the DDM dynamics is not done
in this paper, since it is difficult to give a conclusive answer. A further investigation of the
introduced phase-lag as function of displacement for a PDM operated machine is made.
The discrete AX-modulator has the form given by

n _
A= 4L for ):ﬁ:on(k) (k) = (12)
0 for Yy on(k)—n(k) <

B[ — B —

The discrete integrated displacement fraction error, which is the input to the quantizer
always has a value of g(k) € [—%, % [ The maximum delay in the output occurs if the
integrator is on its boundary values, where the number of samples needed before the next
cylinder is activated is given by ng = floor(1/n). The time-delay in the output is then
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calculated to be given by

6 2 2
:i Qd:lnd — Td 7I'

Td = n
[0} N, ® N,

d (13)

Since the activation of the pressure chambers with continuous dynamics is done at discrete
angles, the system is essentially a hybrid dynamical system. To simplify the analysis a
frequency response of the DDM, where the delay-time is included is conducted based on
a discrete approximation. The discrete approximation of the machine dynamics is done
by utilization of the method presented in [27].

3.1 Frequency response based on DLTI model

Considering a motoring stroke, the decision to motor or idle is taken at @y, where the
LPV is either closed to activate the chamber or held open to idle the chamber. The discrete
displacement fraction between samples is then calculated by

_ AV _ (V(68[k+1]) —V(B[K])) Ne

6 2r (14)
O[k] = oL+ 65 (k—1) ke {1,..,N;}

AD[K]

where 6, = 2 /N, is the constant sampling angle. The discrete approximation of the
displacement throughput is done by use of (15) and results in the impulse response shown
in Fig. 9 for a 25 cylinders machine.

'Dq)‘:‘L (I) dl) T Discrete Chamber
"' approximation ~ response
0 O[k],0[k+1] ¢ [0; 9]
AV = V(Olk+1])=V(0[K]) O[k],0[k+1] € [0;9]
T V(B[k+1])-V(0) B[k <0< O[k+1]
V{(¢mn) —V(0[k]) Ok] <9 <Ofk+1]
(15)
Sample

Figure 9: Discrete approximation of displacement throughput of the digital displacement
machine.

It is seen that p = 12 samples is needed to describe the full stroke. The shown dis-
placement fractions are evaluated accordingly to di, = AD[p — k] and results in the discrete
transfer function given by

D dyz’ +dy 2V - +d d,
G(Z): (Z): p< + p]Z + +diz+ 0 (16)
u(z) P

A frequency response plot is made of the discrete transfer function, where the machine
operates at three different rotational speeds @ € {1, 10, 100} rad/s. The frequency re-
sponse is shown in Fig. 10, where the time-delay as function of displacement fraction
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Figure 10: Frequency response of the DDM for varying rotational speed and displacement
fractions in full-stroke operation.

input is shown. It is seen that the bandwidth of the DDM is directly proportional to the
rotational speed and that the time-delay due to full stroke operation may cause stability
problems for the closed-loop system if it is neglected during control design. As the dis-
placement fraction goes towards zero, the time-delay goes towards infinity. However, if
the desired displacement fraction is very low, it follows that the system is close to being
at an equilibrium point and thus the very large time-delay might not be of major con-
cern. Therefore, the included time-delay in the control model should not be a worst-case
scenario, but should neither be completely omitted with respect to stability analysis.

By varying the closing angle by the displacement fraction, ¢(n), the frequency re-
sponse of a partial stroke operated DDM is generated and is shown in Fig. 11. It should
be noticed that the frequency response has been generated in the angle domain, so the fre-
quency should be interpreted as radians per radians of shaft angle. It is seen that the fre-
quency response varies significantly with displacement fraction input. Since the number
of samples that the displacement is committed over varies with the displacement fraction,
the model order varies for partial stroke operation. With respect to control development
a varying model structure depending on the input may be considered. Alternatively, it
is seen that the highest phase-lag is introduced for a full stroke, such that a conservative
approximation would be to linearize for n = 1y, [28].

4 OPTIMAL OPERATION AND CONTROL STRATEGY

Since the displacement of the DDM is committed as function of the shaft angle, the rota-
tional speed has a large influence on the performance of the different operation strategies.
The following section shows that the suitable choice of operation strategy and control
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Figure 11: Frequency response of the DDM for varying displacement fractions in partial-
stroke operation [28].

strategy varies with the speed of the machine. The control performance of the three oper-
ation strategies (full, partial and sequential partial) stroke is compared through simulation
of the simplified model with sinusoidal displacement outputs. To provide a more clear
view of the results, the number of cylinders has been reduced to 10. In this simulation
study only reference tracking performance of a displacement fraction input is considered.
For the full-stroke mode, the delta-sigma PDM strategy is used and for partial stroke
the PWM strategy is used. To simplify the problem of determine the actuation sequence
for the sequential partial-stroke operation, the full stroke is divided into 5 sections such
that a cylinder activation/deactivation is made simultaneously for all cylinders. This is
a rough simplification, since the cylinders in reality could be switched at any angle for
an improved tracking performance. An illustration of the division of the full stroke into
sequences, where the cylinders may be activated/deactivated, is shown in Fig. 12. The re-
sulting displacement fraction output as function of combination of active/inactive pressure
chambers is shown in Fig. 13.
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Figure 13: Displacement fractions outputs

Figure 12: Operation strategies for the digital . L
g P & g as function of the combinations

displacement machine.

The red line on the left figure shows the discrete displacement between samples, which
combinations are used to generate the displacement fraction combinations shown in the
right figure. A displacement fraction of 1 is thus obtained by activating all 5 cylinders
in the motoring stroke part. The combination that yields the lowest displacement error
is thus used at the current activation decision. An integrator is furthermore introduced to
account for the displacement error over time, similar to the discrete integrator in the PDM
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strategy. No outer control loop is considered, since the objective is solely to compare the
different operation strategies.

Since sequential partial stroke requires larger valves capable of generating a higher
force to open against high pressure differences, the switching time is slower than for
the fast valves which may be used for full and partial stroke operation. Switching time
of valves for the full and partial stroke operation has been reported to be below Ty <
5ms [29, 30], while the switching time of commercially available valves applicable for
sequential partial stroke is in the range of Ty € [20 — 25] ms [31]. If it is considered that the
switching time for opening and closing must at maximum occupy 10 % of an activation
and it should be possible to at least divide the full stroke into two sections, the maximum
rotational speed of the DDM becomes

o< ~ 21rad/s (17

—2-T;-10
It is evident that the switching time of the valves sets a direct requirement to the maximum
possible speed when utilizing sequential partial stroke. Since this simulation study con-
siders infinite fast switchings, the problem with respect to maximum speed of the DDM
in partial stroke has not been taken into account. The simulated displacement outputs of
the three different operation and corresponding control strategies are shown in Fig. 14.
The plant responses of the first order system actuated by the DDM are shown in Fig. 5.
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Figure 14: Response of digital displacement machine and first order plant for a PDM,
PWM and sequential partial stroke strategy, @, = 10rad/s.

It is seen that the full-stroke PDM strategy performs poorly at low speed, which is due
the control update rate being proportional to the machine speed and the many time-delays
introduced due to only fully activating a fraction of cylinders. In general the sequential
partial stroke yields the best tracking performance, but one has to bear in mind that in-
stantaneous switching is considered. Improved performance may likely be obtained by
allowing valve switching at any angle for partial and sequential partial stroke operation.
For the rotational speed of 20rad/s the machine dynamics is 10 times higher than the
plant dynamics @, = 10rad/s, in which case the dynamics of the machine may be ne-
glected when considering a frequency response and neglecting the time-delays due to the
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binary input. However, it is seen that the plant response has noticeable fluctuations and
simply neglecting the DDM dynamics may cause poorer tracking performance and might
even stability problems.

One newly proposed and mention-worth control strategy is the co-called “creep mode”
operation [31], which is significantly different compared to the conventional operation
strategies. The strategy relies on closing all valves (both the HPV and LVP), where after
the system finds a force equilibrium due to the friction and load force. Then movement
in the clockwise direction may be obtained by opening a single HPV that pressurizes
a chamber that yields positive torque or by opening a single LPV that de-pressurizes a
chamber that yields negative torque. Shaft movement thus occurs until a new equilibrium
is reached, where after the valve is closed to lock the shaft in the new position. The
strategy may afterwards be continued to obtain small shaft movements in the desired
direction. The strategy yields the lowest possible step movement in the shaft position
and is thus very good for precise shaft position control. However, due to the many valve
actuations at high pressure difference, the strategy is not very energy efficient.

Based on the presented investigation and results regarding the different operation
strategies, a summarization is made and is used to suggest suitable control strategies.

o Full stroke: Is the favorable choice for high-speed machine operation, where en-
ergy efficiency is important. Furthermore, it is considered the simplest strategy
since valve switchings are done at fixed angles. Due to the high speed, the control
update rate is fast and a static feedback control law with a pulse-density modulator
is desired. In case of a relative slow dynamical plant, relatively high number of
cylinders and operation at relatively high displacement the DDM dynamics may be
omitted in the control design. Alternatively, continuous, discrete or hybrid dynami-
cal approximation may be used to describe the DDM dynamics [32, 27, 33, 25, 34,
35].

o Partial stroke: Is the favorable choice for low/medium speed machine operation,
where both tracking performance and energy efficiency are important. Since multi-
ple objectives are important and the time between samples are significantly higher
due to the lower machine speed, a model-predictive control strategy is considered
favorable. Both discrete linear time invariant (DLTI) and time variant (DLTV), as
well as hybrid mixed logical dynamical programming model predictive strategies
has been suggested [28, 36]. Additional, objectives like frequency content of output
is also possible to optimize with respect to if desired.

e Sequential partial stroke: Is the favorable choice for very low speed operation,
where control tracking performance is important and energy efficiency is of less
importance. In sequential partial stroke, there are an infinite number of switching
combinations that yields similar output, but the energy losses may be very different.
Since valve opening against high pressure is conducted, the energy losses may be
very high if not considered. Therefore, a model predictive control strategy is also
deemed the suitable strategy for this operation. However, only a simple strategy
where the stroke is divided into fixed sections has been published, leaving potential
for further improvements [37].

e Creep mode: Is the favorable choice for very accurate DDM shaft position control
in the vicinity of standstill. So far only a single paper has been published on the
subject [31], which activates cylinders sequentially or in parallel. For smoother
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operation, further research could include overlapping the actuation of cylinders and
model predictive strategies taking into account the many activation combinations.

Since the suitable operation strategy and control strategy changes as function of the rota-
tional frequency, switching of strategies occur if the machine is operated in a broad speed
range. Therefore, it is proposed to investigate the use of supervisory control, which is also
a class of hybrid dynamical systems due to the switching event behavior. A proposal on a
supervisor for control of a DDM is illustrated in Fig. 15.

Switching signal

—  Creep mode ) .
P —* «— Supervisor

Sequential partial . E
stroke (MPQ) Q| input

Partial M P I a nt X

stroke (MPQ)

|
states

L Full-stroke (PDM) —e

Figure 15: Supervisory control strategy for control of digital displacement machine at
various rotation frequencies.

It is seen that the operation strategy and control law is switched by the switching
signal, Q, which in this case is the measured shaft speed. However, the influence of the
switching event on stability for such complex problem is expected to be very complicated.
However, supervisory control theory does exist and is still undergoing a rapid develop-
ment [38]. It is evident, that many control related challenges remain for the DDM to be
operated and controlled optimally, where this paper only discusses and proposes in which
direction to pursue with respect to control development.

5 CONCLUSION

The paper shows that the dynamics of digital displacement machine (DDM) should not al-
ways be neglected to ensure proper control performance and stability. Since the response
time of the DDM in full and partial stroke operation is proportional to the rotational shaft
speed, the non-smooth dynamical effects are substantial for low speed operation. Espe-
cially, if the actuated plant dynamics is relatively fast compared to the DDM dynamics
and that the number of cylinders and displacement fraction are relatively low. The four
operation strategies; full stroke, partial stroke, sequential partial stroke and creep mode
are compared. The energy efficiency is highest in the given order, while the energy ef-
ficiency is highest in the reverse given order. To avoid poor control performance at low
speed, it is deemed favorable to alter the operation strategy in the reverse given order
with respect to the rotational shaft speed. In partial and sequential partial stroke oper-
ation there is an infite number of combination that yields the same displacement output
over a revolution, but the energy efficiency and induced pressure pulsations may be very
different as function of the valve switching angle. Therefore, it is deemed favorable to ap-
ply a model-predictive control strategy for these operation modes, where the low control
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update rate ensures online solving capability. At higher speed in full-stroke operation, a
static pulse-density-modulation based control law is assessed to be favorable. If the ma-
chine is to operate at both low and high speed in varying operation modes, an illustrative
supervisory control strategy is proposed to ensure proper operation and stability in the
vicinity of the switching event.
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Abstract—Feedback control of digital displacement machines
is complicated due to the non-smooth digital behavior. Full stroke
operated digital displacement machines are characterized by
delivering a discrete volumetric output based on the ratio of
activated cylinder chambers. The binary input decision (active
or inactive) is made discretely with an update rate proportional to
the speed of the machine. For a digital fluid power transmission
with two digital displacement machines with varying and dif-
ferent speeds and which dynamics greatly influence each other
through the pressurized fluid line, the control task is further
complicated. To overcome this problem, this paper presents a
continuous approximation of a pulse-density modulated digital
displacement machine, which allows for dynamic analysis and
control design. The paper shows that linear feedback control
theory is adequately to show stability if the number of cylinders,
displacement throughput and rotational speed of the machine is
sufficiently high. Additionally, the excitation frequencies must be
sufficiently low to not excite the discrete behavior. An optimal
state feedback controller is synthesized and tested in a non-
linear simulation model, which represent the physical digital
hydraulic tr ission. Simulation results shows great tracking
performance to a tr with ideal fluid power
machines, but with noticeable fluctuations due to the digital
machine characteristics.

Index Terms—Control, Digital Displacement, Fluid Power,
Hydrostatic Transmission.

I. INTRODUCTION

HE use of digital fluid power as drive trains has a great

potential, due to inherent features such as being mechani-
cally decoupled, great power to weight ratio, robust, as well as
having a high energy efficiency and redundancy compared to
conventional fluid power [1]. Digital displacement machines
are therefore receiving an increasing interest for use as the
key component in future fluid power transmissions. Design
and performance optimization of these machines are hence
the topics of numerous research papers [2], [3], [4], [5], [6],
[71, (8], [9].

Control of the digital displacement machines is an important
task with respect to performance optimization and several
papers regarding control development has been published. The
control strategies are however often limited to comprise a
single machine operating at a fixed speed and under simplified
operation conditions, often in an open loop configuration [3],

The presented reasearch has been supported by the Danish Council for
Strategic Research through the HyDrive project at Aalborg University, at the
Department of Energy Technology (case no. 1305-00038B).

[10], [11], [12]. A mixed logical dynamic programming feed-
back control structure is presented by Sniegucki et. al. [13],
which yields promising tracking performance and torque fluc-
tuations despite being limited to offline optimization. Johansen
et. al [14] proposes a feedback control structure for a full
stroke Pulse-Density Modulated (PDM) digital displacement
machine and presents a discrete linear approximation of the
dynamics of a fixed speed machine [15].

Discrete feedback control of a digital fluid power transmis-
sion with a single PDM full stroke operated digital displace-
ment machine has been studied by Pedersen et. al. [16], [17].
The same author extends the control strategy to be applicable
for speed varying machines by utilizing discrete control in
the spatial domain, resulting in a fixed angle update rate
[18]. With both the pump and motor being of type digital
displacement, this is no longer possible since the sampling
rate of the two machines are asynchronous relative to each
other. Multi-rate control strategies seem unsuitable to solve
this problem, since the sampling schemes cannot be super-
positioned and the number of states becomes enormous for
vastly different speeds with a high number of cylinders. To
overcome this problem Pedersen et. al. [19] presents a hybrid
model of a digital fluid power transmission which describes the
non-linear and discrete behavior intuitively and allowing the
design of feedback controllers. However, the design of globally
asymptotically stabilizing controllers for relatively complex
hybrid dynamical systems is a complicated task. This provides
an incentive to simplify the control task by approximating the
digital machine dynamics and thereby enabling control design
for a digital fluid power transmission.

This paper presents a novel continuous linear model ap-
proximation of the digital displacement machine dynamics in
the spatial domain and shows how the response time is propor-
tional to the speed of the machine in the time-domain. An anal-
ysis is conducted where it is shown that the relatively simple
continuous approximation model is sufficient in describing the
machine dynamics if the number of cylinders and displacement
throughput is sufficiently high, while the excitation frequencies
are sufficiently low. The proposed continuous approximation is
the first control model to be applicable for dynamical analysis
and model based feedback control design of a fluid power
transmission comprising two digital displacement machines.
To demonstrate the control strategy, a deterministic optimal
controller is designed and tested in a non-linear simulation
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model representing the physical digital hydraulic transmission
system.

II. SYSTEM DESCRIPTION

This paper concerns a digital fluid power transmission
comprising a low speed / high torque digital displacement
machine (DDM) and a high speed / low torque DDM. This
type of transmission has the potential of being the future drive
train for wind turbines, vehicles and gear drives. In this paper,
a large scale 5 MW transmission is considered, where the low
speed pump is driven by an external force (e.g. wind turbine
rotor) and the high speed motor is connected to an electrical
generator. An illustration of a digital fluid power transmission
is shown in Fig. 1.

Fig. 1: Illustration of the Digital Fluid Power transmission
system.

The input torque, 7., is seen to drive the pump, which
generates a high-pressure fluid flow, Q,, to the common high
pressure line with pressure, py. The motor intakes a flow,
Om, and generates a torque, Ty, driving the generator. The
system has the pump and motor displacements ¢, and Oy
respectively, as well as the generator torque, Ty, as control
inputs. Considering a conventional fluid power transmission,
the system dynamics may be described by the three governing
differential equations [20], [21]:

UL FRLE ) + g
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where J, and Jy, are the moments of inertia, d, and dy, are
the viscous damping coefficients, Vp and V;, are the volumetric
displacements for the pump and motor respectively. fB. is the
effective bulk modulus, Vi is the volume in the high pressure
line and £ is the fluid leakage coefficient between the high and
low pressure line. For simplicity, the hydraulic accumulator
shown in Fig. 1 has been omitted since it does not influence
the presented control method. It does however provide some
buffering capacity, which gives short term energy storage and
aid in the reduction of pressure pulsations and should hence
be considered in a physical setup.
The parameter values and a description of them for the
5 MW transmission is given in Tab. I. With respect to
control of such system with three inputs and three outputs,

TABLE I: Parameters of the 5 MW transmission

Parameter Symbol | Value Unit
Pump damping coefficient dp 50000 Nm s/rad
Motor damping coefficient dm 10 Nm s/rad
Pump moment of inertia Jo 387eS kgm?
Motor moment of inertia Im 534 kgm?
Pump volumetric displacement \:/p 127 L/rad
Motor volumetric displacement Vin 1 L/rad
Effective bulk modulus Be 16000 bar
High pressure line volume |53 87.5 L
Fluid leakage coefficient ki 1 cm? /(bars)

a Multiple Input Multiple Output (MIMO) control strategy
seems suitable. However, the digital displacement machine
dynamics is non-smooth (continuous with binary inputs being
updated at discrete shaft angles), the dynamics belongs to the
class of hybrid dynamical systems, having both discrete and
continuous dynamics. Since control of hybrid systems are chal-
lenging, simpler discrete and continuous approximations are
sought, which may often be sufficient in a limited number of
situations. However, discrete approximations seem unsuitable
in describing the combined dynamics of the digital transmis-
sion, due to the asynchronous and vastly different sampling
schemes of the two digital machines. Also decoupling the
two machine dynamics by considering a constant pressure
(like a converter DC-link) seems like a poor solution due to
the severe input-output couplings illustrated by the relative
gain array (RGA-values) shown in Fig. 2 of the system in
(1). For linear analysis, linearization around steady state val-
ues are required and chosen as |@ @ Ap o, dm} =
[1.27 157 350¢5 —/1 1/—]. The displacement fraction
inputs are varied between minimum and maximum for one of
the inputs and held constant at maximum for the other. The
RGA matrix is determined by (2), where the transfer function
for the system (1) is found in (18) [22].

;o [A A A
RGA(Gy) =Gp x (G,') = |An An Az (@)
A A2 Ass

It is seen that the dynamics is severely coupled in the
majority of frequencies with RGA-values up to 10. Choosing
a low pressure linearization point, where the transmission
may also operate, is found to further increase the RGA-
values up to above 20 at certain frequencies. This indicates
a highly input-output coupled system and as a result, a
decoupling strategy seems insufficient in describing the system
dynamics. Therefore, a dynamical model of the complete
system comprising DDMs is desired to proper analyze stability
and synthesize controllers. To aid in solving this problem,
this paper proposes a continuous approximation of a pulse-
density modulated digital displacement machine which enables
dynamical analysis and MIMO control of the fluid power
transmission system. To develop such model, a description
and a mathematical model of the DDM is made.

III. DIGITAL DISPLACEMENT MACHINE MODEL

The digital displacement pump is a multi-lobe ring cam
type, which gives a compact machine with a large displace-
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Fig. 2: Relative gain array analysis of the fluid power transmission system. The coupling between each input and output is
shown at varying displacements and frequencies. The three top plots is for varying motor displacements and the bottom plot

is for varying pump displacements.

ment volume at a low speed, while the digital displacement
motor is of eccentric single-lobe type as illustrated in Fig.
1. The machine size with respect to number of cylinders is
provided in Tab. II.

TABLE II: Motor and pump design parameters

Parameter Symbol | Value | Unit
Pump cylinders pr. module Npe 25 -
Pump lobes pr. module Npt 16 -
Pump modules Nom 4 -
Motor cylinders pr. module Nine 7 -
Motor modules Nmm 6 -

In total there is N, = Npc Npm = 100 radially distributed
cylinders in the pump that each goes through N, = 16
reciprocating piston strokes for each pump revolution and
there is Ny = Nme Nmm = 42 radially distributed cylinders in
the motor going through one reciprocating stroke for each
motor revolution. In this paper, both the motor and pump are
using a full stroke operation strategy, where each cylinder
in the pump is either pumping or idling for a full stroke
and each motor cylinder is either motoring or idling for
a full stroke [16], [17], [18], [19]. Each cylinder pressure
chamber is actuated by two fast switching and leakage free
on/off poppet valves. A High Pressure Valve (HPV) and Low
Pressure Valve (LPV) is controlling the flow to and from the
high and low pressure line respectively, as illustrated in Fig.
3. The same governing equations may be used to describe

HPV Actuator

W
%
»

LPV Actuator

Pressure
Chamber

=

Q
NS

E

Piston

Fig. 3: Sketch of a single pressure chamber.

both the motor and pump dynamics. The only difference is
that the piston stroke rate for the pump design is Ny times
faster than the pump speed. Therefore, the governing equations
are presented for both machines simultaneously, where a more
comprehensive description of the model is found in [16], [17],
[18]. The piston displacement, x, as function of the shaft angle
is described by

xi=rs (1—cos(6)) 6,-:9+2§(i71) ie{l,.,N} (3
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where N is the number of cylinders and rg is half the stroke
length. Since the same equations are used to describe all
the pressure chambers, the indexing has been omitted in the
following. The cylinder chamber volume, V¢, is then given as
= % Ve = % 6 sin(8) )
Vo is the minimum chamber volume and Vq = 2rsAp, where A,
is the piston area. The pressure dynamics in one displacement
chamber is given by

I ﬁe(Pc)
Pc= V. (
The bulk-modulus pressure dependency is modeled in accor-
dance with [23]. Qg and Qp, are the flows through the high
and low-pressure valve respectively. The flows through these
valves are described by the orifice equation and are given by

XL .

oL= 7V |pe — pu|sign(pec — pL)
XH .

On = %V |Pn — pe|sign (pu — pe)

Where k¢ is the valve flow coefficient. x; and xy are the
normalized valve position of the low- and high-pressure valve
respectively. The valve dynamics is simplified to be described
as a constant acceleration and thus independent of valve design
as shown in Fig. 4 for opening of the valves.

Ve (1 —cos(8)) +Vo

On—0L—V) (6]

()

1 2 4

[z

Velocity
-
Acceleration

0 0
0 & & ®w o4 0 & & w0 & & Hog

ER P2 i3
‘ Time |[s] Time M Time s]

Fig. 4: Position, velocity and acceleration responses for the
on/off valve.

Where, t, is the valve opening/closing time. This is seen
to yield a smooth position response, similar to what may be
expected if a more detailed model of the valve dynamics and
forces is used. Despite the simplicity of the valve model, the
fundamental characteristics with respect to machine control
is captured. For closing of the valves, the negative of the
acceleration profile shown in Fig. 4 is used. The torque
contribution is given by

c = d‘i;é@) Pe = o sin(0) pc @)
It should be noted that for the pump, a local angle with
rate of change being the number of lobes times faster than
the pump speed is used. Simulation results of the non-linear
model representing the physical system are shown in Fig. 5
for both the motor and pump. The negative of the pump flow
and torque is shown, such that they are positive. Variables
indexed by p is for the pump and variables indexed by m
is for the motor, e.g. xLp, is the low pressure valve position
for the pump and, Oy m, is the flow through the HPV for the
motor. A pumping stroke is committed by closing the LPV

at, 6., shortly ahead of Bottom Dead Center (BDC). This
yields a chamber pressurization during upstroke and results in
a passive opening of the HPV as the chamber pressure exceeds
the high pressure. The HPV is afterwards closed at, 6y, near
ahead of Top Dead Center (TDC) to end the pumping stroke.
Due to depressurization as the chamber volume decreases, a
passive opening of the LPV is achieved as the pressure falls
below the low pressure. Similarly, a motor stroke is committed
by closing the LPV at, 6, near ahead of TDC, which result
in a chamber pressurization and a passive opening the HPV at
TDC. The HPV is closed at, 6y, ahead of BDC to end the
motoring stroke and yield a passive opening of the LPV.

It is seen that the pump and motor responses are roughly
a reflected version of each other with respect to the angle.
However, the first part of the pumping stroke is not used (no
torque and flow are generated), since passive HPV opening
due to compression is utilized. Similarly, the last part of the
motoring stroke is not used, since passive LPV opening due
to suction is utilized. Therefore, a small amount, (= 5%), of
the full stroke is not used with a full stroke operation strategy.

The total machine torque and flow is the sum of individual
contributions given by

N N
0=Y On; =Y T (8)
j=1 j=1

The modeling parameter values are those given in Tab. III.

TABLE III: Parameters of the chamber model

Parameter Symbol | Value Unit
Pump stroke radius Tsp 46 mm
Motor stroke radius Tsm 31.25 mm
Pump displacement volume Vap 499 cm?
Motor displacement volume Vim 151 cm?
Pump flow coefficient kep Se4 V/Pas/m?
Motor flow coefficient kf.m Se4 VPa s/m3
Pump valve actuation time tsp 2 ms
Motor valve actuation time tsm 2 ms
Pump LPV closing angle OLp 3.12 rad
Motor LPV closing angle 6L.m 5.82 rad
Pump HPV closing angle O,p 5.71 rad
Motor HPV closing angle OH.m 2.57 rad
Low pressure pL 1 bar

IV. CONTROL STRATEGY

For control of the full transmission, there are three inputs
being the pump displacement, o, the motor displacement,
O, and the generator torque, Ty. This provides the possibility
of controlling up to three outputs. Since the fluid power
transmission is to work as a variable hydraulic gear, it is
chosen to control the pump speed, @, high pressure, py, and
motor speed, @p. To illustrate the idea behind the control
structure, control of a single digital displacement machine
is considered as illustrated in Fig. 6. The controller output
is a continuous displacement fraction reference, o* = [0,1],
which is converted to a Pulse-Density Modulated (PDM)
actuation signal, & by a first order delta-sigma modulator
[16], [17], [18]. The discrete modulator is evaluated for every
cylinder as function of the shaft angle, with the sampling angle
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Fig. 5: Responses of a single digital displacement chamber. py = 350bar, @, = 10rpm and @y = 1500pm.
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Fig. 6: Illustration of the control strategy.

6, =27 /N. A PDM value of 1 corresponds to an active stroke
(pumping or motoring based on the machine) and a PDM value
of 0 corresponds to an inactive stroke (idling).

V. CONTINUOUS DDM APPROXIMATION

A continuous approximation of the output displacement
fraction, may be calculated from the flow Q and torque 7 as

0 T
Vo T VAp
where V is the total machine displacement which values are
found in Tab. I and are given by V, = Vg, N, Np/(27) and
Vn = Vam Nm/(2 @) for the pump and motor respectively.
Ideally, o* = ag = @i, in which case the presented equations
in (1) describes the hydraulic transmission system. However,
the digital machine is known to have dynamics and have
fluctuations in its response due to the digital behavior. To
investigate the actual response, @ and @ have been simulated
using the non-linear model presented in Sec. III with the delta-
sigma modulator implemented. A digital displacement motor
operating at three different speeds, @, = {1000,1250,1500}

g = ©

rpm and with displacement fractions references of o =
{0.3,0.6,1} have been studied. The step responses for g
(Black) and a; (red) are shown in Fig. 7.

1000 RPM

1250 RPM 1500 RPM

0 001 002 003 004
Time [s]

0 001002 003 004 0
Time [s]

001 002 003 004
Time [s]

Fig. 7: Displacement fraction step responses for a digital

displacement motor. Red is for the torque and black is for

the flow.

A static DC-gain slightly less than one is observed. This is
due to the minor amount (= 5 %) of the active full stroke not
being used as identified in Fig. 5. As expected, the output has
a ripple for every time a cylinder is activated, but a smooth
averaging approximation is able to describe the fundamental
dynamics.

Since the response time is proportional to the speed of the
machine, the dynamical response approximation is carried out
in the spatial domain as shown in Fig. 8. All three responses
in Fig. 7 with ¢, = 1 have been plotted on top of each other
as function of the angle, 6. It is seen that the responses are
very similar in the angle domain, with an initial angle delay
and that the response angle is approximately half a revolution.
Opsm = 2 /Ny is the single sample delay due to the delta-
sigma modulator. The remaining angle delay is due to the
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Fig. 8: Step responses of Digital Displacement motor in spatial
domain. Black = ¢ and red = o, green = approximated.

angle between closing the LPV and the initial output (flow and
torque) being generated as seen in Fig. 5b. A second order
system (green) has been used to approximate the response
and it is seen to match the dynamics fairly well. However,
discrepancies are observed since the response is not truly of a
second order system. The machine response is seen to have an
almost constant slope in the transient period and a steady state
response containing ripples due to the non-smooth machine
behavior. Although the continuous approximation is not a
perfect fit, it is considered sufficient for describing the systems
fundamental dynamics. The transfer function is obtained by
use of a spatial domain Laplace transformation defined as

FG)=2{/®) = [ f)ae  (10)
0
The second order spatial transfer function of the digital dis-
placement machine dynamics is then given by
& Om wl%m

N YA Suren
where, Wnm, is the approximated eigenfrequency in the angle
domain, Gy, is the approximated damping coefficient and Ky,
is the static DC-gain. The accuracy of the approximation
is investigated by applying a variable frequency input and
comparing the approximated response with the non-linear
model response representing the physical system. The results
are shown in Fig. 9. It is seen that the phase is captured well at
relatively low frequencies, but drift a bit at higher frequencies
where the approximated response lead the non-linear response.
Additionally, the gain of the approximated response is seen to
be a bit lower than the physical response at low frequencies,
but larger at higher frequencies. These derivation are expected,
since the system does not behave like an ordinary second
order system. The derivation characteristics is likely due to
the approximated response being faster in the initially transient
period and has a lower gain near settling seen in Fig. 8.

To further examine the dynamics of the approximation, a
frequency response comparison has been made. Since the non-
smooth system does not behave like an ordinary linear system,
the gain and phase may depend on the amplitude and offset
of the input. Additionally, the non-linear system response

—5 O4m

an

e

1
Fos
0 . . . . .
1 T T T T T T T T T
— Non-linear model
—— Approximation
Fost
0 . . . . . . . . .
0 27 4 67 871 10w 12r 14r 167 187 20w
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Fig. 9: Comparison of non-linear and continuous approxima-
tion model of the digital displacement motor.

contains fluctuations, which complicates the identification of a
static DC-gain. Therefore, a method has been developed which
identifies a gain and a phase-band, where the non-linear system
response will be within. The method for obtaining the gain
band is illustrated in Fig. 10.

1 T T T T

T
— Non-linear model
—— Approximation ]

0.6 1
AH
0.4F —

Om
>

Fig. 10: Illustration of the evaluation method for obtaining the
frequency response.

The input being a sine wave is given as o, =
0.5sin(w; 0) A+ B and has the offset B, the gain A and the
input frequency ;. The maximum and minimum response
values are identified as shown with a thick blue line, where
the difference, Ay, corresponds to the maximum gain. Within
an angle of 2% of the angle where the maximum value
occurs, a minimum value is identified and shown with a thick
green line. Similarly, the maximum value within +2% of the
angle where the minimum value occurs is identified and is
shown with a thick green line. The difference between the
thick green values illustrates a minimum gain. By varying the
input offset and gain in a wide range and examining 10 of
the periodic responses, the maximum and minimum gain has
been identified at varying frequencies. Likewise, the maximum
and minimum phase-angle has been identified. The resulting
frequency response for the non-smooth digital displacement
machine is shown in Fig. 11 and compared to the linear
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Fig. 11: Frequency response comparison of the non-linear and
the approximated linear model for the digital displacement
motor.

approximated response. Since the frequency response is made
in the spatial domain, the frequency axis should be interpreted
as radians of the input relative to the radians of the shaft angle.
Since the modulator comprises a discrete sampler updating
with an angle of 6, =2x/N, the continuous approximation
is only valid up to a certain frequency (Nyquist-frequency)
fn=1/2 N/(2n) illustrated with a red line. As a result, the
presented method is only valid if the system is not excited
with high frequencies, which is complied in the presented
example for a large scale transmission system. It should be
evident that the maximum and minimum gain values are very
conservative, since they are obtained by using peak values
in the response. The phase of the approximation is seen
to be within the shown frequency band for the majority of
frequencies. The approximated gain is seen to be captured well
at low frequencies, but crosses the minimum and maximum
gains at higher frequencies. This phenomenon is also seen
in Fig. 9, where the gain of the approximation is lower
at relatively low frequencies, but higher at relatively high
frequencies. Also the phase of the approximated response is
seen to increasingly lead compared to the non-linear response
at higher frequencies close to the Nyquist frequency. It is not
considered possible to improve the linear approximation, since
reduction in the gain deviation leads to an increase in the phase
deviation and vice versa. However, the fundamental dynamics
is considered to be captured for the majority of frequencies and
deemed sufficient with respect to control and stability analysis
as long as the excitation frequencies are below the Nyquist
frequency.

The applicability of the presented continuous approximation
method is investigated further by calculating the RMS-error
between the non-linear and the approximated 2nd order system
response by use of (12) for varying number of cylinders
(strokes per revolution) and displacement step inputs. The
RMS-error is calculated by

107/w

(a(t) — am (1)) dt (12)

€rms =

0

where @ = 0 ~ @ is the displacement fraction from the
non-linear model and o, is the approximated displacement
response. Five full revolutions are simulated, since it ensures
at least a few chamber actuations for the smallest displacement
fractions. The RMS-error as function of number of cylinders
(strokes per revolution) and displacement fraction is shown in
Fig. 12 for the digital displacement motor.

) © o o IS

Number of cylinders

. 04 06
Displacement fraction

Fig. 12: RMS-error between non-linear physical model re-
sponse and approximated second order system model response
as function of strokes per revolution and displacement fraction.

It is seen that the approximation becomes increasingly accu-
rate for a higher number of cylinders, which is expected since
the displacement resolution is proportional to the number of
cylinders. The displacement fraction is seen to only have minor
influence on the error. However, since the signal values are
higher at larger displacement, the relative error with respect to
the input size is increasingly lowered at higher displacements.
The approximation method is hence considered too simple
for describing the machine dynamics for a low number of
cylinders, especially if it is operated at low displacements.
Since the machine response (flow and torque) contains ripples
that are omitted with the continuous approximation method,
it may introduce considerable pressure and velocity pulsations
if the system inertness is relatively low. As a consequence,
one should be careful when applying the presented method in
systems with relatively large fluid and mechanical stiffness.

To obtain a transfer function representation in the time do-
main, the derived spatial domain transfer function is converted
by the relation:

doy, d6, doy,
dOn dt ~— dt
—~—
Om
Using this relation yields the time transfer function given by

(13)

2 2
O O, O

_y Sam
=Kn e’
o 5242 {m Onm O, s + 0F, ©2,

Ge(s) =
(14)
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Fig. 13: Frequency response of the digital displacement motor.

