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Abstract

The purpose of the project is to develop a three-phase resonant converter suitable for standard
speed drives. The motivation for working with resonant converters is found in the problems of the
standard converter type used today.

In standard converter type Pulse Width Modulated-Voltage Source Inverter, PWM-VSI, the
switches are subject to high current and voltage stress during switching, which causes losses. The
fast switching of modern switches reduces switching losses. Unfortunately this produces increased
dv/dt and the size of the input/output filters of the PWM-VSI must be increased. The high speed
of the switches cannot be fully utilized.

By using a parallel resonant converter the switching happens at low or zero voltage which
reduces switch losses. The dv/dt is controlled by the resonant circuit, and it is therefore reduced
significantly. The perspective using a resonant converter is high switching frequency combined
with a high converter efficiency and low dv/dt.

In the first report several resonant converters are investigated to find a resonant converter that
can compete with the standard PWM-VSI converter. Four converters were selected for the
theoretical analysis, and the converters are simulated. An evaluation of the resonant converters
is made, and one converter is selected for realization.

In the second report the realization of the selected resonant converter is described. This
includes analysis, design and test of the converter.

A new control principle, using no additional power electric components, is eliminating the
high voltage peaks associated with the resonant circuit. The resonant link voltage peaks are
limited below 2.1 times the DC link voltages.

A new principle eliminating former resonant converter stability problems are proposed,
implemented and tested. A resonant converter efficiency of 97 [%] was measured. The low dv/dt
of the converter makes it possible to drive long cables without filtering. A successful test with
a 300 [m] long cable and an induction machine load was carried out.

It is concluded that a stable, high efficiency and high switching frequency three phase parallel
resonant converter is realized.






Preface

This report is the second of two reports which are the basis in my attempt to obtain the Ph.D.
degree. The reports are a part of the project named 'Resonans Konverter for Elektrisk Energi-
omformning' initiated February 1, 1993 and ended April 7, 1997.

The project is financed by the 'Danish Technical Research Council' and also in part by the

foundation 'Det Obelske Familiefond'. The project is carried out at Aalborg University, Institute
of Energy Technology (IET).

During writing several people have contributed to the report. Four supervisors followed the
project and they have made an invaluable contribution, they are Head of Institute, Associate
Professor John K. Pedersen and Associate Professor, Ph.D. Frede Blaabjerg from the Institute of
Energy Technology, IET and Ph.D. Paul Thegersen and B.Sc. Ulrik Jeeger from Danfoss Drives

A/S. T would also like to thank Danfoss A/S who supported the project by a VLT 3008 frequency
converter.

I stayed four memorable months in Aachen at 'Institut fiir Stromrichtertechnik und Elektriche
Antribe', where Oscar Apeldoorn and Franz-F. Protiwa were a great source of inspiration, and I
thank them and people at ISEA for the very pleasant visit.

At Aalborg University, I would like to thank all the people at IET. In particular all the Ph.D.
students and research assistants for interesting discussions, and Birthe Johansen for general help
with the text editing. Technician Walter Neumayer has done a lot of laboratory work. During the
last phase student Jacob Buck was helping in the laboratory. A special thanks to Ph.D. Peter
Nielsen, now employed by Danfoss, for interesting discussions and pleasant company.

Aalborg University April 1997

Stig Munk-Nielsen
M.Sc. EE.






Table of Contenis

Abstract

Preface

Table of Contents

I IRIrOdUCHION . ..o oottt ittt ieeeeineeansennennnenns 1
1.1 Recapitulation of expected resonant converter properties relative to the PWM-VSI . . 1
L2 Aimofthereport .. ... . 1
1.3 Structure of the report ... ... .. 2
1.4 Conclusion . .. ... 3

2 Introduction to the RDCLVPC CORVEFLer ... ......ouuieneeneennneeneennns 5
2.1 Converter and load specifications ........... .. .. ... i, 5
2.2 Description of the RDCLVPC converter ....................c.iiiiinion... 6
2.3 Selection of resonant circuit component values .............................. 8
2.4 C0oNCluSION . . oL 13

3 Maintaining the resonant link cycle of the RDCLVPC .............ccouvun. 15
3.1 Shortcircuitmethod ........ .. ... . . ... 15
3.2 Realization of short circuit method . ..................................... 16
3.3 Laboratory test of the short circuit method . .......... ... ... ... ... ........ 21
3.4 A non-short circuit method ....... ... ... .. ... . ... . ... ... 23
3.5 A laboratory test of the non-short circuit method ............................ 28
3.6 Conclusion . ... 30

4 Resonant converter modulators ...............c...uuiiiiiieinnnennnnnn 31
4.1 Voltage/frequency control . ........ ... ... . . . . . . . . 32
4.2 Voltage controlled modulator ............. ... .. ... ... ... ... . . ...... 32
4.3 Instant and average space voltage vector ................. ... ..., 33
4.4 Space Vector Sigma Delta Modulator, SVSDM . ............................ 36
4.5 Stator Flux oriented Discrete Puls Modulator, SFDPM . ...................... 45
4.6 Comparison of SDM, SVSDM and SFDPM control . ........................ 48
47 Conclusion . ... 53

5 The Voltage Peak Control strategy, VPC .. ........ccuiuiieuinennennenennns 55
5.1 Link Voltage Peak Control ......... ... .. ... ... ... ... .. ... ... 56
5.2 Analysis of DC link with losses . ......... ... ... . . . . .. . . . . 59
5.3 Implementaion of the VPC principle using short circuit method ................ 67
5.4 Experimental verification of the VPC strategy using short circuit method ... ... .. 69
5.5 Implementation of VPC principle using Non-short circuit method .............. 73

5.6 Experimental verification of the VPC strategy using Non-short circuit method . ... 73
5.7 Conclusion 76



6 An experimental evaluation of the resonant converter .................... 79

6.1 Testof V/fcontrol . ... .. 81
6.2 Testof VPC principle . ... ... ... 81
6.3 Resonant converter efficiency . ......... ... ... .. ... ... . 87
6.4 Converter loaded withalongcable ................ ... ... ... ........... 89
6.5 Conclusion . ... ... 91

7 CONCIUSION . ..o ov v ittt i it e e e e e e, 93
7.1 Summary of the report ... ... 93
7.2 ConClusion . . ... 95
T3 Future work ... oo 96
Bibliography . ........ ... . e e e e e e 99
App. A Resonant circuit equations for a lossy resonant circuit . .. ........... 103
App. B Induction machine data and equations .......................... 109
Danish summery . . ...... .ottt iiieeeeeenrneeneeeseneennenns 113
Nomenclature . ............ccoiiiiiiiiiiiiiiiinerninnensenennnsnans 115



Introduction

In this chapter a recapitulation of the expected resonant converter properties is done. After
that the aim of the report is described. Finally, the report structure is presented.

1.1 Recapitulation of expected resonant
converter properties

The perspective of using the parallel resonant converter is low switching loss and low dv/dt
in the output voltage. The importance of the two converter properties is discussed in the first
report ‘Three-Phase Resonant DC link Converters (Analysis and Simulation)’.

A significant drawback of the parallel resonant converter is the high link voltage peak /1/. In
the first report a solution of this problem was a major issue. After study and comparison of several
resonant converters the RDCLVPC converter was selected for realization. The converter is shown

in Fig.1.1.
idi iLres ido
A A
ARA | 4@%@&4@&
Y | Vil = Cresl Ydo a Mo

b
VAV 4 4@4(& nduction

Fig. 1.1 Overall diagram of resonant converter worked with in this report

The RDCLVPC converter is able to control the voltage peak of v,, down to twice the DC link
voltage without an additional clamp circuit and therefore there are used a minimum number of
power electronic components. This is a new approach and it is described in /12/.

It is shown that the output voltage performance of the simulated RDCLVPC converter is
almost identical to the RDCL converter proposed in /1/. The output voltage quality, with a
resonant frequency of 50 [kHz], was similar to that of the PWM-VSI, with a switching frequency
of 5 [kHz]. At a low modulation index the resonant converter is inferior. The results are
concordant with results presented in /5/,/6/.

1.2 Aim of the report

In this second report analysis and the realization of the RDCLVPC converter is described, and
experimental tests are carried out.

Chapter 1 Introduction



The aim is to realize a RDCLVPC converter and secondly measure the performance of the

selected resonant converter. Since the RDCLVPC converter is an extension of the RDCL
converter, the RDCL converter is also described.

There are several sub-aims of the report:

In the first report the link voltage peak control, VPC, principle is derived using idealized
conditions. To improve the VPC control the influence of the converter loss elements and DC
link current changes is incorporated in this report.

To build a converter which is able to opeate stable at higher DC link voltages than 500 [V].
Measuring the efficiency of the RDCLVPC and RDCL converter.

Test the resonant converter ability to drive a long cable and a motor.

1.3 Structure of the report

In the realization of the resonant converter there are three steps. The purpose of this structure
is to split the realization of the converter into modules. This approach is useful when debugging
the system. The same structure is used in the report. Chapter 3, chapter 4, and chapter 5 describes
each one of the three realization stages for the resonant converter.

Fig. 1.2 illustrates the stages.

Chaper 3 Chaper 4 Chaper §
) Maintaing th;: resonance Modulation of the Link voltage peak
A or l inverter control using VPC
the resonant circuit

Fig. 1.2 Design stages of the RDCLVPC converter

In Fig. 1.2 there is a feed back from each of the realization stages, showing that the design of the
converter had to be modified more than once to fulfill the aims of the project.

Chapter 2.

Converter specifications are given, and the presentation of the RDCLVPC converter is made,

focusing on the proposed Voltage Peak Control, VPC. A selection of resonant circuit component
values is done.

Chapter 3.

The implementation of the first loop shown in Fig. 1.2 is presented. The purpose is to
maintain the resonance of the converter. Due to the need of high bandwidth this loop is realized
in hardware. The resonant frequency of the converter is 41 [kHz].

Chapter 4.

Open loop control of the electrical machine is desired and varius modulators is analysed and

one is selected. The modulator is implemented in software due to the great flexibility of software
compared with hardware.

Chapter 1 Introduction



Chapter 5.
The VPC control strategy is able to limit the resonant peak voltage. The efficiency of the
VPC is dependent on several parameters eg. link component loss and load current. Some

parameters are changing dynamically, and this must be taken into account. A matematical model
of the resonant converter is made and used to improve the resonant link voltage control.

Chapter 6.

Measured current and voltage curves of the realized RDCLVPC and RDCL converters are
shown. The resonant converter efficiency is measured. A measurement of the loss distribution is
made. Test of the resonant converter ability to drive a long cable and a motor is done.

Chapter 7.
Conclusions of the realization and tests of the resonant converters are summarised.

1.4 Conclusion

In this chapter a link to the work in the first report in the Ph.D. thesis is made. This second
report is built on top of the results obtained in the first report. The first report focused on
evaluation of results presented in litterature as well as analysis and simulation of converters. A
new link voltage principle was proposed /12/ and a converter using this principle will now be
realized. This second report concentrates on converter analysis, realization and experimental test.

Chapter 1 Introduction






Introduction fo the RDCLVPC
converter

In this chapter converter specifications are given, then a presentation of the RDCLVPC
converter is made, focusing on the proposed Voltage Peak Control, VPC. A selection of resonant
circuit component values is done and the VPC strategy ability to control the link voltage peak,
with the selected resonant circuit components, is investigated.

2.1 Converter and load specifications

The power rating of the resonant converter is selected to be 9,7 [kVA] and the line voltage
is 400 [V]. Key specifications are:

® DC link voltage \A =550 [V]
® Output phase current Ivo =14 [A]
® Output phase-phase voltage Vio  =400[V]
® Output power Svo =9.7 [kVA]
The load used is an induction machine, MT 100 Lb 28-4 from ABB
® Phase current Ivo =6.9[A]
® Phase-phase voltage Ve =400[V]
® Output power Pyo  =3.0 [kW] with load cos(¢)=0.8
® Speed n = 1430 [rmp]

Though this report two different DC link voltages a voltage of 300 [V] and one of 500 V]
for experimental test of the resonant converter is used. The hardware of the resonant converter
changed during the development time and at first operation above 300 [V] was unstable. The
problems and there solutions are going to be described. At the end there was no problems using
a DC voltage of 500 [V] or higher. During the test is used a three phase transformator, in order
to obtain galvanic isolation and a vario-transformer. In this setup the voltage was limitated to 500
[V] in order to maintain the voltage constant at all loads.

The IGBT used in the RDCLVPC converter must have a blocking voltage level that ensures
a safety margin. The maximum peak voltage is ideally twice the DC link voltage. The DC link
voltage changes due to line voltage variations and load changes including breaking energy. The

selected IGBT module, MG30V2YS40, is a dual pack modul. For an ambient temperature of 25
[°] the characterisitics are:

@ Collector-emitter voltage Ve = 1700 [V]
® Collector current I, =30[A]
@ Saturation voltage Ve =3.2[V]

The IGBT’s used are of NPT type.

Chapter 2 Introduction to the RDCLVPC converter



2.2 Description of the RDCLVPC converter
A high level drawing of a VSI-PWM and the RDCLVPC converter are shown in F ig2.1.

PWM-VSI:

3 [Rectifier + 3
S e
Modulator’

VPC

RDCLVPC:

3 [Rectifier + Resonant I ; 3 Machi
DC filter circuit nverter achine
Maintain Modulator
< resonance) ( )

Fig. 2.1 Principal drawing of PWM-VSI and Resonant DC link converter, RDCLVPC

The PWM-VSI and RDCLVPC are shown to summarize the differences. In the main power
flow path (square boxes) of the RDCLVPC is a resonant circuit. The basic function of the resonant
circuit is to convert the input DC voltage into a sinusoidal AC voltage superimposed a DC
voltage. Ideally the output voltage of the resonant circuit is oscillating between zero and twice the
input DC voltage at a frequency typical around 1000 times the input line frequency. By turning
the inverter switches off and on at zero, or low, voltage the switching losses are reduced compared
with switching losses in the PWM-VSI.

Another alternative to reduce the switching losses in the PWM-VSI is by a snubber circuit,
which is robust and simple to realize. Snubber circuits are designed to dissipate switching power
in a resistor and the total losses are increased. The resonant circuit is ideally a non-dissipative
circuit and therefore an interesting alternative to snubber circuits.

Using a resonant circuit introduces two major technical problems which must be overcome:

11 The voltage peaks of the resonant circuit depend on the link current and peak values
significant above twice the DC voltage occur. The output voltage of the resonant circuit

must be made undependable of the link current.

2. Maintain the resonance of the resonant link circuit even during transient error conditions
must be possible. A robust resonance cycle is required.

Chapter three deal with the second problem and this is not discussed further in this chapter.

Chapter 2 Introduction to the RDCLVPC converter
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To solve the first problem the VPC strategy is proposed in the first Ph.D report. A detailed
discussion in carried out in chapter 5, but the operation of the proposed VPC strategy is heavily
influenced by the selection of the resonant circuit. The VPC strategy is therefore recapitulated
here and a investigation of the resonant circuit values influence is done.

The resonant circuit consist of a inductor and capacitor in a low pass filter coupling. Shown
in Fig. 2.2 is a equivalent circuit of the resonant converter.

Rectifier + DC filter | Resonant circuit ,  Inverter and load

! i res ido !

e S S
LI’CS R

Vdo '”: 7N CD io

S1{ D1

[
1
1
1
!
Vd q> 1 Cres
|
1
|
1
l

Fig. 2.2 Equivalent circuit of resonant converter.

A voltage peak higher than 2V, is generated if the resonant inductor is suddenly discharged
and the inductor discharge through the resonant capacitor. This situation is shown in Fig. 2.3a. A
IGBT in the inverter is turning off and the link current abruptly changes amplitude. The following
charge of the resonant capacitor is responsible for the high voltage peak. The high voltage peak
can be prevented. By turning the IGBT off a short time before the zero DC link voltage condition
the charge of the capacitor can be controlled. Turning the IGBT off at a link voltage level of AV,
causes the next resonant voltage peak to be twice the DC link voltage. The principle is illustrated
in Fig 2.3b.

a b

Fig. 2.3 DC link current, iy, and link voltage, v,,.
a: resonant transition with no voltage control.
b: when the link voltage peak is controlled by VPC.

Chapter 2 Introduction to the RDCLVPC converter



The VPC strategy used to control the resonant DC link voltage is derived in /12/, the strategy
can be formulated in a simple eq. (2.1).

Ai, Z
AV, =V, (1 -cos(asin(——))) 2.1)
2V,
Vy : DC link voltage.
Z s : Resonant impedance = VL, /C,...
Aiy, : link current change.

The AV, is the resonant voltage level where the DC link current must change, to make the
next resonant voltage peak twice the DC link voltage.

2.3 Selection of resonant circuit component
values

A first step in selection of resonant circuit component values L. and C,, is to choose the
resonant frequency, f,... In the first report /12/ the resonant frequency was chosen to be 50 [kHz],
because the resonant converter output voltage quality then is close to the 5 [kHz] PWM-VSI
output voltage quality. A higher frequency increases the output voltage quality, but the demand
to the bandwidth of the control circuit and inverter switches get also higher. The resonant
frequency of 50 [kHz] is an initial selection, and experience will show if it has to be changed.

Selection of a resonant impedance is a difficult task. It is important that the resonant circuit
eliminate the lossy switching of the PWM-VSI. However, the resonant circuit is not loss less and
the switching loss of the inverter switches is also not loss less.

It is shown in /1/ that using an ideal circuit there is an optimum value of Z

Tes*

Design step 1 /1/:

An equation for Z which minimize resonant link loss, is derived in quite a similar way

presented in /1/. The current through the resonant inductor in Fig. 2.2 assuming a idealized circuit
is

1Lres =1

\ 1
do + -ZT——sm(ZTC?—- t) (2'2)

res res

where
f.., : natural resonant frequency
I,, :average of DC link current i,
T @ /1,

res res

The average power dissipated in the resonant circuit is:

T

res

1 .
P == [Rif,d 2.3)

res 0

after integration and using Q = Z/R, R is equivalent resonant resistance, the equation for P is

Chapter 2 Introduction to the RDCLVPC converter



- oL 2.4)

It is conclude there is an optimum value of Z,, giving the lowest power dissipated in R. As
expected the power losses decreases with a higher Q value. Since it is difficult to calculate the
value of the equivalent resistor R, the Q factor is often determined by experiment. The process
of designing the resonant inductor is therefore iterative. It is not within the scope of this report

to design an optimum resonant circuit, the inductor is designed by F.F. Protiwa from University
of Aachen.

The optimum value of Z, is determined from eq. 2.4 to be

z _ 1Y (2.5.2)
optimal \/—2— Ido e
and the average link current, I, is
VNO
I, = ﬁ v Lo cos(P) (2.5.b)

d

The optimal impedance at a nominal load is Z ., = 32 [Q] and this value is a minimum value
because the I, is a maximum value at nominal load current.

Design step 2:

Investigating the influence of resonant link impedance on the VPC strategy.

Using the voltage peak control, VPC, there is a restricted operation area in which control of
the resonant link voltage peak is possible. The maximum link current change allowed is Ai,, <
2V/Z., the maximum AV, is V.

It is decided that there should be a maximum limit of AV, at normal operation. It must be
ensured that for any Aiy, inside the normal operation area the limit of AV, is not exceeded.

The maximum value of AV, is a function of Ai,,, Z and V,, refer to (2.1). The maximum
value of AV, should no be to high, since the inverter switches turn-off at this voltage. It is
investigated if a limit of AV, in the area of 100 [V].. 300 [V] is possible having a Z., = 32 [Q]
and using the converter specifications shown in section 2.1.

The value of Ai,, is dependent on phase current level, switching strategy and load cos(¢). The
link current change definition is

Bigy =i, i, 2.6)

and the link current is determined by the switching vector and the three phase currents

P ey
l0 IaSa 1, s

»Sp 1S, 2.7)

Chapter 2 Introduction to the RDCLVPC converter
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010 110
\ /

011 =< > 100
io = "iu // \\ 10 = ln
/\

/N
Y \

001 101
ll) = ib iQ = -ib

Fig. 2.3 Switching vector’s in the complex plane.

The relationship between switching vector, phase current and link current, i, is shown in Fig.
2.3. There are six active switch vectors shown Fig. 2.3 and two zero vectors ‘000" and ‘111', which
is not shown. The maximum Ai,, from a sequence of two vectors, beginning or ending with a zero
vector is Aig,=+/2l,,. But a change between two active vectors can generate larger Aiy,

From Fig. 2.3 is seen that a switch vector jump of 180 [°] generate a Ai,, = i, + i,, with the
sequence ‘100" ~’011".

A general equation describing the Ai,, as function of the angle between switch vectors can be
found in the following way.

In Fig. 2.4 are the possible states of the link current shown for every one of the active vectors,
during 7/6 of a fundamental period. If the sequence ‘001' -*110' is used in the first 1/6 period, the
link current would jump between the two thick lines. The maximum link current change Ai,,, is
2i; peac This is the same result obtained earlier in the complex plane.

Jumping from one switch vector to another generate a Ai,, equal to the difference between two
sinusoidal curves with a phase shift of .. The inverter limits the o, values to ¢ = +60 [°] or ¢
==£]20[°] or oo, =+£180 [°] or zero. The Aiy, is

Ay, = 21, sin(wt) - 21 sin(wt - o) (2.8)

Fig. 2.4 Possible link current values assuming sinusoidal phase currents.

Chapter 2 Introduction to the RDCLVPC converter
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This is rewritten to
. as . (xs
Aiy = \/EINocos(wt "?)sm(—z—) 2.9)
At steady state operation assuming sinusoidal phase current the maximum of Ai,, is

max

(04
Ai, = \/EINosin(?S) (2.10)

The Aiy, as function of Branch Switch Over, BSO is shown in Table 2.1. It is noticed that at
1 BSOisa=+ 60[°],at2 BSOis ;= 120 [°] and at 3 BSO is &, =+ 180 [°].

Number of I 2 3
Branch Switch Over BSO BSO BSO
Aiy
max +1.0 :}:\/5 +2.0
V21,

Table 2.1 Link current stress as a function of Branch Switch Over’s.

The link current stress is reduced if the modulator restricts the switchings to changes between
adjacent switching vectors that only generate one branch switch over. The eq. (2.10) can also be
derived from the vectors shown in the complex plane Fig. 2.3. The result shown in Table 2.1 can
also be found just by looking at Fig. 2.4. The thick lines in Fig. 2.4 show the results in Table 2.1.

The starting point of deriveing (2.10) was to the fact that the VPC strategy introduce a number
of switchings at a voltage level of AV,,. The voltage level is dependend on Ai,,, Z.., and V, it is

investigated if the selected converter data enables the VPC strategy to work at a low maximum
value of AV,,.

With (2.10) and (2.1) it is now possible to calculate Z ., as function of AV, and phase current
Ino and DC link voltage V,. Assuming one BSO operation Z,, is:

\% AV
Z., = {2—Lsin(acos(1 - —22) (2.11)
INO Vd

where:
AV, :maximum switching voltage of the inverter switches.

The Z,., impedance is calculated for values of I,=10 [A]..60 [A] and shown in Fig. 2.5.a.
Three limits of AV,, were tried.

Chapter 2 Introduction to the RDCLVPC converter
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V,= 550 [V]
Curve name | AV, [V]
ZYES ‘
a.l | 300
[Q] 2.2 . 200
a3 | 100
The dottet line is Z 0
50 T T T T T T T
SNo
[kVA]
O L i 1 L i 1 1 1 i

10 15 20 25 30 35 40 45 50 55 60
(b) Ivo [A]
Fig. 2.5 a) The full lines are Z, ., versus nominal phase current I,
The dotted line is Z 4y Versus Iye.
b)  Apparent converter output power versus Iy,

Previous in design step 1 there is found an optimal value of Z ., eqn. (2.5) this value is plotted
as an dotted line in Fig. 2.5.a.

The optimal value of Z, is close to the Z . values calculated under the assumption of a certain
maximum turn-off voltage AV, .. This show that the application of the VPC strategy is realistic.

In Fig. 2.5.b is the apparent power plotted as function of nominal phase current I, in order
to give an impression of apparent converter power and Z..

The investigation shows that a limit of AV, in the area of 100 [V].. 300 [V] is not execced
having a Z ., = 32 [Q] at I, = 14 [A] and the converter specification showed in paragraph 2.1.

Resonant link component values:
The actual resonant inductor and resonant capacitor value used in the RDCLVPC is shown
in Table 2.2. The values are based on experiment’s. The Q value is equal to Z/R where R is the

serial equivalent resistor of the resonant circuit. In R is included resistance in resonant inductor,
resonant capacitor and DC link capacitor.

LTCS C Tes fre S Q Z

Tes

153 [uH] 100 [nF] 41 [kHz] 120 39 [Q]

Table 2.2 Actual used resonant link circuit values in the three phase converter.

Chapter 2 Introduction to the RDCLVPC converter
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2.4 Conclusion

The Resonant DC Link Voltage Peak Controlled, RDCLVPC Converter is presented which
is the introduction to a more deep description of the three main functions: maintaining the
resonance, the modulation and the VPC control strategy.

A selection of resonant components is made based on design equations found in literature, the
link current stress is investigated and it is concluded that jumps between active voltage vectors
should only happen between adjacent active vectors in order to reduce link current stress.

Investigation of the VPC strategy ability to control the resonant link voltage is carried out.
The VPC strategy has a limited operation range determined by DC link voltage, impedance and
link current change values. In the reality the number of factors increases beyond the three
mentioned, but that will be discussed later. Here is shown that the VPC strategy is able to control
the resonant link voltage peak, and it is shown that for a fixed value of link voltage of 550 [V]
and a maximum turn-off voltage of AV, =100 [V] is the resonant impedance close to the optimum
resonant impedance calculated in the design equation.

The conclusion is that the VPC strategy can control the resonant link voltage peak in the
investigated converter power range of 7 [kVA] to 45 [kVA].

Chapter 2 Introduction to the RDCLVPC converter
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Maintaining the resonant link
cycle of the RDCLVPC

In this chapter it is described how the resonance of the resonant circuit is kept on. At first
sight the problem appears simple, after sometime one realizes this is wrong. The maintaining of
the resonance is a key problem that must be solved. Proper operation of the resonance ensures
zero or low voltage switching of the inverter switches. During a design procedure there are several
things to consider:

1) How to initiate the resonance. This can be done in a rough or gentile way as described later.

2) The resonance must be error tolerant, this mean if an error occurs and the resonance is
prevented to complete, the resonant circuit control must be able of restoring the resonance in

the next resonant cycle. It is not acceptable that the whole converter stops because of
electrical noise.

3) The resonant circuit stores reactive power and to keep resonant circuit losses low the level
of reactive power must be kept at a low level.

4) Finally, the circuit that controls the resonance should be able of operating the converter at
higher DC link voltages as 500 [V].

There are presented two methods. The first is published in patents and papers /1/,/25/.

The principle of the method is simple, this is an advantage but realizing it is not without problems,
unfortunate there are problems obtaining the four points mentioned above. The method is known
as the short circuit method. The second method is proposed on the experience of working with the
first described method. It is a bit more complex to describe theoretically than the short circuit
method and it requires apparently a few extra components. Realizing the circuit takes a bit of
work but compared with the short circuit method it is much simpler. There is worked
approximately half a year with the short circuit method and with the second method it took only
one week from idea to realization.

3. 1 Short circuit method

The resonance is maintained by a short circuit interval of the inverter bridge, the short circuit
interval ensures sufficient energy storage in the resonant inductor to overcome the circuit losses
and therefore ensures the link voltage resonate to zero voltage next time interval.

The circuit that maintains the resonant cycle is shown in Fig. 3.1. When v,, reaches zero, the
signal called ZVSI is generated. This signal triggers the beginning of the short circuit interval and
this signal also triggers the read out of a new switch vector to the inverter. A link current
measurement is used to detect when to turn-off the short circuit.

Chapter 3 Maintaining the resonant link cycle of the RDCLVPC
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short | Gate drive
circuit
pulse | VPC logic

Fig. 3.1 The function of the ‘Short circuit generation’ box discussed.

The short circuit of the inverter bridge is done to ensure an increase of energy in the resonant
inductor. A short circuit of the inverter is also used to start the resonance. Before the start up the
resonant link voltage v, is equal to the DC link voltage V,; The inverter bridge is then short
circuited, and the energy of the resonant capacitor is dissipated in the inverter switches and stray
components. The switches are stressed, but since the short circuit duration is short, below 5 [ps],
the switches are not destroyed.

To maintain the resonance is it necessary to compensate the energy change that decreases the
resonant link energy, during a resonant cycle. If an energy compensation is not done, the resonant
voltage does not oscillate back to zero. Several major loss elements are present in a resonant
circuit, where the most significant are the serial resistance of the resonant inductor, the resonant
capacitor and the DC-voltage capacitor. The total resistive losses are determined from an
experiment /26/ where a measurement of succeeding resonant voltage amplitudes is used to
determine the quality factor, Q. With the knowledge of Z ., the equivalent serial resistor is R =
Z.JQ. To compensate the losses in R the inverter bridge is short circuited during the zero voltage
interval. The stored energy in the resonant inductor compensates the energy dissipation in R. In
/27/ an equation is found which describes the level of current in L, needed to overcome the
resistor losses.

@3.1)

3.2 Realization of the short circuit method

The short circuit of the resonant inverter is done by turning all the inverter switches on when
the resonant link voltage v, reaches zero voltage. During the first part of the short circuit period
L. is properly discharged and the antiparallel diode conducts. An equivalent circuit is shown in
Fig. 3.2. After the resonant inductor is discharged, the current flow turns and a charging of the
resonant inductor begin. The short circuit lasts until inductor current has increased to Al ., + i,.

Since the beginning of the zero period is easily to detect, turning the short circuit on is
straightforward, but the turn-off is more difficult.

Chapter 3 Maintaining the resonant link cycle of the RDCLVPC
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Fig. 3.2 Equivalent circuit of the resonant converter.

Several methods can be used to decide when to turn the short circuit off. A measurement of
the resonant inductor current is the most direct way, but a high speed low inductance current
shunt, is needed. In /13/ a method is using the on-state IGBT voltage drop and from this determine
how long the IGBT’s should be conducting is suggested. Implementing the method is relatively
simple, but the accuracy of the method is not good due to the on-state voltage dependency on
conducted current. With further investigations and improvements the method could be useful and
preferable.

It is decided to use a direct current measurement method. The advantage of this method is
better accuracy, but the implementation is quite complex. The short circuit turn-off can be
determined by a measurement of the L, current or link current, i ,. It seems natural to measure
the inductor current i, directly, but it was decided to use the current measurement in a protection
circuit. A L, current measurement is not as fast as an i,, current measurement since the resonant
capacitor current is omitted. A measurement of the resonant link current i,, was selected to be
used in the turn-off circuit.

The link current iy, is measured using a shunt resistor. During the short circuit period the
current must increase to iy, = Al + i,. Notice, during a short circuit the inductor current i, is
identical to iy, The value of i, is determined from the switch vector and phase current value. The
i, is calculated using eq. (2.7). The bandwidth of the short circuit electronics must be high. Input
and output from the short circuit generator are shown in Fig. 3.3.

i"‘T ZVSI

R load current i, short circuit
b calculator pulse generator

g, short circuit pulse
: T
g start-up short circuit

Fig. 3.3 A detailed view of the box named ‘Short circuit generation’ in Fig. 2.1.

The load current calculator circuit is shown in Fig. 3.4. It is working by converting two-phase
currents into the six possible i, current values, earlier shown in Fig. 2.4. By using a multiplexer
controlled by the switch vector S = [g, g, g.], one of the six values is selected. The phase currents
are measured using standard LEM hall-effect sensors. The six possible i, current values are

calculated using standard LM324 o-amps. The multiplexer and the o-amp, which works as a
voltage follower, must be fast.
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The short circuit pulse generator generating the short circuit pulse is shown in Fig. 3.5. From
the zero voltage interval a pulse called ZVSI is generated. This pulse initiates the short circuit
pulse, short_ZVS to a logic high state. Using two high speed o-amp’s, Ai, ., is calculated. After
that Ai,.is compared with a reference value, Al, .. When Aiy,. is increased beyond the reference

value, Al .,, the short circuit is turned off.

i ort_ZVS

7418153

ZVSI ==
/ido_error

T i1
10 >

{—-——

At = ido-io]

1

HE

/ido_error

-id 3 £
“ CEREE R T [
null el

Fig. 3.5 Generation of short circuit signal short ZVS.
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The delay in the turn-off circuit cannot be ignored. The delay includes delays from the

R

shunt

S1

4.

tdl() tdll

Fig. 3.6 Time delay in the short circuit control.

measurement of iy, to the IGBT collector current begins to decrease at turn-off. The delay is
measured to ty,, = 900 [ns]@20[°C]. This value is dependent on many components and is a
highly nonlinear value. The major single component delay is in the IGBT. In Table 3.1 the single

delay values are shown. The values are found in data-sheets except for the IGBT where the delay,
tq11, Was measured.

ta te ts taa tas e ty tas tio taro tan Z=tyelay

100 100 80 10 15 10 10 50 50 150 | 400 | 975 [ns]

Table. 3.1 Distribution of the total delay time t,,,,, the optocupler, and the IGBT has the largest
delay.The unit is [ns].

The theoretical Al ., must be compensated for the delay.
The current rate during the short circuit is V/L,., and the compensated Al ., is

v, (3.2)

In the realized resonant converter the value of Al from eq. (3.2) is negative, the minimum
possible reference current value is zero, and the short circuit interval is therefore increased.
Consequently, the resonant inductor is charged beyond the level that compensates the resonant
link losses.

Increased resonant inductor energy extends the zero voltage interval since the antiparallel
diodes clamp the link voltage to zero until the resonant inductor is discharged and the current
stress and link voltage peak increase. One problem is the delay time increases with the higher
values of V.

The short circuit generation unit was first tested with a zero phase current reference and i,
was therefore zero. During the test a number of bugs were discovered and removed. After that,
the test was carried out with a non-zero phase current reference and a particular problem arises.
With i, having a non-zero value the resonance of the converter would stop after some time of
running. One way of partly solving the problem was to increase the reference Al ., value. But
then the resonant voltage peak increases substantially beyond twice V,, and the current stress and
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the zero voltage period increase. The disadvantage of increasing Al . is not acceptable.

The situation that causes the problem of loosing the converter resonance is discussed in the
following paragraph.

An example where the resonant voltage
does not resonate to zero is shown in Fig. 3.7. |
First thing to notice is that Ai,, is positive |
and higher than the reference Al, ... This is :
explained by looking at the measured link '
current iy, and the i, current. The current i, is ; ‘l
determined using the circuit in Fig. 3.4. The *
circuit is quite fast and a change of switch :
vector state would result in a new value of i, 1 —i

1

after a few tenth of nano seconds. The switch
vector only changes when the resonant link
voltage, v, reaches zero. The change of the A, =
switch vector is triggered by the signal ZVSI. !¢ A
The change of i, always happens before i, '
changes, because the IGBT has a delay of zvs_ri_1
several hundreds of nanoseconds. This is the !
explanation of Ai, ., becoming positive in Fig. Sh““—zvs :
|

. T
3.7. Since Al is positive, the inverter |

switches are not short circuited, which is seen
on the short_ZVS signal that stays low. A
positive Al which is higher than the
reference value of Ai, ., indicates that there is
enough energy in the resonant inductor at the
beginning of a resonant period to ensure a zero voltage interval at the end of the resonant period.
This is clearly seen in the left side resonant pulse shown in Fig. 3.7 But in the following resonant
period there is a problem because v, does not reach zero. Since the most left side link current
changes in Fig. 3.7 leaves a relatively large amount of energy in the resonant inductor, the anti-
parallel diodes begin to conduct at next zero voltage interval. This is unfortunately since the
resonant inductor discharges totally, and there should be a short circuit period to charge the
resonant inductor. The reason this does not happen is that Ai, ., is positive when the short circuit
should commence. As consequence there is no short circuit period. The problem is solved by
turning the short circuit on always when a ZVSI signal is detected. The short circuit is turned on

for a few hundred nanoseconds. This increases the link peak voltage and current stress, but it
works better than an increase of Al .

Fig. 3.7 A situation where the zero
voltage interval is lost.

The problem is explained more efficiently by a phase plane plots in Fig. 3.8. In Fig. 3.8.a
there is no problem of maintaining the resonance Ai,, <Ai,,:

Going from i, to i,, the energy of the resonant circuit increases, and the radius of the polar
plot circles enhance. This is not explained in detail yet, but in chapter 5 a mathematical
explanation is presented. Looking at Fig. 3.8 at the point marked 1. This is the initial conditions
for the resonant period by going from i, to i ;. At mark 1 there is initial conditions show that there

is some initial energy in the resonant circuit. This energy is assumed lager than necessary to
compensate the ohmic losses.

In Fig. 3.8.b there is also two step changes of i,,, but now Ai,, > Ai,,:
Going from i, to i,, increases the energy of the resonant circuit, and the radius of the polar

plot circles enhance as before. Going from i, to i ; an unfortunate situation occurs. Measurements
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of iy, and i, shows that Ai, is larger than Al ., just before the current change happens, therefore

no short circuit is started. However there is not accounted for the stored resonant circuit energy,
obtained going from i, to i,.

Y
Y

Fig. 3.8 Demonstrating the circumstances where the resonant circuit oscillation is lost.
a: There is sufficient energy to sustain the resonance.
b: At mark 2 control of the resonance is lost.

When the voltage v,, resonant down to zero voltage the stored energy in the resonant inductor
is transferred to the V, source. The initial condition for the current step from i, to i, is shown
at mark 2. There is no energy stored in the resonant inductor, since the initial inductor current
(Ires103) 18 zero. The following resonance period is not going to oscillate v,, to zero voltage since
there is not enough energy to overcome the ohmic losses.

3.3 A laboraitory test of the short circuit method

A lot of time is spent in the laboratory to realize the short circuit method, particular time
consuming was the debugging of the circuit. It was made difficult due to the strong influence of
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-100 -50 0 50
time [us]

Fig. 3.9 Measured resonant link voltage and current. The resonance is maintained by the short
circuit method.

factors as time delay, link current state changes, DC voltage and electrical noise. The resonant
converter was able to operate at DC link voltages up to 300 [V], but it then becomes unstable and
the converter had to be restarted.

In Fig. 3.9 link current and resonant voltage is shown for a DC link voltage of 150 [V]. Notice
the period of the short circuit interval is adjusted fine to operation conditions. The initial inductor
current is kept close to 1.5 [A], a lower initial current was tried but the instability of the converter
increased. The short circuit time is then approximately 1.6 [us] and this is close to the minimum
short circuit time. An increase in the DC link voltage therefore increases the initial resonant
inductor current. The problem is that the inductor current is increased beyond what is necessary
and reactive losses therefore increases.