It is evident that the linear approximation in the spatial domain
is non-linear in the time domain, since the eigenfrequency in
the time domain is proportional to the speed of the machine.
A frequency response of the transfer function Gpy(s) is shown
in Fig. 13 for varying motor speeds to investigate the influence
of the digital machine dynamics on the full transmission
dynamics. It is seen that the response may be considered as a
static DC-gain of K, up to a frequency of @Wem = 0.1 Wym O,
since the phase-shift due to delay is neglectable at lower
frequencies. The phase-shift of the plant is given as

edm

fo Zmo (15
' O

LGon(j 1) = atan (M)

2 2 2
D Oy — O

To ensure a stable closed loop system when applying linear
control theory the phase-shift puts strict requirements on the
minimum speed of the machine.

The same procedure is carried out for the pump where the
step responses for @, = {0.75,1,1.25} are shown in Fig. 14.
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Fig. 14: Step responses of Digital Displacement pump in
spatial domain.

The response is seen to be similar to the motor response, it
should however be noted that the response angle is now /Ny,
due to the ring-cam design. The approximated second order
time transfer function is given by

2 2 0
Gp(s) = ﬁ; =K ho % 2 o2 e (16)
o 5242 & tnp Wy 5+ OF, @

The estimated values of the continuous transfer function
approximations are given in Tab. IV.

TABLE IV: Transfer function approximation values

Parameter Symbol | Value | Unit
Static pump gain Ky 0.96 -
Static motor gain K 0.95 -
Pump eigenfrequency Wnp 20 rad/s
Motor eigenfrequency Wnm 1.43 | rad/s
Pump damping coefficient & 0.75 -
Motor damping coefficient €S 0.9 -
Pump angle delay O4p 0.02 rad
Motor angle delay Odm 0.9 rad

This papers main contribution is the continuous linear angle
invariant model approximation of the digital displacement
machine dynamics, which enables model based feedback
control of a digital hydraulic transmission. The fact that the
eigenfrequency of the system is proportional to the speed of
the machine in the time domain yields a non-linear model.
Additionally, the equations describing the transmission system
given in (1) are also non-linear. Since the full transmission
system has a great number of non-linearities where system
states are multiplied, one may choose to pursuit non-linear
control strategies for such system. However, in this paper it
is chosen to illustrate that linear control theory is sufficient
for ensuring stability if the speed of the digital displacement
machines is lower bounded by the linearization point.

Linear control strategies that are similar to the one proposed
in this paper has previously been successfully applied on
conventional fluid power drive trains for wind turbines [20],
[21].

VI. LINEAR TRANSMISSION SYSTEM REPRESENTATION

A linear representation of the presented transmission system
equations in (1) is obtained through linearization by a first
order Taylor approximation around a steady state operation
point. The linear system representation becomes

. d; 17 =
o T TRe%» 0 o
Apl =18V Lk —LVman| |Ar
(2 0 ivmam _% (O
X X X
%”p'p 0 07 rap
i h® Vi On m
+ 19 Ve @ ﬁf @ 0 o (17)
0 7 Vm Ap —ﬁ Tg
B u
1 0 0f |w
y=1(0 1 0| |Ap
0 0 1 O
TH,-/
C X

Where variables denoted with a bar indicates a linearization
point. Including the digital pump and motor dynamics results
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in the linear system transfer function given as

Gps 0 O
Gs)=C(I-A)'B| 0  Guy O (18)
| 0 0 1

Gp(S)

Due to the many non-linearities, the system couplings and
frequency response is strongly dependent on the operation
point and thus the choice of linearization point puts constraints
to the stable operation region. The choice of linearization
points are those provided in Tab. V.

TABLE V: Choice of linearization points

Parameter | Operation range | Linearization value | Unit
@, [6,12] 6 rpm
o™ (800, 1500] 800 rpm
Ap [250,350] 300 bar
0 [0,1] 0.5 -
Oy [0,1] 0.5 -

The pump and motor speed linearization points are chosen
conservatively to the lowest values, yielding the lowest system
eigenfrequency. The remaining values are chosen at the mid-
point to ensure operation in the vicinity of the linearization
point. To investigate the difference in system response with
and without the dynamics from the digital machines, a plot of
the singular values is shown in Fig. 15.
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Singular Values (dB)
°

)
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Fig. 15: Singular values of the system with and without pump
and motor dynamics.

It is seen that the gains are identical up to a frequency
of Wy, @y, in the direction of the maximum singular values
and up to a frequency of @y, @ in the orthogonal direction.
Considering the pump and motor displacement responses as
inner control loops, the dynamics of the machines may be
considered as a static gain if the digital machine dynamics
is at least 10 times faster than the transmission dynamics.
Therefore, the following requirement is specified regarding
the bandwidth of the closed loop system when neglecting
the digital machine dynamics: @q < 0.1 @y @y, where @, is
the minimum pump velocity. This is a conservative design
requirement, since the motor is ideal up to a frequency of
0.1 ®Wym @, Which may weaken the constraints regarding the
response time of the motor speed and pressure. Alternatively,
the digital machine dynamics could be included in the con-
troller design, which in the case of state-feedback control
requires an observer to estimate the digital machine states.
This is however not investigated further in this paper.

VII. CONTROLLER SYNTHESIS

Either state-space control or a decoupling strategy is a
logical choice when utilizing feedback control of a MIMO-
system with three inputs and outputs. In this case, the trans-
mission dynamics has a complex-conjugated pole, why it
is not possible to fully input-output decouple the system.
Therefore, a deterministic optimal controller is chosen which
simplifies the problem of obtaining great closed-loop tracking
performance when comparing to a classical pole placement
design technique. To obtain unity DC-gain, integral action is
implemented on the form given by

Xing = / Yeet (7) — y(0)dT (19)
0

Extending the state-space model of the system with the integral
states yields

%, Aa Xa B, B,
y=[C 0]x,
——
Ca
Where B =diag([K, Kn 1])B accounts for the static de-
gain of the digital machines. It should be noted that the
transmission states are normalized by the maximum values
given in Tab. V to ease the design process.
The continuous LQR control problem is to minimize the
quadratic cost function given in (21) by applying the optimal
control input, u [22].

(20)

J:/(foxﬁ-uTRu) @n
0

Where R = R” > 0 weighs the importance of minimizing
the control effort and Q = Q7 > 0 weighs the importance of
driving the states to zero. The feedback control law is given
as

u=—[K K] Lj‘} (22)
H,_/ nt
N——

Ka
Xa

The optimal solution for the feedback controller gain vector
is given as

K,=R'BIS (23)

The positive-semi-definite matrix S = 87 > 0 is the unique
solution to the Ricatti equation given as

0=AT’'S+SA,—SB,R!BIS+Q (24)

The integral state is weighted with high importance to mini-
mize the reference tracking error and is chosen as

Q= diag{ [0 -0 1 05 1}} relative to the input
weighting R = diag [1 1 1}. These values are found
through trial-and-error with the objective of yielding a relative
fast response, while fulfilling the requirement to the maximum
eigenfrequency, @g. Alternatively, a Linear Matrix Inequality
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Fig. 16: Simulation results of Digital Fluid Power Transmis-
sion with digital displacement machines.

approach may be used, which allows for specifying constraints
on the closed-loop pole location at the cost of being more
complex.

VIII. RESULTS

The designed controller is tested by simulation in the non-
linear model representing the physical transmission system.
To examine the influence of the digital displacement ma-
chines, the simulation is made with and without the digital
displacement machines. The simulation without illustrates the
ideal system given by the equations in (1) (ideal pump and
motor). Reference tracking performance is tested by stepping
in the three references within the specified operation region
at a constant input load. The simulation results are shown
in Fig. 16. It is seen, that the response of the ideal system
and the actual system are similar and follows the reference
with a response time fulfilling the design requirements. If a
faster response time is desired, the minimum speed of the
digital machines must proportionally be increased to ensure
stability. Alternatively, the digital machine dynamics could be
included in the design process where an observer may be used
to estimate the machine states as mentioned.

To provide a deeper insight on the effect of using digital
displacement machines relative to conventional fluid power
pump-motors, the difference signal between the digital re-
sponse and the ideal response is shown in Fig. 17 in a small

Time [s]

Fig. 17: Difference signal between ideal and digital response.

time window. The maximum difference between the ideal and
the digital response with respect to tracking of the pump
and motor speed is less than 0.2 %. However, the pressure
difference is up to 10bar, but tracking of the pressure is less
important since it only affect the energy efficiency and not
the gearing ratio. It is evident, that the difference between the
two responses is caused by fluctuations in the flow and torques
due to the digital displacement machine. These fluctuations are
however inevitable when using such non-smooth system with
a full stroke operation strategy. The fluctuations could however
be reduced by use of a hydraulic accumulator placed in the
high pressure line. The introduction of a hydraulic accumulator
does not change the presented control strategy, but requires
a re-tuning of the controller to include the accumulators
dynamical effect. A further and interesting study is to examine
the performance of the digital fluid power transmission in a
more realistic setup, e.g. a wind turbine transmission with
accumulators and pipelines. The presented control strategy is
expected to work equally well on a more realistic system, since
the dynamics of the digital machines is so much faster than
the large scale transmission dynamics. However, even though
the fluctuations may be reduced, the performance with respect
to tracking and fluctuations are not expected to be equally well
compared to a conventional hydrostatic transmission.
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IX. CONCLUSION

To enhance the use of energy efficient digital displacement
machines in fluid power transmission systems, control strate-
gies and design methods are demanded. This paper presents
a pulse-density modulation control strategy and shows that a
continuous approximation of the digital machines is sufficient
in describing the fundamental dynamics if the number of
cylinders and displacement fractions are sufficiently high.
Additionally, the excitation frequencies should be less than
the Nyquist frequency to not excite the discrete behavior. It
is further shown that linear control theory is adequate if the
rotational speeds of the digital machines are lower bounded by
their linearization points. A dynamical analysis shows that if
the speed of the digital machines are sufficiently high relative
to the dynamics of the mechanical system and pressure line,
it may be neglected during control design. Alternatively, the
continuous approximation of the digital machines may be used
for control design in conjunction with an estimator. Using an
optimal linear deterministic MIMO control strategy, simulation
results show similar tracking performance to that obtained
when considering ideal fluid power machines. Fluctuations in
the response is however observed, which is unavoidable due
to the non-smooth digital machines. Hydraulic accumulators
may however be implemented to reduce these fluctuations and
thereby reduce stresses, which however requires retuning of
the controller.
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ABSTRACT

Research within digital fluid power (DFP) transmissions is
receiving an increased attention as an alternative to conventional
transmission technologies. The use of DFP displacement ma-
chines entails a need for applicable control algorithms. How-
ever, the design and analysis of controllers for such digital sys-
tems are complicated by its non-smooth behavior. In this paper
a control design approach for a digital displacement machine®
is proposed and a performance analysis of a wind turbine using
a DFP transmission is presented. The performance evaluation is
based on a dynamic model of the transmission with a DFP motor,
which has been combined with the NREL 5-MW reference wind
turbine model. A classical variable speed control strategy for
wind speeds below rated is proposed for the turbine, where the
pump displacement is fixed and the digital motor displacement
is varied for pressure control. The digital motor control strategy
consists of a full stroke operation strategy, where a Delta-Sigma
pulse density modulator is used to determine the chamber activa-
tion sequence. In the LOR-control design approach, the discrete
behavior of the motor and Delta-Sigma modulator is described
by a discrete linear time invariant model. Using full-field flow
wind profiles as input, the design approach and control perfor-
mance is verified by simulation in the dynamic model of the wind
turbine featuring the DFP transmission. Additionally, the perfor-
mance is compared to that of the conventional NREL reference
turbine, transmission and controller.

Per Johansen
Torben O. Andersen
Fluid Power and Mechatronic Systems
Department of Energy Technology
Aalborg University
9220 Aalborg East, Denmark
Email: pjo@et.aau.dk; toa@et.aau.dk

INTRODUCTION

Conventional power transmission systems for variable-
speed variable-pitch wind turbines consist of a generator con-
nected to the turbine rotor shaft through a gearbox. Replacing the
gearbox with a hydrostatic transmission allows for continuous
variable transmission being mechanical decoupled. This further
allows for an optional use of a synchronous generator, whereby
the power converter may be omitted. A hydrostatic transmission
thereby benefit by the possibility of an increased reliability, since
the gearbox and power converter being two major contributers to
the turbine downtime is replaced [1]. A hydrostatic transmis-
sion for a wind turbine is not a new concept, but has so far been
considered infeasible due to poor efficiencies of the hydraulic
pumps and motors, especially at part load operation. Recent
research within digital fluid power (DFP) technologies has lead
to a successfully increase in the energy efficiencies of hydraulic
fluid power machines [2,3]. The DFP displacement technology
is characterized by the use of numerous displacement chambers
enabled or disabled, based on the desired displacement, by ac-
tively controlled electrical valves. A detailed description of the
DFP displacement technology and possible applications is found
in [4-6].

To the best of author’s knowledge, no papers regarding con-
trol of a wind turbine transmission using digital displacement
machines® has been published. A relatively high number of
patents has been published on the subject by Mitsubishi Heavy
Industries Ltd [7-10] et. al. However, no scientific results of
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the various control strategies is provided and none of them uti-
lizes model based feedback control theory. A control strategy
for a tidal current generator with a similar DFP transmission has
been developed, where the digital pump displacement is varied to
maximize the energy capture and the digital motor displacement
is varied to yield a uniform power output, with the aid of an hy-
draulic accumulator [6]. Additionally, several papers regarding
flow, pressure, speed and torque control of digital displacement
machines® has been published, where the machines are running
at simplified load conditions at a fixed speed [4, 11-13]. Also
none of these presented control strategies utilize model based
feedback control design.

In this paper, a control strategy for a variable speed variable
pitch wind turbine featuring a digital fluid power transmission
is presented. In the proposed control strategy, the turbine rotor
speed is controlled by varying the motor displacement in a full
stroke operation. Due to the discrete behavior of the motor, the
cylinder chamber actuation sequence is determined by a Delta-
Sigma modulator as proposed in [14]. The dynamic behavior
of the DFP motor is described by a discrete linear time invari-
ant model based on [15], allowing for use of closed loop con-
trol design. A discrete linear feedback control strategy is used,
where control tuning is done by use of Linear Quadratic Regula-
tor (LQR) control.

Digital fluid power transmission

This study takes basis in the National Renewable Energy
Laboratory (NREL) 5 MW wind turbine, since its data and model
is readily available [16]. The wind turbine model serves as a
tool for system analysis and performance evaluation of the dig-
ital fluid power transmission and corresponding control system.
A schematic of the wind turbine with a continuous variable digi-
tal fluid power transmission is illustrated in Fig. 1.

NREL sSMW

v Hydraulic power transmission

FIGURE 1. ILLUSTRATION OF THE DIGITAL FLUID POWER
TRANSMISSION FOR THE NREL 5 MW TURBINE.

The wind turbine has the wind speed v, the turbine pitch an-
gle, B, and the reactive pump torque, T, as inputs. The torque
from the low speed rotor shaft of the wind turbine, 7, drives the
hydraulic pump, which output a pressurized fluid flow, Q,. The
fluid flow, Qp,, is further used to drive the hydraulic motor, with

displacement input ¢4,, being connected to a high speed syn-
chronous generator. In this study a conventional fixed displace-
ment pump and a variable digital displacement motor is used.
However, both the pump and the motor may be of type digital
displacement, allowing for more advanced control possibilities.
This simplification has been made since this paper investigates
the use of closed loop model based control design for such sys-
tem and the model and control method may easily be expanded to
include a digital pump. Optionally, a hydraulic accumulator may
be placed in the high pressure line to reduce pressure pulsations
and yield a short term energy storage, but this is not investigated
further in this paper.

Mathematical modeling
Turbulent Wind Model

Wind speed is known to be stochastic of nature and vary
both globally and locally. The wind may be modeled by two
components, being the mean wind speed and the turbulence wind
speed as v(¢) = v+ Av(t). The mean wind, 7, is a slowly variable
component, while the turbulence wind speed, Av(t), is a rapidly
varying component. In this paper, the IEC 61400-1 Kaimal tur-
bulence spectrum and normal turbulence model is used for gen-
eration of wind profiles. The turbulence intensity is site specific,
but has in this study been specified to be low (12 %). The 3D
wind speed time series data is generated by the NREL code -
TurbSim and given as input to the wind turbine model.

Wind Turbine Model

To describe the aerodynamics and elastic characteristics of
the NREL 5 MW wind turbine, the open source code FAST
(Fatigue, Aerodynamics, Structures and Turbulence program) is
used, which model is based on the Blade Element Momentum
method. The wind turbine model has been combined with the
DFP transmission model through a Matlab/Simulink interface.

For transmission control design purpose, a simplified static
model is used to describe the aerodynamic rotor power P and
torque, T;, which are given in Eqn. (1) and Eqn. (2) respectively.

1
Pe= 5 AcpurCy (A, B) v* )

1
T = EAr Ry Pair Cq (A,B) V2 2

Where A; is the rotor swept area, R, is the blade radius, py; is
the air density and v is the wind speed perpendicular to the rotor
blades. The power and torque coefficients C, (A, 8) and Cq (1, B)
are dependent on the tip speed ratio, A, and the blade pitching
angle, f3. The tip-speed ratio describing the relationship between
the speed of the blade tip and the wind speed is defined as A =
R Where @, is the rotational speed of the rotor. The power

v
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and torque coefficients are nonlinear turbine specific functions
and are used for optimal control of the wind turbine described
later. The dynamics of the turbine rotor may be approximated by
the first order differential equation given in Eqn. (3).

(3)

Where J; is the moment of inertia of the entire rotor including
hub, blades and rotor shaft. d; is the viscous damping coefficient,
Ap = pu — pL is the pressure difference between the high and
low pressure side and 1, is the efficiency coefficient of the rotor
taking the static friction into account. V, is the volumetric pump
displacement per radians. The main specifications of the NREL
5 MW wind turbine is shown in Tab. 1 and the parameter values
for the variables used for modeling of the DFP transmission is
found in Tab. 2.

TABLE 1. MAIN PARAMETERS OF THE NREL 5 MW [16]

Parameter Symbol Value Unit
Cut-in wind speed Vin 4 m/s
Rated wind speed vr 11.4 m/s
Cut-out wind speed Vout 25 m/s
Blade radius R: 63 m
Tower height Iy 90 m
Rated rotor speed Onom 12.13 rpm
Rotor and shaft inertia Jr 3.87¢7 kg -m?
Optimal tip speed ratio A* 7.55 -
Maximum power coefficient G 0.485 -

Hydrostatic Transmission Model

The low pressure, pr, is controlled by an external boost
pump and is for simplicity considered constant. The pressure
difference dynamics is described by Eqn. (4).

Ay =Cut | Tyor—0m | —CiA, @
[
P

Where Cy = e—e and C| = 5—:{ ki. Be is the effective oil bulk mod-

ulus, Vg is the volume of the high pressure line and k; is the

combined pump and motor leakage coefficient.

Digital Displacement Motor

To give an expression for the motor flow intake, a deeper
insight in the working principle of the digital displacement motor
(DDM) is presented. A sketch of the DDM is shown in Fig. 2.

Low pressure line
High pressure line
Low pressure valve
High pressure valve
Cylinder

Piston

Cylinder/Piston chamber
(Pressure chamber)

Eccentric

N AW N -

o

FIGURE 2. SKETCH OF THE DIGITAL DISPLACEMENT MO-
TOR [13].

The machine design consist of seven piston chambers in a
slice connected to an eccentric, resulting in a reciprocating pis-
ton movement. Six of these slices are utilized, such that there
is a total of N = 42 pressure chambers. This design is based
on previous work with a 5 MW digital displacement motor [17].
An electrical controlled digital valve is placed between both the
high and the low pressure line and the pressure chamber. Proper
control of the valves yields a motoring stroke, where the pres-
surized fluid flow drives the piston and thereby the motor shaft.
In this paper a full stroke operation is used where a cylinder is
either motoring or idling for a full revolution. Idling operation
is performed by maintaining the low pressure valve open and the
high pressure valve closed for a full revolution. The utilization
of pumping mode is not considered in the present work, since the
displacement fraction reference is always positive during normal
operation.

The modeling of the pressure chambers takes basis in the
schematic shown in Fig. 3 and is based on previous work with a
similar machine [18]. The piston displacement, x;, is described
as a function of the angular position given in Eqn. (5).

xp(0) =7 (1—cosB) )

Where r. is the eccentric radius. Using this expression, the cham-
ber volume as a function of the angular position, 6, becomes that
in Eqn. (6).

Ve (8) = % (1—cos@)+Vo  V.(6) :%6 sin@  (6)

Vo is the minimum chamber volume and Vy = Vo = 2re A}, is the
displacement volume, where A}, is the piston area. The motor ro-
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FIGURE 3. SKETCH OF A SINGLE PRESSURE CHAMBER
WITH VARIABLES USED FOR MODELING.

tational speed @y = 6 is considered constant as a simplification,
since it is expected that the generator may be excited to yield an
approximately constant rotation speed.

The pressure dynamics in a pressure chamber is described
by Eqn. (7).

Pe= % (Onv—Ov —Ve) (@)

The flow through the high and low pressure valves are described
by the orifice equation given in Eqn. (8).

XL .
Oy = T V/|pe — pL|sign(pc — pL)

- ®)
X] .
Ouv = ki: v/ |pu — pelsign (pu — pe)

k¢ is the flow coefficient of the valves, X1 and Xy is the normalized
valve position of the low and high pressure valve respectively.
The valve dynamics are simplified to be described by a constant
acceleration given by Eqn. (9) for opening of the valve.

{4/;3 for 0<1<1,/2
Ayy =

9
—4/12 for t)2<t <t ©

t, is the valve opening/closing time. This function yields a
smooth valve position with a maximum velocity at the mid point.
For closing of the valve the acceleration is given by ay. = —ay..
For a full stroke operation both valves are actively closed at a ro-
tation angle of Oy and 6; ) for the high and low pressure valve
respectively (HPV and LPV). Passive opening of the valves is uti-
lized such that the high pressure valve is opened when p. > py
and the low pressure valve is opened when p. < pr..

Simulation results for a single pressure chamber is shown
in Fig. 4 for one motoring stroke and one idling stroke. In the

Motoring Idling

Normalized values
T

Normalized values

8 [rad]
FIGURE 4. SIMULATION OF A SINGLE PRESSURE CHAMBER
DYNAMICS.

motoring stroke, it is seen that the pressure rises fast when the
LPV is closed since the piston position is decreasing, resulting in
a fluid compression. At some point near top dead center (TDC)
the chamber pressure exceeds the high pressure, p. > py and the
HPV is passively opened due to pressure force. As evident, a
back flow into the high pressure line occurs momentarily, since
the chamber pressure is greater than the high pressure. During
intake the HPV is held open and high pressure fluid is entering
the cylinder chamber and thereby drives the piston and motor
shaft. Near bottom dead center (BDC) the HPV is closed and at
some point the chamber pressure decreases below the low pres-
sure, p. < pL, resulting in a passive opening of the LPV due to
suction. As a result, a minor part of the motoring stroke is not
usable for supplying fluid flow to the motor.

Since the valve dynamics are very fast compared to the tur-
bine dynamics, the pressure chamber equations has been solved
for various difference pressures and implemented as a look-up
table to reduce solving time significantly. The fluid flow into the
motor from the high pressure line is the sum of each individual
flow into a pressure chamber and is described by Eqn. (10).

N
Om =Y Ouv(i) (10)
i=1

Wind Turbine Operation and Control Objectives

The control objective of a variable-speed variable-pitch
wind turbine is to maximize the energy capture while avoiding
excessive mechanical structural loads. The overall control ob-
jective is divided into 4 distinct operation regions shown on the
power curve in Fig. 5. Region I is where the wind speed is below
the cut-in wind speed, vi,, and power production is infeasible. In
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FIGURE 5. POWER CURVE FOR THE NREL WIND TURBINE.

region II maximum power tracking is performed by maintaining
the optimal tip-speed ratio. In region III the turbine is operated
at rated speed mainly controlled by the pitch system. In region
IV above the cut-out wind speed, voy, the turbine is shut down
for safety reasons. Since this paper is about transmission control
the focus will be on maximum power tracking control in region
II below rated wind speeds.

Region Il Control

The maximum power tracking control in region II is a com-
promise between maintaining the optimal tip-speed ratio and
avoiding excessive fluctuations in the reactive pump torque. The
commonly used K @? control law is used since it only requires
measurement of the rotor speed having slow dynamics. This
way the high turbulence wind disturbance is filtered away at
the cost of less accurate tracking of the optimal tip-speed ra-
tio. The K w? law is derived based on the aerodynamic rotor
torque equation given in Eqn. (2). By use of the static rela-
tion G, (A,B) = A Cq (A, B), the torque equation may be rewrit-
ten into that in Eqn. (11).

1 G (A,B) (Rex\?
Tr:EArRrpuir#< 7 )
L1 C (11)
T = EAYR?p“iTA_f} (Drz

Ky
7/ is the aerodynamic torque reference, Cj is the maximum
power coefficient and A* is the optimal tip speed ratio.

Wind Turbine Control Structure

To control the rotor speed by the aerodynamic torque re-
quires accurate tracking of the torque reference. Since the pres-
sure is more easily and precise measured than the torque, the
torque reference 7 is converted into a pressure reference A;
through use of Eqn. (12).

A= (1 —droy) B (12)

NREL 5SMW

v Hydraulic power transmission

FIGURE 6. CONTROL STRUCTURE FOR HYDROSTATIC WIND
TURBINE TRANSMISSION.

The closed loop control structure for variable speed control is
shown in Fig. 6. Similar control structures has successfully been
used for control of a conventional hydrostatic transmission for a
wind turbine, see [19,20]. The control structure only requires
measurement of the rotor speed @, and the pressure difference
Ap. The pressure controller outputs a displacement fraction ref-
erence o, for the digital motor between 0 and 1. The displace-
ment fraction reference is converted into a binary sequence by
a Delta-Sigma modulator, determine whether the next cylinder
chamber should use a motoring or an idling stroke.

Linear Model Representation

In this study it is attempted to use linear state feedback con-
trol. Since the motor operation is discrete by nature, a discrete
linear time invariant (DLTT) model of the system dynamics is de-
rived. First a discrete linear representation of the Delta-Sigma
modulator and digital motor is presented. Following this, the
establishment of a discrete state space model of the complete
system is provided.

Delta-Sigma Modulator

The Delta-Sigma modulator (DSM) outputs the pressure
chamber actuation sequence based on the displacement reference
o,y The actuation sequence is binary where 1 and O represents an
active (motoring) and an inactive (idling) chamber respectively.
In this study, a first order DSM is utilized and a block diagram
representation of it is shown in Fig. 7, [21]. The modulator out-
puts the binary actuation sequence, 04y, Which time average ap-
proximates the input displacement fraction reference ;. The
first order DSM consist of a discrete time integrator and a 1 bit
quantizer. The non-linearity introduced by the quantizer may be
linear represented by an additive noise input n as shown in Fig.
8. From the block diagram, a discrete linear transfer function of
the modulator may be written to be that in Eqn. (13).
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FIGURE 7. FIRST ORDER DELTA-SIGMA MODULATOR
BLOCK DIAGRAM.

FIGURE 8. LINEAR REPRESENTATION OF THE FIRST ORDER
DELTA-SIGMA MODULATOR.

1 —1
Yin(z) = E Un(z) + ZT N(2)
S NS 13

ym(k) = um("* 1)+n(k) 7”(1‘7 1)

The linear modulator transfer function consist of two parts being
a signal and a noise transfer function, STF(z) and NTF(z) respec-
tively. The output is seen to consist of a single sample delayed
input signal and a discrete differentiated noise signal.

Digital Fluid Power Motor

The discrete linear motor model is derived by establishing
a relation between the displacement reference and the motor
flow intake, as a convolution sum of flows between each sample.
Since a decision to either active or deactivate the next cylinder
chamber has to be done for all cylinders during one revolution,
the sampling time is dependent on the motor rotational speed and
the number of cylinders given by Ty = % Each flow intake be-
tween two samples may then be described by Eqn. (14).

QuvIk] ~ % (Ve(Blk+ 1)) ~ Ve(6[K])) = % AV:[K] (14)

Where V,.(0) is the normalized chamber volume. The derivation
of the discrete linear model is based on the illustration shown in
Fig. 9.

Normalized volume, Vc

0.2 ek ko sk de sk ok sk sk sk s sk sk de sk sk e s sk sose e e x
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Sampling number, k, and angle, &

FIGURE 9. ILLUSTRATION USED FOR ESTABLISHING THE
DISCRETE LINEAR MOTOR MODEL.

The LPV closing angle is located between sampling instance
k=0 and k = 1, where k = 0 is the sampling instance where
the chamber activation decision is made. With N = 42 cylinder
chambers a full motoring stroke will ideally last for 21 samples
between 0 = 0 and 6 = . Three sampling delays are introduced
due to valve dynamics, why the motoring stroke starts at sam-
pling instance k = 3. Again due to valve dynamics and the fact
that the LPV has to be passively opened at 6 = 7, the motoring
stroke ends at an angle ¢, ahead of this angle.

A convolution sum representation of the motor displace-
ment, O, as a function of the displacement reference input, Oy,
is obtained by use of Eqn. (15). Also the relation between the
motor displacement and the motor flow is provided.

k
anlk] = Y, ATkl Qull)= 2 ol (15)
m=0 \g/
kq

Where the displacement fractions are calculated by Eqn. (16).

S

0[k],8[k+1] ¢ [0;9]
0[k],8(k+1) € [0;¢]

Ve(Blk+1]) —V.(0) B[] <0< BOk+1]

Ve(9) = Ve(B[K) O] < ¢ <O[k+1]

_ Ve(B[k+1]) — Ve(0[K])

AVe[k] = (16)

It may be identified that the displacement is O outside the interval
0 = [0;¢] and the displacement fractions are 0 outside the inter-
val k = [3;20]. For a more detailed description of the method,
see [15].

The discrete model of the digital fluid power motor is ver-
ified by an impulse response simulation, where the results are
shown in Fig. 10. QOnon-linear 1S the motor flow intake response
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FIGURE 10. COMPARISON OF THE DIGITAL MOTOR FLOW
DESCRIBED BY THE DISCRETE LINEAR MODEL AND THE
NON-LINEAR MODEL.

obtained by simulation of the non-linear model of the motor with
valve dynamics and Qjipear is the flow intake approximated by the
DLTI model of the motor. It is seen that the DLTI model has a
high accuracy except at the end points of the motoring stroke,
where it is not able to predict the back-flow and the dynamics
due to valve actuation. The errors are however minor and the
motor model is thus verified.

The main modeling parameters for the transmission are pro-
vided in Tab. 2.

TABLE 2.  PARAMETERS OF THE HYDROSTATIC TRANSMIS-
SION

Parameter symbol value Unit
Pump mechanical efficiency U 0.95 -
Fixed pump displacement Vo 121.88 L/rad
Pipeline volume Vu 78.5 L
Effective bulk modulus Be 16000 bar
Transmission leakage coefficient ki 0.1 L/bar
Synchronous motor speed Wy 1500 rpm
Motor piston area Ap 79 cm?
Motor eccentric radius Fm 37.5 mm
Chamber flow coefficient k¢ 0.5-10° \/[Tas/m3
Valve actuation time 15 1 ms
HPV closing angle Ohi-c1 148.2 deg
LPV closing angle 6Ll 334.7 deg

State Space Representation

The state space representation of the turbine and pressure
dynamics becomes that in Eqn. (17) by combining Eqn. (3)
and Eqn. (4). The plant model has been normalized such that
—1 < <1and —1 <Ap <1, to ease the controller design in
the following sections, but the notation of this has been left out.

10
y= {0 1} X amn

Since the motor control is performed discretely, a discrete repre-
sentation of the continuous state model is necessary. The discrete
state representation of Eqn. (17) becomes that in Eqn. (18).

X(k+1) = Apx(k) +Byu(k) + E, (k)

¥(K) = Cyx(8) 1"

The discrete modulator transfer function derived in Eqn. (13) is
rewritten into state space form resulting in Eqn. (19).

xm(k+1) = [0] xm(k)+ [1] um(k)— [1] n(k)
~—~

-~ -

Am B En (19)
Ym(k): 1} xm(k)"" 1} ”(k)

e 3

The discrete difference equation model derived in Eqn. (15) is
rewritten into state space form resulting in Eqn. (20).

ug(k) 00---00] [ug(k—1) 1
ug(k—1) 10-- 00| |ug(k—2) 0
ug(k—=2) | —|01---00]| |ua(k=3)| 4 |0 ug(k)

ud(k;p+1) 00 10 ud(k.fp) O
N~
Xq(k+1) A4 xq(k) By
ya(k) = kq [AVC[1] AV, [2] AV[3] -+ AV¢[p]] xa(k) (20)

Cq

+kq [AV[0]] ua(k)
N———

m

Where p = 20 is the last sampling instance with a displacement
fraction AV, # 0.

In this paper, the feedback control gain vector is determined
by use of Linear Quadratic Regulator (LQR) optimal control.
The wind speed and quantization disturbance input on the control
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system is thereby neglected from the model. Alternatively, LQG,
is a solid choice for design of the feedback controller, since an
observer is used to estimate the disturbances and the controller
may hence compensate for them.

The complete discrete state space model is obtained by com-
bining Eqn. (18), Eqn. (19) and Eqn. (20) resulting in Eqn. (21).
Here the disturbance inputs due to the aerodynamic rotor torque
and the quantization error has been omitted.

x(k+1) A, B,Cqy 0 x(k) 0
Xgk+1)| =0 Ay ByaCn| [xa(k)|+ | O | um(k)
Xm(k+1) 0 0 A, Xm (k) B,

—_—— ——
x((k+1) A¢ x¢ (k) B
y(k) = [Cp 0 0] x, 2D
G

Control Feedback and Integral State Introduction

To apply linear control theory a linearization of the K >
law given in Eqn. (11) is required. The linear expression for the
pressure reference given in Eqn. (12) becomes that in Eqn. (22).

* dr*(a),) nP
Ap:< ;wr lox—an @ — dr v,
RERRNINL T 2
p
—_——

Kor

Where @ is taken at some mean wind speed, v, given by @y =
l 7. To achieve unity dc-gain the system is appended with an in-
tegral state acting on the pressure error. The integral state vector
is derived to be that in Eqn. (23).

Yine = Ap" — Ap = Kor 0% — Ap
_ Xint(k + 1) — xine (k)
T.
k
xim(k+ 1) = [Ka)rTs _Ts} |:§)r((k)):| +Xinl(k)
——— AP
~——

Ky

Xint
(23)
y(k)

The extended state space representation with integral state hence
becomes that given in Eqn. (24).

[x):;t(é(ktrll))} - {Kllel ﬂ M+@um(m

X (k+1) Ag x; (k) B
y(k) = [C. 0] x,(k) (24)
C

Optimal State Feedback Controller

Due to the high number of states it is difficult to obtain the
desired closed loop performance, by using classical pole place-
ment techniques. Therefore, the controller design and tuning is
based on Linear Quadratic Regulator, LQR, optimal control. The
LQR control problem is to find the optimal control input, umy (k),
which minimizes Eqn. (25)

Mz

T=Y (%K) Qxs(k) +um(k)" Rum(k)) (25)

k=1

Where Q = Q7 > 0 and R = R” > 0 are weighting matrices for
the states and input respectively. Q describes the relative impor-
tance with respect to R of driving each state to zero and R the
importance of the control effort to do so. The optimal solution
for the control law uy, (k) = —K x5(k) is given in Eqn. (26)

K, = (B SB,+R) ' (B/SA,) (26)

Where K = [K Kip] and S =S” > 0 is the solution to the alge-
braic Ricatti equation given in Eqn. (27).

0=ATSA,-S+Q o7
— (ATSB,) (B/SB,+R)"'

(BT SA,)

The input weighting matrix is chosen as R =1 and the state
weighting matrix is determined relative to this value. Since it
is a servo control problem with the reference tracking being the
main objective, the integral state is weighted high, resulting in
Q:diag{[OO -0 10]}.

Simulation Results

The presented controller is validated by numerical simula-
tion in Matlab/Simulink. For performance evaluation with re-
spect to pressure tracking and aerodynamic torque fluctuations,
a wind profile has been generated with a mean wind speed of
v = 8m/s. The obtained results for the Digital Fluid Power Trans-
mission (DFPT) are compared with results for the conventional
NREL transmission, where the NREL reference PI-controller is
used [16]. The NREL PI-controller is a classical Proportional-
Integral controller, controlling the generator speed and thus the
rotor speed of the conventional transmission system. The simu-
lation results are shown in Fig. 11. The wind speed is seen to be
exclusively in region II below rated wind speed. Comparing the
reference transmission and PI-controller with the DFPT and con-
troller, it is seen that the responses are very similar with respect
to both rotor speed and torque. It is identified that the minor off-
set between the responses are due to the optimal coefficient for
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FIGURE 11. SIMULATION RESULTS FOR NREL 5 MW TUR-
BINE WITH TURBULENT WIND PROFILE, v = 8m/s.

region II control in the reference PI-controller is not entirely ac-
curate. The pressure reference tracking accuracy is considered
very good, which is more clearly seen on the zoomed-view in
Fig. 12, but has minor ripples around the reference. The motor
displacement fraction is seen to be highly oscillating, which is
also expected due to the binary motor states.

A zoomed view of the difference pressure, motor flow and
control signals are shown in Fig. 12. It is seen that a displace-
ment fraction of o, = [0.83; 0.87] is obtained by activating ap-
proximately 5 out of every 6 cylinders. The results of this is seen
in the step-wise behavior of the displacement fraction, since the
last 20 decisions are used as state feedbacks. The periodic be-
havior is further transfered to the motor flow followed by the
pressure response. The sudden small spikes in the motor flow is
due to the back flow identified in Fig. 10, but is not excited much
in the pressure response. The pressure tracking performance is
considered great, since the error is at maximum =+ 2 bar corre-
sponding to ~ 1 % of the reference value. Each individual pres-
sure oscillations is found to have an amplitude of less than 2 bar,
corresponding to the activation of one additional pressure cham-
ber. However, the induced fluctuation in the pressure is directly
transfered to the reactive pump torque having a large influence
on the system reliability. It is therefore assessed that a hydraulic

L L L A L
100 100.01 100.02 100.03 100.04 100.05 100.06 100.07 100.08 100.09 100.1
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FIGURE 12. ZOOMED VIEW OF SIMULATION RESULTS FOR
NREL 5 MW TURBINE WITH TURBULENT WIND PROFILE, ¥ =
8M/S.

accumulator is necessary in order to reduce the fast dynamic re-
active torque ripples to an acceptable level. However, the imple-
mentation of an accumulator has a large impact on the system
dynamics, why an extended model of the hydraulic transmission
has to be formulated and used for retuning of the controller. The
method used for describing the dynamics of the discrete motor,
as well as the control structure and controller design method is
still valid.

Conclusion

The focus of this study has been to develop model based
feedback control for a variable speed turbine with a digital fluid
power transmission. The study took basis in the NREL 5-MW
turbine, where its model was combined with a dynamic model of
the digital fluid power transmission.

The paper presented a control structure for wind speeds be-
low rated, where the rotor speed is controlled by the reactive
pump torque, through control of the pressure difference. The
pressure difference is further controlled by varying the digital
motor displacement fraction. A full stroke digital motor opera-
tion was used, where a Delta-Sigma modulator determined the
cylinder chamber actuation sequence. A discrete state model of
the system was established and closed loop state feedback con-
trol was utilized. The control design and tuning was done by the
LQR-method, with the objective of accurate pressure tracking.

The simulation results showed great pressure tracking per-
formance and the work therefore supports the hypothesis of
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utilizing model based control for such system with digital hy-
draulics. The results did however also reveal a high amount of
fluctuations in the pressure/torque response. These fluctuations
are a direct results of the discrete operation of the digital motor
and it would be required to reduce these significantly by use of a
hydraulic accumulator to make the presented work feasible.
Further work will include the implementation of hydraulic
accumulators, which would also allow for short term energy stor-
age, yielding a possibility of an increased energy extraction. It is
further expected that LQG-control may improve the performance
due to the improved disturbance rejection. Also more advanced
control strategies extended to work for all operation regions and
the use of a variable digital displacement pump is of interest.

ACKNOWLEDGMENT

This research was funded by the Danish Council for Strate-
gic Research through the HyDrive project at Aalborg Univer-
sity, at the Department of Energy Technology (case no. 1305-
00038B).

REFERENCES

[1] Wilkinson, M., 2011. “Measuring wind turbine reliability -
results of the reliawind project”. Scientific Track Proceed-
ings, European Wind Energy Conference 2011, Brussels.
Rampen, W. “Gearless transmissions of large wind turbines
- the history and future of hydraulic drives”. Artemis IP
Ltd., Scotland.
P. Silva, A. Giuffrida, E. M. G. G., December 2013. “Per-
formance prediction of a multi-mw wind turbine adopting
an advanced hydrostatic transmission”. Energy, Vol. 64, pp.
450 - 461.
M. Ehsan, W. R., and Salter, S., March 2000. “Modeling
of digital-displacement pump-motors and their application
as hydraulic drives for nonuniform loads”. ASME, Journal
of dynamic system measurement and control, Vol. 122, pp.
210-215.
Taylor, S. S.J., and Caldwell, N., 2002. “Power conversion
mechanisms for wave energy”. Proceedings of the Insti-
tution of Mechanical Engineers, Part M: Journal of Engi-
neering for the Maritime Environment.
S. Payne, A. K., and Rampen, E., 2007. “Efficiency and dy-
namic performance of digital displacement hydraulic trans-
mission in tidal current energy converters”. Journal of
Power and Energy, Proc. IMechE, Vol. 221, Part A, pp. 207-
218.
Mitsubishi Heavy Industries, L., 2013. Wind turbine gen-
erator and tidal current generator and operation method
thereof, Patent: US20120104752 A1, 2012.
[8] Mitsubishi Heavy Industries, L., 2013. Power generating

[2

—

3

—_

[4

finar}

[5

—_

[6

—_

[7

—

=

[10

(11]

[12]

[13]

[14]

[16]

[17

(18]

[19]

(20]

(21]

apparatus of renewable energy type and operation method
thereof, Patent: US20130214537.

Mitsubishi Heavy Industries, L., 2013. Power generating
apparatus of renewable energy type and method of operat-
ing the same, Patent: US 20130307493 Al.

Mitsubishi Heavy Industries, L., 2015. Hydraulic transmis-
sion, power generating apparatus of renewable energy type,
and operation method thereof, Patent: EP 2899432 A2.

M. Heikkila, M. L., 2013. “Displacement control of a mo-
bile crane using digital hydraulic power management sys-
tem”. Mechatronics 23, pp. 452 461.

B. S. R. Armstrong, Q. Y., June 2006. “Multi-level control
of hydraulic gerotor motor and pumps”. Proceedings of
the 2006 American Control Conference Minneapolis, Min-
nesota.

M. Suiegucki, M. G., and Klingauf, U., September 2013.
“Optimal control of digital hydraulic drives using mixed-
integer quadratic programming”. 9th IFAC Symposium on
Nonlinear Control Systems.

P. Johansen, D. B. Roemer, H. C. P., and Andersen, T. O.
“Delta-sigma modulated displacement of a digital fluid
power pump”. The Seventh Workshop on Digital Fluid
Power, Linz, Austria.

P. Johansen, D. B. Roemer, H. C. P, and Andersen, T. O.,
2016. “Discrete linear time invariant analysis of digital fluid
power pump flow control”. Journal of dynamic system mea-
surement and control, ASME, accepted for publication.

J. M. Jonkman, S. Butterfield, W. M., and Scott, G., 2009.
Definition of a 5-mw reference wind turbine for offshore
system development.

Johansen, P., 2014. “Tribodynamic modeling of digital
fluid power motors”. PhD thesis. Department of Energy
Technology, Aalborg University.

Roemer, D. B., 2014. “Design and optimization of fast
switching valves for large scale digital hydraulic motors”.
PhD thesis. Department of Energy Technology, Aalborg
University.

A.J. Laguna, N. F. B. D., and van Wingerden, J. W., 2013.
“Analysis of dynamics of fluid power drive-trains for vari-
able speed wind turbines: parameter study”. European
Wind Energy Association.

Wang, F., and Stelson, K. A. “Midsize wind turbines with
hydraulic transmissions”. Center for Compact and Efficient
Fluid Power Department of Mechanical Engineering Uni-
versity of Minnesota, Minneapolis.

Reiss, J. D., January/Februar 2008. “Understanding sigma-
delta modulation: The solved and unsolved issues”. Jour-
nal Audio Engineering Society, Vol. 56, No. 1/2.

Copyright (© 2016 by ASME



Paper E

Optimal Control of a Wind Turbine with Digital
Fluid Power Transmission

Niels H. Pedersen, Per Johansen and Torben O. Andersen

The paper has been published in
Nonlinear Dynamics, January 2018, Vol. 91, Iss. 1, pp. 591-607,
d0i:10.1007/s11071-017-3896-0.


http://dx.doi.org/10.1007/s11071-017-3896-0

(© 2018 Springer
The layout has been revised.



Nonlinear Dyn
DOI 10.1007/s11071-017-3896-0

@ CrossMark

ORIGINAL PAPER

Optimal control of a wind turbine with digital fluid power

transmission

Niels H. Pedersen
Torben O. Andersen

- Per Johansen -

Received: 1 September 2016 / Accepted: 21 October 2017
© Springer Science+Business Media B.V. 2017

Abstract Digital fluid power (DFP) technology may
lead to a paradigm shift in large-scale transmission
systems in, e.g., wind and wave energy. Therefore,
the development of applicable control algorithms is
of major importance, but is complicated by the non-
smooth behavior of the DFP displacement machines.
The power throughput of a full stroke operated digi-
tal displacement machine is quantized by the number
of pressure chambers. The dynamics of each pressure
chamber may be described by highly nonlinear contin-
uous differential equations, whereas the input is dis-
cretely updated and binary (active or inactive). This
paper contributes with a feedback control strategy for a
digital displacement machine, where the binary inputs
are handled by a pulse density modulator. The paper
presents a linearization method of handling the many
nonlinearities and thereby enabling the use of Discrete
Linear Time Invariant (DLTTI) control theory. The con-
trol strategy is validated for control of a digital fluid
power wind turbine transmission, where both a deter-
ministic and a stochastic optimal controllers are syn-
thesized. The study is based on the NREL 5-MW refer-
ence wind turbine, where its model is combined with a
nonlinear model of the DFP transmission and full-field
flow wind profiles are used for a realistic performance
evaluation scenario. By simulation, it is found that the
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performance of the optimal controllers using the DFP
transmission is similar to that of the NREL controller
using a conventional transmission.

Keywords Optimal control - Wind turbine - Digital
displacement - Fluid power - Hydrostatic transmission

1 Introduction

In recent years, the development of energy efficient
fluid power systems is receiving an increasing inter-
est, both with regard to conventional cylinder drives
[18,48] and power take-off systems [32-34,36,45]. In
this context, digital fluid power is a promising technol-
ogy, due to high efficiency and superb scalability. Digi-
tal fluid power technology is characterized by the use of
electrical actuated on/off valves. In order to enable this
technology further, design optimization of these on/off
valves is receiving a large amount of attention [40,41,
43,47,55-59]. The use of digital valves entail chal-
lenges with respect to non-smooth dynamical behavior,
which increases pressure oscillations [7-9] and com-
plicates model-based feedback control development.
A research area within digital fluid power is the
digital displacement technology®, which has a large
potential in wind and wave energy transmission sys-
tems, since it benefits of being continuous variable and
mechanical decoupled. The technology has, however,
also been applied in various other fields, e.g. vehicle
drive trains, suspensions and excavators [2,10,50,53].
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Digital displacement machines are characterized by
having amodular construction with numerous displace-
ment chambers controlled by electrical actuated on/off
valves. A comprehensive description of the digital dis-
placement technology and development history is doc-
umented in several publications [22,33,37].

A significant amount of research has been con-
ducted in the field of dynamic behavior and control
of electro-hydraulic servo systems [6,46,60]. How-
ever, the non-smooth behavior of the digital displace-
ment machine complicates dynamic system analysis
and control development. So far control of digital dis-
placement machines is mostly limited to small-scale
applications in an open-loop configuration and often
at simplified load conditions with fixed speed oper-
ation. Ehsan et al. [22] present a full stroke pres-
sure and flow valve timing control method, where the
chamber actuation decision is based on a displace-
ment volume estimation. A look-ahead angle account-
ing for the response delay is included to improve the
method. Using a similar control strategy, the displace-
ment volume estimation method has been extended to
include the oil compressibility by Heikkild and Lin-
jama [10]. Xubin [50] presents a five-level flow control
strategy including both full and partial stroke opera-
tion, where the valve activation sequence is prepro-
grammed based on the flow requirement. Armstrong
and Yuan [1] describes a multi-level control strategy
for speed control of a digital fluid power motor. The
outer control level consists of a velocity PI-controller,
while the inner control level identifies the optimal cylin-
der actuation sequence, based on an estimate of the
motor torque output using all the possible combina-
tion of active/inactive chambers. Johansen et al. [13]
uses a full stroke delta-sigma modulation control strat-
egy in a closed-loop configuration. The author also
presents a flow control strategy using a discrete lin-
ear time invariant model-based design approach [14].
Sniegucki et al. [49] presents a torque control strategy
using full stroke. The controller synthesis features a
mixed logical dynamic system representation, which
is used to setup a constrained optimization problem.
Despite yielding improved steady-state accuracy and
reduced torque ripples compared to pulse density mod-
ulation strategies, the method only allows for offline
optimization.

The literature concerning digital fluid power trans-
missions for wind turbines is very limited and is mostly
comprised by patents from Mitsubishi Heavy Indus-

@ Springer

tries Ltd. [25-30]. The documented control strategies
are open-loop and based on estimation techniques, from
where system stability and disturbance rejection ability
is unknown.

In this work, a feedback control strategy for a wind
turbine with a digital fluid power transmission is pre-
sented, since the digital displacement machines have a
high potential for use in large-scale transmission sys-
tems. A delta-sigma pulse density modulator is used
to determine the actuation sequence of the full stroke
operated pressure chambers of the digital displacement
motor. The discrete operation of the digital motor com-
plicates a dynamic analysis of the system and the use of
feedback control. Additionally, highly nonlinear effects
are introduced by the stochastic wind speed and turbine
characteristics, as well as the digital motor and pulse
density modulator. Therefore, a linear approximation
of the system equations is made, allowing for use of
linear optimal feedback control.

2 System description
2.1 Turbine and transmission system

The digital fluid power transmission system for the
wind turbine comprises a conventional fixed displace-
ment pump, a high- and low-pressure line and a variable
digital displacement motor as illustrated in Fig. 1.

The wind turbine model has the wind speed, v, and
the blade pitching angle, 8, as inputs and output the
aerodynamic rotor torque, 7y, driving a fixed displace-
ment pump. The hydraulic pump outputs a pressurized
fluid flow, Qp, and the digital motor flow intake, O,
is controlled by the motor displacement fraction, op,.
The high-pressure motor fluid flow is further converted
into a shaft rotation of the generator.

Wm
generator

Fig. 1 Tllustration of the digital fluid power transmission for a
wind turbine
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Fig.2 Schematic of the digital displacement motor with 42 pres-
sure chambers. The sketch is based on work by [49]

With application control of a digital displacement
unit being the main objective of this study, several
simplifications to the system have been made. The
hydraulic accumulator in the high-pressure line and
the external boost system controlling the low pressure
is omitted. Furthermore, it is assumed that the motor
speed is constant since an ideal synchronous generator
is considered. A digital displacement pump could be
used for more advanced control strategies than the one
presented, but is for simplicity not considered in this
study.

2.2 Digital displacement motor

The digital displacement motor is a radial piston type,
where the design under consideration consists of 6
modules with 7 cylinders in each module. An actively
controlled high- and low-pressure digital valve (HPV
and LPV) controls the flow throughput between the
cylinder chamber and the high- and low-pressure line,
respectively. A reciprocating piston motion is gener-
ated by the pressurized fluid flow and takes place since
each piston is connected to acommon eccentric shaft. A
simplified illustration of the digital displacement motor
is shown in Fig. 2.

In a full stroke operation, each displacement cham-
ber is either using an idling (Inactive) or a motor-
ing (Active) stroke during a shaft revolution. In an
idling stroke, the HPV is kept closed and the LPV is
kept open during the full revolution, resulting in a low
chamber pressure and thus no work. During a motor-
ing stroke, the low-pressure valve is closed and the
high-pressure valve is opened during the intake part
of the stroke, where high-pressure fluid flow enters the
pressure chamber and drives the motor shaft. The dis-
placement fraction input, oy, is hence the fraction of
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Fig.3 Vander Hoven power spectrum of horizontal wind speeds

[11]

activated cylinders and thus determines the amount of
pressurized fluid flow used to drive the motor shaft. A
pumping stroke is not considered in this work, since the
motor displacement reference is positive during normal
operation.

3 Mathematical modeling

The system model comprises a turbulent wind model,
a simplified model of the turbine main dynamics and
aerodynamic efficiency, as well as a model of the hydro-
static transmission, including the digital fluid power
motor.

3.1 Turbulent wind model

Full-field flow time-series data of the wind speed are
given as input to the turbine model. The data are gen-
erated by use of the open-source software TurbSim by
NREL [15,16], where the IEC 61400-1 normal turbu-
lence model and Kaimal turbulence spectrum are uti-
lized. A low turbulence intensity of 12 % is arbitrary
chosen since offshore operation at no specific site is
considered.

To include the stochastic wind disturbance effect
in the control design, a nonlinear model of the turbu-
lence wind speed is presented. The wind speed may be
divided into two distinct components given as

v(t) = v+ Av(t) (@))

where v is the slowly varying mean wind speed and
Awv(t) is the rapidly varying turbulent component being
a stochastic process. These two distinct components
may also be viewed on the Van der Hoven power spec-
trum shown in Fig. 3.
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For time-series data of the wind speed of less than 10
minutes, the synoptic peak corresponding to the macro-
meteorology mean wind speed may be treated as con-
stant. The analytical Kaimal power spectrum model
is used to describe the turbulent part and is given by
Eq. (2). The model is provided in accordance with
the IEC 61400-1 standard [3], and is a modification
of the spectrum originally presented by Kaimal et al.
[19].

S(f) = )5/3 ()

where o, and L, are the standard deviation and
scale parameter, respectively, and are specified in IEC
61400-1 [3] as functions of the turbulence intensity.
For a 12 % turbulence intensity o, = 1.94 and
Ly, = 340.2. In this study, a mean wind speed of
v = 8 m/s has been chosen since it corresponds to
approximately the midpoint of operation region II,
where the transmission is used to control the extracted
wind energy (An elaboration of this is documented in
Sect. 4).

3.2 Wind turbine model

The wind turbine considered in this study is the
National Renewable Energy Laboratory (NREL) 5-
MW reference turbine. Its model is combined with the
dynamical model of the digital fluid power transmis-
sion through the use of a MATLAB/Simulink interface.
The dynamics and aero-elastic effects of the wind tur-
bine are simulated by use of the open-source program
FAST (Fatigue, Aerodynamics, Structures and Turbu-
lence program) [17], which model is based on the blade
element momentum theory. For control purpose, a sim-
plified nonlinear model is derived for the main turbine
dynamics. Additionally, a static description of the aero-
dynamic power P; and torque 7, is used and is given by
Egs. (3) and (4), respectively.

1

P = EArpair Cp *, B) U3 3)
1

T = ) Ar Ry pair Cq (4, B) v? 4)

where A; and R; describe the rotor swept area and
radius, respectively, and p,i; is the air density. Cy (4, B)
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Turbine Coefficient

Fig. 4 Power and torque coefficient as a function of tip-speed
ratio at the maximum power pitching angle for the NREL 5 MW
turbine

and Cq (A, B) are the turbine specific power and torque
coefficient, which are nonlinear functions with respect
to the tip-speed ratio, A, and blade pitch angle, B. The
tip-speed ratio is defined in Eq. (5) and describes the
ratio between the tip-speed of the blades and the wind
speed.

(&)

The nonlinear turbine coefficients Cp and Cq are used
actively for optimal power control of the turbine. A plot
of the turbine coefficients as a function of the tip-speed
ratio at the maximum power pitch angle is shown in
Fig. 4.

The maximum power coefficient is identified to be
C, = 0.485 and occurs at a tip-speed ratio of A* =
7.55. This information is used in the control structure
described later in Sect. 4 to maximize the power capture
below rated wind speed.

A simplified model of the turbine dynamics is
derived to be that given by

1 Vy A

o =— | —dr o — i (6)
T Mp
i

where J; describes the combined mass moment of iner-
tia of the turbine rotor consisting of the blades, shaft
and hub. d; is the viscous friction coefficient of the rotor
shaft, Vp is the pump displacement volume per radians
and 7 is the mechanical efficiency coefficient, which
includes the static friction of the shaft.
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Table 1 Parameters of the
NREL 5 MW

Parameter Symbol Value Unit
Cut-in wind speed Vin 4 m/s
Rated wind speed Uy 11.4 m/s
Cut-out wind speed Vout 25 m/s
Air density Pair 1.225 kg/m?
Blade radius R; 63 m
Rotor swept area A 12469 m?
Tower height hy 90 m
Rated rotor speed Wr-nom 12.13 rpm
Rotor and shaft inertia Jr 3.87¢7 kg m?
Viscous friction dr 50e3 Nms /rad
Optimal tip-speed ratio A* 7.55 -
Maximum power coefficient Cx 0.485 -

The main parameters of the NREL 5-MW wind tur-
bine are provided in Table 1.

3.3 Hydrostatic transmission model

The low-pressure line is simplified to be constant, since
it may be externally controlled by a boost pump circuit.
Defining the pressure difference as Ap = pyg — pL, its
dynamics is described by

B |-
dp== | Vpor—0m— ki Ay (7
VH ——
Op

where B. is the effective oil bulk modulus, Vyy is the
volume of the high-pressure line and £ is the leakage
coefficient between the high- and low-pressure lines.

3.4 Digital displacement motor

The utilized mathematical model of the digital machine
is inspired by Roemer [39] and is based on the
schematic of a single cylinder chamber shown in Fig. 5.

V¢ is the chamber volume and Ay, is the piston area.
The piston displacement x;, as a function of the shaft
rotation angle 6 is described by Eq. (8), where r. is the
eccentric radius.

xp (0) =re (1 —cosh) (8)

- ——

<  H

Ap P X Py

LVC' -
||__‘
I
>
R

—>
Q PV

Fig. 5 Schematic of a single pressure chamber with definition
of model variables

With the piston displacement volume described by
Va = 2re Ap, the chamber volume and its time deriva-
tive is given as

v, ) Vi .
vc(e)zid (1 —cos6) + Vo vc(9)=7d9 sin @
©)

where Vj is the minimum chamber volume. Apply-
ing the continuity equation to the pressure chamber, its
pressure p. is described by

Be

=V (Qupv — Orpv — Vo) (10)

Pe

By use of the orifice equation, the flow through the
high- and low-pressure valves (Qppy and Qppy) are
expressed as
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Table 2 Parameters of the

hydrostatic transmission Parameter Symbol Value Unit
Pump mechanical efficiency Np 0.95 -
Fixed pump displacement Vp 121.88 L/rad
Pipeline length Iy 10 m
Pipeline internal diameter d, 100 mm
Transmission line volume Vu 78.54 L
Effective bulk modulus Be 16000 bar
Transmission leakage coefficient ky 0.1 L/bar
Low pressure PL 5 bar
Synchronous motor speed ®m 1500 rpm
Motor piston area Ap 79 cm?
Motor eccentric radius e 37.5 mm
Motor displacement volume Vi 498.57 cm?
Chamber flow coefficient kg 0.5-10° Jpa s/m?
Valve actuation time ts 1 ms
HPYV closing angle OH-cl 148.2 deg
LPV closing angle Ol 334.7 deg
Nominal pressure Apnom 350 bar
Nominal rotor torque Tr-nom 4.25 MN m

XH .
Oupv = — /|pu — pclsign (py — pe)

b (11
L .
Orpv = o VIpe — pLlsign (pc — pL)

where Xy and X, are normalized valve plunger posi-
tions of the high- and low-pressure valve, respectively,
and kg is the valve flow coefficient. The valve dynam-
ics is simplified to be described as a constant plunger
acceleration given in Eq. (12) for valve opening. The
constant acceleration approximation omits the dynamic
description of the actuation and fluid forces, as well as
the stiction effects [31,42,44], which entail impractical
and long simulation durations.

4/2 0<t<t)2
aw= Y Jor 0=t =0 (12)
—4/12 for tJ2 <t <t

where ¢ is the valve opening/closing time. The con-
stant acceleration results in a smooth plunger position
with a maximum velocity at the midpoint between fully
closed and open. The valve closing is similar described
as dy. = —Qy4.

@ Springer

The motor flow intake Qp, is the sum of flows
through each individual high-pressure valve given by

N

m=_ Qupv(i) (13)

i=1

where N = 42 is the number of pressure chambers.
The parameter values used in the mathematical model
of the hydrostatic transmission are provided in Table 2.

3.5 DDM operation strategy and simulation results

The digital valves are controlled by actively closing
them at an angle of Oy.c; and 6; . for the high- and
low-pressure valve, respectively. Passive valve opening
is utilized where the high-pressure valve is opened due
to pressure force when p. > py and the low-pressure
valve is opened due to suction when p. < pr. Sim-
ulation results of a pressure chamber for a motoring
and an idling stroke are shown in Fig. 6 For the idling
stroke, the high-pressure valve is kept closed and the
low pressure valve is kept open during a full revolu-
tion, resulting in no chamber pressurization. For the
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Fig. 6 Simulation results for a single pressure chamber

motoring stroke, the low-pressure valve is closed at
61-c1 near top dead center (TDC), resulting in a pres-
sure build up, followed by a passive opening of the
high-pressure valve. A backflow into the high-pressure
line is created momentarily due to the chamber pressure
exceeding the high pressure. During the intake stroke
part, high-pressure oil is entering the pressure cham-
ber and thereby driving the piston and eccentric. Near
bottom dead center (BDC) at 6y.¢], the high-pressure
valve is actively closed causing a de-pressurization
due to piston extension. This further results in a pas-
sive opening of the low-pressure valve due to suc-
tion.

Since the pressure chamber dynamics is very fast
compared to that of the wind turbine, the pressure
chamber model has been solved for various high pres-
sures and the results has been implemented in a look-up
table for a significantly reduction is simulation time.

4 Wind turbine operation and control objectives

The conventional operation strategy for a variable-
speed variable-pitch wind turbine is divided into four
regions dependent on the wind speed. In this paper, the
turbine control has been limited to region II between
cut-in wind speed, vi, and rated wind speed, vy, since
the turbine is solely controlled by the transmission
system in this region. Therefore, the pitching system
and control of it is not investigated in the presented
work.

4.1 Region II control

In the outer turbine control level, the popular k w?
control law is used, which yield a good compromise
between maximum power capture and rotor torque
fluctuations. It is found in Fig. 4 that the maximum
power capture is obtained by maintaining the opti-
mal tip-speed ratio, 1*, yielding the maximum power
coefficient Cj. Combining this information with the
static rotor torque equation in Eq. (4) and the fact that
Cp (A, B) = ACq (X, B), the k w? control law is derived
to be that given by

1 Cp (O, B) [ Rer\?
TrZEArRrpair P)L r)Lr
1 cy (14)
Tr* = 5 Ay R? pairr:; wz
K>

The rotor torque reference r;* is thus only a function
of the rotor speed w;, why the high-frequency wind
speed fluctuations are filtered away in the control law,
at the cost of a minor reduction in optimal tip-speed
ratio tracking. Since the rotor torque in this study is
controlled by the DFP transmission, the rotor torque
reference is converted into a difference pressure refer-
ence by static use of Eq. (6) resulting in

AL = () —dr o) 2 (15)

Vo

4.2 Wind turbine control structure

The proposed control structure takes basis in the objec-
tive of accurately controlling the difference pressure,
Ap, by the motor displacement fraction, o, using a
full stroke operation strategy and state feedback. The
proposed feedback control strategy is shown in Fig. 7
and is similar to that applied for a conventional fluid
power wind turbine transmission by various authors
[5,21,54].

A pressure controller is seen to act on the pressure
reference, A;;, based on the measured states, Ap and w;
and output a motor displacement fraction reference o},
being between O and 1. The displacement reference is
converted into a pressure chamber activation sequence
by a delta-sigma pulse density modulator, determine
whether the current cylinder chamber should use a
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Pump generator
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Fig. 7 Control structure for hydrostatic wind turbine transmis-
sion
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—

Fig. 8 First-order delta sigma Modulation block diagram

motoring or an idling stroke as proposed by Johansen
etal. [13]. The chamber activation sequence oy, is thus
a binary signal, which time average output is equal to
the displacement fraction reference.

The decision to either use a motoring (Active) or an
idling (Inactive) stroke is performed once every rev-
olution for each cylinder. As a consequence, the sys-
tem nature implies use of discrete control. The discrete
sampling time, T, is therefore dependent on the motor
rotation speed and the number of cylinders given as

2
wm N

T = (16)

where o, = 6 is the motor rotational speed, such that
Ts = 0.952ms for w; = 1500 rpm. This corresponds to
a decision for every 6 = 2 /N = 8.6° of shaft angle
rotation.

4.3 Delta-sigma modulator

A discrete first-order DSM is utilized in this study, but
theoretically any 1 bit analog-to-digital converter may
be used. A block diagram representation of the discrete
first-order DSM is shown in Fig. 8.

The modulator consists of a discrete time integrator
and a quantizer in a feedback structure. The integra-
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Fig. 9 Linear representation of delta sigma Modulator

tor is hence acting on the displacement fraction error
and thereby yielding a time average approximation of
the input. As a result, the quantizer of the modulator
introduces an additional high nonlinearity to the control
system.

5 Linear model approximation

It is evident that the system comprises a number of
severe nonlinearities and stochastic disturbance effects.
Stochastic optimal control of nonlinear systems is a
mature field with numerous applications [12,24,51].
Both continuous and discrete stochastic linear opti-
mal control has been successfully applied for control
of variable-speed wind turbines [20,23,35]. On this
basis, linear optimal control is the strategy of choice in
present study. However, the use of optimal linear con-
trol of digital displacement machines is a new field and
is unconventional since most of the states are binary,
which becomes evident in the following section. In con-
sequence, a linear approximation of the system non-
linearities is derived and used to set up a state model
describing the system dynamics.

5.1 Delta-sigma modulator

The modulator may be considered linearly by assuming
the quantizer as an additive noise input n as illustrated
in Fig. 9.

The noise input is hence a time varying value
between £ 0.5 describing the discretization error. A
linear transfer function representation of the modula-
tor is derived to be that given as

z—1

Y (z) = % Un(z) + N(z)

(17
Ymk) = umk — 1) +n(k) —n(k — 1)

The output of the linear representation of the first-order
DSM is hence a single sampled delayed input together
with the noise input discrete differentiated.
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The quantization error noise n(k) may be described
as a white noise source with intensity Oy, in accor-
dance with Reiss et al. [38]. For a one bit quantizer,
the discretization step size is ¢ = 1, resulting in the
quantization error span —% < e¢q < —%. The noise
error may be assumed to be statistically described by a
uniform distribution function with mean error eq = 0.
The noise power is then identified by investigating the
quantizer error variance determined by

q/2 2
2 q
/ eqdeq =3 (18)
—q/2

0l = E(eq —2)") = é

Since the quantizer disturbance is to be described with a
white noise input, the power spectral density of itis also
uniformly distributed across the frequency range of the
Nyquist band. The power spectral density function of
the quantization noise then becomes

2
% = 04 (19)

De(f) =
) *

where f; = 1050Hz is the sampling frequency.
The error noise filter is therefore given by n(k) =
/Oqwa(k), where wy (k) is a white noise input having
unity intensity. Inserting this expression into the linear
discrete modulator model given in Eq. (17) yields

Yin(k) = um(k — 1) + v/ Q4 wa(k) — /Qa wa(k — 1)
(20)

In conventional stochastic optimal control, itis assumed
that the disturbance is Gaussian white noise having a
normal distribution. Despite the modulator noise hav-
ing a uniform distribution function, the estimator to be
designed is still the optimal linear one [4].

5.2 Digital fluid power motor

The non-smooth behavior of the digital fluid power
flow dynamics complicates the construction of a linear
approximation by the conventional first-order Taylor
series expansion method. Alternatively, in this study
an approach based on a direct discrete linear approxi-
mation of the continuous non-smooth motor dynamics
is used to overcome this difficulty. The model is derived
by approximating each motor flow between samples by

12 LI S S A L e

Normalized volume, Vc

Sampling number and angle

Fig. 10 Tllustration of motor displacement fraction output as a
function of sampling number

Eq. (21) and thereby neglecting the transient pressure
dependency.

_dVe(0(1)
- dt

Vi , - _ V. _
QupvIk] ~ Td (Ve(®1k + 17) — Vc(e[k]>)=7d AV[K]
1)

Ounpv

where V. is the normalized displacement volume. The
discrete motor model is derived based on Fig. 10, show-
ing the normalized displacement volume as a function
of sampling number and shaft angle.

With 42 pressure chambers, a full motoring stroke
ideally last for 21 samples between 0 < 6 < m. Due
to valve actuation dynamics, 6 .cr, is located ahead of
this and two delay samples are introduced such that
motoring starts just before sample k = 3. Samplek = 0
is the chamber activation decision sample and thus lies
at 6 _cL.

Since the HPV must be closed in time for the LPV
to be fully open at 6 = m, it is not possible to utilize
a full motoring stroke. ¢ indicates the angle where the
high-pressure valve is half way closed, which is the
midpoint angle between 8¢ and the angle where the
valve becomes fully closed. ¢ should hence correspond
to the best discrete estimate of when motoring stops.

The motor displacement fraction, oy, is described
by a sum of displacement fractions between sam-
ples during motoring based on the convolution sum
method presented by Johansen et al. [14] and is given
in Eq. (22). Also, an expression for the approximated
motor flow is provided.

k
omlk] =) AVelk —m] &mlm]

m=0
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Onmlk] = T
—

kq

amlk] (22)

where the displacement fractions are calculated by
Eq. (23), which may be validated from Fig. 10.

0 O1k1, 01k + 11 ¢ [0; ¢]
VeOlk + 11) — Ve (0Lk]) 01k, 6k + 11 € [0; ¢]
Ve (0[k + 11) — V.(0) Olk] <0 < O[k + 1]
Ve(@) — Ve(O1k]) Okl < ¢ < Olk+1]
(23)

It is seen that the displacement fraction is O outside the
interval 6 = [0 ; ¢], resulting in it being O outside the
sampling interval k = [2 ; 20].

A comparison of the digital motor flow described by
the discrete linear approximation model and the non-
linear dynamic model is shown in Fig. 11.

The discrete linear model approximation is seen to
have a great accuracy, with the exception that it does
notinclude valve and pressure dynamics, why the back-
flow is not seen. Due to the fairly high accuracy in the
majority of the motor stroke, the linear approximation
is considered validated and used to describe the digital
motor flow when designing controllers.

5.3 Turbulent wind model

The turbulence wind speed is modeled as a linear filter
with white noise input given by v(r) = H, (1) wi (1),
where the white noise has intensity I7,. The power
spectrum of the output v () of the linear model is given
by Eq. (24).

800 T T T T T T T 60

. . . . . . .

0
001 0015 002 0025 003 0035 004 0045 005
Time [s]

Fig. 11 Comparison of the linear and nonlinear model of the
digital motor flow
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Fig. 12 Normalized magnitude of the Kaimal spectrum and
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Py(w) = Hy(j w) [Ty Hy(=j w) (24)

A linear approximation of the power spectrum is thus
necessary and is derived to be that in Eq. (25), based
on the approach described by Vepa [52].

402 Lu 402 Lu
¢v(w): l; v 573 % U v 5
(et (s 2))

(25)

where w. = 27 v/L, and ky is a frequency factor spec-
ifying at which frequency the approximation is most
accurate. From the Van der Hoven frequency spectrum
of the wind shown in Fig. 3, it is identified that the tur-
bulent peak has a frequency band between 20 and 200
cycles/hour, corresponding to 0.035 < w < 0.35rad/s.
The optimal frequency factor is determined from the
semi-logarithmic plot of the normalized power spec-
trum function shown in Fig. 12.

A reasonable approximation for the desired fre-
quency band is found for k, = 100. By using Eq. (24)
and Eq. (29), it is derived that the state representation
of the linear filter is given by Eq. (26) when the white
noise input has unity intensity.

V=——=v+2w. 0y, —— W
N OV ke (26)
——
a b,
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5.4 Aerodynamic rotor torque

A linear approximation by first-order Taylor expansion
of the aerodynamic rotor torque is derived to be that
given as

8t = Ly A; R P C, ()\, ﬂ) v | =1, A=)1*, B= )
i s v=0,A=. =
T ; B r K Pair Lq JA=2%, =0 v

key
kry = Ar Ry pair Cq()l*a 0)v

87 = key v —> Sv = k) 67,

@7

By combining Egs. (26) and (27), the linear model
of the rotor torque described as filtered white noise
is given as

T = —dy Ty + key by w1 (28)

6 State model representation

To allow for discrete optimal control, a discrete state
representation of the system dynamical equations is
required. Therefore, the continuous transmission and
turbine model is initially discretized and afterward
combined with the discrete motor and modulator mod-
els.