Based on laboratory experience the following is concluded about the short circuit method:

1) Start of the resonant link is done by a direct short circuit of the fully charged resonant
capacitor. At higher DC link voltage the inverter switch stress increases.

2) If an error occurs and the resonant voltage, v, do not resonate down below 15 [V] the short
circuit does not start, and the resonance terminates. The converter must be restarted. Among
other, this make the converter operation un-robust.

3) There is a minimum short-circuit time that already increases the initial resonant inductor

current beyond required value at V,= 150 [V]. With increased reactive power flow and losses
as consequence.

4) The circuit builded in the laboratory was not able to operate stable for DC voltage above
300 [V].

Beside the four points another drawback is the requirement of two phase current and one link
current measurement.
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3.4 A non-short circuit method

Transferring energy to the resonant circuit is necessary in order to compensate for loss
elements. In the short circuit method this was done at the beginning of the resonant period.
Another method is to transfer the energy inductively which can be done by a secondary winding
on the resonant coil and it is then a transformer. The secondary side energy source is a current

generator that produces a puls train with a frequency of the resonant circuit. The principal of the
idea is shown in Fig. 3.10.

ZVSI

Gate drive

VPC logic

Fig. 3.10 Non-short circuit method to maintain the resonance. Using a transformer and current
generator i,.

Inductive energy transfer is widely used. Here a current source supplies the resonant circuit
with energy. The basic principle of the current source resonant converters are described in /28/
using a parallel resonant circuit. The key waveforms are shown in Fig. 3.11.

2V, T~ e
7 v
AN Lres
e N
Vg D
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yZ AN
v N
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I
ids *
0

/

\
(b)
Fig. 3.11 Idealized resonant converter waveforms
a) Primary voltage, v,, and secondary voltage, v, ..
b) Secondary current, iy, fundamental current, 1..

Chapter 3 Maintaining the resonant link cycle of the RDCLVPC



24

The current source is typically a square wave, since this is the easiest to produce. The current i,
is shown in Fig. 3.11 and it is in phase with v, . The advantage of zero-phase displacement is the
transition of current happens at zero voltage. Current source switches therefore have low
switching losses. A phase displacement of current and voltage is not desirable here. An example
of a current generator i, is shown in Fig. 3.12.

) gate

I: drive
gate
drive

flh_ o
I@ I';‘QE.LT

—
g i
L ds
Lg
.

ey i

Fig. 3.12 A circuit to maintain resonance using inductively energy transfer to compensate ohmic
losses.

Notice the control of the two switches is simple e.g. no dead-time is required. The gate
control of the switches is obtained by a simple comparator that detects the sign of the secondary
voltage of v_,, and the switches are controlled directly from this signal.

15

Vo
[kV]
o \

3 0.2 0.4 0.6 ojs t fms]
Fig. 3.13 Start of resonant oscillation with the non shortening method.
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In Fig. 3.13 a simulation shows how the energizing circuit is working. At the beginning the
voltage v,, is a DC voltage equal to V,, the current converter is started and energy is transferred
to the resonant circuit and the amplitude of the oscillation increases. The oscillation amplitude
increases until the v,, reaches zero voltage, the antiparallel diodes begin to conduct and clamp the
voltage. In Fig. 3.14 a zoom of the resonant converter waveform is shown.

300 2.0

NN NN e
T N

[V] [A] \_ZLFGI

-300 -2.0

1.2

Vo
(kV]
0 T T T T T
840 860 880 900 920 t fus]

Fig. 3.14 Zoom of resonant converter waveforms with the non shortening method.

If there is excessive energy in the resonant circuit, it is transferred to the voltage source V,
during the conducting interval of the antiparallel diodes. If a disturbance occurs that prevent the
voltage vy, to reach zero the current generator will continue to supply the resonant circuit with
energy and eventually the voltage reaches zero. This way of energizing the resonant circuit makes

the resonance very robust. The amount of energy transferred from the current source to the
resonant circuit is determined by the current amplitude.

The necessary current amplitude to overcome the losses in the resonant circuit must be
calculated. To do this a model of the resonant converter is used and it is shown in Fig. 3.15. From
the model the required amplitude of i, can be calculated using Laplace transformation. To simplify
the task, i, is not modelled as a square wave, but as a cos function. This make sense since energy
is transferred by the fundamental of the square wave.

Fig. 3.15 Equvivalent circuit of resonant converter and non-short circuit energizing
method
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The equations of the circuit shown in Fig. 3.15 is shown in App. A. The whole solution
equation is quite long and not repeated her, but a ‘light’ version of the equations is shown. The

equation is close to the real solution assuming R << Z, and I reso) = 140 aNd vy, =0, and this can be
applied here.

. N A\ —at 1 .

s = — ¢ "'sin(wt) + —1 wtsin(wt) 3.3)
Z 2

Ve = V,(1-e "“cos(wt))+%§sttcos(wt) (34

i, = iscos(wt) 3.5

[f a Taylor expansion of e =1 - at is used, it is observed that a value calculated using eq.
3.6 compensate the losses of the resonant circuit. It is also noticed that the calculated amplitude
of i; compensates the loss in the resonant circuit in such a way the wave form of i, and v,, is
very close to those of the loss free resonant circuit. This is not the case using the short circuit
method where the voltage and current wave forms are distorted noticeably.

. \%

= R—2 (3.6)
Z

In Fig. 3.16 is shown the waveforms of i . and v, using the short circuit method and the non-
short circuit method. Two plots are shown on Fig. 3.16 for every v, i ... The one is an ideal
curve calculated using a loss less circuit, another for the lossy circuit where the energy loss
compensation is used. At Fig. 3.16.a is the short circuit method used, it over comes the resonant
circuit losses using an initial resonant inductor current calculated using eq. 3.1. The initial
conditions are ij ., - i, =Ai,,, and vy, =0. They cause a phase displacement between the ideal
curve form and the compensated curve. There is an amplitude difference, largest at the beginning
of the resonant period and almost zero at the end of the resonant period. This is seen from the
phase plane plot. Simulation shows that an increase of the initial current Ai, ., with 50 % has a
significant influence on the wave forms including an increased difference in amplitude.

In Fig. 3.16.b the non-short circuit method is used to energize the resonant circuit. There is
no phase displacement and the current waveform are plotted very close to those of the loss less
resonant circuit. The losses of the resonant circuit are compensated in such a way the resonant
circuit behaves as it is loss less. A 50 % increase of i current do not cause a significant phase shift
and the amplitude is only distorted a little. In the simulation the values in Table 3.2 were used.
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Fig. 3.16 a) Short circuit method

b) Non-short circuit method

In Table 3.2 two current equations are shown in the non-short circuit method box. The
amplitude of i; is in the case of a sinusoidal current source and i4is used for square wave currents.
If the iy, current is bi-directional the equation in Table. 3.2 is used, if only a positive pulse can be

generated by the current generator, then iz must be multiplied by two. This is the case of the
current generator shown Fig. 3.12.

Vd =500 [V]L=150[us] C=100[ns] Z=38.7 [Q] f.,=41.09 [kHz] R = 0.35 [Q]
short circuit method non-short circuit method
. \#
R(.Y_d_)z is =R —Td

A- Zres Zrcs
1Lres —f—.—i:—_ ids = ‘fs .It_
res res 4

Ai .. =3.1[A] 1i = 91.6e-3 [A]

Table 3.2 Calculation of initial current using the short circuit method and current amplitude
using non-short circuit method.
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How much power is it necessary to transfer to the resonant circuit 2. This is simply calculated
assuming the wave forms shown in Fig. 3.11.

The power P, transferred from the current source I is

P = s Lres (3.7)
1
V2 V2
Assuming a loss less circuit. The required power P, to compensate resistive losses is
v
d
P, = ( YR (3.8)
zy2

The amplitude of v, is V; and the amplitude of i is the only unknown. It is already
calculated by Laplace calculation, in this way the amplitude of i is found more easily. Using P,
= P, the amplitude of i, is derived.

.V,

i, =R 3.9

An equation identical to eq. 3.6 is obtained. The requirement of the current source in Fig. 3.11 is

R m N1

I = e —
e VT (3.10)
where:

NI : primary winding number

N2 : secondary winding number

3.5 A laboratory test of the non-short circuit
method

About one week was used to build the circuit that maintains the resonance and it was working
right from the beginning. Since there were problems with the short circuit method at DC link
voltages above 300 [V] the converter was first tested at 300 [V] level, then a 500 [V] level was
used. A stable converter operation was a fact, using the non-short circuit method. To obtain the
stabile converter operation the current source amplitude in the circuit that maintains the resonance
had to be increased significant beyond the theoretical value.

The current 1, and P are calculated using eq. 3.10 and eq. 3.8:

L,  =0.6[A]
Py =29 [W]
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where

R =0.35[Q]
Z =38.7 [Q]
NI1/N2 =3.1

Vy =500 [V]

In the laboratory experiment was used an I, of 3.0 [A], to obtain stable converter operation.

Using this current, the delivered power from the current source is 154 [W], which is significant
higher than the calculated 29 [W].

H T T T
Vdo i ’ E
500 e ‘ i
vl ; ; !
0 { H H
100 120 t [us]
ido
(A

20 40 60 80 100 120 t [ns]
Fig. 3.17 Measured link voltage and link current using the non-short circuit method.

Looking at Fig. 3.17 it is seen that a substantial amount of energy is stored in the resonant
inductor at the end of a resonant period, the energy is transferred to the DC link voltage capacitor

during the antiparallel diode conducting interval. The initial current is approximate 6 [A] the total
power transferred to the DC capacitor is

PDC = fres% Lres AIz (3'11)

Py is calculated to be Py = 111 [W] using Al = 6 [A] and the parameters in table 3.2.

Based on simulation and laboratory experience the following is concluded about the non-short
circuit method:

1) The start of the resonance is done without current stress of the inverter switches, or any
excessive stress at all.

2) If an error occurs and the resonant voltage, v,, does not resonate below 15 [V] the
resonance is not terminated, the energy transfer to the resonant circuit is continued and the
converter operation is not affected. This make the converter operation robust.

3) There is a required amount of energy needed to compensate the losses of the resonant
circuit, the amount of energy actually transferred to the resonant circuit is approximately 5

times the minimum required value. With an increase reactive power flow and losses as
consequence.
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4) The resonant converter is operated at DC link voltage of 500 [V] and there is no reason
why this should not be increased.

Another advantage of the method is that no phase current or link current measurement is
required. This is another reason to the stable converter operation. The only drawback is the need
of a current source able of deliver approximately 150 [W]. Simulation and theoretical analysis
show the current source only needs to deliver 29 [W].

3.6 Conclusion

Two circuits that maintain the resonance of the RDCLVPC converter are presented.
Simulation and experimental results show how they work and perform.

The gained experience is summarized in Table 3.3

Parameter\Method Short circuit Non-short circuit

Stress on converter at start High stress on inverter No excessive stress on any
up of the resonance switches components

Error tolerant resonance No Yes

Reactive power level increased increased

relative theoretical level

Converter operation No or very difficult Yes
possible at high DC link
voltage > 500 [V]

Method dependent on Yes No
measurement of link voltage

or current.

Realization Complex Simple

Table 3.3 Comparison of different methods to maintain the resonant link cycle of the
RDCLVPC

It concluded that the non-short circuit method possesses many advantages over the short
circuit method. The implemented non-short circuit works well but the amount of power supplied

to the resonant circuit should be decreased from 150 [W] to a value closer to the theoretical 29
[W].
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Resonant converter modulaitors

In this chapter is dealt with modulators that are suitable for resonant converters. There is a lot
of knowledge available due to the work of D. Divan / 1/,/5/,/15/ and his fellow reachers at
University of Wisconsin and A. Mertens /6/,/16/ from University of Aachen just to mention a few.
Many modulators are proposed in the litterature and here is selected a few that are proven to be
suitable in voltage control. An in dept discussion of the modulators is made, in order to obtain an
understanding of the various types of modulators. The selected modulators are voltage controlled.
With an induction machine load, voltage control is relative simple compared to current control,
and open loop speed control with voltage/frequency control is used.

The design of a modulator is often based on a wish of low content of harmonics in current and
voltage, another approach of designing the modulator is using the ideal trajectory of the machine
stator flux as reference, as proposed in /17/,/19/,/29/ they design pulse width modulators. Here the
design method is applied on the resonant converter.

Three modulators are investigated:
* Sigma Delta Modulator, SDM /1/,/5/

*  Space Vector Sigma Delta Modulator, SVSDM /51,/6/,/151,/16/
 Stator Flux orientated Discrete Pulse Modulator, SFDPM

The three modulator's performances are compared by simulation, in a system as shown in Fig.
4.1.

do

Gate drive
i VPC logic

A
Switch
vector

Inverter modulator

ADSP 21020 DSP System

Fig. 4.1 The inverter modulator is at focus in this chapter.
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4.1 Volltage/frequency control

Open loop speed control of induction machines is often done by a Voltage/frequency control
120/,/22/ because of its simplicity. This type of control is described in its most basic form.

In eq. (4.1) from /22/ is shown that electrical torque produced by the induction machine in
steady state, disregarding stator resistor and for a small value of w, is:

2
\%
m, = _P_hiSiJ k po, 4.1)
(1)8
where: m,, electrical machine torque
W synchronous speed equal to 27f,;
Vomse  Phase voltage effective value
W, rotor speed
. relative rotor angular frequency equal to .- pw,, or slip speed w, = sw,, s= slip.

konstant
number of pole pair

o g

If V./w; is held constant there is a close to linear relation ship between w and the

developed electrical torque. Using (4.1) the relation between the rotor speed and synchronous
speed is:

1

—®_-—m

Pk, el 4.2)
The value of constant k, could apparently, with advantage, be increased at lower speed where

there the inverter is able to deliver an increased voltage, V ;.. The torque influence on the rotor

speed could be reduced. But this is not possible for longer periods due to thermal limitations. At

low speed the fan is almost without influence and the machine heats up, mainly because of copper
losses. The my/k, influence is disregarded here.

4.2 Voltage conitrolled modulators

A conventional open loop voltage/frequency speed control using a voltage controlled
modulator is shown in Fig. 4.2.

Various types of modulators are used in open loop voltage/frequency speed control. For
discrete pulse modulator the voltage controlled sigma delta modulator is a good choice in
induction machine control /3/. The sigma delta modulator, as shown in Fig. 4.3., is a single-phase
voltage modulator. One disadvantage as with all single-phase modulators is that they do no utilize

that there are three phases to be controlled. They cannot be expected to be the optimal solution
in three-phase systems.
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V&
— 1 Ac/dC Link ve, 2| Do/ac [
‘ circuit : v,
4 W
link state switch signals
modulator
A A
Vphnse/(‘) s i Vphasc
O o h
= W s ® 0
time, t Wz~ J-
to tr:f

Fig. 4.2 Conventional open loop voltage/frequency speed control of induction machine using a
voltage controlled modulator

Link Clock
For each phase l
S v
] P gate_a
Va . H

Fig. 4.3 Single phase Sigma Delta Modulator, SDM.

A possibility to improve the modulator performance could be to design a modulator using
space vectors. This is done with success in PWM systems. Since the use of voltage space vectors
is a success in PWM-VSI, a discussion of space vectors is made, and then a discrete pulse

modulation, DPM, strategy using the space vectors is designed. The design specifications of a
particular PWM strategy are used in a design of a DPM.

4.3 Instant and average space voltage vector

The voltage space vector v, obtained by Park transformation to the stator-fixed system of
coordinates (o,pB) is

_ 2 _ . _ oA 38
v, = —3—(vax+ava+a Vo) =V tivy = Ve 4.3)

where  v,,,v,,v,, eg. are branch voltages or phase voltages.
a,a’>  is complex operators; ei2™3 gi4m/3

In a short form eq. 4.3 is written
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vy = My, 4.4)
where
M=[1aa?] 4.5)
vax
v, = | vy (4.6)
v

(28

Using Eq. 4.3 it is assumed the zero-sequence component is zero, which is obtained for balanced
loads. The induction machine is assumed to be a balanced load in this case.

There is a free choice of x-indices on v,,,v,,,v,, there are three voltages that can be used
resulting in the same voltage space vector, v,. This is shown in Fig. 4.4

_z_goTl ﬂ@ﬂﬁ]} e Jn
Vi, <> N v A A .

] 4(.1}4°

<

x.g.oT
2
T 0
N
Fig. 4.4 Definition of branch voltages and phase voltage.
2 2
v, = —é—(vm+avbn+a Ven) 4.7)
2 2
v() = ;(Vao+avb0+a VcO) (4‘8)
vy = (v tavy ratvy) 4.9)
V=V, = V= Vy 4.10)
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v, describes the instant state of the inverter bridge. There are seven possible values of v,, six
determined by the active switch vectors and one determined by the two zero switch vectors. The
eight switch vectors are shown in Fig. 2.3.

The input to a modulator can e.q. be a voltage or a current or a flux vector. Here is the voltage
modulator considered.

The modulator input voltage vector at a given time instant should be reproduced on the
inverter output during the time a switching period lasts. This is the average voltage vector v
generated by a switching sequence. There is a delay between the input voltage vector and the v,,,
equal to the switching frequency. The v,,, expressed by the voltage vector sequence and the time
duration of each voltage vector, is shown in eq. (4.11)

ave

t0 t1 t2 t3 t t
vlve T 80 T s1 T 82 T 83 = T sl T 82 (4'11)

where v, is vector 000
v, is vector 100
v, is vector 110
v Isvector 111
‘0 =0
‘1" =Vy
T.w= switching period time
hence 000 = [0 0 0] and so on.
The average vector v,,, can be placed everywhere inside the sector, distended by switch
vector 100 and 110, by proper adjustment of t, and t,. Using eq. (4.11) is obtained

3.0V 1
t = =T =% 0 -—sinb 4.12
1 ) sW Vd (COS avg \/—3—5 n avg) ( )
‘A/avg .
t, = 3T, v sin Bavg (4.13)

d

where ¢, lengthofv,,
0., angle of v,

The maximum average value obtainable, assuming linear modulation, is for the condition

Tsw - tl +t2 (4'14)

Using eq. 4.12. to eq. 4.14 the average amplitude as function of 0, is found.

Va

A

Va0, ; I (4.15)
Zcos8  +X5in0
2 avg 2 avg

Maximum average amplitude is for 8,,, = 30 [°]. The maximum length of the average voltage
vector found eq.4.15 is
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2 Y

A2

avg_ MAX

Vd
- L1552 (4.16)

=S

The maximum phase voltage amplitude is obtained for a modulation index m of m=I.
Overmodulation is not considered.

A

m = —=L m = [0..1] (4.17)

vavg_MAX

where ¥ __ is reference phase voltage amplitude.

It is noticed that the scale factor of %/, in eq. (4.3) adjusts the length of the average voltage vector
such that it equals the amplitude of the phase voltage.

4.4 Space Vector Sigma Delta Modulator
SVSDM)

The sigma delta modulator shown Fig. 4.3 is a single phase modulator, it is able to control an
inverter branch and with three of them the inverter can produce a three phase voltage output. The
output of the inverter using sigma delta modulator is a fundamental voltage and harmonic
voltages. The fundamental voltage must produce a phase voltage amplitude at maximum linear
modulation index m of

- _d (4.18)

OX“
G

If eq. 4.18 is not full filled the gain of the inverter is less than one. The average value of the
output voltage v,y from the inverter is limited to the average value of one resonant pulse.