6.1 State-space representation

The linear continuous state-space representation of the
turbine and transmission dynamics is given in Eq. (29)
and is obtained by combining Egs. (6), (7) and (28).

i -4 - 2 Te 0 0
Ap | = % Vp _ ‘% k0 Ap - % Om + 0 wy (1)
4 0 0 —a]Lu 0 | 7 |kewby

- = _—

u(r)
—— ———
x(1) A x(1) B G

yo =y 1 o] 50 29)

[—;
c

To ease the controller design in the following sec-
tion, the plant has been normalized by the diagonal
matrix H = diag {[wr»nom Apnom Tr-nom]} containing
the nominal/rated state values.

A discretization of the continuous model is per-
formed to allow for discrete control. In the discretiza-
tion approach, a zero-order hold input to the continuous
plant is assumed, although the motor flow truly is time
varying between samples. This approximation is, how-
ever, justified by the relative high number of cylinders.
The discrete state-space representation of the transmis-
sion and turbine model is given by

x(k + 1) = Ap x(k) + By u(k) + Gp wy (k)
y(k) = Cp x(k)
Ap=eT By=A"' (AT -1) B
C,=C G, =A"(A,-1) G (30)
The discrete convolution sum model of the digital

motor derived in Eq. (22) is rewritten into state space
form resulting in

ug (k) 00---00] [ugk—1) 1
ug(k — 1) 1000 |ugtk—2) 0
ugk=2) | {0100 fugtk=3) | O]

uglk — p+ 1) 00--10]| |ugtk—p) 0

—_— ——

xd(k+1) A4 x4 (k) By
ya(k) = kq [AVc[l] AVe[2] AV[3] -+~ AVc[P]] xd(k)

Cq
+kq [AVeI0]] uq(k) (31

[ ——
Dm

p = 20 indicates the last sampling instance with a dis-
placement fraction A Ve # 0. Also it should be noticed
that AV,[0] = D, = 0, why no direct input/output
coupling is present.

By use of the discrete modulator representation in
Eq. (20), the discrete modulator state model becomes

xmk+1) = [0] xm(k)+ [1] um(k) —[Qa] walk)
—— —— ——
Am Bn Gm
ym(®) = [1] xm(®) + [v/Ca] w2(k)
—— ——
Cm Vin

(32)

Combining the above discrete state-space representa-
tions of the various sub-systems given in Egs. (30),
(31) and (32) results in the complete discrete linear
state model given by
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x(k+1) A, B, Cqy 0
xqk+1) =] 0 Ay BgCn
Xm(k 4+ 1) 0 o Am
x¢(k+1) Ay
™ x(k) )
X | xgk) |+ 0 | um(k)
_xm(k) | Bm
—— S——
x (k) B¢
_Gp 0
wi (k) _1Cp00
Lo mv | 0] v =[G o] xw
L 0 — Gm_ —— ———
_NGf‘—“ w(k) C

(33)

A full-state observer is to be designed for the stochastic
controller, why as much information as possible is pro-
vided to the observer. Therefore, all the states except
the two states driven by white noise are chosen as out-
puts.

6.2 Control feedback and integral state

Since linear control theory is to be used, a linearization
of the K w? law given in Eq. (14) is necessary. A linear
expression of the pressure reference given in Eq. (15)
is derived to be that in Eq. (34).

do* () 0
A; = (;,Trr|wr=wo Wy — dy wr) 7};
A= QK op—d) 2 o G4
v
p
—_—
K(z)r

where the rotor speed linearization point is determined
as wy = %‘_ﬂ

An integral state acting on the pressure error is intro-
duced such that the closed-loop system achieves unity
dc-gain. The expression for the integral state is derived

to be that given by

Xint = AP* — Ap = Kyr or — Ap
Xint(k + 1) — xint (k)
T

Xint

Xint(k +1) = [Kor Ts —T] [“’r(k)]+xint(k> (35)

- 2 |4pk)
K \H,—J
Y y(k)
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Zin(k +1) = Ky [Cp 00] x(k) + xim (k)
N — e’
CY
The complete state model appended with an integral

state becomes that given in Eq. (36), by combining
Eqgs. (33) and (35).

Xk + 1) | Cy 1 Xint (k) 0 "
— ———— =

x5 (k+1) A X (k) B
G
+[ 0‘] w(k) yik) = [Ci 0] (k) +v(k)  (36)
———
———— Cs
Gs

v(k) is ameasurement noise vector describing potential
sensor noise disturbances.

7 Controller synthesis

A deterministic and a stochastic optimal controller
are designed, where the deterministic is a Linear
Quadratic Regulator (LQR) and the stochastic is a Lin-
ear Quadratic Gaussian (LQG) controller. The LQG-
control problem consists of two subproblems being the
LQR-control problem and the LQE-estimator problem.

7.1 LQR optimal control design

Since the LQR-control problem is also a part of the
LQG-control design, only the LQG-design is docu-
mented. For the LQR-controller the same design pro-
cedure is applied, but where the two disturbance states
are truncated.

The LQR-control problem is to minimize the
quadratic cost function given in Eq. (37) by providing
the optimal control input u, (k).

7 =3 (%0 Qxk) + un®” Run(®)) (37)

where R = RT > 0and Q = Q7 > 0 are positive def-
inite weighting matrices. The input weighting matrix
R specifies the importance of minimizing the control
effort, and the state weighting matrix Q specifies the
importance of driving the states to zero. The feedback



Optimal control of a wind turbine with digital fluid power transmission

control law um (k) = — KX (k) + Kin¢ Xin¢ has the opti-
mal solution of the feedback gain vector given as

K, = (BSTSBSJFRYl (BT sA,) (38)

where K¢ = [K Kim] is the feedback gain vector. S =
ST > 0 is the unique positive-semi-definite solution to
the Ricatti equation given by

0=ATSA,-S+Q

— (Al'sB,) (BSTSBS+R)7] (BI'sA,)
(39

The state weighting matrix has been specified rela-
tive to an input weighting matrix chosen as R = 1.
With the objective of minimizing the reference track-
ing error, the integral state is weighted high, resulting
in Q = diag {[0 0---0 10]}. For both the LQG and
LQR-controllers, a weighting of 10 on the integral state
and O for all other states is chosen. As a result, the
control problem has been reduced significantly from
being rather complicated to tuning of a single parame-
ter, being the weighting of the integral state.

7.2 LQE optimal state estimation

The optimal state estimation is done by use of a discrete
Kalman filter having the state equation given by.

Xk +1) =Acx(k) + Brum(k) + L (Yt(k) - }A’(k))
y(k) = Cy % (k)
(40)

The optimal estimation problem is to determine the
Kalman filter gain L, which minimize the variance of
the state estimation error expressed as

A T A
T = E{x® - %®)" (@ -x@)]  @n
The noise covariance matrices necessary for designing
the LQG controller is provided in Eq. (42). Itis assumed
that there is no cross-correlation between the state noise

w and the measurement noise v.

E{w(k)w(k)T}zw E{v(k) v(k)T}zV (42)

The optimal solution to the Kalman filter may be
derived to be that given by

—1
L=APC] (CPC]+V) (43)

where the matrix P = PT > 0 is the unique positive-
semi-definite solution to the steady-state Ricatti equa-
tion given by

0=APAT —P+GWGT

. (44)
—APCT (CtPC[T—i-V) CPAT

A measurement noise of ¢ = 1 % has been assumed
for both the pressure and rotor speed, while no mea-
surement noise is present for the binary motor states.
As a result, the measurement noise covariance matrix
becomes V = diag {[62 0. O]}

The state covariance matrix is obtained by finding
the power of the disturbance states. The power in the
quantizer error state is found in Eq. (19) to be Qg4. The
power in the aerodynamic torque state is identified from
the discrete algebraic Lyapunov equation given by

Ap QA — 0.+ G, T, G} =0 (45)

where [1, = 1 is the white noise intensity. As a
result the state noise covariance matrix becomes W =
diag { [Qr Qd] }

A block diagram representation of the LQG closed-
loop control system is shown in Fig. 13. In the LQR
case, no estimator and noise inputs are present and the
designed controller acts directly on the measured states.

8 Simulation results

The performance of the optimal controllers is investi-
gated by simulation in the nonlinear dynamic model
of the NREL 5-MW turbine including the DFP trans-
mission and using the generated full-field flow wind
profiles as input. Additionally, the performance of the
optimal controllers is compared to that of the NREL
PI-controller, with a conventional transmission system
described in [17]. The simulation results are shown in
Fig. 14 for a mean wind speed input of 8 m/s. It is
seen that the output response using the three different
controllers are quite similar. The results reveal that the
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Plant
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Fig. 13 Block diagram of the LQG-controller

PI-NREL

LQG-DFPT

LQR-DFPT
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Time [s]

Fig. 14 Simulation results for NREL 5 MW turbine with turbu-
lent wind profile, v = 8 m/s

rotor speed using the PI-controller has a minor offset
with respect to the optimal controllers. This is caused
by the gain used in the K > control law which is not
the precise optimal one in the NREL PI-controller. For
a clearer view and to compare the pressure tracking
performance of the two optimal controllers, a zoomed
view of the pressure difference is shown in Fig. 15.

@ Springer

0 L . . | |
100 100.01 100.02 100.03 100.04 100.05 100.06 100.07 100.08 100.09 100.1
Time [s]

Fig. 15 Zoomed view of simulation results for NREL 5 MW
turbine with turbulent wind profile, v = 8 m/s

The simulation results shows that both controllers have
a great pressure tracking performance with a maxi-
mum pressure error of &~ 2 bar. No tracking perfor-
mance improvement has thus been obtained by includ-
ing the wind and quantization disturbances. The step-
wise behavior of the LQR-control signal, &%, is not seen
for the LQG-controller, since the estimated states are
not limited to being binary. The significantly smoother
control signal is, however, quantized afterward, why
it does not contribute to an improved transient perfor-
mance. An improved disturbance rejection might have
been obtained, but the shown simulation results are
inconclusive with respect to this. It is expected that an
improved disturbance rejection may be obtained with
a LQG-controller if an integral state is not added to
the system, but this has not been investigated. Both
controllers have similar fluctuations in the pressure
response with an amplitude in the range of & 2 bar. The
pressure fluctuations are a direct result of the large peak
in the motor flow due to the activation of a single addi-
tional pressure chamber. It is therefore assessed that a
significant increase in tracking performance and reduc-
tion in torque fluctuations are hardly achieved control
wise. Instead a hydraulic accumulator and/or a partial
stroke operation strategy is expected to improve the
transient performance. It should be noted that a partial
stroke operation entails several difficulties, since a time
varying model is obtained with the presented approach
(or avague linear approximation at a displacement frac-
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tion) and the valve closing angles has to be estimated
for every actuation.

9 Conclusion

In this paper, a control strategy for a full stroke operated
digital displacement machine is presented. In the pro-
posed control strategy, a model-based design approach
for feedback control of a digital transmission-based
variable-speed wind turbine is developed. A lineariza-
tion method of handling the combination of nonlinear
continuous dynamics with discretely updated binary
inputs is given and allows for use of linear control the-
ory. A stochastic (LQG) and a deterministic (LQR)
optimal controller have been synthesized, with the
objective of accurate pressure reference tracking for
optimal energy extraction. Simulation results reveal
that both controllers are able to track the optimal rotor
speed similar to a conventional transmission with cor-
responding controller. It is therefore rendered prob-
ably that it is possible to utilize linear model-based
feedback control for such system with nonlinear con-
tinuous, discrete, binary and stochastic effects. The
LQG-controller with disturbance compensation does
not improve the tracking performance compared to
the LQR-controller under the tested conditions. This
indicates that the simpler LQR-controller with integral
state is sufficient for accurate tracking performance. It
is assessed that a significant improvement in tracking
performance and torque fluctuation reduction is hardly
achievable simply by control if a full stroke operation
strategy is used without a hydraulic accumulator.
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ABSTRACT

The design and analysis of feedback controllers for digital
displacement machines requires a control oriented model. The
displacement throughput of a full stroke operated machine is al-
tered on a stroke-by-stroke basis at fixed rotation angles. In the
case of a fixed speed operation, it may be treated as a Discrete
Linear Time Invariant control problem with synchronous sam-
pling rate. To make synchronous linear control theory applica-
ble for a variable speed digital displacement machine, a method
based on event-driven control is presented. Using this method,
the time domain differential equations are converted into the spa-
tial (position) domain to obtain a constant sampling rate and
thus allowing for use of classical control theory. The method is
applied to a down scaled digital fluid power motor, where the
motor speed is controlled at varying references under varying
pressure and load torque conditions. The controller synthesis is
carried out as a discrete optimal deterministic problem with full
state feedback. Based on a linear analysis of the feedback con-
trol system, stability is proven in a pre-specified operation re-
gion. Simulation of a non-linear evaluation model with the con-
troller implemented shows great performance, both with respect
to tracking and disturbance rejection.

INTRODUCTION
Due to the fast power level increase in wind and wave en-
ergy, focus has in the recent years been drawn towards improv-

Per Johansen
Torben O. Andersen
Fluid Power and Mechatronic Systems
Department of Energy Technology
Aalborg University
9220 Aalborg East, Denmark
Email: pjo@et.aau.dk; toa@et.aau.dk

ing large scale power transmission systems. One high potential
solution is to utilize a digital fluid power transmission, which
replaces the conventional mechanical gear box. One promising
fluid power machine topology is the digital displacement ma-
chine, which is characterized by having a modular construction
with numerous displacement chambers controlled by electrically
actuated on/off valves. A detailed description of the digital dis-
placement technology is not covered in this paper, but may be
found in several other publications [1-6].

To enhance the use of Digital Fluid Power (DFP) machines
in large scale transmission systems requires applicable control
algorithms, which are complicated to develop due to the non-
smooth behavior of the machines. So far only limited research
within control of digital displacement machines has been con-
ducted, which have mostly been limited to open-loop control
at a fixed speed operation and under simplified load condi-
tions. Ehsan et al. [2] presents a full stroke valve timing control
method, where the actuation decision is determined by an es-
timation of the displacement volume. Heikkild and Linjama [7]
extended the method to include oil compressibility. A multi-level
flow control strategy comprising both partial and full stroke op-
eration is proposed by Xubin [8]. Here the valve activation deci-
sion is determined based on preprogrammed flow requirements.
Armstrong and Yuan [9] presents a two level strategy for speed
control, where the outer loop is a PI speed controller and the
inner control loop identifies the optimal cylinder actuation se-
quence based on the torque requirement. Sniegucki et al. [10]

Copyright (© 2017 by ASME



presents a mixed logical dynamic system representation used for
synthesizing an optimal controller. Despite yielding great perfor-
mance, the method is restricted to offline optimization due to the
large computational effort. A full stroke delta-sigma modulated
feedback control strategy is proposed by Johansen et al. [11].
The same author also presents a discrete linear time invariant
(DLTI) control strategy [12], where the flow throughput is de-
scribed as a convolution sum of impulse responses of each dis-
placement chamber. Pedersen et al. [13] combined the method
of using a delta-sigma modulator and describing the digital ma-
chine dynamics by a DLTI model for optimal control of a digital
fluid power wind turbine transmission.

The contribution of this paper is an extension to the com-
bined DLTI and delta-sigma modulation method, making it appli-
cable to speed varying digital displacement machines. To over-
come the problem with the sampling being position dependent
instead of time dependent, event-driven control theory is utilized.
Here the dynamics of the system is described in the spatial (po-
sition) domain, which results in a synchronous control system
with a fixed update angle, allowing for classical linear control
synthesis. The method has previously been successfully applied
for control of DC-motors with variable speed and a very low res-
olution encoder [14-16]. The method is exemplified by speed
control of a digital displacement motor under varying load and
pressure conditions.

1 System description and model

In this paper, only the motor part of a digital fluid power
transmission is considered to reduce the comprehensiveness of
modeling and analysis. The performance of the control system
to be designed is tested by simulation in a non-linear model of the
system. The non-linear model of the digital motor displacement
chambers is documented in the paper by Pedersen et. al. [13] for
a 5 MW motor comprising of 42 cylinders. However, to reduce
the complexity further, the motor has been downsized to include
15 cylinders.

The simplified system under consideration in this paper con-
sist of a digital displacement motor connected to a high and a low
fluid power pressure line as illustrated in Fig. 1. The motor flow,
Om, and motor torque, T, throughput of the machine may be
altered by the displacement fraction input, o4, € [0, 1]. In this
paper the motor torque is altered for speed control with the pres-
ence of a disturbance torque 74. To test the linear controller under
varying operation conditions, the pressure py is varied in a spec-
ified region by the flow Q4. The proposed control strategy is also
valid for pressure control of a speed varying digital machine, but
this is not investigated in this paper.

For feedback control development, a dynamic model of the
system is necessary. The pressure and speed of the system is
described by the following differential equations

FIGURE 1. ILLUSTRATION OF THE SIMPLIFIED SYSTEM
USED AS BASIS FOR CONTROL DEVELOPMENT AND TEST-
ING.

%’ = }(rm(t)—drw(t)—fd(f)) |
dpu _ Be k .
P - V—H(Qm(t) —Qu(t) — ki pu(t))

Here a simplified viscous friction term is used having the coeffi-
cient d;. J is the shaft mass moment of inertia, f3; is the effective
bulk modulus of the fluid, Vg is the volume in the high pressure
line and £ is the leakage coefficient. The parameter values used
in the model are provided in the table below

TABLE 1. Parameters values used in the model

Parameter symbol | value Unit
Viscous friction d; 7.5 N s/rad
Inertia mass J 120 kg m?
Leakage coefficient ky le-12 | Pam?/s

High pressure volume \% 4 m?

Effective bulk modulus Be 16000 bar

1.1 Digital fluid power motor

The digital displacement motor is a radially piston type
machine, with distributed cylinders placed around an eccentric
shaft. The pressure level of each of the cylinder chambers are
controlled by electrically actuated fast switching on/off valves as
illustrated in Fig. 2. The motor has 5 cylinders in each module
and 3 modules for a total of 15 cylinders. Each module is radi-
ally shifted with respect to each other, to yield a constant angle
between each of the 15 cylinders. A comprehensive non-linear
mathematical model of the digital displacement motor used for
model validation, as well as controller evaluation and testing is
documented in [13]. Therefore only a brief summarization of
the governing equations is provided in this paper. The pistion

Copyright (© 2017 by ASME



FIGURE 2. ILLUSTRATION OF THE RADIAL PISTON TYPE
DIGITAL DISPLACEMENT MOTOR AND ONE PRESSURE
CHAMBER.

displacement, xp,,, as function of the shaft angle is described by
Xm (0) =re (1 —cos(H)) 2)

Where r, is the eccentric radius. The cylinder chamber volume,
V. is then given as

ww)z%ul—mqe»+%
3

%@:%ém@

Where Vj is the minimum chamber volume and Vyq = 27 Ap, with
A, being the piston area. The pressure dynamics in one displace-
ment chamber is given by

Pe= (QH —0L— Vc) @

Where Qy and Q. are the flows through the high and low pres-
sure valve respectively. The flow through these valves is de-
scribed by the orifice equation and is given by

XL .
oL = WV |pe — pL|sign (pe — pL)

N %)
X] .
On = 7]: V/|pH — pe|sign (pu — pc)

Where ¥y and X, are the normalized valve position of the high
and low pressure valve respectively and s is the valve flow co-
efficient. The valve dynamics is simplified to be described as
a constant acceleration as shown in Fig. 3 for opening of the
valves. Where £ is the valve opening/closing time. This is seen

Velocity [s ']

Normalised position
Acceleration [s 2]

0 0 i
1 3t X .o P
L D T LI D T L S T
Time [s] Time [s] Time [s]

FIGURE 3. Position, velocity and acceleration responses for the on-
off valve.

to yield a smooth position response, similar to what may be ex-
pected if a more detailed model of the valve dynamics and forces
had been used. Despite the simplicity of the valve model, the
important characteristics with respect to system wide control is
captured. For closing of the valve the inverse function of the
acceleration is used.

The torque contribution to the eccentric motor shaft is given
by

dv.(0
=

Va .
Pc= Ed sin(0) pe (6)

The parameters used to set up the non-linear simulation model of
the digital displacement pump is provided in the table below.

TABLE 2. Parameters of the digital displacement motor

Parameter symbol value Unit
Piston area Ap 31 cm?
Piston displacement Te 25 mm
Chamber flow coefficient ke 0.5-10° NIz s/m?
Valve actuation time ts 3 ms
LPV closing angle Ol 333.7 deg
HPV closing angle Ou-cl 147.2 deg
Low pressure pL 1 bar

Simulation results for one pressure chamber during a motor-
ing and an idling stroke is shown in Fig. 4. Using a full stroke
operation, the low pressure valve is closed shortly before TDC
and the high pressure valve is closed shortly before BDC, at an-
gles of 6 ¢ and By for the low and high pressure valve respec-
tively. Passive opening of both valves are utilized such that the
high pressure valve is opened when p. > py and the low pressure
valve is opened when p. < pr..

Copyright ©) 2017 by ASME
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FIGURE 4. Simulation results of a motor pressure chamber during a
pumping and an idling stroke. @ = 1500rpm and py = 300 bar.

The total motor flow, Oy, from the high pressure line and the
total torque output, T, are the sum of each individual contribu-
tions and is given by

N N
Om =Y Ouj Tn =Y T (N
j=1 j=1

Where N = 15 is the number of cylinders.

2 Control strategy and model establishment

A full stroke operation strategy of the digital motor is uti-
lized, where the operation mode of each pressure chamber is al-
tered on a stroke by stroke basis once every revolution. Since the
decision to activate (motoring) or deactivate (idling) a pressure
chamber is done at a fixed rotation angle for every cylinder, the
measure and control signal is updated with the rate of decisions.
An illustration of the proposed control strategy is shown in Fig.
5.

Wmeas
Py Q'm
Tm Td
AZ-
Controller | o Modul: ﬂmm
Wor - odulator —
ref I @m I Qm w
t 1
0>04 —

FIGURE 5. CONTROL STRATEGY FOR SPEED CONTROL OF
THE DIGITAL FLUID POWER MOTOR.

Wrer and Wieqs represent the reference and measured values
of the motor speed respectively. The controller and modulator
updates its value each time the threshold 6 > 64 is meet. Where
64 is the decision angle, where the corresponding cylinder is set
to motoring or idling (64 = 6; ). The controller is seen to out-
put a displacement fraction reference o, which is converted to
a binary actuation signal, &, by a Delta-Sigma Modulator. A
binary value of 1 hence indicates the activation (Motoring) of the
current cylinder and a binary value of 0 indicates a deactivation
(Idling).

2.1 Delta-Sigma Modulator

In this study a discrete first order DSM is used for the binary
quantization, but any 1 bit analog-to-digtal converter is applica-
ble. A block diagram representation of the modulator is shown
in Fig. 6.

FIGURE 6. FIRST ORDER DELTA SIGMA MODULATION
BLOCK DIAGRAM.

The modulator consists of a discrete integrator and a 1 bit
quantizer in a feedback structure. The integrator is acting on the
displacement error, such that the output is time averagely equal
to the input.

2.2 Discrete Motor Approximation

Due to the digital nature of the machine operation, where
the operation mode may only be altered at discrete motor an-
gles, a discrete control oriented model of the digital machine is
established. The sampling time, being the time between each
actuation decision is given by

_ 2z

===
*" N

®

Since the rotational speed of the motor is varying, the sampling
time is asynchronous and classical discrete control theory is not
directly applicable. Therefore, the discrete model is established
in the spatial domain where the constant sampling angle is given
by 6 =27/N. The discrete model of the motor flow and torque
is obtained by considering the instantaneous values for a single
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chamber given as

JARO0) %o o

On di =400

A discrete approximation of the above continuous representa-
tions becomes those given in Eq. (10). In the approximation
the valve and pressure dynamics has been omitted, such that it is
assumed that p. ~ py during the complete motoring stroke.

Qﬂﬂﬂﬁ%(ﬁiﬂk+u)—ﬁiﬂﬂn
~ YN AV K
o i (10)
%l ~ g (8 lk-+ 1)~ 9e(01K) peld
~ 0 k) A

Where V.. is the normalized chamber volume. The displacement
fraction values AV, between samples is obtained by considering
the normalized displacement volume function in Eq. (3) and is
shown in Fig. 7.

Normalized Volume, Vc

R R
x & X ¥ x X X

Sampling number and angle

FIGURE 7. DERIVATION OF FRACTIONAL DISPLACEMENT
OUTPUT AS FUNCTION OF SAMPLING NUMBER.

The active motoring stroke begins at 8 = 0, where a fluid in-
take starts. However, due to valve dynamics the operation mode
decision angle is made ahead at 64. 6y is hence the angle at
which the low pressure valve is closed for an initiation of a mo-
toring stroke. Again due to valve dynamics, the motoring stroke
is ended before 6 = 7, at ¢.

It is seen that the active part of the motoring stroke ends after
7 samples, where the first sample is a delay sample. As a result, a

7’th order difference equation is able to describe the motor output
dynamics.
Using Fig. 7 the displacement fractions are calculated as

0 O[k], 0k +1] ¢ [0 9]
AL = Ve(8lk+1]) —Ve(6[k]) O[k],6(k+1) €[0:9]
¢ Ve(0[k+1]) =Ve(0)  6[k] <0< O[k+1]
Ve(9) —Ve(B[K]) Ok < ¢ < O[k+1]
an

The discrete approximation of the total motor flow and
torque is given in Eq. (12) as a convolution sum of impulse re-
sponses of the individual chamber contributions derived in Eq.

(7).

k

Om[k] =Y AV.[k — m] Gom[m] (12)
m=0

Oulk = 2 ok amlK]  alk] = " pulk] i

Validation of the discrete approximation is carried out by a
comparison between the non-linear and the discrete model with
respect to flow and torque throughput. The result of this compar-
ison is shown in Fig. 8.

c

7, [kNm]

Qy [L/min]

0 w2 kg 32 h 0 w2 kg 3n/2
0 [rad] 0 [rad]

FIGURE 8. VALIDATION OF DISCRETE MOTOR FLOW AND
TORQUE APPROXIMATION. Py = 350 BAR AND @ = 1500 RPM.

Is is seen that there is a great coherence between the discrete
approximation and the non-linear model in the majority of the
stroke. However, since the valve and pressure dynamics has been
omitted, there is discrepancies at the beginning and end of the
active motoring stroke part. A more precise approximation could
have been obtained by manipulating the displacement fraction to
be more accurate, which would include negative fractions in the
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beginning of the stroke. However, the back flow and torque in
the beginning are both pressure and speed dependent and thus
complex to model. Since these discrepancies are relatively small
compared to the complete output, the proposed approximation is
accepted.

2.3 Event-driven control

It is evident that the developed motor and modulator mod-
els are described in the position domain, but the dynamics of the
shaft and pressure is described in the time domain. To combine
these models a transformation to the spatial domain is performed
by use of the relation between the time and angle, being the ro-
tational speed given by

dr(e) 1
de  o(8) 13

Here 1(0) denotes the time at which the shaft reaches the angle 6.
The relation requires the conditions of @(z) # 0 and ¢ > 0, which
holds during normal operation in positive direction. Applying
this transformation to the shaft and pressure dynamics results in

i’T‘;’ _ #W) (T (8) — dr (6) — 74(6))
dpu .Be o
o W(Qm(e) —04(6) — ki pu())

It is clear that the linear model in the time domain is now a non-
linear model in the position domain, which brings complications
when using linear control theory.

2.4 Linear discrete state model

To enable the use of classical linear control theory a small
signal model around a steady-state rotational speed is considered,
resulting in the linear system given by Eq. (15). This method
of linearization is identically to that used before for event-driven
control [14-16] and benefits of maintaining the systems damping
information.

dAw 1
=T (AT (0) — d: A(0) — ATy (6)) s)
djgﬁ - Vf;)() (AQm(6) — AQy(6) — ki Ap(8))

Where @y is the steady state linearization point for the speed.
The continuous model is rewritten to state space form in Eq. (16),
where the disturbance torque and flow has been omitted for the

purpose of deterministic control design.

dA —dy 1

dZTQ _ |7 /(3[3 A® + Ty l(g) ATy

2oy 0 &bt [Apu| " 0 GE| [AOM
H® ] | , HO | ,

Xc

Xc Ac B. Uc
Ao =[10] x (16)

C.

2.5 Linear Discrete model

The continuous model in Eq. (16) is discretized in the po-
sition domain with a sampling size of 6;, to yield a discrete rep-
resentation of the continuous state in the position domain given
as

Xp(k+1) = Apxp (k) + Bp up (k) a7

(k+1) = Cyxy (k)
The convolution sum model of the digital motor displacement
derived in Eq. (12) is rewritten into state space form resulting in
Eq. (18). The flow and torque outputs are seen to be functions of
multiple states, why it is again chosen to linearize the model by
considering small signal operation around a steady state velocity
and pressure.

On () 00007 [am(k—1) 1
O (k—1) 10--00| |am&k-2)] |0
01--00| |@m(k—3)| 4 [0

Om(k—2)

| Om(k—p+1) 00--- 10| |0m(k—p) 0
-~

Xq(k+1) Aq xq(k) By

o] = [Pt0] 180e1) AT - AR )

Cq
(18)

Where p = 7 indicates the last sampling instance with a displace-
ment fraction AV, # 0 and py. is the linearization point for the
high pressure.

Considering the non-linear quantizer of the modulator as an
additive noise input disturbance, the deterministic discrete mod-
ulator state model becomes that in

xm(k+1) = [0] xm(k)+ [1] o (k)
~~

Am Bm (19)
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Combining the discrete state models of the plant motor and mod-
ulator results in

xk+1)] [ApB,Cy4 0 Xp 0
Xd(k-‘r 1) =10 Ay B;C, Xd(k) +10 Ot;;l(k)
xm(k+1) 0 0 A xm (k) B
—_——
x(k+1) A¢ x(k) B
(k) = [Cp 0 0] x,(k) 0)
G
t

The above representation is hence a Discrete Linear Time Invari-
ant state model of the system from modulator input to velocity
output. Despite the representation is given in the position do-
main and the the system has a relatively high number of states,
linear control theory may be applied and a relatively simple con-
trol problem is obtained.

2.6 Control synthesis

The complete state model is appended with an integral state
to yield unity DC-gain and compensate for the plant distur-
bances. The integral state is given as

Xint (k4 1) = xine (k) + (k)

Xint (k+ 1) = Xine (k) + (@ (k) — 0(k)) @)

Where o is the motor speed reference and xjy is the integral
state. The appended state model becomes that given by

|:X)i(r[n((kkt-ll))j| - {—A(l:l ﬂ {xxrt‘((kk))}+ P(ﬂ (k) + m et (k)
—— —— Y =~ NS~

u(k)
x(k+1) A x(k) B Bo
o(k) = [C 0] x(k) (22)
M~
y(k) c

As a consequence of the large number of states it is difficult to
utilize manual pole placement techniques to obtain the desired
closed-loop characteristics. Therefore, a deterministic optimal
Linear Quadratic Regulator (LQR) control method is proposed.

The discrete LQR control problem is to minimize the
quadratic cost function given in Eq. (23) by applying the opti-
mal control input u(k).

s

J=Y (x(k)" Qx(k) +u(k)" Ru(k)) (23)

k

The input weighting matrix R = R > 0 specifies the importance
of minimizing the control effort. Similarly, the state weighting
matrix Q = Q7 > 0 specifies the importance of driving the states
to zero. The full state feedback control law is given by

_ . x(k)
u(k) = — [K Kind] [Xim(k)] 24
K x(1)

The optimal solution for the feedback controller gain vector is
given as

K. = (B"SB+R) ' (B"SA) (25)

Where S = ST > 0 is the positive-semi-definite unique solution
to the Ricatti equation given by

0=ATSA-S+Q

T T ~1 T (26)
—(A"SB) (B"SB+R) (B'SA)

The state weighting is determined relative to the input weighting
matrix chosen as R = 1. Since the control objective is to min-
imize the reference tracking error, the integral state is weighted
with high importance, resulting in

Q = diag { [0 0---0 0.01} } The weighting are made such that
the actuation signal barely goes into saturation if the command
signal is stepped with a high amplitude. However, anti-windup
of the integral state has been added with a feedback gain of 1,
such that saturation does not influence the control performance.

2.7 Stability considerations

Inserting the control law in Eq. (24) into the system state
representation in Eq. (22), yields the closed loop compensated
system with the state equation given by

x(k+1) = (A—BK,) x(k) + B, 0"
—_——

Ay

@7

The eigenvalues of the closed loop system matrix A determines
the dynamic characteristics of the compensated system. Since
the state equations has been linearized around a steady state point
for of the pressure and speed, the operation point may have a
significant influence on the closed loop dynamics. Therefore,
the variation of closed loop pole location has been investigated
to ensure stability within a specified operation region. In this
study the operation interval of the pressure and speed has been
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specified to those in Eq. (28) and the linearization points are
chosen as the midpoint value.

o € [1200 1800] rpm
pu € [250 350] bar (28)
wy = 1500 rpm pHo = 300bar

These values are considered realistic for a high speed motor in a
large scale fluid power transmission system, where the motor is
driving a grid connected generator. The resulting pole locations
when operated at the linearization point is shown in Fig. 9, to-
gether with the location of the worst case operation points in the
chosen operation region.

“oPro
P,
P,

“min’Pmin

“min’Pmax
“maxPmin

“mmax"Pmax | |

0.27/T

Imag

FIGURE 9. CLOSED LOOP POLE LOCATION AT VARYING OP-
ERATION POINTS.

It is evident, that the pole locations are significantly shifted
based on the given operation point, such that the dynamic perfor-
mance of the system is changed accordingly. It is however ob-
served, that the controller is stable within the specified operation
region, although it has been identified that the controller becomes
unstable for very low velocities of approximately @ < 100rpm.
This is also intuitive, since the time between samples are pro-
portional to the operation speed and an increased sample time
adds phase lag to the control system. Therefore, if the operation
region has to be expanded to work in the unstable region it is
necessary to utilize gain-scheduling techniques if the same con-
trol strategy is to be utilized. The impact of chosen linearization
point has been examined as well and it is found that the choice of
high pressure linearization point have a very low impact and only

shift the closed-loop poles marginally. However, when choos-
ing @y = 1000 rpm, the unstable region is reduced to velocities
of approximately @ < 45rpm. Unfortunately, by doing this the
poles for high speed operation @ = 1800 rpm is shifted towards
the vicinity of the unit circle resulting in a reduced performance
with respect to overshoot.

3 Simulation results

The performance of the compensated system has been inves-
tigated through simulation in the non-linear system model. Two
performance test cases has been made, one where the speed refer-
ence is stepped with varying amplitude in fixed intervals at con-
stant load torque and one where the load torque is stepped with
varying amplitude in fixed intervals at a constant speed reference.
In the simulation, the flow Qy is simply a first order filtered ver-
sion of the motor flow with a time constant of 1. This way the
pressure is kept within the desired operation region and it is en-
sured that it is always possible to deliver the desired torque to
maintain the speed reference. The simulation results are shown
in Fig. 10.

250
4000 T T T

Q [L/min]
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0 5000 10000 1500C
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m

FIGURE 10. PERFORMANCE SIMULATION OF THE DE-
SIGNED CONTROLLER.
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It should be noted that the results are plotted as a function
of the shaft position and not the time to maintain a synchronous
control update rate. It is seen that the tracking performance is
great when the speed reference is stepped. A minor overshoot
is seen together with a short saturation in the actuation signal.
This saturation could be avoided by reducing the weighting of
the integral state when designing the controller at the cost of a
slower response time. The disturbance rejection is also seen to
be satisfactory with a maximum derivation of ~ 2 % at a step
of ~ 33 % of the maximum torque. The motor torque and flow
are seen to have severe ripples, which is inevitable due to the
output is discretized by the relative low number of cylinders. A
reduction in ripples could be obtained by implementation of an
accumulator or by using partial stroke operation. This would
however required a re-design of the control system, but the event-
triggered control method would still be applicable.

4 Conclusion

To enable control development for a variable speed digi-
tal displacement fluid power machine, having an asynchronous
sampling rate in the time domain, the method of event-driven
control has been proposed. By transforming the continuous dy-
namic equations from the time domain to the position domain, a
synchronous sampling system is obtained where traditional anal-
ysis and control design methods may be applied. The method
has been applied for speed control of a digital displacement fluid
power motor operating at varying pressure and load torque. Us-
ing linear deterministic optimal control, stability was shown in
a specified operation region, although the closed loop pole lo-
cations are varying significantly with operation conditions. The
designed controller showed great performance, both with respect
to reference tracking and disturbance rejection. The performance
is however limited by the digital nature of the machine, since
outputs are divided into discrete levels when utilizing full stroke
operation.
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Abstract— Successful deployment of the digital displacement
machine (DDM) as the solution for future fluid power pump and
motor units, demands control strategies and dynamical analysis
methods for the technology. For a relatively low speed operated
DDM with a relatively low number of cylinders, a partial stroke
operation strategy is considered a favorable choice in the attempt
of obtaining a smooth response and accurate tracking control.
In partial stroke operation, the energy efficiency and severity of
flow and pressure spikes are highly dependent on the flow and
pressure levels when the on-off valves are opened and closed. A
promising control strategy is therefore model predictive control
(MPC), enabling the control objective to be a trade-off between
tracking performance and energy efficiency. This paper presents
a MPC strategy for a partial stroke operated digital displacement
motor, controlling the pressure in a simplified load system. Since
the discrete MPC model is based on discrete approximations of
the non-smooth machine dynamics, an analysis study is made on
the applicability of the approximation. The control strategy is
validated by simulation in a li model and tested under
different importance weights of set-point tracking relative to
energy efficiency.

Index Terms—Digital Displacement machines, Fluid Power,
Model Predictive Control

I. INTRODUCTION

The digital displacement machine (DDM) is a promising
technology as the solution for the future fluid power pump and
motor units, since the efficiency may be significantly increased
with respect to conventional fluid power machines [1], [2]. The
DDM has a modular design with several individual pressure
chambers, where each chamber has two electro-magnetically
actuated on/off valves controlling the flow to and from the
high and low pressure manifold. This way the displacement
throughput may be lowered effectively for partial load op-
eration, since the individual pressure chambers may be held
inactive at a low pressure. A detailed description of the digital
displacement (DD) technology is published in several papers
[3]-[5]. The simplest and most energy efficient operation
strategy is full-stroke, where the displacement throughput is
determined by the ratio of active pressure chambers, such
that each chamber may either commit its full displacement
or none. Since the control update rate in full stroke operation
is done at fixed shaft angles, the control performance suffers at
low speed. Additionally, full stroke operation yields a discrete

978-1-5386-4785-1/18/$31.00 ©2018 European Union
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output based on the ratio of activated pressure chambers. As
a result, it is considered beneficial to utilize a partial-stroke
strategy for low speed operation, where a fraction of the full-
stroke may be committed for each pressure chamber. The
displacement fraction of a partial stroke operated DD unit
is determined by the angle where the pressure chamber is
deactivated through switching the valve states. However, the
energy efficiency and severity of pressure and flow spikes
depends on the deactivation angle. It is most costly to switch
the valve states at high flow rates occurring at the midpoint in
a stroke, where also the largest pressure spikes are obtained as
a result. Optimal control performance is therefore considered
a trade-off between reference tracking and energy efficiency.

Several research studies on partial stroke operation have
been conducted, but they do in general neglect transient
behavior and energy efficiency. Ehsan et. al. [3] presents a
control algorithm based on a volume estimation needed to
attain the pressure reference in a look-ahead angle. A similar
strategy is proposed by Heikkild and Linjama [6], where the
oil compressibility is included to improve the method. Despite
that these methods show great practical applicability, they do
not enable dynamic model based feedback control and further
do not allow to optimize the energy efficiency.

To enable model based feedback control design and in-
clude energy efficiency as a performance objective, this paper
proposes a model predictive control (MPC) strategy for a
partial stroke operated DD motor, where the cost function
includes the energy efficiency. The discretization method used
for describing the DDM dynamics is based on previous studies
[7], which has been successfully applied for full stroke control
of a digital fluid power transmission for a wind turbine [8], [9].
In this article the partial stroke MPC strategy is exemplified
for pressure control of a simplified load transmission system
and tested in a non-linear simulation model representing the
physical behavior of the DDM. Even though the transmission
test system is simple, the control method of the DDM is
still considered to be applicable for more advanced hydraulic
systems.

II. SYSTEM DESCRIPTION AND MODEL

To evaluate the control performance a non-linear mathe-
matical model describing the digital displacement machine



dynamics is presented. In this paper, a motor operation is
considered, but the presented model and control strategy is
also valid for pump operation. The model is based on the
illustration of the machine shown in Fig. 1.

1 Low pressure mainfold

2 High pressure manifold

3 Low pressure valve

4 High pressure valve

5 Cylinder

6 Piston

7 Cylinder chamber
(Pressure chamber)

8 Eccentric

Fig. 1.
pressure chambers. With inspiration from [10].

Tllustration of the radial piston digital displacement motor with 15

It is seen that the DDM consists of three modules with
five cylinders in each for a total of 15 radially distributed
cylinders. Electro-magnetic actuated on-off valves is seen to
control the flows to and from the high (HPV) and low (LPV)
pressure manifold respectively. How these valves are opened
and closed hence regulates the pressure level in the cylinder
chamber.

The proposed control strategy is to be tested in a non-
linear simulation model representing the physical system, why
the governing equations describing the system dynamics are
presented. The model is inspired by the work in [11], where
a similar machine is modeled. The piston stroke length, x, as
function of the shaft angle is given by

x; =71e (1 —cos(6;)) 6, =60+ ?v—ﬂ (t—1) ie{1,..,N:}
) M

where ¢ is the eccentric radius being equal to half the stroke
length and N, = 15 is the number of cylinders. The cylinder
chamber volume, V' is then described by

Va

Vi=— (1—cos(6;))+ Vo
N @
V= 5" 6 sin(6;)

The chamber volume is given as Vg = Vo = 2 7. A, where
A, is the piston area. The pressure dynamics is described by
the continuity equation and is given by

Be(pi)

OV

(QH,i —QLi— Vz) (3)

where Qu and Qg are the flows through the high and low
pressure valve respectively and [, is the effective oil bulk mod-
ulus, which pressure dependency is modeled in accordance

with [12]. The valve flows are described by a modified orifice

equation yielding
L .
Qu,i TV Ipi — po| sign (pi — pL)
7 (C))

TH .
Qu,i = &V |pu — pil sign (pu — pi)

where k¢ is the valve flow coefficient and z; and Zy are
normalized valve plunger positions. The plunger dynamics is
modeled as a constant acceleration term given by

4/t2
w = VB
_4/ts

where ¢ is the plunger opening/closing time. This results
in a position response that is smooth and similar to what
may be expected if a more detailed valve model with forces
had been utilized. For a more detailed model see e.g. [11],
[13], [14]. Despite the relatively simple valve model, the
important characteristics with respect to machine level control
is included.

for 0<t<ts/2

for ts/2 <t <t ®

A. Valve timing and control
The valve actuation is described by considering the hybrid
automaton shown in Fig. 2. The system input is hence the

. . T .
actuation signal to the valves, u = [ug wur] for the high
and low pressure valve respectively.

Deactivate
p<pL ug =0

Compression

q=2

Pressurization

uL=O

P> pH
Activate

Fig. 2. Hybrid Automaton representation of valve control of the digital
displacement machine.

An active valve closing and passive valve opening is used,
where the closing of the low pressure valve (LPV) is done
closely before top dead center (TDC) for motoring operation.
With both valves closed as the chamber volume decreases,
the chamber pressure increases and exceeds the high pressure
at TDC, which then passively opens the high pressure valve
(HPV) due to the pressure force. The HPV is similarly
closed at an angle that yields the desired displacement during
the motoring stroke. Again, with both valves closed as the
chamber volume increases, the LPV is passively opened due to
suction shortly after. Simulation results of the non-linear model
is shown in Fig. 3, where a full motor stroke is committed.
A full stroke is seen to end ahead of BDC to allow for
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Fig. 3. Simulation results of the non-linear model using a full stroke. py =
300 bar and 6 = 100 rpm.

passive opening of the LPV ahead of BDC, why the maximum
theoretically displacement is not fully utilized. It is seen that
the flow characteristic is approximately a sine wave and the
angle where the HPV is closed determines the fraction of the
sine wave that yields an output.

The total flow to the high pressure line is the sum of flows
from the individual chambers through the high pressure valves
and is determined by

Ne
Qm = Z Qui ©)
=1

The parameters used to set up the non-linear simulation model
of the DD motor is provided in Tab. II-A.

TABLE 1

PARAMETERS OF THE DIGITAL DISPLACEMENT MOTOR
Parameter symbol value Unit
Piston area Ap 31 cm?
Piston displacement Te 25 mm
Chamber flow coefficient kg 0.5-10° v/ Pa s/m3
Valve actuation time ts 3 ms
LPV closing angle 0Ll -16.5 deg
Low pressure pL 1 bar
Maximum bulk modulus Be 16000 bar

III. DLTI MODEL AND ANALYSIS

The flow throughput of the DDM may be approximated

discretely by considering the impulse response of a single
pressure chamber, which results in a Discrete Linear Time
Invariant (DLTI) model. It is identified in Fig. 3 that the
chamber pressure is equal to the high pressure and thus
approximately constant in the active part of the motoring
stroke, why Qu ~ V is a valid assumption of the flow

characteristic. This approximation yields the following relation
between displacement and flow

QMO _ 0,
D. = % = % sin(6) 8

where D, is the oil displacement volume. The impulse re-
sponse of a partial stroke operated DD unit behaves different
than that of a conventional dynamical system. This is due to
the input being a state changing angle, ¢, that scales the width
of the response, rather than a conventional system which input
scales the magnitude of the response. To normalize the input,
an input variable change is made, such that the input is a
displacement fraction 7 € [0;1]. The input transformation is
done by the relation given by

Vi)

=T

V) ne0;1]

©

&(n) = acos(1 —2n)

The new normalized input hence describes the percentage of
the maximum displacement. How the impulse response of the
DD unit depends on the input is illustrated in Fig. 4.

D. 0 0.050.2 04 0.6 0.8 0.95 1

Vi 1

2

m ! —
6o 0 B(n) g

Fig. 4. Impulse response as function of the input, n = 0.7.

How the input changes the system dynamics becomes
evident when performing discretization of the response. This
is done by considering the flow throughput between samples,
which relates to the displacement fraction between samples
given by

Vi - _ .
~ g (VO +1)) - V(6[k) 6

S
Vel
T oon

Qulk]
(10

6 AV[K]

where V' is the normalized chamber volume. In MPC con-
trol, the prediction horizon and sampling time are two key
parameters. Since the energy cost of a state change is directly
influenced by the angle ¢, it is considered beneficial to have a
prediction horizon equal to half of a revolution (corresponding
to a full stroke). Furthermore, to reduce the input delay it is
beneficial to have a sample each time a motoring decision



is made (the angle where the LPV is closed). Therefore, the
angle where a sample occurs is given by
2m
9[k]290+ﬁk k‘E{OM‘.,chl} (11)
where 6 is the local angle where the LPV is closed.
Considering the impulse response shown in Fig. 4, a dis-
cretization with the sampling angle, 6;, results in the displace-
ment fraction as function of sample number determined by

(==}

O[K], 0[k +1] ¢ [0 ¢]
V(Olk+1]) = V(8[K]) O[k],6(k +1) € [0: ]
VOk+1) - V() 6k <0<0k+1]
V(g) - V(6[K]) O[k] < ¢ < 0k +1]
(12)

AV[K] =

The motor flow response may then be written as a convolution
sum given by

VaNe S
Qnlk] = == falk] afk] = > AV[k—m]ulm] (13)
N—— m=0
km

For the full stroke shown in Fig. 3, the maximum displacement
is ) = 0.96, which yields the discrete impulse response shown
in Fig. 13.

Chamber
response

Discrete
approximation
d3

AV —

7/ Ne dy dy

T T T T T T T T TSample
ol e ol el E S ol Bl E e

+ + + + + o+ o+ o+ o+

- no w = ot (=2} =~ o ©

Fig. 5. Discretization of displacement response, where 17 = 0.96 correspond-
ing to the maximum displacement.

It is seen that the resolution of the discrete approximation is
determined by the number of cylinders, but the discrete model
is fairly accurate since the displacement between samples in
the model is equal to that of the physical machine.

A control challenge when using DLTI-control of this system
is that the system order depends on the input 7. For the full
stroke shown in Fig. 5 the convolution model may be written
as a discrete transfer function given by

G(z):%:d7z7+dhzﬁ+~~+d|z+do

— (14)
where dy = AV[7 — k] is the displacement fraction between
samples. Having a displacement fraction input of n = 0.5
yields the impulse response shown in Fig. 6.

_ Chamber Discrete
AV response approximation
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dy N
\ \ \ \ \ \ \ \ \ I Sample

e E e e = E e B = E
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Fig. 6. Discretization of displacement response, where = 0.5 corresponding
to half of a stroke.

In this partial stroke example, the displacement is committed
over less samples, such that the transfer function order is
reduced to

g_d424+d323+"‘+d12+d()
- 4

G(z) = (15)

u z
The system is thus seen to be time invariant depending on the
input, 7. However, the magnitude of the response is constant
for all inputs, meaning that the discrete model input is always
unity, © = 1. Since this input is constant, it is not possible to
apply time-variant MPC, which search for the optimum input,
u, that minimizes a cost function. To overcome this problem
a conservative angle averaging approximation is proposed,
which results in a time-invariant model applicable for MPC.

A. Angle averaging approach

The control challenge imposed by having an input that
scales the width of the response instead of the amplitude of
the response is in this article solved conservatively by an angle
averaging approach. This approach exploits that the full stroke
DLTI-model where 7 = 1 and with input u € [0 ; 1], yields the
same integrated output as a partial stroke model with n € [0 ;1]
and the input w = 1 over a half of a shaft revolution. This is
illustrated in Fig. 7.

_ Chamber Discrete Full-stroke
AV response approx. response
m/Ne R Full-stroke
AN approx.

¥+ —
+4 —
949 —

Fig. 7. Illustration how a full stroke n = 1, with u = 0.5 yields the angle
average committed displacement as if n = 0.5 and v = 1.



The sum of displacements of a partial stroke with n = 0.5
is seen to be the same as a full stroke multiplied by 0.5 and
as a result the two model approaches are angle averaging
equal for every half of a revolution. However, the full stroke
approximation method is seen to introduce the maximum
amount of phase to the impulse response, since additional
samples are introduced. This is a result of the longer time
the displacement commitment takes with the approximation.
This approach corresponds to choosing a linearization point of
n = 1 when developing a DLTI model, which corresponds to a
worst-case scenario with respect to the phase as shown by the
frequency response as function of the displacement fraction in
Fig. 8.

| 10?

Frequency [rad/s]

-500

Phase []

-1000 |

-1500 =L
1

Frequency [rad/s]

Fig. 8. Frequency response of the DLTI model as function of the displacement
fraction 7). The thick black line indicates the Nyquist frequency.

It is seen how extra phase is added to the system in discrete
steps every time the order is increased and that the maximum
phase is for a full stroke as expected. The reduced gain at lower
displacement does not raise concerns with respect to control,
since it may be compensated for by the controller gain.

B. Discrete load model

A simplified load system is constructed for the purpose
of illustrating the applicability of the control strategy. The
simplified load system is shown in Fig. 9. A fixed-speed fixed-
displacement pump is considered, supplying a pressurized
fluid flow, @, to the high pressure line. The fixed speed
DD motor intakes the flow, Qr,, and is used to control high
pressure by the displacement fraction, 7. Defining the pressure

PH

|t

Wp =~

i

pL
[

Wm

Fig. 9. The simplified load system used for illustration of MPC structure.

difference as A, = pu — pr, where the low pressure is
considered constant, the pressure dynamics of the transmission
is described by

Ap:% Voo —Qm — 1 A
i | ——
B “ B B 1o
Ap ==k Ap— == Qu+ o @
~ Vi~~~ Wu <~ W <~
Tp W-A Tp \B/ up \B/ ug
. 3 8

A constant bulk-modulus is used since the pressure is con-
trolled such that it is sufficiently high to consider the fluid
stiffness constant. The parameters of the load transmission is
provided in Tab. III-B.

TABLE 11
PARAMETERS OF THE LOAD TRANSMISSION
Parameter symbol | value Unit
Effective Bulk modulus Be 16000 bar
High pressure volume Va 50 1
Leakage coefficient ki 6e-3 1/(min - bar)
Pump flow Qp 78 1/min

A discretization of the load plant yields the discrete state
model given by Eq. (17), where the sampling time is given by
T, = 27/(N ).

ap(k +1) = Ap ap(k) + By up(k) + Bq ug(k)

y(k) = Cp zp(k)
The discrete transfer function in Eq. (14) or the convolution
model representation in Eq. (13) of the motor flow, where

1 = 1 may be rewritten into a state-space formulation resulting
in

an

Zm (k) 00 -~ 0 0] [azm(k—1) 1

Tm(k —1) 10 0 0| |zm(k-2) 0
Tm(k—2) | 2|0 1 0 0| |zm(k—=3)| 4|0 u(k)

Tm(k—p+1) 0 0 1 0| [zm(k—Dp) 0

-~

Xm (k+1) An Xm (k) B

up(k) = ki 0 [AVL[1] AV[p]] xm(k) + ki 0 [AV]0]] u(k)
C D,

(18)



Combining the discrete load model and the motor flow model
results in the discrete state representation of the complete
system given by

zp(k+1)] _ [Ap ByCn xp By Dul| ;. By| .
[xm K+ =10 An | [xe(t)]| T| By | W) || Hak)
—_———— —— —— —— ~—~—

(
2(ka1) A (k) B Bq
y(k) = [Cp 0} z(k) (19)
c

This model is used to set-up a model predictive optimization
problem for control of the pressure.

IV. MODEL PREDICTIVE CONTROL

This paper presents a pressure control method, but the pre-
sented MPC control strategy could be applied for flow, torque
or speed control as well. In this paper a fixed speed machine
is considered. However, applying the strategy for a varying
speed DDM is possible but requires transformation of the load
dynamics into the position domain by the method presented
in [15]. The optimization problem is to identify the optimal
displacement fraction input, n*, based on a combination of
reference tracking accuracy and energy cost given by

u* =n* = argmin {JIT Jy+ W JZT J2} (20)
n* €[, 7]
P
=" (ylk] = yrerlk]) @1
k=1
Pe
(22)

= V()
¢ k=1

where n* is a vector containing the optimal inputs in the
prediction horizon, p, while 77 = 0.96 and = 0 are the
maximum and minimum displacement fractions. .J; is the cost
function for the reference tracking, .J, is the cost function for
the energy cost and W) is a weight parameter between the
two cost functions. The tracking error cost function J; is seen
to be the sum of errors in the prediction horizon and J, is
a normalized term specifying the flow level when switching.
pe € [1;p] specifies the number of inputs considered in
the energy cost function. Alternatively, a weighting function
could be introduced to increase the importance of the first
sample/samples in the prediction horizon, which similarly
could be made for the reference tracking cost function. The
function V"’ takes into account it is costlier to switch at high
flow, where larger losses and pressure spikes occur and is given
as

V'(#) = ¢ + max(sin(6), 0) (23)

An illustration of the model predictive control strategy for
estimating the individual chamber displacement fractions and
for evaluation of the energy cost function is shown in Fig.
10 The current sample is seen to be for cylinder 5, where
the displacement fraction is n = 0.49. The displacement
fractions for the previously cylinders in the prediction horizon
is already fixed, while the MPC algorithm estimates the
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Fig. 10. Illustration of the flow profiles of the digital displacement machine
within the prediction horizon.

optimal displacement fraction for the subsequent cylinders in
the prediction horizon.

The derivation for determine the output in the prediction
horizon is done by considering the DLTI state equation in Eq.
(19) and rewrite it as

z(k+1) = Az(k) + B u(k) + Bq uq(k) (24)
y(k) = C (k)

Due to the DLTI approximation and since the pump flow is
a disturbance to the linear control system, integral action is
added to obtain offset-free reference tracking. The integral
state is added by modifying the state equation to a state
difference equation in accordance with [16], resulting in

Aa(k+1) = A Aa(k) + B Auk) + By Augth)™"
Ay(k+1) = C Aa(k+ 1)

(25)

where Az(k) = z(k) — z(k — 1), Au(k) = u(k) — u(k — 1)
and Ay(k) = y(k) —y(k—1). Combining the state and output

expression yields the desired recursive output state given by

Ay(k+1) = C Aw(k +1)
y(k+1) — y(k) = C (A Ax(k) + B Au(k)) + D Au(k)
y(k+1) = C A Ax(k) + C B Au(k) + y(k)
(26)

The resulting output formulation is seen to act as a discrete
integral state. The resulting state formulation of the system
then becomes

-l o B8] ] e
Z(k+1) A z(k) B
y(k) = [0 I] z(k)
—
¢ 27N



By recursive evaluation, the presented state model is used to
predict the future state development in the prediction horizon.
The recursive state estimation is given by

z(k+1) B 0 0 Au(k) A
&k +2) AB B ) 0 Au(k+1) A2
#(k +3) A’ B AB 0 Au(k+2) | 4 A (k)
#(k+p) ArtB A2 B AP B ... B |Au(k+p-1) Ar
A Al

(28)

The resulting output estimation may thus be written on a

simplified form as

=CA Au+ CB z(k
- +EE =) 29
vy

This expression is used to estimate the future states in the
prediction horizon for evaluation of the tracking cost function
in Eq. (21).

V. RESULTS

The MPC pressure control strategy for a partial stroke
operated DDM is tested by implementation in the non-linear
simulation model of the DD motor and transmission. To
investigate the influence of the energy cost, the most optimal
tracking performance is initially investigated by choosing the
scaling parameter W, = 0. The reference input is chosen as a
sine function, such that the motor is operating at both high and
low displacements. For a 100 rpm machine the optimization
problem has been solved online within the real time sampling
period by the Differential Evolution Algorithm [17], but faster
and more powerful optimization algorithms for this problem is
very likely to exist. This is however not investigated further in
this paper. The simulation results is shown in Fig. 11. It is seen
that the flow response due to the digital machine behavior is
highly fluctuating, but the relatively large fluid capacity of the
pressure line smoothens the pressure response and results in
a decent pressure reference tracking with only minor ripples.
The flow from the non-linear model is seen to have larger
spikes than that predicted by the DLTI-model, which is due to
the angle averaging approximation which flattens the response
as shown in Fig. 7. There is several energy expensive state
switchings (v ~ 0.5), which at high pressure has a rather
significant energy cost.

The optimization problem of finding a combination of the
ideal displacement fractions is considered rather complex and
is found to have a very large number of local minimum
points. This problem has been addressed by running the
same simulation 350 times and investigate the variance in the
tracking performance. The tracking performance is evaluated
by the sum of absolute errors given by

€ = Zly TL

n=1

— Yref ")' (30)
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Fig. 11. Simulation results for the MPC strategy in the non-linear simulation
model where W, = 0 and p. = 1.
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The resulting error histogram is shown in Fig. 12, together
with an estimated normal distribution function of the results.
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Fig. 12. Histogram of the sum of absolute error running the same optimization
problem numerous times.

Since the same problem is solved multiple times, it would
be ideal to find the minimum error every time, which is seen
to be e, ~ 13.5e-9 or less. However, a mean error of e, ~
15.25e-9 and a maximum error of e, ~ 18e-9 is observed.
This corresponds to a mean deviation of 13% and a maximum
deviation of 33% from the optimal set-point. This is considered
a quite significant deviation, why it is desired to investigate
into better optimization algorithms for this problem.



To investigate the influence of the energy cost function, the
weighting parameter is changed to W, = 1el0. The results of
the simulation is shown in Fig. 13.
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Fig. 13. Simulation results for the MPC strategy in the non-linear simulation
model where W) = 1el3 and p. = 1.
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The tracking response is seen to be less accurate and have
larger ripples around the set-point compared to the results in
Fig. 11. However, the number of expensive state switchings
has been reduced significantly and switchings occurs more
often at either n = 0 or » = 0.96 which corresponds to an
idling and a full stroke respectively.

To investigate the influence of the energy cost function, the
pressure reference tracking error and the energy cost J, is
summed over the presented time period and compared. The
results are provided in Tab. III.

TABLE III
COMPARING OF RESULTS WITH AND WITHOUT ENERGY COST.
Parameter w/o. Jp w. Jy
W) 0 lel3
Sum of absolute error | 2.42el0 | 7.75e10
Sum of energy 5.33e4 8.08e3

The sum of absolute tracking error is 69 % higher with
the energy cost function included, but the energy cost is
85 % higher without the energy cost function. Based on
the application and control objective, the parameter W, may
be determined by a trial-and-error method to yield the best
comprise based on control and energy requirements for the
specific application.

Even though the presented MPC strategy shows promising
results with respect to control of a relatively low speed digital

displacement machine, there are several aspects of the strategy
that should be improved if possible.

Angle averaging approximation: An angle averaging ap-
proach has been used to develop a DLTI-model of the DD
motor. An improvement would be to use a time-variant model
description, where the model is dependent on the input.
However, to describe the output correctly it is required that
the input is always unity and as a result it does not fit into
classical MPC. However, modified MPC algorithms where
only the plant dynamics is updated may possibly increase the
performance significantly.

Re-decision of state changing angle: If the optimal state
changing angle for a given chamber occurs after the subse-
quent samples, it would be beneficial to be able to make a
re-decision of the angle. In the current implementation, the
closing angle is chosen before the stroke is initiated and may
not be changed. An improved method would be to enable re-
decision of the already decided closing angle if the closing
angle has not yet been surpassed at the subsequent samples.
This would reduce the decision phase, which is currently up to
half of a revolution 2 7/2, to only be up to the angle between
two decisions 2 7/N,.

Constraints on state changing angle: In the presented
strategy the state changing angle may take any value in the
interval 7 = [0, 0.96]. However, it is considered unfavorable
to change the state near 0, since it would provide almost
no effective displacement. However, it is very important that
n = 0 may be chosen, since idling mode is the most energy
efficient choice.

CONCLUSION

A model predictive control strategy (MPC) for a relatively
low speed and partial stroke operated digital displacement
machine (DDM) was presented. It was shown that the input
to a partial stroke operated DDM changes the width of the
response, such that the model order of a discrete model is
dependent on the input. To overcome this problem and enable
discrete linear time invariant (DLTI) control, a conservative
angle averaging approach was presented. The MPC strategy
was applied for pressure control of a simplified load transmis-
sion system to illustrate the applicability of the strategy. The
trade-off between reference tracking and energy efficiency was
investigated by simulation in a non-linear simulation model of
the complete system with control. The problem of finding the
global minimum of the rather complex optimization problem
was addressed and it is assessed that improved performance
may be obtained with more suitable optimization algorithms.
Lastly, several improvement suggestions for better perfor-
mance was discussed which however gives additional control
challenges that are not possible to solve with conventional
MPC.
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Abstract

To enhance the use of the Digital Displacement Machine (DDM) technology as the future solution for low
speed fluid power pump and motor units, a Model Predictive Control (MPC) strategy is presented. For
a low speed DDM, the conventional full stroke operation strategy is unsuitable, since the control update
rate is proportional to the machine speed. This creates an incentive to utilize sequential partial stroke
operation where a fraction of the full stroke is used, which thereby increases the control update rate and
control signal resolution. By doing this, the energy loss is increased and may become undesirable large if
the control objective is purely set-point tracking, why a trade-off is considered advantageous. Discretizing
the full stroke based on a chosen update rate results in a Discrete Linear Time Invariant (DLTT) model of
the system with discrete input levels. In this paper, the Differential Evolution Algorithm (DEA) is used to
determine the optimal control input based on the trade-off between set-point tracking and energy cost in
the prediction horizon. The paper presents a flow and a pressure control strategy for a fixed speed digital
displacement, pump unit and shows the trade-off influence on the optimal solution through simulation.
Results show the applicability of the control strategy and indicate that a much higher energy efficiency

may be obtained with only a minor decrease in tracking performance for pressure control.

Keywords:

Digital Displacement Units, Fluid Power, Control, Non-smooth System, Hybrid Systems

1 Introduction

The Digital Displacement Machine (DDM) technology
is a promising alternative to conventional hydraulic
pump and motor units, since it provides excellent re-
dundancy and scalability due to its modular construc-
tion. Additionally, it provides the possibility of an im-
proved energy efficiency and reliability Linjama (2011).
As a result, a large amount of research regarding de-
sign and performance optimization of these machines
has been published Payne et al. (2005); M. Ehsan and
Salter (March 2000); Rampen (2010); Johansen (2014);
Roemer (2014); Noergaard (2017); Wilfong et al. (2010,
2011); Merrill et al. (2011).

One important task for successful deployment of the
machine technology is the control system, which is

doi:10.4173/mic.2018.3.3

a key feature with respect to proper operation and
energy efficiency. However, the challenges with re-
spect to control of such non-smooth dynamical sys-
tem are many and considered to be complicated Ped-
ersen et al. (2018a). Several research papers regard-
ing control strategies of digital displacement machines
has been published, but the strategies are often lim-
ited to open-loop control at simplified operation con-
ditions M. Ehsan and Salter (March 2000); Heikkila
and Linjama (2013); Song (2008); Armstrong and Yuan
(June 2006). Control strategies for high speed oper-
ated machines have further been exploited to include
closed loop control. Snicgucki et al. (2013) presents a
mixed logical dynamic programming control structure
for a fixed-speed machine. Although the method is
limited to offline optimization, promising result is ob-

(© 2018 Norwegian Society of Automatic Control
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tained with respect to fluctuations and set-point track-
ing. A full stroke Pulse-Density Modulation (PDM)
technique is proposed by Johansen et al. (2015) in a
feedback structure. To allow for model based closed
loop control design, a Discrete Linear Time Invariant
(DLTI) approximation to the digital machine dynam-
ics is developed by Johansen et al. (2017) for constant
speed operation. To expand the use of this method
to be applicable for variable speed operation, Pedersen
et al. (2017a) transform the DLTI model to the spa-
tial domain, resulting in a fixed angle sampling rate
allowing for classical control synthesis. A combination
of the PDM technique and the DLTT model is further
used for control of a digital fluid power transmission
by Pedersen et al. (2017b, 2018b).

This paper proposes a closed-loop control strategy
for a slow rotating digital displacement machine with
a relatively low number of cylinders. Because of this,
full stroke operation is considered unfavorable, since
the control update rate is proportional to the speed of
the machine and the tracking performance thus suffers
heavily. To account for this, a sequential partial stroke
operation method is used with a higher control up-
date rate, which increases the control signal resolution
and thereby allows for an improved set-point tracking.
Since energy loss due to switching may be of major con-
cern using sequential partial stroke, a Model Predictive
Control (MPC) strategy is used. This allows for spec-
ifying the importance of tracking performance relative
to energy consumption, from where the optimal con-
trol input is determined based on a prediction model.
The MPC control strategy is tested for both flow and
pressure control by simulation in a non-linear model
representing the physical system. A fixed speed pump
unit is considered in this paper, but the strategy is
also applicable to variable speed pump-motor units by
the spatial domain transformation method presented
by Pedersen et al. (2017a).

2 System Description

To evaluate on the performance of the control strat-
egy, a non-linear mathematical model of the digital
displacement machine is established. The model hence
represents the physical system and is derived based on
a description of the machine characteristics. The digi-
tal displacement machine under consideration is illus-
trated in Fig. 1. The illustration to the left shows
the digital displacement machine with 10 cylinders be-
ing radially distributed around an eccentric shaft. The
flow to and from the pressure chambers is regulated
by manipulating the state of the fast switching on/off
high and low-pressure valves, HPV and LPV respec-
tively illustrated to the right. Maintaining a closed
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Figure 1: Illustration of the displacement pump-motor
unit.

LPV and an open HPV during piston retraction is
seen to pressurize the chamber, which result in a flow
being pumped to the high pressure manifold. Main-
taining the same valve positions results in a motor-
ing mode during piston extension. Using the oppo-
site valve positions results in an idling mode where
the chamber pressure remains low. In sequential par-
tial stroke operation, the position of the valves may
be changed independently of the cylinder position to
obtain a desired volumetric output fraction. However,
sequential partial stroke requires that the valves can
be opened against high pressure difference. Therefore,
larger valves with a higher actuation force are neces-
sary compared to full stroke or conventional partial
stroke, where the valve positions may only be altered
on a stroke-by-stroke basis.

2.1 Non-linear Simulation Model

To evaluate on the control performance, a non-linear
simulation model representing the physical system is
made. The local shaft angles for the respective cylin-
ders are given by

9i:9+3vl(i71) ie (L NY (1)

c

where 6 is the shaft angle and N, is the number of
cylinders. Since the equations used to describe the dif-
ferent pressure chambers are the same, the following
model derivation is made for a single chamber. The
piston displacement, x, is seen to be a function of the
shaft angle described as

z(0) =rs (1 —cos(d)) (2)
where 7y is the eccentric shaft radius being equivalent
to half of the piston stroke length. The stroke volume
is thus given by Vq = 214 A, where A}, is the piston
area. The pressure chamber volume, V. is then given
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by

Ve(®) = 22 (1~ cos(6) + Vo
(3)

Ve (0) = % 0 sin(6)

where Vj is the minimum chamber volume. Using the
continuity equation to describe the pressure dynamics
results in
pe = e
Ve
The flows through the high and low pressure valve, Qu
and @, respectively are modeled by the orifice equation
and given by

Qu = k¢ /|pc — pL| sign (pe — pL) 7L
Qu = ki /|pu — pel sign (pu — pe) Tu

where Zj, and Ty are the normalized valve positions
of the low- and high-pressure valve respectively and kg
is the valve flow coefficient. To reduce the model com-
plexity significantly, the valve dynamics is simplified to
be described as a first order system given by

(QH - QL - Vc) (4)

(5)

(6)

Ty, = i(UL—:EL) Iy = i(uH—q:H)
7—V 7—V
where t, is the valve time constant, uy, and uy are the
valve inputs. Despite the simple valve description, the
important characteristics with respect to machine level
control is captured.

2.2 Valve timing and control

The valve actuation is described by considering the hy-
brid automaton shown in Fig. 2. Two mode switching
functions are defined as Ay = Fu — (pu — p) Ay and
AL = FL, — (p — pr.) Ay and are used to construct the
switching logic. The systems input is hence the valve
forces, u = [Fu FL]T for the high and low pressure
valve respectively. A, is the effective valve area that
the pressure is generating a force on. It is seen that the
pressure chambers may operate in three modes namely
idling, compression and pressurization. The hybrid au-
tomaton shows that a pressure chamber is activated
if A\;, < —c, which results in a transition from idling
to compression mode. « represents a static force hys-
teresis band which has to be surmounted in order to
alternate the valve state and avoid numerous subse-
quently switchings. A further transition to the pres-
surization mode where the HPV is opened is obtained
when (pg — p) Ay > « or a large force, Fy is applied
to the HPV. The valve area A, is hence considered
identically on both sides of the valve plunger as a sim-
plification. Similar transitions occur when deactivating

Deactivate
A < —«

AL >«

Compression
q=2
u, = 0

Pressurization
=3
uL = 0

uH=0 uH=1

AH >«

AL < —«
Activate

Figure 2: Hybrid automaton representation of valve
control of the digital displacement machine.

a pressure chamber, where the HPV is initially closed
and the LPV is subsequently opened.

In conventional partial stroke operation, passive
opening of the LPV and HPV due to pressure force is
used, such that small valves with a low actuation force
may be used. However, the control update is made on
a stroke-by-stroke basis and is thus proportional to the
machine speed. For a very low speed machine with a
low number of cylinders, the control update rate is very
low and may be troublesome with respect to obtaining
the desired control performance. By using a sequential
partial stroke strategy, the valves may be opened and
closed independent of the chamber pressure level, but
requires valves being able to deliver significantly higher
actuation force. Such sequential partial stroke strategy
is considered in this paper to significantly increase the
control update rate and thereby improve the reference
tracking performance. However, due to valve opening
against a high pressure difference, the energy loss may
also be significantly higher and the strategy is thus only
considered feasible for very low speed operation.

The total flow and torque of the digital machine is
given as the sum of flows and torques from each pres-
sure chamber and are given by

N.—1

Q= Quj
=0

N.—1

T= E T
Jj=0

The parameters used in the simulation model is pro-
vided in Tab. 1.

(7)

3 MPC and DLTI model
approximation

Discrete Model Predictive Control (MPC) is charac-
terized as a sample-and-hold feedback control method,
where the optimal control input is determined based
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Table 1: Parameters of the 5 MW transmission

Parameter Symbol | Value Unit
Motor rotation speed w, 0 10 rpm
Motor displacement volume Va 153.4 cm?
Motor dead volume Vo 153.4 cm?
Maximum bulk-modulus Be 16000 bar

Low pressure PL 10 bar
Valve flow constant ke 1.26 | L/(min vbar)
Valve time constant ts 5 ms
Valve effective area A, 31.66 mm?
Force threshold o 50 N

on an estimation of the future plant states in a predic-
tion horizon. Since the system is discretely actuated,
a discrete dynamical model is demanded such that the
future states may be predicted and the valve switching
energy may be included. Two important parameters
in MPC is the sampling time and prediction horizon.
The sampling rate should be low enough such that the
next optimal control input may be calculated between
two samples, but high enough to ensure proper con-
trol performance. Similar, a small prediction horizon
reduces the solving time for the optimal control input
but reduces the control performance.