V, Vv

Vo =[50 (4.19)

To maximize the fundamental amplitude of v,,, a third harmonic with an amplitude of 1/6 is used
/18/. The input voltage to the modulator is then given by vy:

1 1
cosB - —=cos30

V. = m— cos(e——z-n)~~1—cos3(6—£ﬂ:) (4.20)
3 6 3

cos (0 - i‘n:) - l—cosS(e—iﬂ:)
h 37 6 3
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where vy input to modulator [-1..1]
0 angle of input voltage
m  modulation index [0..1]

The feed back to the sigma delta modulator can be the branch state, which is

w2

aN
Sx = | Sux s =[-1,1] 4.21)

cN

or the phase state, which is

an

(4.22)

w2
=

il
w
o

=]

w3
it
—

I
w |

i
w0
I=
(SRR
PO
[—

cn

The five different states of s, is explained in the following paragraph. It could seem more
natural to use the branch v,y or phase voltage v,, as feed back to the modulator, but here it is
assumed that the branch switching state s,y is proportional to branch voltage v,

Assuming a balanced load the phase voltage is expressed by the branch potentials in the
following way:

2 1 1
Van ~ —3-vaN - "3'VbN - _3_VcN (4.23)
1 2 1
Vin = ';VaN * ;VbN - ‘3‘VcN 4.249)
1 1 2
Vcn = _;VaN - ;VbN + ;VCN (4'25)

From eq. 4.23 to eq. 4.25 a table of possible switching states are calculated and the sum of the
switching states are shown in Table 4.1
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San 1 1 1 1 1 -1 1 -1
Sen 1 1 1 -1 1 -1 -1 1
Sen 1 1 1 1 -1 1 1 -1
¥ Sen 3 3 1 -1 ! -1 1 -1
Sun 0 0 -4 Y. Y, 2, Y, A
Son 0 0 2, 7 2, 7 -4, A
S 0 0 Y, -, -4, Y, Y, 2,
Y Sy 0 0 0 0 0 0 0 0

Table 4.1 Branch s, and phase s,, switching states.

In Fig. 4.5 is one branch of two sigma delta modulators shown.

v €

an jan ™ +1 San
j -1

an

Van SR J, Jan J— +1 San
-1

wiN

w[-—

W |

(a) (b)
Fig. 4.5 a) Sigma delta modulator with branch state feed back
b) Sigma delta modulator with phase state feed back

If the sum of signals into to the comparator’s shown on Fig. 4.5 equal zero, this causes only
generation of active vectors. Therefore, if the sum of j, or j,, is zero none zero voltage vector is
generated. From Table 4.1one find that the sum of j, is not zero, and therefore the modulator
generates zero voltage vectors. The modulator branches are operated independent of each other.
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If the phase state feed back is used eq.4.26 governs
jan +jbn +jcn =0 (4.26)

and the modulator do not produce zero voltage vectors. However, is the three reference voltage

zero or in phase, the integrated error is zero on all three phases, and zero voltage vectors are
generated.

An important analysis of the delta modulators is made by /16/. A connection matrix C to
transform the branch voltages to phase voltages is used. This is the same transformation shown
in (4.23 - 4.25) and the reason for doing this is found in a statement from paper /16/ ‘Since the
distortion currents are governed by the phase voltages, it can be more efficient to directly control
these voltages’. The phase voltage v, is closer to the sinusoidal voltage v, than brach voltage v,y
to v, Therefore the error is smaller using e, = C(vy-sy) than using ey = vy-Sy.

The connection matrix C eliminates multiple of the third harmonic, the addition of the third
harmonic in eq. 4.20 is therefore without influence, but the multiplication of 2/sqrt(3) must still

be used to obtain the unity inverter gain. The connection matrix is also used here, and the three
phase sigma delta modulator is shown Fig. 4.6.

Fig. 4.6 Three phase sigma delta modulator with branch state feed-back

In/15/,/16/ a space vector sigma delta modulator is shown and it is reproduced in Fig. 4.7.

Viap [ Hi -
4 Lo
Vrbc Hi
-4 Lo
v - Hi Look-up Table
rca
- Lo
VN Ja Hi| Si
L f L L L
7 7 Lagl 7 7 »
3 3 -4 Lol 3 3
SN
3

Fig. 4.7 Space vector sigma delta modulator for a three-phase inverter.

The purpose of the look up table is to reduce the number of ‘random’ switching. It is stated
in /16/ “that RMS ripple current can be reduced if only those switching space-vectors are used
which are situated right next to the voltage reference space-vector A’. A consequence of this is
reduced link current stress which is discussed in details in chapter 2.
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The construction of the look up table is discussed in the following text. Input to the look up table

are six states, generated by 2 x 3 comparators. Fig. 4.8 shows the three comparators that has j, as
input.

J = er—Sdt

\'S ¥ J
> M />J-—~f——> > M >

1 1

w
HE

l

<

R
—

Y

@]
A

Fig. 4.8 Space vector sigma delta modulator.

The integral of V,, in Fig. 4.8 represents the reference stator flux ¥ and the integral of S
represent the stator flux ¥, of the induction machine. Please disregard the vectors do not has the
‘true’ length, the syntax is thereby made simpler. The integral of the error e, is j,, when it is
transformed to the stationary reference frame which is equal to:

J = f(vr—S) dt 4.27)
J = erdt ~det (4.28)
J=AY =¥ -¥ 4.29)

With this interperation the flux path’s are drawn in Fig. 4.9
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010 110

A

S, S,
. 011 100
-, 4
/.i' P, S S,
4 001 101
(2) (b)
Fig. 4.9 a) Reference flux path ¥, = dashed line, b) Flux error J in four cases 1,2,3,4,
stator flux path ¥, = dotted line, six switching vectors S,-S;

flux error J = full line.

The direction of J determine the selection of the next switch vector, this is illustrated in Fig.
4.9. The flux error J with label nr. 1 is positioned nearest to switch vector S, therfore S, is selected
as next switching vector, flux error J with label nr. 2 is positioned nearest to switch vector S; and
so on. By doing so, the modulator selects the active switch vector that causes the smallest error.
Switch vector S, is selected if the angle of J is between -30 [°] and +30 [°]. Switch vector S, is
selected if the angle of J is between +30 [°] and 90 [°]. This divide the switch vector star shown
Fig. 4.9 into six sectors, in each sector is one of the active vectors located in the middle. The
modulator only selects between the active vectors, at least in most cases as discussed earlier. This
is not optimal, since the error J sometimes are closer to one of the zero voltage vectors. The flux
error J label nr. I is a case where a zero voltage vector might have been a better selection. To
make this judgement the length of J must be known and furthermore a more precise definition of

a ‘good selection’ must be used. This is discussed later. In Fig. 4.9 the modulator produce a switch
sequence of:

S, =8, ~ S, ~ 8, (4.30)

Earlier in chapter 2 is discussed that 2 BSO as generated by S, =S, should be avoided. The
considerations behind the strategy in /16/ are stated in Table 4.2.

Consideration The best selection of switch vector S, is the vector located next to

No. | reference vector V.. Since this generates the smallest ripple current.

Consideration If the error vector J causes selection of a switch vector located more

No. 2 than 60 [°] away from the adjacent vectors of V,, then the adjacent
vector of V, is selected

Consideration If the error vector J causes selection of a switch vector located more

No. 3 than 120 [°] away from the adjacent vectors of V, a zero vector is
selected.

Table 4.2 Switch vector selection critia for space vector sigma delta modulation .
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One switch vector star is divided into six sectors, the number of the sector determine where
the reference vector V, is located. Another switch vector star is divided into sectors that determine
where the error vector J is located. This is shown in Fig. 4.10. If J is inside area A then switch

vector S, is selected. If J is inside area B switch vector S, is selected. J is inside area C switch
vector S, is selected and so on.

S5 S,

010 % 4 110

Fig. 4.10 The sector 1..6 determine where the reference vector, V, is located and sector A..F
determine where the integral of the error J is located

Based on Fig. 4.10 and selection criteria in Table 4.2 a look up table is made and its content is
shown in Table 4.3. The table is identical to the one in /16/.

7lA B C D E F
V r
1 S, S, S, S, S, S,
2 S, S, S, S, S, S,
3 S, S, S, S, S, S,
4 S, S, S, S, S, S,
5 S, S, S, S, S, S,
6 S, S, S, S, S, S,

Table 4.3 Switching table for space vector sigma delta modulator, proposed in /16/.

It is stated earlier that the selection of switch vector S; Next in Fig. 4.7 it is determined by the

angle of error J, where S; = Ms,, J = Mj, M is from eq.(4.5). This is discussed in the following
paragraph.
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Fig. 4.11 Transformation from af coordinate system to three phase system.

If phase a is discussed first, and one look at Fig. 4.11 which shows the complex plane (),
where J is located. The transformation from (eB) coordinate system to three phase system is done
by taking the real part of J. Then the sign of signal determines the comparator output state.

s,y = sign(Re(J)) 4.32)

Phase b is obtained by rotating the J vector -120 [°] and then take the real part. Phase ¢ is
obtained by rotating the J vector 120 [°] and then take the real part. The switching stage
calculation is shown eq. 30 and eq 31.

Sen = sign(Re(a2J)) (4.33)

i

S,y = sign(Re(al)) (4.34)

It is concluded that the comparator in the three phase domain selects the switch vector located
inside the sector A,B,C,D,E,F as shown in Fig.4.10 where input vector J.

This also explains why the phase-phase voltages is a good input to the three comparator
shown Fig. 4.7. In the complex (ap) domain the phase-phase voltage vector is turned + 30 [°]as
shown Fig. 4.12, with the phase-phase reference voltage as input to the comparators and they
select the sector where the reference voltage vector V., is located. The sector is represented by a
three bit binary number.
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101

Fig. 4.12 Selection of reference voltage location based on line voltages

Finally is discussed if the implementation of the modulator in a digital system should be made
in the complex domain or in the three phase domain. The implementation that require least

computational power could be preferred. The input to the modulator is a three phase signal, as the
one in eq. 4.20.

Complex domain Three phase domain
Transformation
E = _ L - s — San = San TSan " Spn T Sen
e —;(vrnN an) ;(SbN vrbN scN VrcN) - + _ _
. Stn = Sen TSy T San T Sen
:im - vbN “SbN +S°N “VCN scn = scN +scN _SnN _sbN
ecrilocru;ajtlon Of Jl’e = JTC * EYE e&ﬂ = vl’ﬂl\ - s&ﬂ
k Jim = Jim * Eim ebn = Vrbt\ —sbn
jm = jm +c&ll
Jon = Jon
Reverse . .
. s o = sign(J ) Sy = sien(j,,)
transformation weom : oo
Sen = sign(Jy, -J.,) Sy = $180(Jy,)
scN = S,gn( ~Jim _Jre) scN = Sign(-jm ”jbn)
* operations 2 0
+ operations 13 15

Table 4.4 Comparison of SVSDM implemented in af coordinate system and SVSDM
implemented in three phase system.

Comparing the number of operations by implementing the modulator in ap coordinate or
three phase domain, they are equal. The three phase domain implementations has the advantage
of avoiding multiplications. The reason why the two ways of implementation is quite similar is
that s+ s,,+ s, is equal to zero in the three phase system.
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4.5 Stator Flux oriented Discrete Pulse
Modulator (SFDPM)

With the use of space vectors many new PWM modulation strategies have emerged. The
common factor of most of them, if not all of them, is that they use the same values of t, and t,
shown eq. 4.11 to eq. 4.13, and active vectors for a particular value of 0,,., to generate a desired
average voltage value. The difference of the modulation strategies is the way the zero voltage
vectors are placed relative to the active voltage vectors in the switching period.

In/17/,/19/ a PWM strategy is described where the electrical torque ripple is minimized. This
is done by centering the two active voltage vectors in the switch period. The considerations behind
the torque ripple and noise minimization are stated in short form in Table 4.2.

Consideration The angle difference of the stator flux vector and reference stator flux
No. 1 causes the torque ripple.

Consideration The magnitude difference of stator flux vector and reference stator flux
No. 2 causes acoustic noise.

Table 4.5 Design considerations for modulation strategies minimizing the torque ripple and noise.

The strategy in /17/,/29/ is denoted Stator Flux oriented asynchronous Vector Modulation,
SFAVM.

In resonant converters using DPM there are many modulation strategies based on sinusoidal
voltage or current references. Many of the modulation strategies are in nature single-phase
modulation strategies. It is assumed a better modulator is obtained if the modulator is designed
specific for a three phase system.

Another basic problem of many sinusoidal modulators is that they do not take into account
that the inverter is only able to produce 8 voltage vectors. If for example the modulation strategy
is derived in the vector plane, the limitation of having only 8 voltage vectors available can be
utilized in the best possible way.

From the above discussion it seems natural to design a space vector modulation strategy in
a stator-fixed system of coordinates (c,B). The strategy should minimize the torque and the noise
of the electrical machine. Therefore the design specifications shown in Table 4.5 are used.

Stator flux trajectory:

The modulation strategy should in steady state control the stator flux vector to be as close as
possible to a circle. The reference flux vector in steady state is /17/,/29/.

N

u .
P, = el (4.35)
jw
where 4 is reference phase voltage amplitude
W is reference angular frequency w =2 1 £,

The stator flux vector is a function of the stator voltage vector. The stator resistance in the
induction machine is disregarded.
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(4.36)

At every time instant t, the flux ¥ can be controlled into 6 directions by the six active vectors

or it can remain in a fixed position by using one of the two zero vectors. This is shown in Fig.
4.13.

“l’l’tf t=t0+T

‘prd t=t0

Ay, or >

Ay,

e = [AY, - Ay
e = [AY,, - A, ]
€= *A‘pm - Ay,
(a) (b)

Fig. 4.13 a) The reference stator flux vector trajectory and two stator flux vectors are
shown at time instant t, and t,+T. The six possible directions of flux changes are
shown.

b) A zoom of a. Only the four stator flux changes that can cause a minimum flux
error for the reference flux vector at the time instant t,+T are shown.

The optimal flux trajectory is obtained by selecting the stator voltage vector that generates
the lowest value of three errors e, , e, , e, shown in Fig. 4.13.

From Fig. 4.14 is seen that the stator flux oriented discrete pulse modulation generates vector

changes with more than one branch switch-over. It is checked that there is no zero voltage vector
between ‘110" and ‘011",
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1.2

0.8
Im(¥,)

[Wb]
0.4

0.2

Re('P,) [Wb]
Fig. 4.14 Stator flux oriented discrete pulse modulation, SFDPM. ¥, is the trajectory of
integrated branch voltage. The reference flux, ¥, is also shown.

In chapter 2. was shown that the link current stress increases with the number of branch
switch-over’s between active vectors, and a restriction to one BSO is preferable. This is called
adjacent control. The influence of adjacent control on the inverter output is shown in Fig. 4.15.

1.2

Im(¥,)

[Wb] . . .

-1.5 -1 -0.5 0 0.5 1 1.5
Re(‘Ps) [Wh]
Fig. 4.15 Stator flux discrete pulse modulation, SFDPM, with adjacent state control.

The adjacent control increases the amplitude and angle error of the modulator. This is shown
clearly in the time domain on Fig. 4.16.
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Adjacent SFDPM SFDPM

€
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emag okt-
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Fig. 4.16 SFDPM with adjacent control and without adjacent control. A whole fundamental period
is shown, f, = 45 [Hz]. The x axis are in [rad].

ab : Angle error e, = 0 - 0,

c,d : Amplitude error e, = |'¥ | - ||

The peak-peak value of the error using the adjacent control is increased. According to Table 4.5
this increases the torque ripple of induction machines.

4.6 Comparison of SDM, SVSDM and SFDPM
conirol

The three modulators are simulated in a Matlab program. A system consist of constant
Voltage/frequency control, modulator, resonant inverter and load. The link voltage of the RDCLI
is modelled by eq. 4.37.

Ve = Vya(1-cos(2nf 1)) “4.37)

where
V. : DC-link voltage, V,= 500 [V]
f.. :resonant link frequency, f., =41 [kHz]

The load is an ABB induction machine MT100LB28-4. Both a and b and parameters used are
shown in App. B. The simulated system is shown in Fig. 4.17.
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modulator
lI,ref
-3 SFDPM Vi
e |
modulator switch machine
Vot vector —3 M,
Z > spMm L RDCLI > MT100LB28-4 —3 ¥
—» 1
S Ve ;
modulator inverter
vref
-3 SVSDM

Fig. 4.17 The simulation system used for evaluation of three modulation strategies.

The nominal voltage of the machine is 400 [V], and the nominal frequency is fy, = 50 [Hz].
The flux amplitude of the reference flux is 0.92 [Wb]. This is calculated from eq. 4.35 using the
phase-phase voltage value V,= 500 [V] and a f, = 50 [Hz].

- 0.8f
[Wb] 0.6}
0.4f

0.2t

0
10 20 30 40 50

f, [Hz]
Fig. 4.18 Induction machine flux, using an open loop Voltage/frequency control.

Full line: Torque load = 21.0 [Nm]
Dotted line: ~ Torque load = 1.8 [Nm]

The machine is loaded with a simple load. The amplitude of the machine flux ¥, is shown
in Fig.4.18. The stator resistor voltage drop is compensated by a compensation current, related
to the load torque of the machine. Eg. for M, ,, = 20 [Nm], Liomp=7-1 [A]. Viomp =R
This is not very accurate, but it is simple and therefore used.

comp*
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M, = 20 [Nm] My =2 [Nm]

400

VIU)

vi 200

Tagny
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Current
THD
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pcak- 0.02
peak
values of

Ae,,, 001
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peak-  0.04
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Aemg!e 0.02

[rad}

peak- 3 3

peak f «Q)\ F
-6 - — O — — —4

values of D ~
AM. by =0 g B —0- — — & — — 4 ©

Fig. 4.19 The dashed lines are SDM, dotted lines are SVSDM and full line are SFDPM
results. At the x-axis reference frequency in [Hz] is shown.

a,A : Fundamental of phase voltage ¢,, of the modulators,

b,B : Fundamental of phase current 1, of the modulators,

c,C : THD of phase current harmonics to 2f,

d,D  :Peak-peak values of magnitude error Ae,,, = |¥,,|-| .|,
e,E : Peak-peak values of angle error Ae,,,. = 0, - 0,,

f,F : Peak-peak values of torque Aey, = M,,.

The THD is defined as follows:

2£ /1,

res

\ PIIEN (4.38)

h=2

L

The torque ripple is related to the angle error which is seen from Fig. 4.19 e,f and E,F. Just
as interesting, it look as current THD is related to the amplitude error of the flux, this is seen form
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4.19 c,d and C,D.

The number of simulations is increased and simulation of torque ripple and THD is made for
the following operation points:

f) [Hz] =[50 40 30 255 21 20 15 10];
My [Nm] =[21.0190 159 19 10,9 79 5.8 1.8];

and the stator voltage drop is compensated by R

comp*

Lomp = fMload)=[7.1 6.4 5.7 5.7 5.7 4.9 4.2 3.5

By testing three different modulators a total of 192=3x8x8 simulations was made. A simulation
speed, real time ratio of 600 was accomplished. The program extract all relevant data and save them
automatically. The programme was running approximately 24h and the simulation was finished.