In this paper the optimal control input is chosen as a
trade-off between reference tracking accuracy and en-
ergy cost. For a digital displacement machine, it is
considered advantageously to use a prediction horizon
corresponding to the number of samples during one full
stroke, p = 5. This allows the controller to know that
it is cheaper to switch the valve states during a low
flow at the end of a stroke. Similar, since it is an ad-
vantage to switch valve states at the beginning of a
stroke at a low flow rate, the sampling time is chosen
as the time between two cylinders starting a stroke,
Ty = 2m/(w N;). With 10 cylinders this results in 5
samples during a pumping stroke and 5 samples dur-
ing a motoring stroke, which means that each chamber
may switch valve states 5 times during a full stroke.

As long as the valve dynamics is sufficiently fast com-
pared to the machine speed, the switching only takes
a neglectable fraction of a full stroke. In this example
the valve is switched in T, = 5 7, = 25 ms and there
is 50 ms from the LPV closing signal is given until the
HPV opening signal is given, such that it takes 75 ms
from the LPV closing signal is given until the HPV is
fully open. At a speed of w = 10 rpm a single revolu-
tion takes 65, such that it is considered valid to neglect
the valve dynamics.

By neglecting the valve and pressure dynamics, a
DLTI-model is constructed where Qy ~ V} during an
active stroke. The model is established by consider-
ing the change in volume between samples using the
relation given by (8) as proposed in Johansen et al.
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(2017).

Qulk ~ T = 3 wlk] (Veolk + 1) ~ Ve(Olk))
AV

pulk] = 2 pulh] (Vl6lk + 1) ~ Ve(01K))
AV

(®)

AV.[K]

Talk] ~ A

where the angle as function of sample number is given
by

ke{0,...,N.,—1} 9)
A simulation has been made where the response of the

discrete model is compared to that of the non-linear
model and is shown in Fig. 3.
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Figure 3: Comparison of non-linear and discrete model
of the digital displacement machine.

It is seen that every second decision is to activate
the chamber. Although the outputs are approximately
matched between samples, large pressure spikes are ob-
served in the non-linear model. These pressure spikes
are due to opening against high pressure difference and
since the pressure dynamics has been neglected in the
discrete model, they are not observed. The severity of
the spikes is seen to be larger for higher flow rates and
especially high for motoring where the pressure change
due to the change in volume is negative. Despite these
deviations, the output is matched quite fairly. The to-
tal flow and torque throughput of the digital displace-
ment machine is described by a sum of the individual
contributions given by

Ne—1

QK= 3" Quiballl K= 3 wlklalk (10)

m=0 k=0

where @ € {1,0} are the binary actuation decision (ac-
tive or inactive).
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3.1 Input combinations

With 10 cylinders, there are 10 pressure chambers that
may either be active or inactive for a total of 210 = 1024
combinations at every sample. However, due to sym-
metry it makes no sense to motor and pump simultane-
ous with different cylinders, such that there is 25 = 32
pumping and motoring combinations. The different
combination are shown in Fig. 4 and are illustrated
as normalized values (displacement fractions). The re-
lations between the displacement fraction to the flow
and torque are given by

Va Ne
27

e i oft

QK = wlk] alk]  T[k] =

kq Ky

(11)

Figure 4: Combinations of discretized displacement
fraction.

As expected a displacement fraction of 1 is obtained
by activating all five pressure chambers operating in
the same mode (motoring or pumping). It is seen that
several of the combinations yield the same output, but
they may have significantly different energy cost re-
lated, since one may require a valve switch while the
other may not require a switch. Additionally, it is more
energy costly and the flow/pressure spikes are higher
when switching at high flow levels.

3.2 Input mapping

Having identified an optimal discrete input at a given
sample, the next step is to map the input to a pressure
chamber actuation sequence for the 10 cylinders. Let
the prediction horizon p = ceil(N./2) and j be such
that 0[j] = 6(t), where 8[j] A O(t) € [0; 27]. Let
k and n be defined as m € {0,...,N. —1} and n €

{0,...,p — 1} then the chamber actuation sequence is
given by

fi L= (7 — N,
orm . (j —n) mod (12)
0 otherwise

® hence contains information about whether each in-
dividual pressure chamber should be active or inactive.
If a value in the vector is changed from 0 to 1, the LPV
for the given pressure chamber is closed following an
opening of the HPV. Inversely, if a value is changed
from 1 to 0, the HPV is closed following an opening of
the LPV. An example of how the chamber actuation
vector @ is constructed is shown in Fig. 6.

®=[0100000011]

¢=[10110)

0

1

Figure 6: Example of the chamber actuation sequence
generation.

In this example cylinder 1 (red) is at Bottom Dead
Center (BDC) where a pumping stroke starts. Cylinder
0,9, 8 and 7 are in the pumping stroke part, while the
remaining cylinders are in the motoring stroke part.
At this sample, ¢ = [1 0 1 10] is identified as the
optimal input sequence. Since the first entry is 1, the
current cylinder 1 has to be activated, while the previ-
ous cylinder 0 has to be inactive given by the second
entry. Similarly, the cylinders 9 and 8 have to be active
given by the third and fourth entries in ¢. Cylinder 7
which has almost completed its pumping stroke should
be inactive and the remaining cylinders are inactive as
well, since they are in the motoring stroke part. As a
result it is seen that ® = [0100000011] is the resulting
chamber actuation vector, providing information about
the state of each pressure chamber.
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(100001011

Figure 5: Ilustration of the chamber actuation decisions in the prediction horizon for sample £k —1 and k. Those
areas shown with a dark color illustrate an active period.

3.3 MPC flow control

This paper presents a flow and a pressure control
method for a low speed DD pump, where the flow con-
trol method is relatively simple since no dynamics is
present and the future state estimation is thus omitted.
The optimization problem of determining the optimal
displacement fraction input is found as a combination
of reference tracking accuracy and energy cost given as

o* = argmin {J{ Jy + Wy JT Jo} (13)
a*ea
P
Ti= " (kqwalil” — yreilil) (14)
i=1

*

«a* is hence a vector containing the optimal inputs in
the prediction horizon. .Jj is the cost function for the
reference tracking and Js for the switching cost, where
W1 is a scaling parameter between the two cost func-
tions. The tracking error cost function .J; is seen to be
the sum of errors in the prediction horizon. The energy
cost function Jo is defined as

Jo = Z_f # |D[i]i — ®[i]i-1]
=0 ;0 Alj]

Al 1+ Wasin(f[n]) for m = (j —n) mod N,
n| =
0 otherwise

(15)

The (k)-index and (k-1)-index of the actuation vector
® indicate the current and previous optimized vector.
For every value change in the actuation vector, ®, the
correspondent valves for the given pressure chambers
are switched and energy cost is added to the function.
Since no specific valve design is considered, the base en-
ergy cost of a switch is set to 1 by the function A, using
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the same definitions as in (12). The function sin(é[n])
takes into account that it costs more to switch at higher
flow rates, where also the pressure spikes are larger, and
W5 is again a scaling parameter. The denominator in
Jo is introduced to normalize the function, such that
the value of J; always has a value between 0 and 1.
An illustration of how the energy cost function is eval-
uated in the prediction horizon is shown in Fig. 5. It is
seen that the optimized input a* corresponds to an ac-
tuation sequence for the respective pressure chambers
in the prediction horizon. The energy cost function is
only evaluated for the current step ¢ = 1, since only
the actuation vector for the current sample determines
which valves are switched. The energy cost could be
evaluated in the full prediction horizon, but this has
been found to yield slightly worse performance. Al-
ternatively, a weighted sum could be used to penalize
the early steps in the prediction horizon more than the
later ones.

3.4 Optimization algorithm

In this paper, the optimal solution to the optimiza-
tion problem is solved by the differential evolution al-
gorithm (DEA), due to its feature of searching a large
space and being able to solve discrete valued problems.
Better and faster algorithms for the given problem may
very well exist, but this is considered out of scope of
this paper. The algorithm has previously been suc-
cessfully applied to a similar problem for discrete force
control of a wave energy converter in Hansen et al.
(2017). For more information about the DEA, see e.g.
Bech et al. (2016). To show the best possible tracking
performance with the proposed control strategy, the
energy cost function scaling parameter is initially cho-
sen as W1 = 0, while W5 = 10. The optimized result is
shown in Fig. 7. For this relatively easy optimization
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Figure 7: Flow tracking response using the DEA-MPC
algorithm without the energy cost function.

problem, the optimal solution could be identified man-
ually by taking the discrete value in Fig. 4 that yields
the lowest value when evaluating |kqw & — Yref|, which
gives the same result. yprr1 = kqwaj is the chosen dis-
crete value. Yigear is the ideal flow output considering
Qu = V. and ynLM is the flow output of the non-linear
dynamic model. The results are as expected, where the
integrated value of yprr1 and ¥igea are identically and
that of yxrum is a bit higher due to the flow spikes. The
bottom part of Fig. 7 shows the optimal input u = af
and the switching cost function value of J,. It is seen
that there are several valve switchings with a high cost
that may be unfavorable. When changing the cost scal-
ing parameter to W; = 2e-9, results in the optimized
solution shown in Fig. 8. It is evident, that the track-
ing accuracy has been reduced, especially at low and
high flow rates. However, it is seen that the switchings
with a high cost have been removed completely. Tak-
ing the time integral of the absolute tracking error and
energy cost yield the results given in Tab. 2.

Table 2: Results with and without energy cost.

Parameter w/o. Jo | w. Jo
Wi 0 2¢-9
Integrated absolute error 1.6 L 21L
Integrated energy (J2) 96.53 57.17

Tt is seen that the tracking error is 29 % higher when
the energy cost is included in the cost function, but
the energy cost is 41 % higher without the energy cost
included. This is a simple example to illustrate how
the optimal solution changes based on the trade off be-
tween tracking and energy. A good choice of the scal-

Time [s]

Figure 8: Flow tracking response using the DEA-MPC
algorithm with the energy cost function.

ing parameter W is of course dependent on the control
and energy requirements for the specific application.

3.5 MPC pressure control

A relatively simple system is constructed in this paper
to illustrate the applicability of the control structure,
but it is expected that the control method is suitable
for more advanced fluid power systems comprising low-
speed digital displacement machines with a relative low
number of cylinders. An illustration of the system con-
sidered for pressure control is shown in Fig. 9.

Figure 9: Illustration of the simple load system used for
pressure control of the digital displacement
machine.

A simple orifice load is considered as a flow restric-
tion, where the objective is to control the pressure in
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the high pressure manifold, pg. For pressure control, a
DLTI model of the pressure dynamics is derived based
on the shown definition of variables. The dynamic
equation describing the pressure is given by

G

pult) = - | Faw alt) = koo vou(®) (16)

Q) Qo(t)

where kqo = 2.2 L/(min vbar), Vi, = 0.1m? is the
volume in the pressure line, 3, is the effective bulk-
modulus and 4 = « is the input. Due to the non-linear
equation describing the flow through the orifice, a lin-
earization by first order Taylor approximation is made
and results in

opu(t) = __Bheo opu(t) + L3 kqw du(t)
N—— 2 VL VPO SN—— VL N——
T N —— x N——

A Be

(17)

u

A discretization is made by assuming a zero-order-hold
input as approximated by the discrete model having
the sampling time Ty, = 2 7/(Nc w). The resulting
DLTT model has the standard state-space form given
by

1 = Axg + Bug (18)

Yk = C ax

It has been identified that integral action added to the
control system is necessary to obtain offset-free refer-
ence tracking, due to the model inaccuracies caused
by linearization and flow discretization. Incorporat-
ing integral action within the MPC control structure is
done by modifying the state model to a state difference
model in accordance with Stephens et al. (2013) and

result in
A =AAzxzy+BA
Tk+1 T Uk (19)
Ayk+1 = C AIk

where Azy = zx — Tx1, Aux = ux — ux.; and Ay, =
Yk — Yk.1- Rewriting the output equation yields the
desired result given as
Ayk+1 =C A;L‘k
Yk+1 — Yk = C (A Azy + B Auy)
Yk+1 = C A Azy + C B Auy + yx

(20)

It is seen that the output yx1 is now dependent on the
previous output yx similar to a conventional discrete
integrator. Forming the new state formulation yields

A$k+1 _ A 0 Axy B
] = [ 3] e ] o
—_——

—_———— e — e —
Tiq1 A Tk B (21)
y(k) = [0 1] @
~——
C
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This state model is then used to predict the future
state development by use of recursive evaluation. The
recursive discrete state estimation method is given by

Tie1 B 0 0 0 Auy A
Tyt2 AB B 0 0 Ay A?
sl - | A2B AB B 0| [Aukga| 4 [4%] 7,
Tiesp) AP1B A2 B AP3 B . B| [Awgy Ap
(L
X A Au B
[C 0 0... 0
0 C 0... 0
L0 0 O0... C
N e
C

In short notation the discretely predicted pressure may
thus be written as

(23)

The optimization problem is very similar to that for
the flow control problem, except for how the predicted
output is used to estimate the tracking error cost func-
tion. The optimization problem becomes that given
as

u = argmin {JlT J1+Wh J2T Jg}

Uca
Jy = Z ((\P Aﬂk[i] + V‘Ek) - yref[i])
=t (24)
N.—1 .
2= 3 |20 0 afi)l
i=0 ;0 Al]

It should be noticed that the difference input Auy, =
ux —ux.1 has to be evaluated at each function evaluation
using the current and previous optimal input vector.

4 Results

To investigate the influence of the energy cost function,
the control strategy is initially implemented with the
energy cost function scaling parameter chosen as W; =
0, while W5 = 10. The results of the optimized problem
is shown in Fig. 10.
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Figure 10: Pressure tracking response using the DEA
MPC algorithm without the energy cost
function.

It is seen that relative great reference tracking is
obtained with a minor amount of ripples around the
tracking point due to the non-smooth flow profile.
The bottom plot reveals that there is a high number
of expensive switchings, where a value of 1 indicates
that the maximum of 6 valves are switched simultane-
ously. When changing the cost scaling parameter to
Wy = 2el2, yields the optimized results shown in Fig.
11.

w
=3
S

Pressure [bar]
N
o
o

=
1S)
=]

Flow [L/min]
5 &

o

o

i

' 05

..

40 50 60
Time [s]

Figure 11: Pressure tracking response using the DEA
MPC algorithm with the energy cost func-
tion.

As expected the reference tracking error has in-
creased and larger ripples around the set-point is ob-
served. It is also clear that the switching cost has
been reduced significantly. Additionally, the large flow

spikes due to switching at high flow rates have been re-
moved. Taking the time integral of the absolute track-
ing error and energy yields the results given in Tab. 3
for the two optimized control problems.

Table 3: Results with and without energy cost.

Parameter w/o. Jo | w. Ja
Wy 0 2el2
Integrated absolute error | 2.27¢7 | 2.95e7
Integrated energy 30.3 6.1

Tt is seen that the tracking error is 30 % higher when
the energy cost is included in the cost function, but the
energy cost is 397 % higher without the energy cost in-
cluded. For this particular example it is clear that it
might be beneficial to penalize the energy cost unless
there is strict requirement to set-point tracking. Based
on the specific application it is considered easy to ad-
just the cost function scaling parameter W, based on
the desired trade-off between tracking performance and
energy cost. In all of the presented results for both flow
and pressure control, the problem has been solved in
much less time than the control sampling time, which
enables the algorithm to be implemented online. How-
ever, MPC control requires the reference trajectory to
be pre-specified or at least estimated within the pre-
diction horizon which may cause problems based on
the specific application. Also, there is a clear restric-
tion with regard to the maximum speed of the digital
displacement machine, both due to the problem solv-
ing time and valve switching time. Additionally, an
increased sample rate may be beneficial for very low
speed machines, but this comes with the cost of an
increased number of input decisions, which again in-
creases the problem-solving time.

5 Conclusion

A Model Predictive Control (MPC) method for a se-
quential partial stroke operated low speed Digital Dis-
placement Machine (DDM) with a relatively low num-
ber of cylinders is demonstrated in this work. The
method improves the set-point tracking capability com-
pared to full-stroke and conventional partial stroke op-
erated machines, while allowing the designer to spec-
ify the importance of energy consumption and reduced
flow /pressure/torque pulsations. To solve the discrete
valued optimization problem, the Differential Evolu-
tion Algorithm (DEA) is used. For a 10-rpm machine
with 10 cylinders the algorithm is online capable, since
the solving time is much less than the control sam-
pling time. Simulation results for both flow and pres-
sure control show great tracking performance if energy
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consumption is not considered, while a minor decrease
in tracking performance leads to a large decrease in
energy consumption in the case of pressure control.
The presented control strategy is however not suitable
for fast rotating digital displacement machines due to
both solving time and additional energy losses due to
excessive switchings compared to a full-stroke control
method.
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ABSTRACT

This paper concerns control of a digital direct hydraulic cylinder drive (D-DHCD)
and is a novel concept with the potential to become the future solution for energy
efficient hydraulic drives. The concept relies on direct control of a differential cylin-
der by a single hydraulic pump/motor unit connected to each cylinder inlet/outlet.
The pump,/motor unit in this research uses the digital displacement technology and
comprises of numerous individually digital controlled pressure chambers, such that
the ratio of active (motoring, pumping or idling) chambers determines the machine
power throughput. This feature reduces energy losses to a minimum, since the inac-
tive (idling) chambers has very low losses. A single DDM may provide individually
load control for several cylinders without excessive throttling due to various load
sizes. Successful implementation of the concept relies on proper control of the DDM,
which demands a dynamical model that allows for system analysis and controller
synthesis. This is a challenging task, due to the highly non-smooth machine behavior,
comprising both non-linear continuous and discrete elements. This paper presents
the first feedback control strategy for a D-DHCD concept, based on a discrete dy-
namical approximation and investigates the control performance in a mathematical
simulation model representing the physical system.

KEYWORDS
Digital Displacement Machines; Hydraulics; Fluid Power; Direct Drive; Control;
Energy efficient

1. Introduction

Conventional hydraulic cylinder drives are widely used in industry due to their high
power-to-weight ratio, but is challenged by their low efficiency, especially at part load
operation. The high losses are a result of throttling through utilization of proportional
flow control valves used to achieve the desired cylinder operation. Various solutions for
improving the efficiency of cylinder drives has therefore been studied, such that hy-
draulic drives are a viable candidate for future energy efficient actuation systems. One
proposed solution where proportional valve flow control is maintained, is through use
of an additional valve, allowing for individual pressure chamber control through the
separate metering principle Nielsen (2005). Another solution is to introduce an addi-
tional intermediate pressure line, allowing for a reduction in throttling losses at lighter
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loads through switching between active pressure lines Dengler et al. (2011, 2012). An
alternative concept is direct pump/motor flow control, where the throttling losses as
a result of proportional flow control valves is omitted. Various solution proposals for
achieving proportional direct flow control has been presented which are based on vari-
able displacement units, rectifying bridges and/or accumulator solutions Heybroek
et al. (2008, 2006), Ivantysynova and Rahmfeld (1998). However, these methods are
often either rather complex and/or costly, why low cost alternative solutions has been
investigated, e.g. the speed-variable switched differential pump system Schmidt et al.
(2017, 2015). Recently emerging solutions based on digital hydraulics is another alter-
native to increase the energy efficiency through direct flow control M. Heikkil (2013).
This paper investigates a digital hydraulic solution, where the direct pump/motor
flow control is achieved through use of the digital displacement technology. The dig-
ital displacement machine (DDM) comprises of numerous displacement chambers in
a modular construction, where each chamber is individually controlled by electrically
actuated on/off valves. The machine enables utilization of three modes (pumping, mo-
toring and idling), which in full stroke operation may be changed on a stroke-by-stroke
basis once per revolution at a fixed angle for each chamber. This way, the committed
displacement is determined by the ratio of active cylinders in discrete levels. Since the
chamber pressure remains low in idling mode, it entails very low losses and thus high
efficiency at part load operation. Additionally, the use of leakage free digital valves
provides reliable load holding which is often a major problem for direct drive solutions.
For a more detailed description of the digital displacement technology and operation
see e.g. Ehsan et al. (1997), Payne et al. (2005), Rampen (2010)

To enable the technology to be feasible demands a proper feedback control system.
However, development of the control system is considered a challenging task due to
the non-smooth machine behavior. This may explain why state of the art control
strategies are often limited to either neglecting the dynamics or pre-determine the
actuation sequence offline Johansen et al. (2015), Sniegucki et al. (2013), Armstrong
and Yuan (2006), Song (2008), Heikkila and Linjama (2013). Model based feedback
control strategies has been developed for the digital displacement machine, but has
only been considered for a machine either operating solely in pumping or motoring
mode Sniegucki et al. (2013), Pedersen et al. (2016, 2017a,b, 2018). Model based
feedback control of a combined pump/motor DDM is complicated by the pump and
motor impulse responses being different and the decisions being made out of phase.
This paper proposes the first model based control strategy for a DDM that may both
use pumping and motoring strokes by use of a discrete angle average approximation
method. The performance of the control system is investigated through simulation in
a non-linear model representing the physical system.

2. System Description and Mathematical Model

To illustrate the digital direct hydraulic cylinder drive concept and developed control
strategy, a simplified load system with a single cylinder is considered. The DDM
concept allows each pressure chamber to both act as a pump and a motor unit, such
that movement of the main cylinder in both direction is possible with a single fixed
speed DDM. The D-DHCD concept under consideration is illustrated in Fig. 1.



1 Low pressure mainfold
2 High pressure manifold
3 Low pressure valve

4 High pressure valve

5 Cylinder

6 Piston

7 Cylinder chamber
(Pressure chamber)

8 Eccentric

Figure 1.: Conceptional drawing of a digital displacement controlled direct cylinder
drive.

The DDM consist of 8 modules with 5 cylinders in each module, for a total of 40
cylinders. The 8 modules are divided into two banks with 20 cylinders in each bank,
where one bank is connected to the main cylinder piston side and the other to the
main cylinder rod side. The cylinders in each bank are radially distributed around a
common eccentric shaft and the two banks are parallel connected. The chamber size
of the cylinders in each bank is matched with the main cylinder area ratio, such that
the chamber sizes on the piston side is larger than on the rod side. When extending
the main cylinder, the piston side bank may be set to pumping mode, while the rod
side bank may be set to motoring mode. When reversing the direction of motion, the
piston side bank may be set to motoring mode and the rod side bank to pumping
mode. This way, the drive torque from the electric rotary machine may be reduced by
the generated motor torque. Depending on the size of the load, only a fraction of the
cylinders in a bank is active in either pumping or motoring mode, while the remaining
chambers are set to idle mode. To smooth out the pressure spikes induced by the
digital machine, damping accumulators is placed in the connection lines to the main
cylinder chambers. In theory, the system under consideration enables the potential
of running the electrical motor in generator mode for energy recovery if the stored
potential energy in the spring is large. However, this is not investigated further in this
paper where a fixed speed machine is assumed.

2.1. Dynamic mathematical model

A non-linear model representing the physical system is set-up to allow for simulation
and performance evaluation, since a physical test-setup is not available. However, the
presented model for the main cylinder has been experientially validated Schmidt et al.
(2017). The cylinder motion dynamics is described by Eq. (1) and is obtained by
applying newtons 2nd law of motion, resulting in

Mi‘A:—KZIJ‘f‘ppAp_prAr_Ffric (1)



Here M is the combined load and piston mass, while K is the spring constant. p, and
pr is the piston and rod side pressure respectively, while A, and A, is the piston and
rod side area respectively. The friction force, Fyic is described by a viscous and a static
term given as

N .
Firic = Be &A + (Fe + (Fs — F¢)) e I I tanh (y £a) (2)
——
Viscous Stribeck + Coloumb

where B, is the viscous friction coefficient, F, is the static Coulomb friction and Fj is
the Stribeck friction coefficient. v is a shaping factor which determines the slope of the
static friction near zero velocity and vy is a shaping factor for the Stribeck friction. The
pressure in the cylinder pressure chambers are described by the continuity equation
and are given by

pp = (Qp - QAp - Ap «fA) %
’ 3)
]jr = (Qr - QAr + Ar i'A) %

The pressure dependent effective bulk modulus, £, is modeled in accordance with
Andersen and Hansen (2003) which includes the ratio of air entrapped in the oil and
has a maximum value of Bmax. Vp it @and Vit are the initial piston and rod side
volumes respectively.

The flows into the damping accumulators are modeled as

Qap = Ky \/|pp — pap| sgn(pp — pap) @
QAr = Kv ‘pp - pAr‘ Sgn(pr - pAr)

where pap and pa, are the pressures in the damping accumulators on the piston and
rod side respectively. The accumulators are modeled relatively simple by considering
the ideal adiabatic gas model and is given by

V, ® Var \7
PAp = (ﬁ) PAP,O DPAr = (fSAr) DAr,0 (5)

where & is the adiabatic gas constant, Vs, and Vi, are the accumulator volumes and
PAp,0 and pa, o are the pre-charge pressures. The parameter values of the main cylinder
is provided in Tab. 1.




Parameter symbol | value | Unit
Load mass 1316 Kg
Spring constant 81367 | N/m

M

K
Piston side area Ap 31.17 | cm?
Rod side area A, 21.55 cm?
Viscous friction coefficient B, 6480 | Ns/m
Coulomb friction F, 1740.8 N
Stribeck friction coefficient Fy 1790.8 N
Stribeck velocity coefficient Vs 0.7 cm/s
Friction slope coefficient 07 1700 -
Initial piston side volume Voo 0.36 L
Initial rod side volume Vio 0.54 L
Maximum oil bulk modulus | Smax 7500 bar
Accumulator size, piston Vap 3 L
Accumulator size, rod Var 3 L
Adiabatic gas constant K 14 -
Pre-charge pressure, piston | papo 40 bar
Pre-charge pressure, rod DAr,0 25 bar

Table 1.: Parameter values used in the non-linear simulation model for the main cylin-
der. The cylinder model has been experimentally validated by Schmidt et al. (2017).

The remaining modeling governs the dynamics of the digital displacement machine,
where the important characteristics with respect to control of the machine is included.
The piston and rod side flows @, and @, are the sum of flows from the individual
pressure chambers of the DDM given by

N. N,
Qo= Qup(i) Q=7 Quli) (6)
i=1 i=1

where N, = 20 is the number of cylinders. Qpp and Qu, are the flow through the high
pressure valve as shown in Fig. 2 illustrating a pressure chamber of the DDM. Since
the dynamics of the rod side cylinder bank is identically to the piston side cylinder
bank, the following derivation is made only for the piston side bank.

Pressure

Figure 2.: Tllustration of a single cylinder of the radial piston digital displacement
machine.

It is seen that the high pressure valve (HPV) controls the flow to and from the
high pressure manifold, while the low pressure valve (LPV) controls the flow to and



from the low pressure manifold, such that these in combination controls the chamber
pressure. The piston stroke length, = as a function of the shaft angle is given by

T (91) =Te (1 — COS(ei)) 0; =0+ (l — 1) xS {1, ..,,NC} (7)

27
C

N,

re is the eccentric radius and is equal to half of the stroke length and N, = 20 is the
number of cylinders. The cylinder chamber volume is then described by

Vi(65) = % (1= cos(6:)) + Vi
N V. ®)
Vi (ei,a) = 0 sin(0)

where the chamber volume is given as Vg = Vp = 2 e A¢, with A. being the piston
area. The pressure dynamics is described by the continuity equation and is given by

= 242 Qi — Quis — ¥0) )

where Qup and Qr, are the flows through the high and low pressure valve respectively
and [, is the effective oil bulk modulus. The valve flows are described by the orifice
equation yielding

TLp,i .
Qrpi = k‘f” VIpi — pu| sign (pi — pu)

7 (10)
THp,i .
Qup,i = I;f V/Ipu — pil sign (pu — p1)

where ki is the valve flow coefficient and Zp, and Zyp are normalized valve plunger
positions. The plunger dynamics is modeled as a constant acceleration to yield a
smooth plunger position response with a desired switching time. An illustration of the
plunger dynamic response is shown in Fig. 3.

Acceleration Velocity Position
4 2
2 @ 1
0 = 0.5
-7 0 0

Figure 3.: Dynamics response of the digital valves.

where 5 is the valve opening/closing time. The position response is similar to what
may be expected if a more detailed valve model with force balance equation had
been utilized. Despite the relatively simple valve model, the fundamental dynamical

characteristics with respect to the behavior of the machine is included.
Valve control is achieved though active closing and passive opening due to pressure,
meaning that the valves are closed at specific angles based on whether a pumping,



motoring or idling decision is desired. Similarly, the HPV is opened when the cham-
ber pressure exceeds the high pressure and the LPV is opened when the chamber
pressure drops below the low pressure. Simulation results of a single chamber using
the non-linear simulation model is shown in Fig. 4, where all the possible activation
combinations of motoring, pumping and idling 1s conducted.

1 2 3 4 5 6 7 8 9 10
Idle Pump Idle Idle Motor Idle Motor  Pump  Motor Idle

BDC T T T T T T T [\

X

]
XLPV
DC | | ‘ ‘ *Hpv

T 7\ /1 //\\&N /\
/Al / //\

I I I I I I I I
™ 27 3T 4T 57 6 7T 8T o 107 Mr

0 [rad]

Figure 4.: Simulation of a pumping, idling and motoring strokes of the digital displace-
ment machine.
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Four different closing angles are used, namely 0rp, Oup, OLm and Oy € [0,2 7],
which are the closing angles for the LPV during pumping, HPV during pumping,
LPV during motoring and HPV during motoring respectively. Going from section
1 to section 2, it is seen that a pumping stroke is initiated by closing the LPV at
Orp located at bottom dead center (BDC), which results in a pressure increase due
to chamber compression. As the chamber pressure exceeds the pressure in the high
pressure manifold, a passive opening of the HPV due to pressure force is achieved
and high pressure fluid is pumped to the high pressure manifold. The HPV is actively
closed near top dead center (TDC) at fyp, following a chamber decompression and a
passive opening of the LPV as the chamber pressure decreases below the low pressure.
Similarly, a motoring stroke is initiated in the end of section 4 by closing the LPV at
O\, resulting in a passive opening of the HPV at TDC. The HPV is further closed
at Oy to end the motor stroke in section 5, such that passive opening of the LPV is
achieved in ahead of BDC. The later sections 7, 8 and 9 illustrates transitions when
going directly between pumping and motoring strokes. Going directly from motoring
to pumping is achieved by maintaining the LPV closed and going from pumping to
motoring is achieved by keeping the HPV open such that the LPV remains closed.
The parameters of the digital displacement machine model is provided in Tab. 2.



Parameter symbol | value Unit
DDM speed 0 1500 rpm
Piston side volume Vap 1.25 cm?
Rod side volume Var 0.86 cm?
Chamber flow coefficient kg 5-10% | \/pa s/m?
Valve actuation time ts 3 ms
LPV motoring closing angle O 337.7 deg
HPV motoring closing angle | 6 152.2 deg
LPV pumping closing angle Orp 179.9 deg
HPV pumping closing angle Oup 353 deg
Low pressure L 1 bar
Maximum bulk-modulus Brmax 16000 bar

Table 2.: Parameters of the digital displacement machine

The reason that the maximum bulk-modulus in the DDM pressure chambers is
much higher than in the main cylinder is that the hydraulic connection to the main
cylinder consist of a relative large hose-volume. It is known that the pressure chamber
volumes are very small in size and may be physically difficult to realize. However, the
combination of chamber volume, number of pressure chambers and speed of the DDM
has to be dimensioned such that they match the main cylinder specifications. With
respect to control performance, it is desired to have a large number of cylinders and a
high rotational speed, such that a high control resolution and update rate is achieved.
However, having many small cylinder chambers is costly, why a trade off between cost
and performance has to be made. Since the control strategy is the main focus of this
paper and it is not effected by how these values are chosen, the above parameter values
are accepted.

3. Control strategy and DLTT Model

The mathematical model and description of the D-DHCD revealed that the dynam-
ics of each pressure chamber is described by non-linear continuous differential equa-
tions, while the inputs (pumping, motoring or idling) are discrete and may only be
updated at fixed shaft angles. To overcome these control complications, this paper
proposes an angle average approximation and shows that a discrete linear time invari-
ant (DLTI) model may be sufficient in describing the DDM dynamics. The proposed
control strategy is shown in Fig. 5 and is based on pulse-density modulation. Similar
strategies has successfully been applied for control of both fixed and variable speed
digital displacement machines which may either pump or motor, but not both Peder-
sen et al. (2016, 2017a,b). It is seen that a multi-variable DLTT controller is utilized,
which output u(t) is a displacement fraction reference for the piston and rod side
DDM banks. This value is converted to an activation sequence for the DDM banks
through a two-bit pulse-density modulator. A delta-sigma modulator is chosen, since
its output is time averaging equal to the input due to integration of the error. The
value of @(t) € {—1,0,1} hence corresponds to a motoring, an idling and a pumping
stroke respectively. Establishing a DLTI description of the system is seen to require
a linearization of the pulse-density modulator, as well as a DLTI-approximation of
the motor dynamics. Additionally, a linearization and discretization of the application
load dynamics is necessary.
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Figure 5.: Illustration of the DLTI control strategy for the digital direct hydraulic
cylinder drive.

3.1. D:igital Displacement Machine

To obtain a synchronous sampled system, the decision to either pump, motor or idle
must be syncﬁronized. The synchronization of decisions is made by considering the
flow characteristic of the DDM for the individually chambers shown in Fig. 6. The
fast dynamics flow spikes seen in Fig. 4 caused by a rapid pressure change is omitted
for simplicity of illustration.

D;

X Y
NSNS NN
NN N

Figure 6.: Two quadrant operated DDM full stroke activation pattern of two opposite
located cylinders.

When initiating a motoring stroke the LPV is closed at a local angle, 0z = ¢, for
the specific cylinder and when initiating a pumping stroke, the LPV is closed at a local
angle, fpp = ¢, for the specific cylinder. Considering two cylinders located opposite
to each other, one cylinder is in the pumping stroke cycle when the other is in the
motoring stroke cycle. For these opposite located cylinders, it is seen that the decision
to motor is located ahead of the decision to pump. To significantly reduce the control
complexity, the actuation decision for a pumping and a motor stroke is synchronized
to be done at ¢n,. The disadvantage of doing this is the minor delay introduced for
pumping decisions, but since the speed of the machine is high, this time delay is very
low.

To develop a DLTI model of the flow characteristics, it is required that there is a
linear relationship between the input and output. It is seen in Fig. 6 that the response of
the pumping and motoring stroke is not identically, since a minor part in the beginning
of the pumping stroke is not used, while a minor part in the end of the motoring stroke
is not used. However, this fraction of unused displacement is approximately identically,



such that the integrated displacement during a full stroke is the same. This compliance
is used in the establishment of a DLTT model where the output during a half revolution
is matched. The DLTI model is established by considering the flow throughput between
samples as proposed by Johansen et al. (2017). The displacement fraction between
samples is described by Eq. (11) when considering @ = V, which is considered valid
due to the fast pressure dynamics.

~ 23V (Ol + 1))~ V(61K]) 0
Va N, =
~ ;ﬂc 0 AV[K]

Qulk]

~

where V is the normalized chamber volume and 65 = 27 /N¢ is the sample angle. The
samples are made at angles given by

0lk] = ¢+ — (k—1) ke{l,...,N} (12)

2w
Ne
where ¢p, is the local angle where the actuation decision is made. The displacement

fractions between samples is determined by Eq. (13) when considering a motoring
stroke.

0 O[k], 0k +1] ¢ [0;7]
o V(Olk+1) - V(OK]) O[], 0(k+1) € [0;7]
AVIK] = V(O[k+1)—V(0) 0k <0<0[k+1] (13)
V() — V(0[k]) O[k] < 7 < B[k + 1]

The flow response may then be written as a convolution sum (sum of impulse re-
sponses) given by

5 k
QK] = Vd;j: O ok alkl = 3" AV [k - m] afm] (14)
Hk,—/ m=0

m

where « corresponds to the displacement fraction. The resulting impulse response of
the discrete displacement model is shown in Fig. 7.

To match the DC-gain of the response, the committed displacement during a full
stroke of the DLTI-model has to be scaled with that of the physical system where a
minor fraction is not utilized. This is done by calculating the fraction of the full stroke
that is utilized by

_ V() _ 5 (1—cos(e)
Vim) % (1—cos(m)

(1 — cos(9))
2

(15)

n ) -
)

where ¢ = Oyp is the angle where motoring is stopped as shown in Fig. 6. The resulting
DLTI-model transfer function thus becomes that in Eq. (16), when transforming the
difference equation representation in Eq. (14) to a transfer function.