3 SDM 3 SVSDM 3 SFDPM
2.5 2.5 2.5
Aey,
2 2
[Nm]
1.5 15 15 M,
increases
1 1 1
20 40 20 40 20 40
f, [Hz] f, [Hz] f, [Hz]

Fig. 4.20 Evaluation of three modulators, peak-peak torque ripple Ae,,, versus
fundamental frequency, f, and load torque M

load*

For every single modulator, the average Ae,(f,) is calculated, the result is 8 numbers, then the
average of the 8 numbers is calculated. This number represent the torque ripple performance of the

modulator and the number is named: AVE_Aeyty xmodutator name- LNE Tatio of two modulators is named:
Que and defined:

_ AVg__ AeMf:l_Xmodulator
Quer = ave A 4.39)
VE_ACy\el_sFpMP
Xmodulator SDM SVSDM SFDMP
Qu 1.7 1.1 1.0

Table 4.6 Xmodulaor is either SDM, SVSDM or SFDMP, Que @ measure of relative torque ripple
produced by the modulators.

An evaluation of current THD is also made.
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35 SDM 3.5 SVSDM 55 SFDPM

THD of
phase

current 2.5 2.5

2.5
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)

v/ increases
\//
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\_—/\/
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f, [Hz] f, [Hz] £, [Hz]

Fig. 4.21 Evaluation of three modulators, THD of phase current versus fundamental frequency,
f, and load torque M, .

For every single modulator, the average THD(f)) is calculated, the result is 8 numbers, then
the average of the 8 numbers is calculated. This number represent the current THD performance

of the modulator, the number is named: Avg_THD y.,o4uator name- The ratio of two modulators is
named: Q,,,; and defined:

Avg“‘THD moduiator
THDI Tmet (4.40)
AVg—-THDSFDMP
Xmodulator SDM SVSDM SFDMP
Qrupi 1.4 1.2 1.0

Table 4.7 Xmodulator is either SDM, SVSDM or SFDMP, Qyp; a measure of relative current
THD produced by the modulators.

In this paragraph is concluded that the THD analysis of the phase current show SFDMP
compared to SFDMP and SDM is better. It can also been seen that the flux amplitude error has
dominating influence on the current THD.

The torque ripple analysis of the phase current shows that the SFDMP compared to SFDMP
and SDM better. There was a reason to expect this since the SFDMP was designed with the

purpose to minimize the torque ripple. And it was also assumed that flux angle error has
dominating influence on the torque ripple.

The implementation of SDM and SFDMP is simpler than SFDMP.SFDMP relative
performance to SVSDM measured by Qy, and Qqyp, is below 20 % better. The simpleness of the
SVSDM is ranked higher than the reduced performance compared to SFDMP. Therefore the
SVSDM is selected to be implemented in the laboratory.
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4.7 Conclusion
Three modulators are described:

* Sigma Delta Modulator, SDM /1/,/5/
* Space Vector Sigma Delta Modulator, SVSDM /51,/6/,/15/,/16/
e Stator Flux orientated Discrete Pulse Modulator, SFDPM

The modulators are controlled either by voltage or flux references, the modulators only need
an internal feedback loop. The voltage SDM, SVSDM and the flux controlled modulator SEDPM
are compared by a simulation study. The SFDPM is not seen reported in any paper and is
considered new. It is shown that the flux controlled modulator, performs better than the voltage
controlled sigma delta modulator on the following points.

1: The THD analysis of the phase current shows that the SFDMP compared to SVSDM

produce a current with 20% lower THD. The SFDMP compared to SDM produce a
current with 40% lower THD.

2: The torque ripple shows that the SFDMP compared to SVSDM produce a torque with
10% lower ripple. The SFDMP compared to SDM produce a torque with 70% lower
ripple.

The performance of SFDMP and SVSDM are quite close and the implementation of SVSDM

is more simple. Therefore SVSDM is selected for implementation in the realized resonant
converter.

Experimental results are shown, they verify the converter is able of working at DC link
voltages of 300 V and 500 V.
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The Voltage Peak Conirol strategy,
vVPC

Control of the resonant link voltage peak is a challenge that can, and has been, attached, in
many ways. Five approaches used in parallel resonant converters are:
* Passive clamp circuit /2/, /3/

e Active clamp circuit /4/

* Non clamped, increased resonant inductor current approach /7/,/14/

* Link current initialization approach using auxiliary circuit /8/,/9/

* Link current initialization approach without using auxiliary circuit /10/,/11/,/12/

Except the active clamp circuit the link voltage peak is ideally controlled to twice the DC link
voltage level or a bit higher. Using an active clamp, voltage peaks are around 1.3 times the DC
link voltage. The voltage peak control strategy dealt with here is described in /10/./1 1/,/12/ and
is called VPC. It is first described in /12/ and in this report the dervison of the VPC strategy is
described more matematical precisely. The dervison is made using a loss less resonant circuit.
Then VPC is impemented in a real resonant converter where it is concluded the resonant circuit
loss cannot be ignored. An extened discussion of the VPC strategy is done, where the effect of
ohmic losses, load current changes during a resonant period and delay in the control electronics

are included.
TTTNAY 3 N
leras Lres ‘do _{@ _.{@ _{g}

Cyq c

=% _’f;: “do Vol m_gg;v
1 —n;gw

J » .
T ll lb
vd Comperator
o .
ZVS1 Gate drive
AV, )
A ¢ usv VPC logic \ v
[
170 A/D D/A A/D
ri—i > o] |
A 7y
V4 AV,
A Switch i .
‘ Voltage Peak Control l vector a

T A,

l Inverter modulator and link current predictor
B S,

Fig. 5.1 The main functions used to control the resonant peak link voltage in resonant
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The increased complexity due to many parameters makes it necessary to use a numerical solution.
For real time application, the results from the numerical solution are used to make a VPC function
table. The VPC table is implemented in the ADSP 21020 DSP system. Finally, experimental
results are shown using the short circuit method and the non-short circuit method shown in

chapter 3

. The main VPC circuit is shown in Fig. 5.1.

5.1 Link Voltage Peak Conirol

The parallel RDCL converter proposed in /1/ has an oscillating link voltage due to the

resonant

link circuit, L., and C,,. It is shown in Fig. 5.2.

A~ Ly res Ldo

L

res

Vd C) Cresﬁ: Vio "IK

D,

.

Fig. 5.2 Ideal resonant inverter.

If the circuit is considered ideal and unloaded, the link voltage v, is given by

<
I

do

V(1 -cos(2mf,t))

res

1 1

where
V4
L,
C
f

res

res

TeS

f —_
res
2 T V Ll’CS C res

: DC-link voltage

: Resonant inductor

: Resonant capacitor
: Resonant frequency

(5.1)

From eq. 5.1 it is seen that the link peak voltage is 2V, and the minimum voltage is zero. The
equation of the resonant link voltage v, is shown in eq. 5.2 and based on Fig. 5.2

Vio = Z(iuo) -m)sin(wt) +V  + (vdo(o) -V )cos(wt)
part one part two
where:
i) . initial resonant inductor current
Vioy . initial resonant capacitor current
m : load current equal to i, in Fig. 5.2, m = constant
W : angular frequency = 2nf
Z : resonant impedance = vL/C
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Eq. 5.2 describes the behaviour of the resonant link voltage and a discussion of voltage
limiting methods derived from this equation is carried out.

The amplitude of the sine function in eq. 5.2 part one is Z(iy - m ), due to the fact the sine
function is phase shifted 90 ° relative to Vit(Vaqo) - Vy) cos(wt) both a positive and a negative
amplitude would increase the peak value of v,,. But for a zero value of Z(i - m ) the peak value
of vy, is limited to 2V, assumed Voo =0. One way of link voltage control is therefore to ensure
that (i - m) always is zero. This method is described in /9/, but unfortunately this control
requires an initial current that increases the number of power electronic components.

If part one of eq. 5.2 is assumed to be zero, it is seen that the peak value of V4o €an be limited
below 2V, by choosing a positive value of Vioro) - Unfortunately is the zero voltage interval lost
both at the beginning of the resonant period and the end of the resonant period, because v, is
oscillating between vy, and 2Vd-vy,,.

If part one of eq. 5.2 is not zero the peak value of v,, is increased but this increase could be
eliminated by selection a proper value of Vao) 1t is well known that the addition of two
trigonometric function with same argument can be rewritten to just one trigonometric function.

This is done in order to get an idea of how to derive a control equation. Eq. 5.2 is rewritten to eq.
5.3.

Vo = Vg 22 m)? + (V) - V)P cos(wt +8) (5.3)
where
Z@, , -m)
d: atan LO)
Vi Vo)

The amplitude of the cos function in eq. 5.3 must be V, to ensure the v, reaches zero voltage
at the end of the resonant period. This is the background for eq. 5.4.

Vy = 22 M) + (V) - Vo) (5-4)

With a proper selection of the initial conditions i, and Vio(oy 1t 18 possible to control the peak
value of vy, t0 2 V.

In order to derive the voltage peak control equation and give an overview of the control
principle the analysis is extended to include the resonant-link current shown in eq. 5.5.

i = (V -v,)sin(wt) +ZiL(O)cos(wt) +Zm(1 - cos(wt)) (5.5)

The current equation is rewritten to contain a single trigonometric function.

Zip = Zm+ ‘/Z 2(iL(o) “m)* (V- de(O))2 sin(wt +d) (5.6)

Equations 5.3 and 5.6 are used to describe the behaviour of the resonant link circuit in a phase
plane plot. The phase plane plot equation is
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(Vyoliy) = V +jZm +

5.7
\/z z(iL(o) -m)? +(v do(0) " V )? (~cos(wt +d) +jsin(wt +8)) 5.7)

Eq. 5.7 is a very useful equation and it is explained in more details. A phase-plane plot is
shown in Fig. 5.3

ziy
ZiL(O) i

Zm

Fig. 5.3 Phase-plane plot of steady-state situation where:
a= Z(iL(O)‘m), b = Vd-Vdo(O), c= Vd

From Fig. 5.3 and eq. 5.7 it is seen that the trajectorie has the following properties.
1. The center of the circle is (V4 Z,)

2. The distance from the coordinate giving by the initial values (v4,q),Zii () and the center
of the circle is the radius of the circle.

It is now possible to draw two circles with different m, where m is the current flowing through
the inverter, and from simple geometric calculation determine a control equation that ensures the
resonant link voltage peak to be limited to 2V,.

i, A

Zmy = Zip g

ZiLl(O)

°yY

Vd
Fig. 5.4 A link current step from m, to m,.
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Under the assumption that the resonant circuit is ideal the VPC equation derived

Y = V_ (1 - cos(asin Z(m, o) (5.8
do(0) d 2V, .

where

m, : link load current before change

m, : link load current after change

Vy - DC link voltage

Z . resonant impedance

Vi ~  initial resonant capacitor voltage

Using eq. 5.8 it is ensured the resonant circuit initial conditions that limit the resonant voltage
V4 10 2V, are present.

It is possible to derive the initial condition v, from eq. 5.4 directly.

If m, - m, is larger than 2 VJ/Z,_,, the two trajectories do not collide. The current m; - m, must
be less than 2 V/Z, to ensure the VPC strategy works.

The eq. (5.8) is derived with the conditions that the three arguments V4 Z., and i, are constant

during the resonant period and the resonant circuit is without loss. The conditions are discussed in
the following:

V4 To reduce the error the DC voltage, V, , can be measured directly and this is quite simple
because the dynamical change of V, is small compared with the resonant link frequency.

s Lheimpedance Z is determined by the component values of C,,, and L..,. The capacitance
could change significantly by capacitive load of the inverter. In the following it is assumed
that the load capacitance is zero. The inductance changes if saturation of the inductor core

occurs. Measurements have been carried out in /13/ and an aproximated function of the
inductance is:

L. = 150-0.015i,  [uH] (5.9)

An inductance of 148 [uH] is used in the following. A quality factor of Q=110 was measured
for the actual resonant circuit with C,,, = 100 [nF].

ij,  During one resonant cycle it is assumed that the DC link current 14,18 constant.
The iy, changes due to the non-infinite value of the load inductance. The effect of the resonant
link is a change of the circuit energy. If the resonant energy is decreased or increased too
much during one resonant period this has a substantial negative influence on the VPC ability
to control the resonant DC link voltage peak. The change of i, is considered in the following.

5.2 Analysis of DC link with losses

The equivalent circuit in Fig. 5.2 is extended to include the equivalent serial resistor R. The
circuit is shown in Fig 5.5.
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Vd C) Crcs Vo : CP io

Fig. 5.5 Equivalent circuit of a resonant DC link converter, with resonant link losses concentrated
in R.

The load is modelled by a current generator i,
i, = kt+m (5.10)

where
k :di,/dt
m : DC value

Often the link current can be considered constant in the time interval of interest, but with
a resonant period of approximately 20 [us] the current can change several amperes and the
influence is discussed in the following.

The change of i, has significant influence on the resonant circuit. Here the influence of a
fast change and a slow change is discussed.
A negative Aiy, = iy, 44, during the zero voltage period generates an increase of the zero

voltage period, and a positive Aiy, step during the zero voltage period generates an excessive link
voltage peak.

A physical description of the resonant circuit behaviour is used to explain the influence of
14, when it is not a step function but a ramp function as kt in eq.5.10. The slope k can be both
positive and negative, eg. if the load is a RL load, the slope is positive, but k is negative in the
case of the turn off tail current of an inverter IGBT.

The VLR part of the resonant circuit is a low impedance path for low frequency signals,
and C, is a low impedance path for high frequency signals. In the case of a current step that
generates an infinite high di/dt, the current is flowing through the low impedance path provided
by C,.

For a low di/dt signal only a fraction of the current flows through C,, Simulation studies of
k =0.05..0.25 [A/us] show that L, carries most of the current and the change of the resonant
circuit energy is small.

It is noticed that a k=0.25 [A/us], which is equal to a ramp current peak of 5 [A] during a
20 [ps] period, has little influence on the energy change of C,, but it has a huge influence on the
voltage peak control strategy. This is seen in Fig. 5.6 by using a phase plane plot. In the plots the
resonant inductor current i, is plotted versus the resonant link voltage v,,.
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10

iLrt:s [A]
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Fig. 5.6 Phase plane plot showing the influence of current i, change, i,,=kt, during the resonant
period. The dashed curve is with no current change ,k=0, and the full curve shows the influence
of a current change of k=DI'f, ., k=0.21 [A/ps], V,=300 [V].

The voltage drop due to kt, where DI = 5 [A] and f,,, = 42 [kHz] in Fig. 5.6, is explained by
the v,, equation for the circuit shown in Fig.1. The whole equation, including the effect of R, is
shown later. Here it is assumed that R,v,,, are zero and i oy=m=0.

Vio = (V4 kL) (1 -coswt) (5.11)

The factor kL is the reason why the full curve showing v,,, only reaches approx. 538 [V]. The
voltage drop is

AV() = 2kL_ = LDIz (5.12)
I

Using k=DIf,; and L, = 142 [uH], = 41 [kHz], DI = 5 [A] is AV(k) = 62 [V]. In case k was
negative, the peak voltage increase would be 62 [V]. A limitation of AV(k) can be done by a
decrease of the resonant impedance or DI.

Now an estimate is made of the link current change DI during a resonant period using the

induction machine parameters and the dynamic equivalent circuit shown in App. B. It is, however,
assumed that:

RS’ Rr = 0
jo, =325[V]
LsstLsr =21 [mH]

and the average of V, during the resonant period is V,=-*/,V,. V, = 550 [V.] The current rate is
then

jo¥ -v,
k= *

5.13
LSS +Lsr ( )

The value of k is calculated to 32.32 [kA/s], from this DI is found to be DI=0.8 [A] for f,,=41
[kHz]. The k value is used in the calculation of the VPC table.

In Fig. 5.7 the influence of the resistor R is shown. The resistor causes an energy loss that
results in a decrease of the voltage amplitude.
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iLres [A]

-10 : : ‘ : '
0 100 200 300 400 500 600 Vg, [V]

Fig. 5.7 Phase plane plot showing the influence of the resistor R and the current i,, changing
during a resonant cycle. The full lines are for increasing m = [2..10] values and DI = 5 [A] the
dotted line is for m=0 and DI =0. In all cases R = 0.35 [Q].

The link voltage equation is:

— 2/
Vdo _(Lresm (Ichs(O)

) S - o,
~m)+RCw2vdnm))——e “sin Bt +vy € ‘“(cosﬁtmgsmﬁt)

B

+(V,-mR -kL_)(1 —e‘“‘(cosﬁw%sinﬁt)) (5.14)

res

-kRt +kR2% ~%e “*cos (Pt +d)

w

and the current equation for 1, is:

V,-v
. _ d do(0) -at . . ~ot _ o .
le—_L—ﬁne sinPt +i;, e "“'(cos Pt - —sinPt)
es

+m (1 ~e‘“‘(cosﬁt+%sinﬁt)) (5.15)

2ok k

+kt - +—6e‘°“cos([3t+d))

(02

and the constants used are:
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Constant name Constant expression
R
o
2 LI'CS
1
W e
LTCSCIES
B o2 - o2
2 _ 2
- -0
¢ tan l(B——)
203

The eq. (5.14) and eq. (5.15) are derived in App. A.

In Fig. 5.7 the v, does not resonate down to zero voltage because there is not compensated
for the loss in R. The loss compensation can be done by initiating the resonant period with 1 Lres()
= Al ., + m. Where Al is the current used to overcome losses in the resonant circuit and this
value is calculated from eq. 3.1.

Before using eq. 5.14 and eq. 5.15 for analysis of the resonant link is a verification of their
validality done. In Fig. 5.5 the equivalent circuit of the resonant link simulated in PSpice is shown

and in Fig. 5.8 is the simulation result compared with the curves obtained from eq.5.14 and
eq.5.15.

1200 :

Vdo_peakﬁleft

1000 -----f---- seemmoee oA R AR v ERRRRE At SEELE

T
vdo;eak_right

P S S O S e S -
Vi : : :

0

R s

400 [~ f---o-- RS AEEEEE SR NRE RREEEEEE A RRRR REERECLEl S

200 [ R SRS A e p R

0

0 20 40 60 80 time [us]
Fig. 5.8 Verification of eq.5.14 and eq.5.15. Here the simulated v,, from PSpice and v,, from eq.
5.14 are shown.
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Notice that the value of AV, is calculated using both eq. 5.14 and eq. 5.15. The calculation of
AV, is described in the next paragraph. The calulated and simlated curves agree very well and
eq. 5.14 and eq. 5.15 are used for further work. Table 5.1 shows some characteristic values.

I s At AV, AV, Vg peak left V4o P2k right
side AV, side AV,
PSpice simulation 9.72 122.5 1072 1110.6
eq.5.5 and eq.5.6 9.63 122.7 1073 1107.3
Deviation [%)] -0.9 0.2 0.1 -0.3

Table 5.1 characteristic values from Fig. 5.8.

In the following it is described how AV is calculated and how to deal with parameter variations.

The change of link current m, to a lower value, generates a current step that generates a link
voltage peak above twice V,, if the current change is sufficient large. In Fig. 5.9 five full circles
are shown and one dashed circle. A jump from one of the full circles to the dashed circle is done
by a step decrease of link current m.