10
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Figure 7.: Discretization of displacement response.

(16)
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where di = AV[10 — 4]. It is seen that the model order is directly determined by the
number of cylinders. The flow response of the angle average discrete model is shown
in Fig. 8, for both a motoring and a pumping stroke.
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Figure 8.: Two quadrant operated DDM full stroke activation pattern.

The figure shows a motoring and a pumping impulse response of the DLTI-model.
A value of —1 (motoring) is given as input at the first sample which output last for the
subsequent 10 samples. An input value of 1 (pumping) is then given 10 samples later,
which makes the same cylinder do a pumping stroke immediately after. The output
is seen to resemble the system response fairly well. As expected, there are minor
discrepancies in the end of the motoring stroke and in the beginning of the pumping
stroke due to the linear approximation. However, the fundamental characteristics and
the committed displacement during a full stroke is identical.
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3.2. Pulse-density modulator

The input @ € {—1,0,1} is generated by a discrete delta-sigma modulator that com-
prises of a discrete integrator and a quantizer as shown in Fig. 9a.

Figure 9.: Two-bit first order Delta-Sigma Modulation diagram and linear representa-
tion of it.

The modulator integrates the error between the input and output such that the
average value is identical. The quantizer is implemented in the form given by

1 if u[k] > 0.5
alk] =<0 if —0.5<ulk] <05 (17)
-1 if —0.5<vlk]

The quantizer is seen to be highly non-linear and thus requires linearization. This is
done by considering the quantizer as an additive noise input, n with noise intensity
Z € [0;1/2] as illustrated in Fig. 9b. Replacing the quantizer with an additive noise
input yields the linear discrete model given by

0(z) = % U+ L v "

a(k) =u(k —1) +n(k) —n(k-1)

It is seen that the linear model comprises of a single sample delayed input and a
discrete differentiated noise term. The result of this linear approximation is illustrated
by considering the relationship between the input u(k) and the output @(k) as shown
in Fig. 10. (The discretization of the response is omitted for simplicity of illustration).

Non-linear Linear

response approximation

Sample

X
O R e e AP O
Figure 10.: Comparison between linear and non-linear response.

It is seen that if the input u(k) = 1/3, then one third of the cylinders are activated
physically. However, if neglecting the quantizer noise term, the DLTI model output
results in the sum of dashed line responses. The linear response has all the cylinders
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active, but their amplitude is 1/3, such that the average displacement is identically.
This linear approximation with neglected noise term is hence less accurate at lower
displacement fractions and yields a more smooth response than the actual, which may
be a limiting factor with respect to linear deterministic control of such system. The
DLTI model of the modulator may then be combined with the DDM model to represent
the dynamic behavior of the full stroke operated digital displacement machine.

3.3. Application load

To apply DLTI-control of the system, the cylinder drive and load dynamics requires
linearization and discretization. The mechanical system is linearized by omitting the
static friction resulting in

M iy =—Keqz+pp Ap —pr Ar — B & (19)

Linearization of the cylinder drive dynamics is done by specifying a linearization point
for the effective bulk-modulus and the pressure chamber volumes, as well as neglecting
the accumulator dynamics resulting in

Dp = (Qp - Ap i’A)

p-r = (Qr + Ar xA) (20)

E1RS

B
Vo
The value of bulk-modulus, 3, is evaluated at a relatively low pressure of 25 bar where

the stiffness is low, while V}, and V; are chosen as those yielding the lowest eigen-
frequency. On state-space form the linearized system dynamics is hence described as

N 3
Pp 0 0 —¢4 0 P g 0

Bl _|0 0o £4 0 Pl |0 £ [

ia A A B K| |da 0 0f @

. M M M M

Ta | 0 0 1 0 zaA 0 0] W

g — v N— (21)
Zp A. Zp B.

zal [0 0 0 1 ,

pe| |01 0 0P

~ S——

y C.

The plant model is normalized to simplify control synthesis by the state transformation
zp, = P x, resulting in

%, =P 'A.Px,+P !'B.u,
A, B. (22)
P =diag [p, pr @a @l
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where a hat denotes its maximum value. A discretization of the main cylinder plant
dynamics yields the discrete state model given by

xp(k+1) = Ap xp(k) + By up (k)
y(k) = Cp xp(k)
T, (23)
A, =M T B, = / A AdA B, C,=C.
0
The discrete transfer function of the DDM flow presented in Eq. (16) may be rewritten

into state space form. For the piston side flow the resulting state representation is given
by

Zmp (k) 00 - 0 0| |[zmp(k—1) 1
Tmp(k —1) 10 - 0 0| |zmp(k—2) 0
Top(k—2) | = [0 1 -+ 0 0| |&mp(k—=3)| |0 i (k)
Tmp(k—p+1) 00 1 0| |Zmp(k—p) 0 (24)
-~
Xmp (k+1) Anp Xmp (k) Bup
Qp(k) = kmp n [AVC[I] T AVC[PH Xmp (k) + Kmp 1 [AVC[O” up (k)
| S
Cup Dy

The only difference between the rod side and the piston side flow model of the DDM
is the value of ky,, which is smaller for the rod side, since Vj is smaller to match the
differential cylinder area ratio. The DLTI-model for the rod side DDM flow is thus
described by

Xmr(k + 1) = Ay Xmr (k) + By (k)

25
Qr(k) = Cmr er(k) + Dmr ﬂr(k) ( )
The flow input model to the main cylinder plant is then given as
Xmp (K + 1) _ Amp 0 Xmp (k) + Bup O tp (k)
Xmr(k + 1) 0 Anr| |[xme(k) 0 B |u:(k)
—_———— ———— ——
X (k+1) Am Xm (k) B a(k) (26)
@p(k) _ Coup O Xmp (F) + Dmp 0 up (k)
Q: (k) 0  Cur| |Xme(k) 0  Du| |ur(k)
—— ——— ——
u, (k) Cn, X () D.. a(k)
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The discrete pulse density modulator difference equation in Eq. (18) is rewritten into
state space form resulting in

)= ) ) ) el 2 2 )

Xa(k+1) Aqy xa(k) Ba u(k) By n(k)

_ (27)
ap(k)| (1 0] [zap(k) + 1 0| [np(k)
a(k)| [0 1] |zar(k) 0 1| [n.(k)
—— o —— e — ——
a(k) Cq xa(k) Dy n(k)
The combined full system DLTI-model then becomes
xp(k+1) A, B,C, B,D,Cy4 xp (k) 0
Xm(k+1)[ =10 A, B, Cq Xm(k)| + | 0 | u(k)
Xd(k' + 1) 0 0 Ad Xd(k‘) Bd
x¢(k+1) A, x¢ (k) B, (28)
B, D, Dy
+ B, Dy nk) yk)= [Cp 0 0] x4 (k)
BN T/
N ¢
N,

Since the DD unit is driven at a constant high speed 6 = 1500 rpm and it takes
half of a revolution to go from minimum to maximum flow rate, the response time of
the digital displacement machine is Tiesp =~ 0.02 5. The DDM actuation dynamics is
thus relatively fast compared to the main cylinder dynamics, why it is investigated if
the DDM dynamics may be neglected when synthesizing the controller. This is done
through analysis of the singular values with and without the DDM dynamics. To be
able to compare these values, the input to the discrete main cylinder model in Eq.
(23) is normalized to be given by

B _ Apchn 0
xp(k +1) = ApXp(k) + By Puua(k) Pu= |70 B0 o (29)

u, (k)

where P, contains the maximum flow rate for the piston and rod side and n = 0.96
is the maximum fraction of utilized displacement. The singular values for the state
equation for x;, in Eq. (29) and the complete state equation x; in Eq. (28) is shown in
Fig. 11. It is seen that the dynamics of the DDM and modulator is so fast compared to
the cylinder dynamics that the DDM dynamics may be neglected in the control design
if the closed loop dynamics is slower than w. = 10rad/s. This requirement ensures that
no phase-shift is introduced to the control system by the digital machine below this
frequency threshold. This requirement is easily fulfilled when designing the feedback
controller. However, since the DDM states are binary (active or inactive) in reality and
it is a duty-cycle ratio when analyzed linearly, neglecting the DDM dynamics might
cause a reduction in performance. Therefore it is chosen to perform a simulation study
of the control performance both with and without the DDM dynamics included in the
control design. Also it is evident, that if the DDM is operated at a relatively low shaft
speed it is always necessary to include the DDM dynamics.
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Figure 11.: Comparison of singular values with and without actuator dynamics.

4. Deterministic Optimal Control strategy

Since the system has multiple inputs and multiple outputs, it is considered advanta-
geous to utilize an optimal control strategy. A deterministic control strategy based on
linear-quadratic regulator (LQR) is used, since it has earlier been found for a simi-
lar system, that control performance is not improved noticeable by using a stochas-
tic method where the disturbances are included in the control design Pedersen et al.
(2017a). The following section is written for control design of the full system where the
DDM dynamics is included, but the same procedure it also applied for the simplified
system without the DDM dynamics.

To improve set-point tracking, integral action is added to the system on the form
given by

xi(k + 1) = x(k) + e(k)

30
Xi(k + 1) = Xi(k) + I'(If) — Ct Xt(k') ( )
The resulting state space formulation used for control synthesis then becomes
Xt(k + 1) o At 0 Xt(k') Bt
L{i(k w1 T =c 1| |xik)| T o | M)
—_——— —
xs(k+1) A, x5 (k) B. (3]_)
y(k) = [C0 0] x(k)
C

The LQR algorithm determines the optimal control input u(k) that minimizes the
discrete quadratic cost function given by

T = (x:(k)" Qxs(k) + (k)" Ru(k)) (32)

1

where Q = QT > 0 is the state weighting matrix and R = R” > 0 is the input
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weighting matrix, which specifies the relative importance between driving the states
to zero and the control effort to do so. It may be derived that the feedback control
law is given by u(k) = —K x¢(k) + K xi(k), where the feedback control gains are
determined as

K,— (BISB.+R) ' (B'SA,) (33)

where the feedback gain vector is defined as Ky = [K KJ. The unknown matrix
S = ST > 0 is solved by the use of the discrete version of the algebraic Ricatti
equation given by

0=ATSA,-S+Q

34

— (ATSB,) (BTSB.+R)™' (BI'SA,) (34
To exemplify the control strategy presented in this paper, the state weightings are
chosen in a relatively simple manner relatively to the input weighting matrix chosen
as R = diag[1 1]. With reference tracking being the main objective, the integral state
for the tracking error and pressure error is of high importance. Since position tracking
is much more important than pressure tracking, the state weighting matrix is chosen as
Q = diag { [0 0 --- 5 0.001] } With the presented method, the control synthesis
has been reduced to specifying two parameters, although the system comprises of 26
states.

5. Simulation Results

Since a physical test set-up is not available and the purpose of this paper is to illustrate
the potential of the concept and control strategy, only performance evaluation based
on simulation results is conducted. In the simulation, a common position tracking
reference has been studied and a constant pressure reference is used. Two simulations
are made, one which include the digital displacement machine dynamics in the control
structure and one which does not. The results of the simulation is shown in Fig. 12
and Fig. 13.
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The performance of the two control structures are seen to be very similar, but
slightly less oscillation is identified in the piston velocity response when the complete
system dynamics is included. It is clear that there is a phase-shift between the position
reference and response that is undesired. This is caused by the controller gains being
tuned rather conservatively. Increasing the controller gains, is found to result in an
increasingly oscillating control signals and response. Minor oscillations is already seen
for the piston velocity and pressure response at very low displacements, where the
digital machine behavior is most clearly observed. The pressure reference tracking is
also seen to be good, but as long as the pressure is within +10 bar, the performance is
considered adequate. The flow responses are actually close to what might be considered
ideal, since the amplitude of the fluctuations corresponds to the actuation of a single
cylinder chamber.

Although the performance is considered acceptable it is not as good as what may be
expected when using a conventional proportional valve controlled cylinder. The digital
displacement technology as a direct drive is clearly most suitable for high inertia
systems, where the fluctuations are dampened passively. This paper investigates a
relatively low inertia system to illustrate the challenges of utilizing such digital system.
Therefore, a significantly better performance is expected for high inertia systems,
which control performance will be much closer to a conventional proportional valve
controlled system. Alternatively, the fluctuations may be reduced by utilizing more
pressure chambers with smaller volumes, but this is an expensive solution that might
result in unpractical low pressure chamber volumes. Only a minor effort has been put
into dimensioning of the accumulators, why optimized accumulators is also expected
to increase the performance. The paper shows that the concept is viable for direct
cylinder drive control, but still has many challenges that has to solved to make it a
viable solution.

Conclusion

This paper proposed a control strategy for a novel energy efficient digital direct hy-
draulic cylinder drive concept. The highly non-smooth system behavior with both
continuous and discrete dynamics challenges feedback control development. To over-
come these challenges with respect to having a single machine both utilizing pumping
and motoring strokes, an angle average discrete approximation of the system dynamics
is established. Since the response time of the machine is proportional to its speed, a
linear analysis showed that the DDM dynamics may be neglected for sufficiently high
speeds. However, a simulation with the control system implemented showed that there
is a slightly increase in performance by including the binary states of the digital ma-
chine in the control strategy. The system performance is found to be highly influenced
by the inertia mass of the system, since a significant dampening of the digital effect
is necessary to obtain smooth performance. Since this paper illustrates the concept
and control system on a low mass inertia system, the obtained performance is worse
than what may be expected with a conventional hydraulic cylinder drive. However,
the potential usage of such system is considered very high, why control strategies like
the one presented is important.
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ABSTRACT

Proper feedback control of digital fluid power machines (Pressure, flow, torque or speed
control) requires a control oriented model, from where the system dynamics can be an-
alyzed, stability can be proven and design criteria can be specified. The development of
control oriented models for hydraulic Digital Displacement Machines (DDM) is compli-
cated due to non-smooth machine behavior, where the dynamics comprises both analog,
digital and non-linear elements. For a full stroke operated DDM the power throughput is
altered in discrete levels based on the ratio of activated pressure chambers. In this paper,
a control oriented hybrid model is established, which combines the continuous non-linear
pressure chamber dynamics and the discrete shaft position dependent activation of the
pressure chambers. The hybrid machine model is further extended to describe the dynam-
ics of a Digital Fluid Power Transmission (DFPT) comprising two variable speed DDM’s
with asynchronous control sampling schemes. A validation with respect to a non-linear
dynamical model representing the physical system, shows the usefulness of the hybrid
model with respect to feedback control development.

KEYWORDS: Fluid Power, Digital Displacement, Hybrid system, Control model, Event-
driven

1 INTRODUCTION

Digital fluid power is gaining an increased interest as an alternative to its conventional
analogue counterpart due to its fast dynamic response and high efficiency [1, 2]. Digital
fluid power machines are characterized by delivering a discrete volumetric output deter-
mined by the fraction of activated pressure chambers. Fluid power transmissions (drives)
is one application with a high potential for the use of these digital hydraulic machines,
since robustness, repeatability and redundancy is an appreciated property that digital fluid
power brings [3].

The so called digital displacement machine (DDM) is of this type and is the research
topic for a high number of papers focusing on design and performance optimization
[4,5,6,7,8,9, 10, 11]. The machine comprises of several cylinders being radially
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distributed around a common shaft (eccentric or cam-ring type). The pressure in each of
these cylinder chambers is controlled by electrically actuated on/off valves connected to
a common high and low-pressure manifold. Due to these digital valves, the displacement
throughput of a full stroke operated DDM cannot be altered continuously, but rather in a
stroke-by-stroke fashion once for every reciprocating piston motion. In a full stroke oper-
ation, each pressure chamber is either active or inactive during a full stroke, which means
that a pump chamber is either pumping or idling and a motor chamber is either motoring
or idling. This inherent feature complicates the control of the machine, which is of high
importance for obtaining high efficiency and performance with respect to torque ripples
and reference tracking.

Control development for digital displacement machines is a complicated task and re-
quires a control oriented model, such that proper feedback controllers can be designed.
The development of such dynamical model is not straightforward since the system com-
prises several dynamically aspects. The dynamics of the machine and its pressure cham-
bers is governed by non-linear continuous differential equations, while the input is binary
(active or inactive) and may only be updated discretely at certain fixed shaft angles. Ad-
ditionally, when an actuation decision (active or inactive) has been made for a cylinder
chamber, the output is affected for the next half of the stroke, during where the mentioned
actuation decision cannot be changed.

No traditionally control oriented models are able to capture all the mentioned effects,
but is instead limited to describe some of these effects or use approximations of them.
Both globally asymptotically stabilizing control feedbacks for continuous and discrete
linear systems has been widely studied and various approaches exist [12]. In the case
of a non-linear sample-and-hold control system, the designer often tend to approximate
the system dynamics, often though linearization and discretization, which puts a limiting
factor on the obtainable performance [13, 14]. Another obstacle in the control of a DDM,
is the position triggered sampling, which contrarily to time triggered sampling is not
widely used and therefore remains an undergoing research topic. However, methods of
state dependent event-driven sampled control exist, but is in general limited to linear
system [15, 16, 17] or focused around minimizing the number of events in networked
control systems [18, 19].

Control development for digital displacement machines is an expanding research topic
and several results on the subject has been published. Most of these results are however
limited to simplified operation conditions under fixed speed and often in an open loop
configuration [5, 20, 21, 22]. Promising results regarding feedback control have been
published by Sniegucki et. al. [23], which utilizes mixed logical dynamic programming
to determine the optimal actuation sequence. Despite yielding promising results with
respect to torque fluctuations and tracking, its use has so far been limited to offline op-
timization due to a large computational effort. Johansen et. al [24] proposes a closed
loop structure for fixed speed operation, where the digital control signal is converted to a
binary actuation sequence by a Delta-Sigma modulator. The same authors [25] presents a
discrete linear time invariant (DLTI) model approximation of the digital machine, allow-
ing for closed loop control development for a fixed speed machine. The work of these
two papers has been combined by Pedersen et. al [26, 27] and applied to a digital fluid
power transmission for a wind turbine. An event-driven control strategy using the DLTI
model and Delta-Sigma modulator to overcome the problem of variable speed operation
is presented in [28]. However, all of these approaches are based on discrete linear approx-
imations, which puts limitations to the performance and region of stability. Furthermore,
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no control oriented model for a DFPT with two DDM’s has so far been developed.

In this study, a hybrid representation of a digital displacement machine is made, fol-
lowed by a hybrid model of a digital fluid power transmission. Hybrid dynamical models
are able to capture both discrete and continuous non-linear effects, as well as irrational
state dependent sampling [29, 30]. Furthermore, the theory of hybrid dynamical systems
has been well studied in the recent years, which has provided tools for designing globally
asymptotically stabilizing feedbacks [29, 31]. This paper is structured as follows, initially
as a foundation to deriving the hybrid model, the description of the DFPT is given to-
gether with the operation principle of the digital pump and motor. Following this a brief
introduction to hybrid system theory in the case of sample and hold systems is provided.
Then the hybrid representation of the DDM is given and verified by comparison to a non-
linear dynamic simulation model representing the physical system. Lastly, the full DFPT
hybrid model is derived and verified.

2 SYSTEM DESCRIPTION

The Digital Fluid Power Transmission (DFPT) under consideration comprises a multi-
lobe cam-ring type digital displacement pump and a radial piston type digital displace-
ment motor connected through a high and low pressure line as illustrated in Fig. 1.

Py

[P
(a) Iustration of the Digital Fluid Power trans- (b) Design illustration of the digital displace-
mission system. ment pump (left) and motor (right).

Figure 1: Sketch of a digital fluid power transmission and the pump/motor designs.

The DFPT is shown in a general set-up and is applicable as transmission in e.g. wind tur-
bines, where the turbine rotor drives the pump and the motor is connected to an electrical
generator. An input torque 7 is seen to drive the DFP pump which outputs a pressurized
fluid flow Qp to the high-pressure line having the pressure py. The DFP motor intakes
a flow Oy, from the high-pressure line and converts it to a shaft rotation through the me-
chanical torque 7. In general, both the pump and motor may be operating at variable
speed and torque/flow, which is controlled by the displacement input o, and o, for the
pump and motor respectively. In this specific case, the machines are dimensioned around
a5 MW transmission. The pump having the design principle illustrated to the left in Fig.
1b is a cam-ring type with radially distributed cylinder pistons attached by use of roller
bearings. In correct scale, there are 16 ring cam lobes and 25 cylinders in one module and
4 modules in total, which are radially shifted to avoid simultaneous chamber activations.
As a result, the pump consists of 100 cylinders, each going through 16 strokes for every
pump revolution. The lobed geometry yields a high displacement and a great flow/torque
output resolution for a low speed machine (< 15 rpm) with a compact design. The motor
having the design principle illustrated to the right, is a radial piston type with an eccentric
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cam connected to a common shaft. In correct scale 7 cylinders are distributed radially
around the eccentric cam shaft. A total of 6 modules are radially shifted around the com-
mon shaft similar to the pump, such that there is a total of 42 cylinders doing one stroke
each for every motor revolution. This design is suited for a high-speed machine (~1500
rpm) with a relative low displacement per revolution.

Digital displacement machines are characterized by having fast switching electrically
actuated on/off valves controlling the flow throughput of the numerous cylinder pressure
chambers. A sketch of a single motor cylinder pressure chamber is illustrated in Fig. 2,
and is essentially identically for the pump design.

HPV Actuator

Pressure HPL / /
Chamber \

.T\,om

Eccentric Shaft

Piston
LPV Actuator

Figure 2: Sketch of a single motor pressure chamber.

Proper operation of the machine requires precisely timed actuation of the high-pressure
valve (HPV) and low-pressure valve (LPV). Essential to the underlying framework of
developing a control oriented model of the digital displacement machines is the under-
standing of the operating principle. Considering a full-stroke operation there are three
distinct operating modes being idling, pumping and motoring. In a full stroke operation,
the mode of each displacement chamber is altered on a stroke-by-stroke basis. Simulation
results showing a pumping, idling and motoring stroke is shown in Fig. 3 and is obtained
from a non-linear simulation model of the digital displacement machines presented in
[26, 28].

Pumpingstroke Idling stroke Motoring stroke Idling stroke
1 B0C . BDC

05 05

-0.5 [

Normalized Values
o
AN
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°
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05 . . - 05

Bp lradl) Orplrad]

(a) Pumping and idling mode. (b) Motoring and idling mode.

Figure 3: Simulation results of a pumping, idling and motoring stroke of the digital dis-
placement machines.
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The local pumping angle is defined as 8, = 6, Np1» where N, = 16 is the number of
cam lobes. For the pumping mode, the LPV is closed just ahead of Buttom Dead Center
(BDC), such that a passive opening of the HPV is obtained due to the chamber pressure
exceeding the high pressure. During the active part of the pumping stroke, pressurized
fluid is pumped to the high-pressure line. Near Top Dead Center (TDC), the HPV is
closed and the LPV is passively opened since the chamber pressure drops below the low
pressure. The motoring stroke is seen to be essentially the opposite of the pumping stroke,
where pressurized fluid is drawn from the high-pressure line.

3 CONTROL ORIENTED MODEL

Based on the system description, the following things about the digital displacement ma-
chines may be stated with respect to development of a control oriented model.

e The dynamics of each pressure chamber is described by non-linear continuous dif-
ferential equations.

e The actuation input to each pressure chamber is binary (active or inactive).
e An update of the actuation input can only be made at a fixed shaft angle.

e After an actuation input for a pressure chamber has been made, the output is affected
for almost half of a piston revolution.

With respect to developing a control oriented model, the system contains non-linear dy-
namics, as well as both continuous and discrete elements. Additionally, memory effects
are necessary, since the output depends on the input decisions after numerous subsequent
input decisions. As a result, classical continuous and discrete control methods are not
adequate, why a hybrid model is established to include all these different effects. Hy-
brid theory is very broad and is able to describe most known dynamical processes by
combining the analog and digital world.

3.1 SAMPLE AND HOLD HYBRID SYSTEM THEORY

A hybrid system comprises both continuous differential (flow) equations and discrete dif-
ference (jump) equations. A hybrid system is in general formulated as that given by (1)
in accordance with [32, 30].

X €F(xu), xeC,
H xt € Gx,u), x€D (1)
y  =h(xu)

% denotes the state time derivative and x denotes the state value after a jump. u and y
are system input and output respectively. For simplicity, a hybrid system is written as
H = (F,C,G,D,h), where the variables describes the following

o The flow set: C e The flow map: F
e The jump set: D e The jump map: G

e The output map h
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As long as x belongs to the flow set C, x is described by the differential inclusion given
by the flow map F and when x belongs to the jump set D, x is described by the difference
inclusion given by the jump map G.

To illustrate the use of hybrid dynamical system theory, a sample-and-hold control
system where a continuous plant is feedback controlled by a digital controller may be
formulated as a relatively simple hybrid control system given by (2) [32, 30].

Flow map and set:

x= f(x,u)
t=1 T €[0,T4] 2)
=0
Jump map and set:
xt=x
=0 T=T, (3)

7t =u=%x(z,x)

Where 7 is a sawtooth shaped sampling timer that tracks the time since the last sample
and resets when a sample occurs at the sampling time 7;. z is the internal controller
state, which here represent the zero-order hold input to the plant, u. % is the feedback
stabilizing control law. An illustration of a simple sample-and-hold system is given in (4)
and the response is shown in Fig. 4. where [x(0) 7(0) z(0)] =[1 0 0].

Xx=—-0.1x4u OF
t=1 Tef0,1] st
=0 1
@ ..
X+:X
=0 T=1 % 1 2 a3 4 s & 1 8 o 10
Time [s]
F=u=-04x

Figure 4: Response of hybrid dynamical sample-
and-hold system.

It is seen that the timer state T is reset when the timer reach the jump map Ty = 1,
where the input u = z is updated. Between jumps the continuous state evolution occurs
in correspondence with the flow map. This method of modeling a sample-and-hold feed-
back control system is exploited, when modeling the digital displacement machine control
system.

3.2 HYBRID FORMULATION OF A DDM

The displacement volume and its derivative of a single pressure chamber may be described
by (5) [26, 27, 28].
V(6(1)) = kq (1 —cos(8(1)))

V(8(1)) = kg o(r) sin(6(7)) (5)
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where kg = V /2, ® = 6 and V being the maximum displacement volume. In this study, it
is valid to neglect the pressure dynamics during a single stroke as seen in Fig. 3, why the
following approximation is valid Q ~ V. The hybrid model for approximating the flow
throughput of the DDM is derived based on the illustrations shown in Fig. 5.

- O Oern
Ym0 A

fem
Le

0 [ ol 0 dm pm

(a) Pump. 6, = 27/N, = 27/100 (b) Motor. Oy =27 /Ny = 27/42

Figure 5: Definitions of angles used to derive the hybrid model.

O and O, are the angle between each cylinder on the common shaft. y, is the pump
decision angle, where the decision to use a pumping or an idling stroke is made and Y,
is the motor decision angle, where the decision to use a motoring or an idling stroke is
made. @), indicates where the active part of the pump stroke is initialized and ¢y, indicates
where the active part of the motoring stroke ends. Since the derivation is very similar
for the pump and motor, the hybrid approximation to the flow throughput is only derived
for the motor in this paper. In a full stroke operation, the motor flow throughput may be
described as

Om(1) ~ {kqmwm(f) Sin(Om(f) — Oem)  if 0< On(t) — Oem < O

0 else

(©)

If a decision of a motoring stroke is made, the active stroke part ends almost half a revo-
lution later, where almost Ny, /2 numbers of decisions for other cylinders has been made
meanwhile. Therefore, a memory state for each input decision in the active part of the
motoring stroke is necessary. Additionally, a memory state of the shaft angle 6,, where
the sampling occurred is required to describe the flow throughput as function of the shaft
angle. As a result an input decision and an angle sampling state vector is defined by

T T
Zmu = [Zmu,() Imu,l .- Zmu,pm] imo = [ZmG,O im@,1 - Zm9,pm} @)

Since the motoring stroke starts at an angle of 6, = 0 and the decision angle Y, is located
ahead of this, the shaft angle memory state is shifted by this delay angle and is defined as
Z;GJ- = 0m — Y The flow throughput of the machine can then be written by use of Fig.
5a and combining (6) and (7). The resulting motor flow model is given by

Nm Pm
Om (t) = Z QmH,i(I) ~ kqm wm(t) Z sin (em(t) - ZmG,i) Zmu,i €]
i=1 i=gm
Similarly, it may be derived that the torque throughput can be described by
N Pm
Tm(f) = Z Tem,i(t) = ko pH(t) Z sin (em(t) - Zm@,i) Zmu,i &)
i=1 i=gm

Where kqm and kr,, are the flow and torque coefficients. It is evident, that the precision of
the model will suffer for a low number of cylinders, which will be elaborated on based on
a verification of the presented hybrid model.
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3.3 HYBRID DDM MODEL VALIDATION

A validation of the hybrid model is made by comparing the impulse response for the flow
and torque of the hybrid model to that of the non-linear dynamical model shown in Fig.
3. To simplify the verification process the following sample and hold hybrid model has

been used
6‘m = Oy
Xm = Oy

Zmu,O =0

i =0 i= [17--7pm]
Zmﬂ =0
Zmei=0i= [lvnvpm]

Xm € [0, 6cm]

0 = 6
+
Am =0

+ _
Zmu,O = Um

+ P

Zmu’i - Zmu,i—l 1= [177pm}
+ —

Zno,0 = Om — ¥m

Z:z@,i =Zmoi-1 i=[1,.., pm]

Xm = ecm

(10)

where y = [Qm Tm} T are calculated by use of (8) and (9). It is evident that the sam-
pling is triggered by the position instead of time as done in conventional sample-and-hold
systems. In this validation example with constant rotation speed, the sampling time is con-
stant and the conventional representation could might as well had been used. However,
for a variable speed DDM the sampling time is no longer constant but sampling angle
is. Therefore, this representation is made to also allow for modeling of speed variable

machines.

A description of the sample-and-hold scheme is made below for clarification

e The triggering state reaches ym = Ocm and the jump map is triggered. In the jump
map the triggering state is reset: x,;, = 0.

e A motor actuation decision is made, determine whether the current cylinder pres-
sure chamber should be idling z$u o = 0 or motoring z;u o=1L

e The previous actuation decisions are shifted a single place, such that the newest
decisions states are available.

e The current decision angle 6, is sampled, Z;;e‘o = Oy — Y. Lastly, the previous
decision angles are shifted a single place. '

The resulting impulse responses are shown in Fig. 6a and Fig. 6b for the pump and
motor respectively. The system has been simulated by use of the Matlab toolbox “Hybrid
Equations Toolbox v2.04” by R. Sanfelice. The values of the various parameters used in
the model is provided in Tab. 1.
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Figure 6: Validation of hybrid flow and torque model of the DDM.

It is seen that there is a clear coherence between the non-linear model and the hybrid
model. However, there are discrepancies at the end of the active stroke part due to valve
and pressure dynamics. Since these differences are of relatively minor importance and
are complex to model accurately, the hybrid formulation is accepted for system analysis
and control development. As mentioned, the model accuracy will suffer for a low number
of pressure chambers, since the discretization level will be poor. In that case, the model
could be improved by including a different function than the proposed sinus function for
the first and last sample of the active stroke part to increase the model precision.

3.4 Hybrid model for a DFPT

Developing a control oriented model for a digital fluid power transmission comprising
both a digital displacement motor and pump is considered very problematic with con-
ventional techniques. Considering the DLTI event-driven control strategy proposed by
Pedersen et. al. [28] for speed varying digital displacement machines, it is not possible
to extend the model to include two machines in a multi-rate sampling scheme, since the
update rates are varying independently of each other. However, hybrid theory is able to
overcome this problem by utilizing several jump maps.

A non-linear state equations for the continuous plant is given by (11) and is derived
with basis in the definitions of variables shown in Fig. 1.

O, (¢ (1)
a0l | om0~ £ 000
6,(t) | = . @p (1) Ny (11)
(1) —Fop(t) = 77 (1) + 7 ()
P01 =Lk pu(t) + £ 0p(t) — £ Om(r)
) Fx8)

Where § = [Om(t) T (t) Op(t) T (1)] r T, and 1L represents the input torque to the pump
shaft and the load torque to the motor respectively. J, and Jy, are the inertia masses,
while d, and dy, are the damping coefficient of the pump and motor shaft, respectively.
is the effective bulk modulus, Vyg is the high pressure line volume and ., is the leakage
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coefficient. The hybrid sample-and-hold scheme for the flow map is given by

x=f(x,0)
Xm = O
Z.mu:0
. Zm € [0, Ocm]
Zme =0 s [0 0 ] (12)
Xp = @p Ny, P P
Zpuzo
Zpg =0

When both triggering states are below their threshold angle, the flow map is used and
when one of them reaches the triggering value a control update is initiated by entering the
respective jump map given by

+

X =X x+ —x
X =0 X = Xm
Z;u,o = Um Zihu = Zmu
i = Zmuic i=[1,.., pm] o= o
Zmp.0 = Om — ¥m Zim = O A X; =0 Zm € [0, Ocm] A
Z;é,i =Zmg,i-t i=[1,..,pm] 1 € [0.6c] Zpo0 = Up Xp = Ocp
% =1 Z;—u,i =Zpui-t 1= [1,.pp)
Zpu = Zpu Zho0=0— (T— )
Zpo = 0 i =201 i= L, pp)
(13)
Based on (8) the flow throughput of the machines may be approximated by
O (t) = kqm On(t Z sin (Om(t) — zme.i) Zmui
-, (14)
Op(1) = kap Np. (1) Z sin (6,(t) —2p6.i) Zpui

i=qp
Similarly based on (9), it may be derived that the torque throughput can be described by

Pm

Tm(t) mrp Z sin m(t) Zmo, z) Zmu,i
i=qm ” (15)
Tp(t) = kp‘L' Np,l p(t) Z sin (ep(t) - Zpﬂ,i) Zpu,i
i=qp

Hereby a dynamic hybrid system model of a digital fluid power transmission comprising
two digital displacement machines is developed and may be used for dynamic analysis
and feedback control development.

3.5 HYBRID DFPT MODEL VALIDATION

To verify the proposed hybrid formulation of the DFPT, a simulation of the model is made
and the results are compared to those obtained by simulation of the non-linear model rep-
resenting the physical transmission. The equations for the non-linear model are available
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Figure 7: Results for validation of the hybrid DFPT model. Black lines represents the
non-linear physical model and red lines represents the hybrid model.

in [26, 28], and the results for a single stroke of the pump and motor has already been
shown in Fig. 3. In the validation, both models are given the same inputs (0, Om, T1, L)
The displacement fractions ¢, and o, are converted to Pulse Width Modulated (PWM)
signals oy and o, by a first order discrete Delta-Sigma-Modulator (DSM) [33] describ-
ing the cylinder chamber actuation sequence. The results are shown in Fig. 7, where it
should be noted that only the generated PWM signals for the non-linear model are shown
for clarity. The results are seen to have a great correspondence, which may be expected
based on the validation of a single stroke shown in Fig. 6. The only easily identified dif-
ference is seen in the motor velocity response where drifting between the two responses is
observed, which is due to the low motor inertia mass and damping combined with the mi-
nor discrepancy in the motor torque response. Overall, all the relevant system dynamics
is captured with the hybrid model, which verifies its applicability with respect to system
analysis and feedback control development.

4 CONCLUSION

To enhance the development of feedback stabilizing controllers for hydraulic digital dis-
placement machines, a hybrid dynamical control oriented model of the system dynamics
has been derived and verified. The presented digital displacement machine hybrid model
avoids the previous model approximations by linearization, allowing for the possibility
of an increased performance and enlarged region of stability. Hybrid system theory has
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also been proven to be able to describe the dynamics of a digital fluid power transmission
system with multiple speed varying digital displacement machines, which is not possible
with classical discrete or continuous methods. The next step is thus to design globally
asymptotically stable feedback controllers based on well established tools within hybrid
dynamical system theory.