According to the idea of the voltage peak control, is the excessive voltage peak avoided if
the change from a full circle to the dashed circle happens at the intersection point marked by a
small circle in Fig. 5.9. The value of v, at the intersection point is equal to AV, and AV, is the

voltage level where the current change Aiy, = ij,q - 4, mMust happen to ensure a voltage peak
limitation to 2V,

1000
800/ -/
6007} -
400} -fx°
Zyesinees [V] 200} &

-200F -
-400

600 . ) . .
0 200 400 600 800 1000 1200

Vio [V]

Fig. 5.9 Phase plane plot based on i (eq.5.15) and vy, (eq.5.14). The value of v, at points of
intersection is the AV g =f(V ,m K,R,I| 0 VaoropLres Creo)s the intersection points of interests are
marked by circles. The link current m is m=0..15 [A], the other parameters are constant.

The intersection points marked by circles in Fig. 5.9 are found by iteration. Finding an
analytical equation, like eq.5.8, has not been possible. The values of AV, calculated from Fig.

5.9 are plotted as a function of m in Fig. 5.10. The Ai,, is equal to m in this case since Aiy, = i4o04 -
io=m-0.

When parameters change, the change is most visible on the last half of the phase plane plot.
Since the intersection points of the dotted line, Fig. 5.9, are between zero and /2 [rad], the
parameter changes have relatively small influence on the location of the intersection points.
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100

AV [V]

0 5 10 15
m [A]
Fig. 5.10 Link voltage values AV, as a function of link current change m. V=550 [V],m=3..15
[A], k=33.1[kA/s],R=0.35 [Q],]|,.s0,=3.4 [Al,Vao) = 0, L=148[uH],C,.=100 [nF].

Some parameters are used to calculate AV, change significantly, and the influence of the
parameters is considered in the following. The parameters looked at are Vg m, K, I 0 and .
Where t, is the delay in electronics. To compensate the delay t,, the signal that updates the switch
vector and generates the link current change, must be generated earlier. AV, is calculated for m=
2..15 [A] and for a fixed value of DI, i rescoy Vaota:

100 DI=2[A] 200
DI=0.8 [A] tg=1[ps]
80 150
DI=10[A]
60 ty = 0.5 [us]
AV AV 100
[V] 40 [Vl ty=0 [ps]
50
20
0 0 ;
15 m [A] 15 m [A]
300 p---oes CoTTT o 100 p==---- T T
: : | V4=300[V] 5 ; f
250 f------ o AR L LT EET figmm =1, [A]
200 : : e _____ i__ _
AV ol i Av %° 5 Figm =1, + 2 [A]
vl % | : V1 4 :
100 |- i :
; \ «V,=550[V] ;
50// 20 iiem =T+ 4 [A]
0 : : 0 f : ;
0 S 10 15 m [A] 0 5 10 15 m [A]
(c) (d)

Fig. 5.11 The influence of parameter changes in four cases
a) Different DI b) differentt; c) different V, d) different (ipres-m)

It is clear by looking at Fig. 5.11.a to Fig. 5.11.c that an increase of DI, ts and decrease of
V4 leads to an increase of AV,,. What is the effect of this on a resonant converter?. Clearly, if
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AV,, is not increased, in the nine cases shown in the three figures, there is more than adequate
energy in the resonant link to ensure that the resonant voltage reaches zero voltage and keeping
the resonance on going. A second effect of keeping AV, smaller than required is the link voltage
peak is increased. Unfortunately, there is a situation where too much energy in the resonant link
can cause a zero voltage failure. This is explained from Fig. 5.12.

The dashed lines show that an increased resonant circuit energy can lead to a zero voltage failure.
The failure is avoided if the AV, is lowered.

Z.d

res‘res

[A]

Vio [V]

Fig. 5.12 The dotted line show an initalisation error leading to zero voltage failure.

When AV, is calculated and the switch vector is updated, as shown in Fig. 5.12, wrong
initial conditions cause zero voltage failure. A problem occurs if VPC is used, as in point 2. If
AV, is calculated for the full line situation, but due to initial current error in point 1, is used for

the dashed line situation an error occur. The link voltage v, is not resonating to zero voltage as
shown in point 3.

In Fig. 5.12 is shown that AV, needs to be deceased at increased resonant circuit energy.
To compensate this problem the AV, must be decreased by eg. 20 V depending on the level
resonant circuit energy. Subtracting 20 V from AV, sets a minimum AV, where the VPC can
not be used. As shown later in this chapter this problem is only serious using the short circuit
method described in chapter 3. When using the non-circuit method the problem is reduced.

A result of the analysis of the parameters variations, is that a change of

DI :to a higher value

t; :toahigher value

V, :to alower value
does not cause zero voltage failure but an increase of the resonant peak voltage. It is considered
possible to choose DI, ty and V, in such a way, the operation conditions newer change them to
values that cause zero voltage failure. From experimental experience it is known that increased
resonant circuit energy, due to initial conditions,is a problem and causes zero voltage failure. The
most serious initial condition errors occur if two succeeding VPC turn-off happen.

Chapter 5 The Voltage Peak Control strategy, VPC



67

5.3 Implementation of the VPC principle using
short circuit method

It is very important to know the resonant circuit state to ensure correct operation. In last
paragraph was discussed how initial errors lead to zero voltage failure. Already in Chapter 3 was
the problem of proper initialization of the resonant circuit discussed and a circuit, that ensured the
ongoing resonance, was described and tested. The four different initial conditions are shown in

Fig. 5.13.
I
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Fig. 5.13 Four situations of resonant circuit initial conditions.
a: No link current change. b: A link current change where VPC in not used.
¢: Link current change. d: Link current change with VPC.

Here it is discussed what type of initialization circumstances that can create problems for
the function of the VPC.

Fig. 5.13.a and Fig. 5.13.c. show two situations where the initial conditions of the beginning
resonant period is well defined. The initial link voltage Vaoo) 18 Zero and the initial link current is
ires = ig-M. The two situations are well suited for a VPC turn off at the next switch vector update.
Circumstances shown in Fig. 5.13.b are more critical and a VPC turn off can fail here. The
problem is that the switch vector update causes a link current change that is relative small. The
link current change is not large enough for a VPC turn off, which is explained later on. It is
explained in chapter 3, that there are circumstances where the resonance is lost if there is no short
circuit of the link. As a consequence a short circuit is always done even if the link current change
itself is sufficient to maintain the resonance, as in Fig. 5.13.b. The resonant energy is therefore
in some cases larger than required and the initial conditions are not well defined. This situation

is not good if a VPC turn off happens at next switch vector update, and a loss of resonance may
happen.
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Fig. 5.13.d shows a link current change where VPC is used. If two succeeding VPC turn-
off’s happen, where the first VPC turn off results in an increase of the resonant circuit energy, this
would lead to a zero voltage failure.

A conclusion to the discussion of initial conditions is that the preferable initial state are

shown Fig. 5.13.a and Fig. 5.13.c. The two states are preferred since the dominant parameter
changes increase the resonant circuit energy. It is therefore desirable to avoid initial conditions
that give unpredictable increase of the resonant circuit energy. Such a state is shown in Fig.
5.13.b.
A simple way to ensure only the state shown Fig. 5.13.a is used, before a VPC turn off is done by
updating the switch vector every second time and not every time there is a zero voltage interval.
Unfortunately this decreases the converter output voltage quality and it decreases the switching
frequency. With a decreased switching frequency is the acoustic noise level increased.

Updating the switch vector every second time is only necessary using the short circuit
method described in chapter 3. If the non-short circuit method is used the switch vector can be
changed at every zero voltage interval.

Calculation of the VPC function

The resonant converter is working with a maximum DC link voltage of 300 [V] if the short
circuit method is used.

In Fig. 5.1 is shown where the calculation of AV, is done in the resonant converter. There
is a functionally block and the input is the link current change Ai,,. Eksperimental testing of the
VPC principle is made with following parameters

v, =350 [V]
Lees =148 [pH]
C. =100 [nF]
tdclay =500 [HS]
R =035 [Q]
DI = [A]
iesy-M =3 [A]
m =4.11 [A]

A zoom of the phase plane plots showing the intersection points used in the determination of the
VPC function is shown in Fig. 5.14.

400

Zres iLres [V] 100

-100

-200 + * y
-20 0 20 40 60 80 100

Vdo [V]

Fig. 5.14 The intersection points in the phase plane is used in the calculation of the VPC
function

From the intersection points in Fig. 5.14 is AV, found and plotted as function of m which is the
same as Al in this case.
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100 T T

A\/vdo [V]

m  [A]

Fig. 5.15 AV, as function of m. The dotted line is found from the intersection points in Fig 5.14.
The full line includes the time delay t, = 500 [ns]

The VPC function is a second order polynomial approximation to the full line curve shown in Fig.
5.14. The function is:

AV, = 0.49Ai5 +3.96Ai, -20.51 (5.16)

If AV, is small enough there is a risk that the VPC control action happens at the same time
the circuit that maintain the resonance is active. As a consequence the resonance is lost. To avoid
this situation there is used a minimum limit of AV,,. The limit is AV,,= 30 [V] and from Fig. 5.14
oreq. 5.16 it is found that Aiy, = 6.9 [A]. This current is sufficient high to generate a significant

voltage overshoot. The eq.5.16 is programmed into the digital signal processor and the
verification of the VPC strategy is made.

5.4 Experimental verification of the VPC
strategy using short circuit method.

A test of the resonant converter loaded with an induction machine is carried out. The
resonant converter has a DC link voltage of 300 [V] and the nominal phase current of the
induction machine is 6.9 [A]. A constant V/f control described in chapter 4 is used. With 300 [V]
it is possible to magnetize the machine fully up to 30 [Hz]. Test is carried out at full load current,
10 [A] peak, and with a fundamental frequency of 30 [Hz].

First measurement of the link voltage v,, and phase current is shown in Fig. 5.16. The two
upper pictures are without VPC and there is a peak voltage of vy, = 780 [V]. The two lower
pictures are with VPC active and the peak voltage here is v,, = 683 [V]. It is shown later on that
the relative high peak voltage occur because the VPC strategy had to be turned off for AV,,<30
[V]. The voltage peaks where the VPC is active are controlled very close to twice the DC link

voltage. The experimental results of v, agree with the simulated results shown in the first report
/12/ chapter 4.

Chapter 5 The Voltage Peak Control strategy, VPC



70

Without VPC

700 al " ___,,;’,__ ~--~.AE- T s S S, b ]
600
5 ................................................................
v,, 500
400 i, 0
[V]
300 [A]
200 s
100
-10
0
0
With VPC
800 : :
N\
tv] i

10 15 20 25 30 15 20 25 30
time [ms] time [ms]

Fig. 5.16 Experimental results. Left side is resonant link voltage v,, and right side is

induction machine phase current. The two upper pictures are without the use of VPC and
two lower pictures is with the VPC activated.

A zoom of the link voltage v,, and link current i,,, is shown in Fig. 5.17.

Fig. 5.17a show a link current change of 10 [A] at point 1, for a DC link voltage of V, = 300
[V] without using VPC. The link current change causes a transfer of energy. The stored energy in

Lo €1res = /2Ly, s transferred to C,, and in the next zero voltage interval, point 2, transferred
back to the DC voltage source.

In Fig. 5.17b is the VPC used, the link current change is 10 [A] at point 1. The inverter
switches are turned off at non zero voltages, and turn off voltage is 45 [V]. As result is the link peak

voltage controlled close to twice the DC link voltage, here 610 [V]. If VPC were not used the peak
voltage was 780 [V].

It should be noticed the measurement of v, is sensitive to probe adjustments. The probe was
calibrated before the measurements, but with no accurate reference it is difficult to be precise. The
oscilloscope has a resolution of 8 bit and with 200 [V/div] there is an distortion of 6.3 [V]. The
measurements must be considered in the light of these errors.
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Fig. 5.17 Experimental results.
a) Link current change without VPC
b) Link current change with VPC

In table 5.2 is shown calculated peak values and measured peak values of v,. It is interesting
to notice that with a DC voltage of 550 [V] the Vo peak €XCeSS the limit of 1300 [V], discussed in
the first report, at Aiy, = 14 [A]. The converter apparent power at this current is approx. 6.7 [kVA]
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Z=38.47 [Q] vdo peak - vv: + (AidOZ)Z

Ay, [A] 7 10 12 14 7 10 12 14
V,[V] 300 | 300 | 300 | 300 | 550 550 | 550 550
Vo pesk 703 788 851 917 | 1162 | 1221 | 1268 | 1320
Vio peak messured | 682 780 - - - - - -

Table 5.2 Peak link voltage as function of link current change.

In Fig. 5.18 is shown the resonant link voltage v, and the link current iy, . Link current
changes of 10 [A], 7.3 [A] and 7.0 [A] are shown. A link current change at 10 [A] and 7.3 [A]
happen using VPC but at a link current change smaller than 7.3 [A] happens without VPC. An
increased link voltage peak of 682 [V] is observed.

600 s .. R PR ,...t.._ - .....__...E_. [ N ..i o ....: R 3 VR Vg
Vao 400 PP E A P
(V1 200 s T ey T AT ey
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time [us]

Fig. 5.18 Experimental results. Link voltage v, and link current i,,.

Chapter 3 described how the resonance was maintained by a short circuit interval. The short
circuit was initiated if the resonant link voltage v,, became smaller than 10 [V]. A VPC turn off
below 10 [V] do not have any effect since the short circuit of the inverter is initiated. There is a
10 [V] minimum limit for AV. In Fig. 5.15 is AV shown as function of m (= Ai,,), from the
dashed line is seen that a AV = 10 [V] is for a m= 7 [A]. When AV is calculated from the VPC
equation (eq. 5.16) it is necessary to compensate the delay in the electronics. If the delay is 500
[ns] the minimum AV is 30 [V], as shown in Fig. 5.15. It is a very unpleasant problem since it no
matter how good the VPC strategy works, when it is used, there is a significant over voltage
because it has to be turned off in some cases.
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5.5 Implementation of the VPC principle using
Non-short circuit method

Using the non-short circuit method proposed in in chapter 3, then the problemes of
implementation described in paragraph 5.3, 5.4 and 5.5 reduces. If the non-circuit method is used
and the link is not loaded and one is able to use the theorical minimum compensation current 4,
shown in eq. 3.6 the link equaions eq.3.3 and eq. 3.4 are reduced to

. vd .
i = 751n(wt) (5.17)

Vi = V,(1-cos(wt)) (5.18)

This is the equations of the loss less resonant link circuit. The 4, must however be increased to
obtain a stable converter operation. The energy of the resonant circuit is therefore increased. This
situaion is descirbed in Fig. 5.12. The influence of excessive energy in the resonant circuit can
cause zero voltage failure but compared to the short circuit method the voltage is distorted less

and the problem is therefore reduced. The increase of resonant voltage is low and do not posses
a serious disadvantage.

Based on the analysis in 5.2 the only parameter that needs to be compensated is the turn off
delay t, of the control circuit and inverter switch. It is simple to make a new equation eq.5.16 and
this equation is implemented in the resonant converter. In general it is much simpler to realize
VPC using the non-shorting method compared to the short circuit method.

5.6 Experimental verification of the VPC
strategy using Non-short circuit method.

All the figures shown in this paragraph are measured results. Notice, that all measurements
are done with a sample rate of | MSPS or 0.5 MSPS. Any resonant transient is therefore shown.

The resonant frequency of the converter is 41 [kHz] and the DC link voltage is either V=300
[V]or V,=500[V].

The VPC strategy is now used together with the non-short circuit method. At first F ig. 5.19

a measurement of resonant link voltage v,,, link current i, and line voltage is shown, there is not
used VPC.

In Fig. 5.20 VPC is turned on, a measurement of link voltage v,,, link current iy, and the AV

are shown. The AV is the voltage calculated by the DSP and converted to an analog value by an
D/A converter. This is shown in Fig. 5.1.

Comparing Fig. 5.19 and Fig. 5.20 it is concluded that the VPC startegy works, the converter
operation was stable and therefore extensive efficient measurement was possible and the results
are presented in chaper 6. The current stress of the inverter diodes are reduced using VPC one can
observe that the non-short circuit is used by comparing Fig. 5.18 with Fig. 5.20. No short circuit
current pulses are present in the link current shown Fig. 5.20.
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Fig. 5. 19 Experimental results of the RDCL converter. DC link voltage V, =
300 [V].

The problem shown in Fig. 5.18 where there is a lower limit of AV which generates an increased
voltage peak is not present here, since the short circuit of the inverter bridge is not necessary.
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Fig. 5.20 Experiment results of the RDCLVPC converter. DC link voltage
V=300 [V]

Now is looked at a whole fundamental period of the phase current.
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Fig. 5. 22 Experimental results of the RDCLVPC converter. Vy=310[V]
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A comparison of the voltage peaks with and without VPC is shown in Table 5.3.

VPC status peak link voltage ¢,, [V] | ¢,/V, ratio
turned off 813 2.6
turned on 650 2.1

Table 5.3 Comparison of resonant link voltage peak with and with-out VPC. The DC link voltage
is 310 [V].

In /10/ a simulation is made showing the AV for a fundamental period of the current. A
measurement in Fig. 5.23 of the AV show a nice agreement.
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9.61 0.02 003 004 005 0.06
!
Avy, 1oo~-~-~ ;
vi 50"'

0.03
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Fig. 5.23 Experimental result of the RDCLVPC converter. V, =310 [V].

In Fig. 5.23 VPC is turned on, a measurement of link voltage v,,, link current i, and the AV
shown. Some of the high AV, peaks are noise, which is shown on Fig. 5.20.

Experimental results for a DC link voltage of 500 [V] is shown in chapter 6.

5.7 Conclusion

The Resonant DC Link Voltage Peak Controlled, RDCLVPC Converter is loaded with an
induction machine and the voltage peak control and the VPC is tested. For an ideal converter the
VPC strategy limits the resonant link voltage to twice the DC link voltage, which is equal to a
clamp factor of 2.0. In the real converter parasitic losses, changes in DC link voltage, changes of

link current, time delay in component and changes of components characteristics due to non-
linearitis and temperature changes are present.

The influence of the parasitic losses, changes in DC link voltage, changes of link current,
time delay in components are taken into account. A numerical solution is used to calculate the
VPC function, the analytical solution was not obtainable. The VPC function is approximated by
a second order polynomial. The polynomial is implemented in the laboratory prototype of the

Chapter 5 The Voltage Peak Control strategy, VPC



77
RDCLVPC converter.

First experimental results are shown with and without the VPC strategy using the short-
circuit method described in chapter 3.

With the VPC control active the link voltage peak is limited to 610 [V] for a DC link voltage

of 300 [V] and link current change of 10 [A]. The clamp factor is 2.1. Under the same conditions,
without VPC is the resonant link voltage peak 780 [V]

Unfortunately it is necessary to turn the VPC strategy off, if the resonant link voltage is
below 30 [V]. As a consequence the resonant link voltage peak is not controllable for link current
changes below 7.3 [A]. A link current change of 7.3 [A] generates a voltage peak of 684 [V].
There is an excess voltage of 84 [V]. and the clamp factor is 2.3.

The described situation is unpleasant since no matter how good the VPC strategy works,

there is an over voltage, because it is necessary to turn the VPC off under a certain link voltage
level.

The above problem is solved using the non-short circuit method proposed in chapter 4. A
clamp factor of 2.1 is always obtained using the non-short circuit method.

One disadvantage of the VPC is a measurement of v,, is needed. The non-soft switching of

the inverter switchings happens at a relative low voltage. Experimental work in chapter 6 show
the influence of VPC on the inverter losses and resonant link losses.
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An experimental test of the
resonant converter

The RDCLVPC resonant converter was build over a period of one and a half year. This
chapter show some test results. Since the RDCL converter is the fundamental part of the
RDCLVPC, test results of the RDCL is also shown. Tests shown in this chapter are done at a DC
link voltage level of 300 [V] or 500 [V]. The test period lasted from 25/07-1996 to 5/08-1996,
more than one week was the converter was running 5-10 h every day without problems. It did
also function afterwards, but it has not been operating a whole day as required during efficiency
measurements. The voltage peak control strategy was tested and extensive measurements of the
inverter losses were made. The behaviour of the converter loaded with a 300 m long cable and
machine was also measured. The converter and test setup are shown Fig. 6.1.

Fig. 6.1 Resonant converter and measurement equipment in the laboratory.

The load system consists of an induction machine loaded by a DC machine. The test bench is
shown in Fig. 6.2.
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Fig. 6.2 Machine bench with a 3.0 [kW] ABB induction machine and a DC machine load.

The induction machine is star connected and to detect the working points of the induction
machine the torque is measured by a torque transducer. The rotor speed was also measured using
an encoder. In Fig. 6.3 the main power electronic circuit is shown. A secondary winding was
applied to the resonant inductor as described in chapter 3. The secondary winding is the dark wire,

and the primary winding is white in Fig. 6.3. The primary winding numbers are 45 and the
secondary winding numbera are 14.

Fig. 6.3 Inverter bridge and resonant link circuit

When the VPC strategy is used, a resonant link voltage measurement is required, which is
done with one of the Tektronix x100 voltage probes as shown Fig. 6.3. The large vertical PCB
shown is a protection circuit and it generates the zero voltage synchronisation signal ZVSI.
Hidden behind the two voltage probes is the rectifier and DC filter.

Note, that all measurements are done with a sample rate of 1 Mega Samples Per Second, MSPS

or 0.5 MSPS. Any resonant transient is therefore always shown. The resonant frequency of the
converter is 41 [kHz] when it is not loaded with a cable.
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6. 1 Test of V/f conitrol/

The Space Vector Sigma Delta Modulator,SVSDM as described in chapter 4 is implemented
with a V/f, control.

Shaft speed

(rpm]

Shaft speed

[rpm]

(b)
time [s]
Fig. 6.4 Phase current and induction machine shaft speed at run up (a) and run down (b).

InFig. 6.4 is the reference frequency at the top changed from 1 [Hz] to 32 [Hz], and at the two
traces at the bottom the reference frequency is changed from 32 [Hz] to | [Hz]. The shaft speed
changes during 0.7 [s]. The machine was not loaded during the test. It is concluded that the V/f
control is working with a resonant converter. The DC link voltage was V, = 300 [V].

6.2 Test of VPC principle.

In this paragraph the effect of the voltage peak control is shown. First measurements at 300

[V] DC link voltage for different power loads are shown and then measurement at 500 [V] are
made.

In Fig. 6.5 left side the converter output power is 188 [W], Ipys = 2.5 [A] and the machine is not
loaded. Right side of the converter output power is 2.2 [kW], Izys = 6.4 [A]. The modulation index
is 1.0 and the frequency f; = 32 [Hz]. The VPC is not activated and it seen that large excessive

link voltage peaks at no load are not present, but at 2.2 [kW] the voltage peak increased about 120
[V] beyond twice V.

Chapter 6 An experimental test of the resonant converter



82

P, =188 (W] P =22 [kW]
1000 ; : : : ;
Vdo
V] 500
0
iphase " _;_ ha
[A]
0.02 0.04 0.06
1000~ SRR 1
Vline 0 ' u: '
(Vi E . :
L[/ EEEEEEEES TTCEEPLY LEEEEELE
0.02 0.04 0.06
time [s] time [s]

Fig. 6.5 RDCL converter. DC link voltage V. = 300 [V], link voltage v, phase current Lhase> lin€
voltage vy,..

In Fig. 6.6 a comparison of the RDCL and RDCLVPC converter is made. In left side the VPC

is not active and the voltage peak increases to 161 [V]. If the VPC is turned on the voltage peaks
are reduced to 34 [V].
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Fig. 6.6 Left side RDCL without VPC. Right sidle RDCLVPC with VPC.V,=310 [V]

The VPC strategy is able of eliminating excessive voltage peaks of the RDCL converter.
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In Fig. 6.7 is a fast fourier tranformation, fft, spectrum plot of phase current and line voltage

shown.
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Fig. 6.7. RDCLVPC converter. Fft of phase current ionase and fft of line voltage vy,.. f; =32 [Hz].
a) iyhase harmonics from DC to 70 [kHz]

¢) ipase harmonics from 100 [hz] to 70 [kHz]

b)
d)

Viine harmonics from DC to 70 [kHz]
Viine harmonics from DC to 10 [kHz]

The fft spectrum of the RDCL and RDCLVPC is quit similar, and only the plot from the
RDCLVPC is shown. In Fig. 6.7.d, the vertical full line indicates 10 [V]. The time domain curves
used in the fft calculation are the curves shown in Fig. 6.6 right side.
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The DC link voltage is increased to 500 [V].

In Fig. 6.7 left side the converter output power is 385 [W], Igys = 2.8 [A] and the machine is not

loaded. Right side the converter output power is 1.9 [kW], Igys = 4.1 [A]. The modulation index
is 1.0 and the frequency f, = 50 [Hz].

P, = 385[W] P,.= 1.9 [kW]

1000 g 1000
Vdo
vj 500§ 500

0.01 0.02 0.03
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[Vl

-1000

0.01 0.02 0.03 0.01 0.02 0.03

time [s] time [s]

Fig. 6.7 RDCL converter. DC link voltage V,= 500 [V]. Resonant link voltage v,,, phase voltage
Lynases 1IN€ VOltage vy,

There is only a small over voltage present, in Fig. 6.8 this is even more clear.
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Fig. 6.8 Left side VPC is not active. Right side VPC is active. V4= 500 [V]
Compared with Fig. 6.6 where the VPC strategy reduces the resonant peaks to 161 [V] the
VPC strategy only reduces the peaks with 70 [V] in Fig. 6.8. This is explained by the increase of

DC link voltage. From eq. 5.7 a general relation k, between resonant voltage peak and DC link
voltage is found.

kK = do - +1 +1 (6.1)

-where: Z = resonant impedance
V4 =DC link voltage
¥4 = resonant peak voltage
m = fundamental of phase current.

Using the actual parameter values, Table 6.1 is calculated:

Z V4 m k, ¥4 calculate | ¢, measured
[Q] V] [A] [V] (V]
385 310 10.2 2.6 810 813
38.5 500 93 22 1115 1080

Table 6.1 Calculated and measured resonant link voltage peaks ¢, for the RDCL converter.
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The calculated and measured ¢, agrees well. The damping effect of increasing V, is shown,
ko decreases from 2.6 to 2.2 increasing V, from 310 [V] to 500 [V] .

It is concluded, based on Fig. 6.7, that the VPC strategy is able to limit the resonant link voltage
peaks close to the theoretical value of 2V,.

10
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e 90 Viine
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(A] vl
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0 0 S
0 20 40 60 80 0 20 40 60 80
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400
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300
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(Alo1 ¢ 1 vy 200
100 -
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0 20 40 60 80 0 5 10
() [kHz] @ [kHz]
Fig. 6.9. RDCLVPC converter. Fft of phase current iy, and fft of line voltage vy,.. f;= 50 [Hz).
a) inase harmonics from DC to 70[kHz] b) vji,e harmonics from DC to 70 [kHz]

¢) isnese harmonics from 100 [Hz] to 70 [kHz] d) v, harmonics form DC to 10 [kHz].

The fft spectrum of the RDCL and RDCLVPC is quit similar, and only the plot using the
RDCLVPC is shown. In Fig. 6.9.d, the vertical full line indicate 10 [V]. The time domain curves
used in the fft calculation are the curves shown in Fig. 6.8 right side.
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6.3 Resonant converter efficiency

The resonant converter efficiency is measured using the two power analyzers shown
in Fig. 6.1. The power is measured in six different points. This is shown in Fig. 6.9.
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i A

P,
1/*
Power

analyzer
Voltec 3000A
3 channel

Fig. 6.9 The power is measured in five points. This enable measurement of the loss distribution
inside the resonant converter.

First is shown the measurement of power losses from input P, to output P,. This is shown
in Fig. 6.10.

V,=300[V]

V,=500[V]

Convertar powar loss P = P, + P,- P,

Converter power loss P = P, + P,- P,

100~ -
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T=20 (Nm]
T15 (Nm]
T=15 [Nm} T=10 [Nm]
W] wi] T=5 {Nm]
T=10 (Nm]
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Fig. 10. Overall RDCL converter efficiency, without VPC, using the new non-short circuit
method, load machine nominal output power 3.0 [kW]:

Left: DC link voltage V, =300V

Right: DC link voltage V,= 500 V
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The power loss of the resonant converter is calculated from the measured values in
P,,P; and P;. The power loss in the control circuit and driver circuit are not included. There
is a little difference in the efficiency of the two converters RDCL and RDCLVPC. An
explanation of this is shown when the loss distribution in the converters is measured. Fig.
6.11 shows the loss distribution of the RDCL and the RDCLVPC converter.

RDCL RDCLVPC
T=20 [Nm] T =20 {Nm]
100 7
100 38.0 330 430 420 inverter 340 540 580 67,0 inverter
Ploss
28.2
50 30.2 | 3421 36.3 res link 50 21.0 res link
2L1 | 164
(W] 25.0 | |4 ) 17.0 1173
10,00 | 10.0 rectifier * 14.0 | 13.0 30 rectifier
0 0 :
T=15[Nm T=15[Nm
100 [Nm] 100 [Nm]
36.0 i 36,0 36.0 i
Pioss —33.0 370 27,0 300 Vet 380 320 39, inverter
50 50
[W] }g.(l) 18.1]] 21.0 24.3 20.4 res link ::(1) 15.2 14.4 223 23.0 res link
- 12 - 11.0
0 4,0 | L7011 7.0 | rectifier 0 8.0 5.0 3.0 | rectifier
T =10 [Nm] T=10[Nm]
60 60 16.0
17.0 * 21.0 . 19.0
160 18.0 16.0 15.0 inverter 40 .0 20.0 jnverter
Pioss 40 20.6 22.3
R 22.3 i
23.9 | 26 | 26.1 res link 18.2 20.1 23.3 3 o res link
(W1 20 13.0 | 104 20 120, | 4,
6.0 4.0 5.q | rectifier * 5.0 4.0 10 rectifier
0 0
T=35[Nm] T=15[Nm]
40 100 9.0 120 120 140 nverter 4 110 100 13.0 140 15.0 inverter
22.5 [240 | 94, res link ) .
P 24.2 | 24.0 | 25.0 22.3| [ 24.1 22.2| | 24.3| | 54 o| res link
20 20
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3.0 1150113030 1.0 | rectifier 5.0 401|130 rectifier
0 : 1.0 1] 0.0
f=32 =25 f=20 f=15 f=10 [Hz] f=32 =25 =20 f=15 f=10 [Hz]

Fig. 6.11 Loss distribution inside the RDCL and RDCLVPC converter at different load situations.
Load torque = 20 [Nm] is the nominal torque of the induction machine. V4= 300 [V].

The use of the VPC strategy decreases the reactive power of the circuit compared with
the RDCL converter. Transfer of energy due to link current changes are reduced, and the
current stress of resonant inductor and antiparallel diodes are lower. On the other hand,
is the inverter switch loss increased using the VPC strategy. The loss is moved from the
resonant link to the inverter switches using VPC. This effect is only significant at torque
of 20 [Nm] where the link current is large. If the torque is 15 [Nm] or below there is no
difference of in the losses. Increasing the DC link voltage, it is lightly that there is no
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difference of the loss distribution at 20 [Nm]. Naturally the losses were measured using
a link voltage of Vd = 500 [V], but the Voltech 3000A then shifted voltage range from 500
[V] to 1000 [V]. This caused the error of the measured power to increase, and getting a
reasonable measurement of losses was not possible. This is therefore not shown. The
Norma power analyzer continued to give reasonable measured values and therefore
calculating the overall converter losses was possible. Shown in Fig. 6.10.

It is concluded that the VPC increases the inverter switch losses but at the same time
reduces the resonant link current stress.

6.4 Converter loaded with a long cable

The resonant converter is loaded with a 300 [m] cable and the induction machine. The DC
link voltage was 300 [V] and the VPC strategy was not used, the cable changes the resonance
capacitance and no new VPC table was made.
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()
Fig. 6.12 In (a), (b) and (c) the load of the machine is increased to nominal load torque T=20
[Nm] using the RDCL converter and a V,= 300 [V].

The 300 [m] cable was put on the roof of the laboratory. To ensure the stability of the resonant
converter the energy supplied to compensate resonant circuit losses was increased. It was not
expected that the current source delivering the energy would survive a test using a DC voltage of

500 [V]. A detailed look at Fig. 6.13 showing the resonant link current iy, and voltage v, is quit
interesting.
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Fig. 6.13 RDCL converter loaded with 300 [m] cable and induction machine. V=300 [V]

The resonant frequency is decreased due to the cable capacitance. Without cable the resonant
frequency is 41 [kHz,], with the cable the resonant frequency is 35 [kHz]. During the resonant
period the cable is charged and discharged without the transients known in PWM-VSI converters.

It is expected that the EMI level is lower using the resonant converter compared with a hard
switched converter.

6.5 Conclusion

The Resonant DC Link Voltage Peak Controlled, RDCLVPC Converter proposed in the first
report /12/ and the RDCL /1/ converter has been realized and tested. The DC link voltages
were 300 [V] and 500 [V]. It is shown that the converters are able of operating stable at
both voltages. This is due to the proposed non-short circuit method described in chapter
3. The test period lasted more than one week and the converter was running 5-10 h every
day. Based on the laboratory experience with the converter there is found no reason the
resonant converters should not operate at higher DC link voltages as 600 [V].

The voltage peak strategy, is tested and proven to be able to limit the resonant voltage
peaks below 2.1 times the DC link voltage.

Limiting the resonant voltage peaks using VPC introduces inverter switch turn off at
non zero voltages. This increases the inverter switch losses but at the same time the
resonant link current stress is reduced. Measurement show the inverter switches and

resonant link total losses are almost the same comparing the RDCL and RDCLVPC
converter.

A converter efficiency of 96.4 [%] at P, = 2.6 [kW] using a DC link voltage of 300
[V] was measured and a converter efficiency of 97.2 [%] at P = 3.8 [kW] was measured
using a DC link voltage of 500 [V]
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During the development of the resonant converter many fault situations arrived, but
none of them was able to kill the inverter switches rated 1700 [V] and 30 [A]. This is due

to the current slope limitation of the resonant inductor. The resonant converter is also in
this way robust.

Test with a 300 [m] long cable and an induction motor load was carried out at a DC
link voltage of 300 [V]. The VPC and long cable condition were not tested. The cable does
not generate high frequency current oscillation known from PWM-VSI converters but a
super imposed sinusoidal current with the frequency of the resonant circuit.

It is concluded the RDCLVPC and the RDCL converters first described by analysis and
simulation is successfully tested in the laboratory.
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The desire of reducing switching loss and high dv/dt in the hard switched PWM-VSI are
significant reasons for working with the three-phase resonant converter. The converter ideally
eliminates the switching loss and generates an output voltage with a very low dv/dt or low di/dt.
Attractive abilities of the PWM-VSI as simple power circuit and high output voltage quality
should also be resonant converter properties. In the first Ph.D. report an investigation of resonant
converters is carried out, and one resonant converter was selected for realization in this report.

The selected resonant converter uses a parallel resonant link and basically this type of
converter generates high voltage peaks beyond twice the DC link voltage. This drawback can be
solved by using a clamp circuit, but the power circuit simplicity of the converter is lost. With a
new way to control the resonant peak is the additional clamp circuit avoided and the simpleness
of the power electronic parallel resonant converter, RDCL /1/ is kept. The proposed converter is
named Resonant DC Link Voltage Peak Control (RDCLVPC) converter. It is a modification of

the RDCL converter and it is natual to work with both the RDCL and the RDCLVPC. Therefore
this report treats both converters.

7. 1 Summary of the Report

Resonant link circuit:

The first problem realizing parallel resonant converters is to make them stable in operation.
When the converters are simulated it is quite easy to make them stable, due to ideal circuit
components. In the laboratory electrical noise, and limited bandwidth on the components may
create difficulties, that can make an apparently good design to a bad choice.

The resonance of the converter must be initiated and then the resonance must be maintained.
If the resonant circuit was loss less, the resonance would continue forever. A key point here is that
the resonance make the resonant link voltage oscillate down to zero, for every resonant cycle.
During the zero voltage interval the inverter switches can be turned on and off with low losses and
zero dv/dt. The real resonant circuit has losses that must be compensated to ensure the resonant
oscillation has a zero voltage interval. The resonant circuit losses is compensated by adding
energy that are equal to or larger than the energy lost during one resonant cycle. Resonant circuit
loss compensation can be made by a short circuit of the inverter switches during the zero voltage
inverval. During the short circuit, energy is stored in the resonant link inductor and after a few
micro seondes the short circuit is turned off and the resonance commence.

It is necessary with a short circuit at every zero voltage interval, if it does not happen the
inverter stops and the resonance must be restated. Realizing a circuit which is, able to generate
a short circuit interval, that ensures the ongoing resonance can be very difficult. Another problem
of the short circuit method is the duration of the short circuit interval. If the DC link voltage
increases from eq. 100 [V] to 500 [V] the length of the necessary short circuit interval decreases,
because the compensation energy in the resonant inductor is obtained faster. In the used inverter,
switches and control electronics have a time delay of more than a micro second. The short circuit
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pulse duration value is at minimum equal to the time delay. At a DC link voltage of 300 [V] the
required short circuit time is shorter than the minimum obtainable short circuit time. Higher
current circulations are then generated and the converter tends to be unstable. At higher DC link
voltages than 300 [V] the converter cannot operate longer than a few minutes before it stops. If

the electronic control circuit is improved, the DC voltage limit can be raised, still to long short
circuit intervals are used.

Based on the gained experience with the short circuit method a new method, called non-short
circuit method is proposed. This method transfers power to the resonant circuit inductively, this
is done by a secondary winding on the resonant coil and it then becomes a transformer. The
secondary side power source is a current generator that produces a pulsating train with a
frequency of the resonant circuit. This method is easy to implement and makes the resonance

stable. Using the non-short circuit method, the converter can operate at higher DC link voltages
as 500 [V] without problems.

Resonant converter modulator:

Three modulators are described and investigated, Sigma Delta Modulator, SDM /1/,/5/, Space
Vector Sigma Delta Modulator, SVSDM /5/,/15/,/16/ and Stator Flux oriented Discrete Pulse
Modulator, SFDPM.

The modulators are controlled either by voltage or flux references. The modulators only need
an internal feedback loop. The voltage SDM, SVSDM and the flux controlled modulator SFDPM
is compared by a simulation study.

The SFDPM is not seen reported in any paper and is considered new. It is shown that the flux
controlled modulator, performs better than the voltage controlled sigma delta modulator.

The THD analysis of the phase current shows that the SFDMP compared with SVSDM
produce a current with 20% lower THD. The SFDMP compared with SDM produce a current with
40% lower THD.