5 APPENDIX
Table 1: Parameters values used in the model

Parameter symbol | value | Unit  Parameter symbol | value Unit
Pump lobes in 1 module Npa 16 - Pump flow constant kap 249.3 cm’
Pump cylinders in 1 module | N, 25 - Pump torque constant kep 249.3 cm?
Number of pump modules Np.m 4 - Motor flow constant kqm 77 e’
Motor cylinders in 1 module | Ny 7 - Motor torque constant kem 77 cm?
Number of motor modules Nmm 6 - Pump damping coefficient dy 50e3 | Nms/rad
Number of pump cylinders Ny 100 - Pump inertia mass I 38.76e4 kgm?
Number of motor cylinders Nm 42 - Motor damping coefficient dm 10 Nms/rad
Pump decision angle [/ 178.8 | deg  Motor inertia mass Jm 534.2 kgm?
Pump stroke angle P 18.2 | deg Effective bulk modulus B 16000 bar
Motor decision angle /A 26.3 | deg High pressure line volume Vi 3.92 m
Motor stroke angle [ 161.8 | deg
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ABSTRACT

Proper feedback control of dynamical systems requires mod-
els that enables stability analysis, from where control laws may
be established. Development of control oriented models for dig-
ital displacement (DD) fluid power units is complicated by the
non-smooth behavior, which is considered the core reason for
the greatly simplified state of the art control strategies for these
machines. The DD unit comprises numerous pressure chambers
in a modular construction, such that the power throughput is de-
termined by the sequence of activated pressure chambers. The
dynamics of each pressure chamber is governed by non-linear
differential equations, while the binary input (active or inactive)
is updated discretely as function of the shaft angle. Simple dy-
namical approximations based on continuous or discrete system
theory is often inaccurate and is not applicable for such sys-
tem when it is to operate in all four quadrants. Therefore, a
method of applying hybrid dynamical system theory, comprising
both continuous and discrete elements is proposed in this paper.
The paper presents a physical oriented hybrid model accurately
describing the machine dynamics. Since development of stabiliz-
ing control laws for hybrid dynamical systems is a complicated
task, a simpler hybrid model only including the fundamental ma-
chine characteristics is beneficial. Therefore, a discussion and
several proposals are made on how a simpler DD hybrid model
may be established and used for feedback control development.

Per Johansen
Torben O. Andersen
Fluid Power and Mechatronic Systems
Department of Energy Technology
Aalborg University
9220 Aalborg East, Denmark
Email: pjo@et.aau.dk; toa@et.aau.dk

1 INTRODUCTION

In recent years, research and development of energy effi-
cient fluid power solutions for both conventional cylinder drives
[1,2] and power take-off systems [3-9] has gained an increasing
amount of attention. Digital fluid power is a promising technol-
ogy, since it has the potential to become the future solution for
energy efficient hydraulic systems. The digital displacement ma-
chine (DDM) is an emerging technology for energy efficient fluid
power pump-motor units, which comprises of numerous inde-
pendently controlled cylinder pressure chambers. Each pressure
chamber is flow controlled by two fast switching on/off valves,
connecting the chamber with the high and low pressure mani-
fold. Contrary to conventional fluid power the digital displace-
ment technology yields a non-smooth output based on the ratio
of activated pressure chambers. Detailed read regarding the dig-
ital displacement technology may be found in several publica-
tions [6, 10-15]. Due to the digital nature of the machine, the
output is quantized by the ratio of activated pressure chambers
and can therefore not be altered continuous. Instead the activa-
tion sequence depends on the shaft angle, which for a DD ma-
chine operating in both direction of motions results in an asyn-
chronous input activation sequence in both the time and angle
domain.

Proper control of digital displacement units is considered
a core challenge to be solved for successfully deployment of
the technology. However, dynamical feedback control of such
non-smooth system, where non-linear continuous dynamics is bi-

Copyright (© 2018 by ASME



nary activated in discrete time/angle varying steps is considered
a challenging task [16]. The complicated control task may ex-
plain why current state of the art control strategies often neglect
the transient behavior. Additionally, the strategies are often lim-
ited to an open loop control configuration, where the machine is
operated at fixed speed in a greatly simplified load system. Both
pulse-density modulation and pulse-width modulation methods
has been used to determine the actuation sequence for the pres-
sure chambers [17, 18], similar to control of digital electronics.
Control strategies involving a pre-determined actuation sequence
through optimization as function of the shaft angle and displace-
ment reference has also been considered [18-21]. A limited
amount of control strategies based on dynamical control models
has been published. Pedersen et. al [22] presents a continuous
approximation of the non-smooth dynamics which is only valid if
the number of cylinders and displacement fractions are relatively
high, while the excitation frequencies must be relatively low. Jo-
hansen et. al. [23] proposes a discrete linear approximation for
a fixed speed machine, by considering the committed displace-
ment fraction between samples. The discrete method has been
extended to include variable speed operation in [24]. The dis-
crete methods are limited to operation in one direction of motion
in either pump or motoring mode and are increasingly inaccu-
rate for a lower number of cylinders. Additionally, for both the
continuous and discrete approximations, the use of linear control
theory for a highly non-linear system limits the valid operation
range.

Since the dynamics of the digital machine comprises both
continuous and discrete elements, it belongs to the class of hy-
brid dynamical systems. To cope with the non-smooth dynamics,
Pedersen et. al. [25] proposes a hybrid control oriented model for
a full stroke operated digital displacement machine. The model
does however only include the fundamental dynamical behavior
of the machine and is limited to full stroke operation in either
pumping or motoring mode in one direction of motion. Since
several fluid power applications (vehicle transmissions, winch
drives, ect.) requires operation in all four quadrants (pumping
and motoring in both direction of motion), it is considered im-
portant to be able ensure stability for such system through con-
trol. Neither continuous or discrete approximation methods are
considered viable in describing the digital displacement machine
dynamics when operating in all four quadrants, due to the dis-
crete sampling effect being input dependent and asynchronous in
both the time or the angle domain.

In this paper, a four-quadrant hybrid control oriented model
describing the non-smooth dynamics of the digital displacement
machine accurately is presented. The model equations and re-
sults greatly resembles various experimental validated models of
the digital displacement machine [26—30]. The hybrid dynamical
model is hence valid independent of how the machine is oper-
ated and allows for development of stabilizing feedback control
laws. However, although control theory for hybrid system does

exist [31-33], control of such systems is considered a complex
task even for relatively simple systems. Therefore, this paper
discusses and suggest several approaches with respect to estab-
lishing a simpler DD hybrid model which only describes the fun-
damental machine dynamics and thereby simplifies the control
task.

2 SYSTEM DESCRIPTION AND MODEL

To set up a mathematical model describing the non-smooth
dynamics of the digital displacement machine an illustration of
the DD unit under consideration is shown in Fig. 1.

1 Low pressure mainfold

2 High pressure manifold

3 Low pressure valve

4 High pressure valve

5 Cylinder

6 Piston

7 Cylinder chamber
(Pressure chamber)

8 Eccentric

FIGURE 1. Sketch of the radial five piston digital displacement ma-
chine under consideration.

The digital displacement machine is seen to comprise 5 ra-
dially distributed cylinders connected to an eccentric shaft. Each
of these cylinders has a high and a low pressure valve connected
to its pressure chamber for controlling the flow to and from the
high and low pressure manifold respectively. The eccentric shaft
results in a reciprocating piston motion yielding the ability to
motor during piston extension and pump during piston contrac-
tion. A description of the working principle of a single pressure
chamber is based on the illustration shown in Fig. 2, where vari-
ables used to set up the mathematical model is defined. It is seen
that the high pressure valve (HPV) is of type normally closed and
the low pressure valve (LPV) is of type normally open, such that
the chamber is passively held in an idling mode at low pressure.
The piston stroke length as function of the shaft angle is given by
Eq. (1) for the respective cylinders.

xi =re (1—cos(6,)) 91:6+2Wn(i71) ie{l,..,N} (1
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Pressure
Chamber

Eccentric Shaft

FIGURE 2. Sketch of a pressure chamber of the digital displacement
machine used for modeling.

where N =5 is the number of cylinders and r. is the eccentric
radius corresponding to half of the maximum stroke length. The
cylinder chamber volume, V is described by

Va

Vi=— (1—cos(6))+ Vo
> @
V= Ed sin(6;) 6

where the displacement and dead volume are given by Vq =V =
2reAp and Ay, is the piston area. The continuity equation is used
to describe the pressure dynamics and is given by

pi= % (Oni—QLi—W) 3)

where f, is the effective oil bulk modulus and Qy and Qy are the
flows through the high and low pressure valve respectively. The
orifice equation is used to describe the valve flows and results in

FLi .

OLi= k%l V|pi— pi|sign(pi — p)
X .

Onj= ki V/|pu — pil sign (pu — pi)

i
f

“)

where X1, and Xy are normalized valve plunger positions and kg is
the valve flow coefficient. The torque contribution to the eccen-
tric shaft is given by

dv (6, Va .
T = d;l) pi= 7d sin(8;) pi (©))

The parameters used for the non-linear simulation model is pro-
vided in Tab. 1. However, the value of these parameters does not
affect the applicability of the presented hybrid model.

TABLE 1. Parameters of the digital displacement machine

Parameter symbol | value Unit
Piston area Ap 31 cm?
Piston displacement Te 25 mm
Chamber flow coefficient kg 1-100 \/pa s/m?
Low pressure pL 10 bar
Effective Bulk modulus Be 16000 bar

The above presented differential equations are seen to all
be continuous, however the digital valves may either be open or
closed resulting in a non-smooth dynamical behavior, where the
output cannot be altered continuously. This dynamical behavior
is illustrated by the pressure trajectories as function of the shaft
angle in a polar phase plot shown in Fig. 3.

240° 300"

FIGURE 3. Phase portrait of the pressure dynamics as function of the
angle. Red trajectory illustrates a full motoring stroke and blue trajec-
tory illustrates a full pumping stroke.

During the down-stroke, 8 = [0; 7], the high pressure valve
(HPV) is initially open and the pressure is equal to the high pres-
sure p = py. The pressure trajectories are obtained by closing the
HPYV at varying shaft angles, which results in a de-pressurization.
As the pressure goes below the low pressure, p < pr, the low
pressure valve (LPV) is passively opened by the pressure force.
During up-stroke, 8 = [m;27], the LPV is initially open and the
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pressure is equal to the low pressure, p = pr.. By closing the LPV
at varying shaft angles pressurization is seen by the pressure tra-
jectories. When the pressure exceeds the high pressure, p > py,
the HPV is passively opened due to pressure force. The angles
OmL, ¢mu are the angles where a full motoring stroke is initi-
ated by closing the LPV and ended by closing the HPV respec-
tively. Similarly, the angles ¢y, and ¢y are the angles where
a full pumping stroke is initiated by closing the LPV and ended
by closing the HPV respectively. A partial stroke is hence ob-
tained by closing the HPV at an earlier angle during the motoring
stroke and by closing the LPV at a later angle during the pumping
stroke.

It is clear, that the discrete behavior is caused both actively
through inputs by closing the valves and passively through state
values of the pressure when valves are opened. Hence the dis-
crete effects are both input and state dependent. Additionally,
the machine may comprise of a high number of cylinders and
may therefore be considered a rather complex hybrid system.

3 HYBRID DYNAMICAL SYSTEM THEORY

Hybrid dynamical systems (HDS) are used to describe the
dynamics of systems comprising both continuous and discrete
elements and may be used for stability analysis, sensitivity anal-
ysis and development of stabilizing control algorithms. The in-
vestigation of the DD machine dynamics revealed that the pres-
sure dynamics for each chamber is described by non-linear con-
tinuous differential equations, while the opening and closing of
valves are made discretely. The class of HDS comprises several
sub-classes with different structures, which describes the non-
smooth interactions differently. The established control meth-
ods that are applied to these sub-classes are often different and
the chosen modeling and control strategy is often dependent on
the type of switching phenomena. Mention-worth classes are
switched systems, impulsive systems and hybrid automatons, but
all of them may be described through a general notation [31,32].

A HDS comprises both continuous differential (flow) equa-
tions and discrete difference (jump) equations and is in general
formulated as that given by

X E€F(xu), x€C,
H: xt € G(xu), xeD 6)
y  =h(xu)

where X is the state time derivative and x™ is the state value after
a jump. u and y are the system input and output respectively.
For simplicity, a HDS is written as H = (F,C, G, D, h), where the
variables describes the following

o The flow set: C
e The jump set: D

o The flow map: F
e The jump map: G

o The output map: h

As long as x belongs to the flow set, C, it is described by the dif-
ferential inclusion given by the flow map, F and when x belongs
to the jump set, D, it is described by the difference inclusion
given by the jump map G.

3.1 Single chamber hybrid model

With respect to model based control design it is desired that
the model captures all the relevant dynamics, while being as sim-
ple as possible. This often leads to omitting the fast dynam-
ics, since these occurs almost instantaneously with respect to the
dynamics to be controlled, e.g. neglect the actuator dynamics.
Since control theory for hybrid dynamical systems is a complex
mathematical task, it is considered crucible with respect to suc-
cessfully developing stability control laws, that the hybrid model
is as simple as possible, while it maintains the important dynam-
ics.

Initially, a rather complex and accurate HDS model is pro-
posed, which include the valve actuation dynamics. Combin-
ing the presented continuous dynamical equations for a pressure
chamber results in the flow map and set given by Eq. (7).

6=

p="(0u—0L-V)

< <|® 8

= % (1 —cos(6))+Vo
V= % sin(6) @

XL .
OL= T V|p— pLlsign(pi— pL)

On= %’? V/|pu — plsign (pu — p) (wu) €RAD
1
AL = ,LTV (uL —xL)
. 1
Xy = — (ug —xn)
v
u, =0
g =0
qg=0
@)

It is seen that the state evolvement is described by the flow map,
as long as the states and inputs does not belong to the jump set.
The valve dynamics is modeled as a first order system with time
constant 7,. The inputs, uy and uy, to the valves are seen to be
constant when the system dynamics is governed by the flow map
and it may hence only be updated during jumps. Even though
the valve model is relatively simple, the model resembles the
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6t =6
L ufp=0

p+7p (x,u)eD D=diUd,Ud3Ud; ui =1 (x,u) €ds,q=2

xL:xL +71

X = xu 1 ®)
uf=0 uf=0
u =0 ((x,u)edi,q=1)V ((x,u) €d3,qg=3) u =1 (x,u) €dr,q=2
q+:2 q+:3

physical dynamics quite well. The state, ¢, is introduces to de-
scribe which mode the chamber is in (idling, compression or
pressurization). The valve actuation dynamics is described by
considering the hybrid automaton shown in Fig. 4. Two mode
switching functions are defined as Ay = Fiy — (pu — p) Ay and
AL =F,— (p—pL)Ay and are used to construct the jump maps.
The system input is hence the valve forces, u = [FH FL} T for the
high and low pressure valve respectively, while Ay is the effective
valve area that the pressure is generating a force on.

Deactivate
> a A< -—a

Compression

q=2

Pressurization

q=3

uL:0 ML:()

ug =0 ug =1

A< -—a

> o
Activate

FIGURE 4. Hybrid Automaton representation of valve control of the
digital displacement machine.

It is seen there are 3 modes the pressure chamber may op-
erate in, idling, compression and pressurization. A chamber is
activated by closing the LPV with a negative actuation force Fj,
that is lower than —q illustrating a spring force tending to open
the valve. This results in a compression state and when the pres-
sure force exceeds the spring equivalent force, the HPV is pas-
sively opened. Similarly, the chamber is deactivated by closing
the HPV by an actuation force Fyy and when the pressure force
decreases below the spring force, the LPV is passively opened.
From the hybrid automaton illustration, the jump map and set is
described by Eq. (8). The shaft angle, 6, chamber pressure, p

and valve plunger position, xy, and x;, cannot change instanta-
neously and thus remains unchanged during jumps. The three
remaining sub jump domains is directly obtained by considering
the hybrid automaton in Fig. 4. In this study example, the valve
parameters in Tab. 2 are used.

TABLE 2. Parameters of the digital on/off valves

Parameter symbol | value | Unit
Valve time constant Ty 2 ms
Valve effective area Ay 31.66 | mm?
Force threshold a 50 N

With these parameter values, it requires a force impulse
larger than 50N to open/close a valve at zero pressure difference
and a force of 1000N to open/close a valve at maximum pressure
difference of 300 bar. Since small and fast valves are considered,
the maximum actuation force is limited to 60 N, such that it is
only possible to open/close the valves at low pressure difference.

4 SIMULATION RESULTS

To validate the hybrid dynamical model, a simulation has
been made where a sequence of all possible combinations of mo-
toring, idling and pumping full strokes are conducted. The simu-
lations are made in the Hybrid Equation (HyEQ) Matlab toolbox
and the results are shown in Fig. 5. The full strokes are con-
ducted by applying force pulses to the valves are specific angles,
resulting in the desired full stroke operation.

It is seen that a pumping stroke is made in section 2, by clos-
ing the LPV near ahead of bottom dead center (BDC) resulting
in a passive opening of the HPV due to the chamber pressure
exceeding the high pressure as the chamber is compressed. Sim-
ilarly, a motoring stroke is conducted in section 5, by closing the
LPV near ahead of top dead center (TDC), resulting in a passive
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FIGURE 5. Simulation of a pumping, idling and motoring strokes of the digital displacement machine. § = 100rpm, py = 300bar and py, = 10bar

opening of the HPV due to pressure force.

The main advantage of the presented hybrid model is the
physical accuracy of it. The model describes the dynamics of
the system independent on how the machine is operated (Full
stroke, partial stroke, motoring, pumping, idling and in both di-
rection of motion). A more advanced operation is shown in Fig.
6, where both partial motoring and pumping strokes are commit-
ted and the machine is operated in both directions of motion. The
simulation shows the effect of changing the direction of motion,
where a motoring stroke is initiated in section 3. As the shaft di-
rection of motion is changed, the motoring stroke automatically
becomes a pumping stroke and it becomes impossible to close
the HPV. The next decision is thus to do another motoring stroke

by maintaining the HPV open as seen in section 4, where a full
motoring stroke is made. The same is illustrated for a pumping
stroke in section 5, where a change of shaft direction results in
motoring and two pumping decisions subsequently. However, it
is possible to close the HPV during the motoring part in section
5, since the pressure difference across the valve remains low.

5 DISCUSSION

Although the presented hybrid dynamical model of the digi-
tal displacement chamber agrees well with the physical machine
behavior it is not very practical with respect to development of
control. The dynamics of each pressure chamber is described by
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FIGURE 6. Simulation of 4 quadrant operation including partial strokes. Maximum speed: § = 100rpm, py = 300bar and p; = 10bar

7 states and comprises of three individual sub jump maps. Con-
sidering a DD unit with a high number of pressure chambers,
the complexity of the hybrid system may become tremendous.
An additional drawback of the model, is the inputs being force
pulses, where the same response is obtained with many different
kinds of input shapes and sizes.

In system wide control, the objective is to control the com-

bined machine output from all pressure chambers and not control
each individual pressure chamber separately, which may be con-
sidered an internal control objective. With system wide control in
mind, it is considered optimal if the hybrid model only comprises
the fundamental machine dynamics. Considering the responses
in Fig. 5 and Fig. 6, it is seen that the valve dynamics are very
fast compared to the remaining dynamics and may therefore be
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neglected. Similarly, the pressure build up is relatively fast and
by allowing it to jump between the low and high pressure instan-
taneously, yields a flow and torque output given by

QHzV:z%sin(G)a) rzz%sin(e)pﬂ (©)

where z € {0, 1} determines whether the pressure chamber is ac-
tive or inactive. Considering the most simple hybrid representa-
tion of the DD unit results in the model given by

z=0 if u=z

10
T =u if wu#z {10

However, there is a noticeable delay from the angle where the
force impulse to close the LPV is applied and the angle where
the active stroke starts and an output is generated. Since de-
lays are very important with respect to stability in controlled sys-
tems, it is not something that should be neglected. Describing
delays in a hybrid system requires timers and since the machine
may operate in both direction of motion, several additional states
are required to describe the delay. Furthermore, the delay for
motoring and pumping decisions are different, such that a sig-
nificant number of timer related states are necessary. A further
complication is due to the activation variable, z, which may not
be changed as desired, since the valves cannot be opened/closed
against high pressure difference. Also the input remains binary,
which is often treated as a duty cycle ratio in control system, but
doing this result in a much smoother system which might not
be valid. These input delays and constraints may either be im-
plemented in the hybrid dynamical model of the system or in the
control law. Nonetheless, the control task for this system remains
complex and yet to be solved, even though it is considered crucial
with respect to successful deployment of the digital displacement
technology.

6 CONCLUSION

This paper presented a hybrid dynamical model of a digital
displacement fluid power machine, which includes both the con-
tinuous and discrete dynamics of the non-smooth system. The
hybrid model resembles the physical behavior of the machine
well and allows for operation in all four quadrants, which is not
considered possible with simple continuous and discrete approx-
imations. However, since the presented model is rather complex
and control of hybrid dynamical systems is a complicated task,
it is not deemed suitable for control development. Therefore, a
significantly simpler hybrid model structure describing only the
fundamental machine dynamics has been proposed. However, to
remain reliable with respect to stability, the model requires delay

states and are subject to several input constraints, which chal-
lenge the design of stabilizing control laws for the system.
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Abstract

Fluid power transmissions has gain increasing
attention for use in e.g. wind and wave energy applications,
due to high power to weight ratio and being a rugged
mechanically decoupled gear. Until recently, fluid power
technology has been considered infeasible for use in wind
turbine transmissions, because of low part-load efficiencies
compared to conventional gearbox drive trains. However,
research within digital fluid power (DFP) has led to a
successful increase in efficiencies, which makes the tech-
nology a competitive alternative. This paper investigates
fluid power transmission topologies for a wind turbine
application, focusing on the potential of using digital
displacement machines. Several transmission concepts
are examined, for which possible operation strategies are
discussed and performance is compared. With the objective
of having a high availability and energy efficiency, as well
as low torque pulsations and response time, the outcome
is an identification of the most promising fluid power

transmission concepts.

1 Introduction

In the offshore wind turbine industry there is a large desire
of having a robust and reliable transmission, such that the
availability of the turbine is high and the electrical produc-
tion cost is minimized. A fluid power transmission is known
to have these characteristics, while it also provide a mechan-
ical decoupled gear and hydraulic buffering capability. The
power transmission in wind turbines has to be rated for peak
power throughputs that are significantly higher than aver-
age, due to varying wind conditions. Conventional fluid
power machines are considered infeasible due to this, since
the efficiencies are significantly decreased for diminishing

loads.

With the introduction of digital fluid power (DFP) ma-
chines, the energy efficiency of hydraulic pumps and motors
has been significantly increased, such that the technology is
a strong aspirant for use in future large scale power take-off
systems. Digital fluid power machines is characterized by
having a modular construction with numerous electrical ac-
tuated on/off valves controlling the fluid flow throughput of
the machine [1].

Artemis Intelligent Power Ltd. has developed the digital
displacement machine®, which consist of numerous pres-
sure chambers being flow controlled by these digital valves
[2, 3, 4]. The required flow throughput is then determined
by specifying the ratio of activated pressure chambers. This
way, time averagely any power level may be obtained with
a high efficiency, since the losses of inactive chambers are
kept very low. Due to the non-smooth behavior of the dig-
ital machines, the DFP technology is challenged by the in-
troduced pressure and torque pulsations, as well as the in-
creased complexity.

The performance characteristics of a fluid power trans-
mission is depending on its configuration, whether it is
equipped with digital or conventional hydraulic machines
and if these are of fixed or variable displacement type. With
focus on availability, energy efficiency, torque pulsations
and response time, this paper examines fluid power trans-
mission concepts for a variable speed wind turbine. The
paper investigates operation strategies and compares perfor-
mance of the different concepts, for an identification of the
most promising fluid power transmission concepts.

2 System Presentation

A fluid power transmission for a variable speed wind turbine
comprises of a hydraulic pump and motor. The pump is con-

nected to the turbine rotor shaft and to the hydraulic motor



through pipelines. As a simplification, this study has been
limited to investigate a transmission with a single hydraulic
pump and motor. Multiple pumps and/or multiple motors
and generators may however be used in various combina-
tions and connections to improve the performance. A sim-
plified illustration of a fluid power transmission for a wind
turbine is shown in Fig. 1.

generator

Fig. 1: Fluid power transmission system for a wind turbine.

The turbine rotor drives the hydraulic pump, which out-
puts a pressurized fluid flow driving the hydraulic motor.
The motor is further connected to an electrical generator
supplying the grid. A hydraulic accumulator may be used
to provide buffering capacity and smoothen sudden pressure
pulsations. The performance characteristics of the transmis-
sion is highly dependent on the choice of pump and motor
type, since they may either be fixed or variable displace-
ment, as well as either conventional or digital. To iden-
tify the most promising setup, a comparison of the different

transmission types are made.

2.1 Hydrostatic transmission types

Independent of the hydraulic machines being conventional
or digital, the operation of the transmission is determined by
the machine type, whether it is a variable or a fixed displace-
ment machine that is used. With basis in conventional hy-
draulic machines, there are four different transmission con-
cepts as shown in Fig. 2.

a) Fixed displacement pump and fixed displacement mo-
tor: Fixed gear transmission similar to a conventional drive
train, where a variable speed generator controls the rotor
speed. An input to output proportional fixed speed and fixed
torque is hence obtained.

b) Fixed displacement pump and variable displacement
motor: Variable gear transmission, where the motor dis-
placement controls the rotor speed and a fixed speed gen-

erator is used. A fixed speed and variable torque output is

U O==J Ur

Fig. 2: a) Fixed displacement pump and motor, b) fixed displace-
ment pump and variable displacement motor, c) variable displace-
ment pump and fixed displacement motor, d) Variable displacement
pump and motor.

hence obtained, which allows for use of a synchronous gen-
erator.

¢) Variable displacement pump and fixed displacement
motor: Variable gear transmission, where the pump dis-
placement controls the rotor speed and a variable speed gen-
erator controls the pressure. A variable speed and fixed
torque output may hence be obtained.

d) Variable displacement pump and variable displace-
ment motor: Is the most versatile transmission, since any in-
put/output ratio between torque and speed may be obtained.
Again, a synchronous generator may be used in the case of
a fixed motor speed. Additionally, alternative control possi-
bilities arises by having an additional controllable input.

To avoid the tediousness of comparing all combinations
of fixed and variable type, being either conventional or dig-
ital for both the pump and motor, a preliminary selection
is conducted. This is done by use of a simple steady state
operation analysis of the different fluid power transmissions
for a wind turbine. Since the steady state operation is sim-
ilar regardless of using a conventional or a digital type hy-
draulic machine, the analysis is simplified to be based on
the conventional concepts shown in Fig. 2.

3 Steady state operation

The steady state analysis takes basis in the NREL 5 MW
wind turbine, which data is readily available [5]. The rotor
power, P, and torque, 7;, is statically determined by Eq. 1

and Eq. 2 respectively.

1 .
B = §ArpuirCP(’\7/3) (U(S (l)
Tr = %Ar Rrpuir Cq ()‘ﬁ) UZ (2)

Where A;, Ry, par and v is the rotor area, rotor radius,

air density and wind speed respectively. C), (A, 3) and



Cq (A, B) are the turbine specific power and torque coeffi-
cient respectively. A = “‘1—)& is the turbine tip-speed ratio
and [ is the blade pitching angle. The turbine rotor speed,
wy, is described by Eq. 3

. 1 Vi A
Wr = 7 T — dy wr — p 2P 3)
T Tp
Tp

Where J; is the combined rotor, hub and shaft inertia mass,
d, is the viscous friction, 7, is the mechanical efficiency,
taking the static friction into account. Since efficiency data
is not available in the full operation space, it has been con-
sidered constant as a simplification, which does not influ-
ence the overall operation. The pressure difference between
the high and low pressure line, Ap is given in Eq. 4.

Ap:@ pr,apfvmwmamfklAp )
VH —_—— T
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Where V,, and V,, are the volumetric throughput of the pump
and motor respectively. «, and ap, are the displacement
fraction of the pump and motor respectively. [y is the ef-
fective fluid bulk modulus, Vj is the volume in the high
pressure line and k; is the leakage coefficient between the
high and low pressure line. The parameter values used in
the simulation is provided in Table 3 as an appendix.

In the steady state analysis the dynamics has been omit-
ted, why w, = A,, = 0. The conventional operation strategy
for the turbine is utilized, where the reactive drive torque is
a function of the rotor speed as shown in Fig. 3.

train ¢) and d), the pressure has been controlled to that cor-
responding to the nominal power output as a simplification.
This is however not a necessity, which is elaborated later.
The results of the steady state operation analysis is shown

in Fig. 4 on plot 1-7.
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Fig. 3: Rotor speed versus rotor torque operation curve.

‘When rated rotor speed is reached at w, = 12.1 rpm, the

blade pitching angle is adjusted to yield rated power out-

put at increasing wind speeds. In the simulations of drive
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Fig. 4: Steady state operation of NREL 5 MW wind turbine.

It is seen that above rated wind speed, all four transmis-
sion concepts are operated identically at rated conditions.
Below rated wind speed, either the pump displacement or
the pressure is varied to control the rotor speed depending
on the pump being either variable or fixed. Similar, either
the motor displacement or the motor speed is varied to con-
trol the pressure depending on the motor type.

To establish a performance characteristic of the different
transmission concepts, a wind speed distribution profile has
been provided in the bottom plot of Fig. 4. The wind speed
probability density is described by a Weibull distribution



function, based on wind data from Horns Rev, Denmark [6].
Furthermore, the bottom plot in Fig. 4 also shows the power
distribution function which is the product of the wind speed
distribution function and the rotor power shown in the top
plot. The power distribution reveals that there is a relative
high amount of energy to capture below rated wind speed,
why the efficiency of the turbine transmission below rated
wind speeds is of high importance.

From Fig. 4 it is seen that drive train c) and d) has low
pump displacement fractions for low wind speeds. Conven-
tional variable displacement hydraulic machines are known
to have very low part load efficiencies. Fig. 5 shows a typi-
cal efficiency maps for a variable bent-axis machine operat-
ing at 100 % and 20 % displacement.
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Fig. 5: Efficiency maps for the bent-axis Rexroth AV6M 250cc
machine. a) 100 % displacement. b) 20 % displacement. Modified
from [7].

Since both the pump speed and displacement is varying
when using a variable displacement pump, the efficiency be-
comes inadequately low at wind speeds having a relatively
high power distribution. Having such low part load effi-
ciencies when using a variable displacement pump makes
both transmission type c) and d) infeasible. Drive train b)
benefits of using a fixed speed generator, thus omitting the
necessity of the power converter. Additionally, drive train
a) has a slow dynamic performance, since a change in gen-
erator speed is not reflected directly in the rotor speed due
to fluid compressibility. Therefore, drive train b) is con-
sidered the favorable choice when using only conventional
hydraulic machines. This is also validated by the major re-
search conducted on use of the transmission type b) concept
[8,9, 10].

Although drive train b) is preferable it still suffers heavily
due to low part load efficiency compared to a conventional
gearbox transmission. Therefore, it is interesting to investi-
gate the potential of using DFP machines.

4 Digital displacement machines

Replacing the conventional hydraulic machines with digital
displacement machines gives alternative topologies, which
might be more favorable than the conventional hydraulic
drive train type b) (Conv. b)) in Fig. 2. As mentioned
in the introduction, the digital displacement machines
has a modular construction, where the flow throughput is
determined by the ratio of activated pressure chambers.
Digital hydraulic machines has several advantages with
respect to conventional ones, which could make digital
fluid power transmissions the future drive train for wind
turbines. Main advantages and disadvantages of the digital
displacement machines compared to conventional hydraulic
machines are the following:

Advantages:

1. High energy efficiencies both at full and partial load
operation, since each pressure chamber may be en-
abled/disabled on a stroke by stroke basis. Disabled
pressure chambers has very low losses and no leakage
flow is present due to use of seat valves.

2. Fast dynamic response, since the flow throughput may
be changed from minimum to maximum within half a
revolution.

3. High availability since the machine functionality per-
sist when single modules fails. (Provided that the
valves has a reasonable reliability)

4. Low maintenance cost since failed components may be
replaced easily without the use of heavy equipment.
(Provided that the valves has a reasonable reliability)

5. Superb scalability due to the modular structure

Disadvantages:

1. Flow and torque throughput contains increased fluctu-
ations due to the non-smooth behavior.

2. Complex system that requires complicated control.

3. Relative new concept that is not commercially avail-
able.

The digital displacement machines obviously has some very
promising features making them interesting for use in wind
turbine drive trains, but is challenged by the non-smooth
behavior of the machine.

To be able to compare with the performance of conven-

tional hydraulic machines, Fig. 6 shows the efficiency curve



of a digital displacement machine operating at 100 % and

20 % displacement.

Pressure %
Pressure %

a) Speed b)

Fig. 6: Efficiency maps for a digital displacement machine. a)
100 % displacement. b) 20 % displacement. Modified from [7].
Due to the machines having almost no leakage flow, the
volumetric efficiency of the digital displacement machine is
high. Therefore, the efficiency is approximately described
by the mechanical losses. The mechanical loss is decreased
for increasing pressure difference, while is it is increased
for higher speed due to viscous and hydro-kinetic friction.
This is seen in the efficiency map, where it is clear that as
long as the pressure level is relatively high, the efficiency is

above 90 % even at part load operation.

5 Digital fluid power transmission

It has been established that a conventional variable displace-
ment pump is infeasible efficiency wise for a fluid power
transmission. As a result only the two drive train topologies
using digital displacement machines shown in Fig. 7 are
interesting to investigate further.

T LE

Fig. 7: 1) Conventional fixed displacement pump and digital dis-
placement motor, 2) digital displacement pump and digital dis-
placement motor.

The digital machines may be operated as either fixed or
variable displacement, which has a large influence on the
performance characteristics of the transmission. It should
be noticed that operating a digital displacement machine
with a fixed displacement is not conventional. For a fixed
displacement setup, it may be more favorable to utilize me-
chanical valve actuation instead of electrical, but this is ex-
pected to increase the complexity of the machine even fur-
ther. With the proposed topologies shown in Fig. 7, the

transmission concepts given in Table 1 exist. Additionally,
a conventional gear box transmission (Ref.) is included for

comparison.

Table 1: Combination of components in transmission

o | Dig.1 Dig. 2

“la|bla|b|c|d

Gearbox: Multi stage Vol - - -
Pump: Fixed displacement R I A e O I
Dig. pump:  Fixed displacement R N R NV IV R
Variable displacement | - |- |- |- |- [V |V

Dig. motor:  Fixed displacement I 2 I I B VA B
Variable displacement | - | - |V |- [V |- |V
Generator:  Fixed speed E R A B A I 4
Variable speed E 72 I A R VA

Power converter: VIV - |- -
Cooling/boost/filter system: R AR AR ARAarans

To provide an overview of the strengths and weaknesses
of the proposed concepts, a comparison based on the five
key parameters, availability, torque pulsations, energy effi-
ciency, response time and complexity has been made. The
results are provided in Table 2, where —— is the worst score
and ++ is the best score.

Table 2: Comparison of transmissions topologies.

Topology | Availability Torgue Fnerey - Response Complexity
pulsations  efficiency time

Ref. - + ++ ++ ++
Conv. b) — ++ — + +
Dig. 1a) - +/— +/- - +/—-
Dig. 1b) + +/- +/- + +/-
Dig. 2a) +/- - ++ - +/—
Dig. 2b) ++ - ++ + -
Dig. 2c) +/- — ++ + -
Dig. 2d) ++ - ++ ++ -

It is seen that topology Dig. 1 using a conventional
fixed displacement pump suffers from having significantly
reduced efficiencies at partial load operation, while topol-
ogy Dig. 2 using two digital machines suffers from having
increased torque and pressure pulsations. However, using
two digital machines also provides the additionally men-
tioned advantages, like higher availability and lower main-
tenance cost. Topology Dig. 1a) and 1b) that use a fixed

displacement pump and motor, suffers from having a slow



response time and requires the use of a variable speed gen-
erator. Since the power converter has a high failure rate, it
is considered feasible to use a variable displacement motor
coupled with a synchronous generator, which also increases
the response time. The conventional fluid power transmis-
sion Hyd. b) has over several decades been considered in-
feasible due to poor efficiencies compared to a conventional
gearbox transmission. This results in three potential fluid
power topology candidates, being Dig. 1b), Dig. 2b) and
Dig. 2d), which all has their clear strengths and weaknesses.

6 Discussion and Conclusion

It is clear that the main challenge of using digital displace-
ment machines is the introduced pressure and torque pulsa-
tions, which puts additional requirements to the mechanical
structure. It is assessed that a fluid power transmission us-
ing both a digital pump and motor is the favorable choice
if the torque and pressure pulsations can be kept below an
acceptable level. This is justified by the high efficiency and
potentially high availability, accepted that the reliability of
the digital valves are sufficiently high. Furthermore, hav-
ing both a variable displacement pump and motor yields
the fastest response time of the hydrostatic transmissions,
as well as an increased control flexibility.

With the established results, it is considered interesting to
further investigate the potential of a fluid power transmis-
sion comprising both a digital displacement pump and mo-
tor. Specially the attention should be drawn towards using
variable displacement machines, since the additional con-
trol possibilities might bring the cutting edge compared to
the other concepts. From the efficiency curves in Fig. 6, it
is seen that it is beneficial to maintain a high operation pres-
sure. However, it is also desired for the grid to be supplied
with a uniform power having a high quality (matching volt-
age, frequency and power factor with respect to the grid).
Using both a variable displacement motor and pump, the
control objective may be altered continuously based on the

operation conditions.

7 Appendix
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