The torque ripple shows that the SFDMP compared with SVSDM produce a torque with 10%
lower ripple. The SFDMP compared with SDM produce a torque with 70% lower ripple.

The performance of SFDMP and SVSDM is quit close and the implementation of SVSDM
is simpler. Therefore SVSDM is selected for implementation in the realized resonant converter.

Resonant VPC control:

Third stage is realization of the Voltage Peak Control (VPC) principle. The idea of the
principle is to control the resonant link voltage peak by proper switching of the inverter switches.
Mathematical is the VPC strategy explained from phase plane plots. The phase plane plot makes
it possible to obtain an overview of the differential equation solutions that describe the resonant
link current and voltage. Looking at the phase plane plots, it is seen that the link voltage peak can
be controlled by changing the inverter switch state before the zero level of the resonant voltage
is reached.

In the first report a control equation is derived using idealized condition. Including real life
conditions, the link voltage peak control is not efficient using the simple VPC equation. In this
report link component losses and many other factors are included. Including all the factors, it is
not possible to expressing the VPC in one simple analytical equation. The calculation effort is
now quite huge and it is not possible to do on-line with the used digital signal processor. An off-
line calculated look up table is generated. The VPC control is negative affected by the short-
circuit method. Significant better results were obtained using the non-short circuit method.

Measurements on the RDCL and RDCLVPC converter:

A 5 [kW] Resonant DC Link Voltage Peak Controlled, RDCLVPC converter and the RDCL
converter have been realized and tested. The DC link voltages were 300 [V] and 500 [V]. It is
shown that the converters are able to operating stable at both voltages. This is due to the proposed
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non-short circuit method. The test period lasted more than one week and the converter was
running 5-10 hours every day. Based on the laboratory experience with the converters there is

found no reason that the resonant converters should not operate at higher DC link voltages as 600
[V].

The voltage peak strategy, is tested and proven to be able to limit the resonant voltage peaks
below 2.1 times the DC link voltage.

Limiting the resonant voltage peaks using VPC introduces inverter switch turn off at non zero
voltages. This increases the inverter switch losses but at the same time the resonant link current
stress is reduced. Measurements show that the total inverter switch loss and resonant link loss are
almost the same comparing the RDCL and RDCLVPC converter.

A converter efficiency of 96.4 [%] at P, = 2.6 [kW] using a DC link voltage of 300 [V] was
measured and a converter efficiency of 97.2 [%] at P_, = 3.8 [kW] was measured using a DC link
voltage of 500 [V].

During the development of the resonant converter many fault situations arrived, but none of
them was able to destroy the inverter switches rated 1700 [V] and 30 [A].This is due to the current
slope limitation of the resonant inductor. The resonant converter is also in this way robust.

Test with a 300 [m] long cable and an induction motor load was carried out at a DC link
voltage of 300 [V]. The VPC and long cable condition were not tested. The cable does not
generate high frequency current oscillations known from PWM-VSI converters but a super
imposed sinusoidal current with the frequency of the resonant circuit.

It is concluded that the RDCLVPC and the RDCL converter first described by analysis and
simulation have been successfully tested in the laboratory.

7.2 Conclusion

Aim of the report:

In this report analysis, realization of the RDCL and RDCLVPC converter are described, and
experimental tests are carried out.

The main aim was to realize the RDCLVPC and the RDCL converters to get practical
experience and secondly measure the performance.

There were several sub-aims of the report:

I In the first report the link voltage peak control, VPC, principle is derived using highly
idealized conditions. To increase the efficiency of the VPC control the influence of the
converter loss elements and the DC link current changes is incorporated in this report.

2: To build a converter which is able to operate stable at higher DC link voltages as 500 [V].

3: Measuring the efficiency of the RDCLVPC converter.

4: Test the resonant converter ability to drive a long cable and a motor.

The resonant converters are realized and their performances concerning switching losses and
dv/dt are tested. The converters have a high switching frequency and a high efficiency. To show
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the benefit of low dv/dt, the RDCL converter was loaded successfully with a 300 [m] long cable

and induction machine. Both converters are able of operating stable at a DC link voltage of 500
V1.

It is concluded that the aim of the report is fulfilled.
During the work with the resonant converter's three ideas are proposed, which are considered new.

11 A principle that controls the resonant link voltage peaks using the inverter switches and

by that avoiding additional clamp circuit components. The principle is named Voltage
Peak Control, VPC.

2: A modulator that generates low current harmonics and low torque ripple. The modulator
is named Stator Flux oriented Discrete Pulse Modulator, SFDPM.

3: A method that make the resonance of the resonant circuit robust. This method is named
'non-short circuit' method.

7.3 Fulture work

The following topics are considered interesting to work further on:

- Protection against load and line faults.

- Measurement of sound pressure level from an induction machine when it is fed by the
resonant converter. Work should be put in an investigation of a particular application eg.
a pump system.

- In this work no particular effort is made to optimize the resonant converter efficiency.
Particular the design of the resonant inductor/transformer could be optimized.

- Designers of switches could concentrate of developing a switch particular suited for

softswitching. The properties should be low delay, very fast switching and low on state
voltage.

- The resonant converter doubles the output voltage amplitude compared with the PWM-
VSI. The effect on standard induction machine insulation must be investigated.

Before the resonant converter is going into production, cost considerations must also be made.
This is of major importance, and is clear that the cost of the resonant circuit is a disadvantage. On
the other hand the resonant circuit eliminates the need of snubber circuits, and properly reduces
the EMI input/output filter size required in the PWM-VSI.
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App. A

Resonant circuit equations for a
lossy resonant circuit

In this appendix is derived an equation of resonant inductor current i, and link voltage v, of the
circuit shown Fig A.1. The losses are concentrated in R, the value of R is determined by a
measurement of the Q-factor. The resonant circuit is loaded by a current source, 145, that serves as an
equivalent of the inverter switches and load. The inverter switches are assumed loss less and the load
current shape are limited to a step with a superimposed ramp. The current shape iy, is given by (A.3).

. 3 vy Vi i
L ‘— —
—
e

R L

vo |O C = ve @ i

Fig. A.1 Equivalent model of RDCLVPC converter

0=V -ve=v, ~vy (A1)
0 =iy i ~iy, *i; (A2)
i, =m +kt (A3)
i = iscos(ﬁt) (A4)
ig =i ~m ~kt+i (A.5)

The elements in equation (A.1) are shown in Table A.1, as function of time and with their Laplace
transformation. In (A.6) is the Laplacian of I, shown
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f(t) F(s) =.Z(f)
v, - diy, Vy=sLI -Ligq,
dt
L . v
Vdo—_f‘L_‘do+ it + Vg Vdo———l—~(IL—£n~~—i 1 Sy
s s g2 s2+p? s
v =Ri, V. =RI
vy Ve
S
Table A.1
The laplace transform of (A1) is
\'% R v v
0=—% -RI, -sLI +Li - L -mokg sy Teoy Teo (A.6)
s sC s s? Cg24p? s s
Then I, is
V,-v
I : i) :
Lo v +f 7 (svay® +
m L +k? ! (A7)
s((s+a)* +B%) s?((s+a)* +B%)
R 9 1
Tl 2 2 2 2
(s* +PH((s+e)* + %)

Resonant current i; is found using Table A.2 Assumed R<2Z
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L (s+o)? +f?

1 [ —
L(0
@ (s+ay? + 2

V,-v
4O d(’(D)e"“sinﬁt

Lp

i ge *'(cosPt —%sin Bt)

me?— L m(l —e““(cosﬁt+ﬁsinﬁt))
s((s+a)? +B?) p
ko? —— L kt—z—%&Jr-lS-e'“‘cos(ﬁt-Fd))
s?((s+a)” + ) w B
2
2 1 ((%‘;me""~2>sin(6t)+(-g-(e'“'—1>>cos<Bt)
1 Ws A
s 2,.Q2 2, Q2 Iy
(s* +BH)((s+o)?* +B?) %((%)2+4))
Table A.2
. _Vd~vdo(()) et . Cat o . ot o .
1L———L—B———e smﬁtﬂuo)e (coth——ésth)*rm(l -e (cosﬁt+—ﬁ—smﬁt))
LS +~k—e'°”cos([3t+d))
w P

0(2 —at . o -ot
((_ﬁ_z+2)e ~2)sm(Bt)+(—ﬁ—(e ~1))cos(fit)

~1

2 (%) +ay)

BB

Constants used are given by

(A.8)
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Constant name Constant
R
o .
2L
1
w
Y LC
B R
A2
¢ tan‘l(—————(3 @ )
20

Table A.3

A link voltage equation is derived. Equation (A.2) is used, the time functions of i, i,i,, and iy, are
shown in Table A.4 left side and in the right side are the Laplace transformation of the functions

shown.
f(t) F(s)=F(f)
i:)ﬁi_kﬂ_vd" =1 (Y.‘i+Li -V )
' R Rdt R L SL+R s Lo " do
oAy, Ic =sCV 4, ~CVy0
1C—C
dt
_m _k
g W
i = iscos(Bt) i = is $
52+B2
Table A.4
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- —4iLi -V, )-sCV, +Cy, -M_k s
SL+R( N L(0) do) 8 do TV s + 1552+B2 (A.9)
2 .
i (Lw*(iy 4 ~m) +RCw?v ) . Vaoo®
* (sa)? + B2 (s+e)? 2
C(VymmR-KL)e? R w10
s(s+e)?+B*) s ((s+a)?+B?) ‘
1, WL L,wX W?L -Rs)
+ -
52+ B2 (s +a)? +
F(s) =7 (f) f(t)
. 1 e
(Lo iy, ~m) +RCW ) ——— (Lw2(i ) - m) *RC@Iv,, )+ & ~“sint
(s+a)* +f B
v, (0)_.__5__ de(O)e"“‘(cosﬁt—gsinBt)
" (s o)+ p? B
(V,~mR-kL)o? — (V,-mR-kL)e? — L
s((s+a)® +B?) s((s+a)* +B?)
(V,-mR-kL)w? — th—kRz%Jr—.lee'“‘cos(ﬁHd))
s((s+a)* +B?) w P
?2 w’L B 12(‘)2( w’L - Rs) is u)%((L +tR)sin(wt) +tZcos(wt))”
s2+p? (s +a)? +w? xassumed R «Z
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. | R - o .
Vo :(Lmz(lL(o)“m)+RCw2vdo(0))-ﬁ—e “tsm[3t+vdo(o)e ‘“(coth—Esmﬁt)

+(V,-mR -kL)(1 ~e ‘“‘(cosﬁug-sinﬁt))
(A.11)
kRt +kR2E KR, ““eos(Pt+P)
w P

. w%((L +R ) sin(®1) +1Z cos(0t))
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App. B

Induction machine data and
equaltions

Electrical and mechanical parameters for the induction machine used in the testing of the
resonant converter is shown. The machine equations used in the simulation program is shown.

The load used is an induction machine, MT 100 Lb 28-4 from ABB. Nominal data are:

® Phase current Ivo =6.9[A]

® Phase-phase voltage Vo  =400[V]

® Output power Pyo = 3.0 [kW] with load cos(¢$)=0.8
® Speed n = 1430 [rmp]

Measured electrical and mechinical parameters /21/

® stator resistance
® rotor resistance =1.8[Q]
® stator lekage inductance I =165 [mH]
@ rotor lekage inductance 1, =172 [mH]
1
1

r, = 1.8 [Q]
r

-

® Magnetizing inductance b =158 [mH]

® stator lekage inductance . =7 [mH]

® rotor lekage inductance | = 14 [mH]

® [nertia Jasmu  =9.6e-3 [kgm?]
® pole pair p =2

Machine equations are from /17/ they are originally described in /23/.

System matrixes and equations for electrical machine model in the fixed stator coordinate system.

Resistance matrix

r 0 0 0
s
0 r, 0 O
R, = (B.1)
0 0 r, O
0 0 0 r
S.
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Inductance matrix nr. 1

Lo 1, 0

0 1 0 1
L = : " (B2)
o010

0 1, 0 1

L, = (B.3)

1 1 1 1
I 1 1 1
B - (B.4)
1 1 1 1
1 1 1 1

Input voltage vector

’ real(V. ) ﬂ

1nv:

N
y = |maelVi) (B.5)
0

0

where:
V.. : stator voltage, the rotor voltages are zero.

Current vector:
[ real(l)

imag(l)

X = (B.6)
real(l)

imag(l)
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where:
[, : Stator current
I, : Rotor current

Electrical machine equations using bilinear transformation /17/:

A = -(-L,'R+L, wpL,) (B.7)

B = -L (B.8)

X = (E——h-A)'l((E+—h-A)x+EB(u+uold)) (B.9)
2 2 2

where:

w : synchronous rotor speed
h : simulation time step

update voltage:
u, =u (B.10)
Electrical torque calculation:

M, = ——;-lh(real(is)imag(ir)—imag(is)real(ir)) (B.11)

Rotor speed calculation:

Masm = Mel —Mload (B.IZ)
W = w+%121-(Masm +Masm~old) (B.IS)

update torque:

=M, (B.14)

asm_old

In the simulation program equation B.7 to B.14 is a single function, called at every simulation
time step. Two other integration methods were tested, the Runge-Kutta /24/ and Forward Euler
/24/ method. The Runge-Kutta method is more complex and provide high accuracy at relative
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large time steps, h.

The time step, h was determined by the resonant frequency. About 10 to 20 steps during every
resonant period is necessary. The Runge-Kutta method is therefore forced to use small time steps
and is not efficient. The opposite, was the case of the Forward Euler the time step was not small
enough to obtain sufficient accuracy. A bilinear/24/ integration method is a reasonable choice, it
is accurate and is not as complex as the Runge-Kutta integration method.
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Danish summary

Dette er et referat af den anden af to rapporter, som udger Ph.D projektet. Den valgte
konverter fra forste rapport ‘Resonant DC Link Voltage Peak Control’, RDCLVPC konverter
realiseres i denne nummer to rapport. Baggrunden for valget af RDCLVPC er onsket om hgj
virkningsgrad, lav dv/dt i konverterspending, simpelt effektkredslob og mulighed for at
kontrollere mellemkreds-peakspandingen. RDCLVPC er en modificeret ‘Resonant DC Link’,
RDCL konverter, hvor ‘Voltage Peak Control’, VPC kontrollerer mellemkreds-peakspzndingen.

Da den ene konverter er en mindre modifikation af den anden, beskrives realiseringen af
begge konvertere i denne rapport.

I lobet af realiseringen af resonanskonverterne opstod der behov for re-design. Tilsynelad-
ende gode ideer viste sig ved realiseringen i laboratoriet at vare uhensigtsmaessige. Et vasentligt
praktisk problem med resonanskonverterne er at opretholde den resonanssvingning, der giver
‘zero voltage switching® ZVS for effekttransistorerne. Den i forvejen kendte metode opretholder
resonansen ved at tende for konvertertransistorerne under ZVS tilstanden saledes, at
konverterbroen er kortsluttet nogle fa mikro sekunder. Under kortslutningen oplagres der energi
I resonanskredsen, denne energi sikrer at resonansen opretholdes. Kortslutningsmetoden er
uhensigtsmassig fordi den nedvendigger, at effekttransistorerene i et meget kort tidsinterval skal
teende og slukke. Tidsintervallet er vasentligt kortere end selve resonansperioden. Det gnskede
kortslutningstidsinterval er i praksis kortere end den korteste tid transistoren kan na at teende og
slukke pa. Dette er uheldigt og betyder foraget tab, desuden er det meget svart at realisere en
konverter, som har en mellemkredsspanding hgjere end 300 [V]. En ny metode som ikke
involverer en kortslutning af konverterbroen er foreslaet i denne rapport. Metoden kaldes ‘ikke
kortslutnings’ metoden og pavises ved laboratorieforseg at vare meget fordelagtig at bruge som
folge af simpel realisereing og en robust konverter driftstilstand ved spendinger ogsa over 300
[V], metoden er testet ved 500 [V].

Der foretages en analyse af tre forskellige modulationstyper, som anvendes ved aben loop
kontrol af den asynkronmaskine, der er tilkoblet frekvensomformeren, en ny modulator foreslas
og sammenlignes med de to andere. Den har en bedre performance mht. strgmripple og
momentripple, men den er mere komplex at realisere.

Den foresldede VPC metode i forste rapport, realiseres efter yderligere analyse som
inkluderer tabselementer og andre faktorer. Malinger viser at VPC er i stand til at kontrollere
mellemkreds-peakspandingen inden for 2.1 gange mellemkredsspandingen. Dette er tet pa den
teoretiske verdi pa to gange mellemkredsspzndingen.

En 5 [kW] resonant RDCLVPC og RDCL konververter er realiseret og testet. Mellem-
kredsspandingen var 300 [V] og 500 [V], konverteren arbejder stabilt ved begge spendinger. Test
perioden varede mere end en uge. Der blev malt en konverter virkningsgrad pa 96.4 [%] ved P,
= 2.6 [kW] og mellemkredsspandingen lig 300 [V]. Med en mellemkredsspanding pa 500 [V]
blev virkningsgraden malt til 97.2 [%)] ved P, = 3.8 [kW].

En test med 300 [m] kabel og en asynkronmaskine som last blev udfert med succes. Under
laboratoriearbejdet blev der ikke odelagt en eneste effekttransistor, dette skyldes den deempning
af stremmen resonansinduktoren giver ved fejl.

Det konkluderes at RDCL og RDCLVPC konverterne forst beskrevet ved analyse og
simulation er sucesfuldt testet i laboratoriet.
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Nomencliature

o

o
AILres
AV,
AV
Wreg

max

a

CTBS
cos()
DI

f

res

ga: gb’gc
k

m
Mel
M
L
L1y
i

Tres
(o]

ic!o

Ido
iLres
iLres(O)
Ino

Q
R

S

T

tdelay

TTCS

Vi
Vaxsvaavcx
Vdo

Vio(0)

Vyo

VHVC

\ %4
vn

Vo

VN
VPC
ZTES
ZVSI

S

R/(2LYCS)
phase shift of two link currents eq. i, and -i,

initial resonant inductor current to overcome losses in res. cir.

turn-off voltage calcultated by the VPC algorithm
maximum allowed turn-off voltage of IGBT
angular resonant frequency 1/(v(LresCres))

complex operator exp(j2m/3)

resonant circuit capacitor

phase displacement of output voltage and current

current change during a resonant period

resonant frequency 1/(2nv(L,.C..))

gate signals to the inverter branches

current change rate

equivalent DC load current source

electrical torque

park's transformation vector, defined page 34

resonant circuit inductor

phase currents

DC side inverter current calculated from phase current and
switch vector.

resonant link current

average DC link current

resonant inductor current

initial resonant inductor current

converter output phase current

quality factor, Z /R

equivalent serial resistor of resonant circuit

switch vector

measured mechanical torque

time delay in low voltage electronic and inverter IGBT
resonant periode time 1/f,,,
DC link voltage

branch voltage(x=0) or (x=N) or phase voltages(x=n)

resonant link output voltage, equal to resonant capacitor voltage

initial resonant capacitor voltage

converter output link voltage

average output voltage vector, defined page 35
complex voltage vector, defined page 34

complex voltage vector, defined page 34

complex voltage vector, defined page 34

complex voltage vector, defined page 34

Voltage Peak Control

resonant impedance v(L,../C,..)

control signal generated when v,, reach zero voltage

E

2CBCEEEEEE

w w

[V]
[V]
[V]
[V]
(V]
[V]
[V]
(V]
[V]
[V]

[Q]
[]

Nomenclature
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