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Abstract

The reduced energy consumption is highly demand in motor drives for heating, venti-
lating, and air conditioning (HVAC) applications. The efficiency advantage makes the
permanent-magnet (PM) synchronous machine an attractive alternative to the induc-
tion machine in drives for those applications.

In order to use PM synchronous machines in HVAC applications, simple, low-cost
control methods are also important for them. The particular requirement in control
of PM synchronous machines is the synchronization of the AC excitation frequency
with rotational speed. A shaft-mounted position sensor is required for achieving this.
This shaft-mounted position sensor increases the cost and reduces the reliability in
the drive system. This makes it undesirable for HVAC applications. The objective of
this research project is to investigate sensorless control methods for PM synchronous
machines with particular attention to HVAC application requirements.

The understanding of the machine model is a key requirement for machine control.
The mathematical models for PM synchronous machines are first derived in this the-
sis. The control properties of PM synchronous machines are discussed and they are
compared.

Since high dynamic performance is not a demand for HVAC applications, a suitable
control approach for PM synchronous machines is V/ f control approach. A substantial
part of this thesis is devoted to investigate V// f control approach for PM synchronous
machines.

In order to provide basics for designing a V/f controlled drive, the stability charac-
teristics of PM synchronous machines under open-loop V/f control, i.e. without having
any feedback for V/f control, is analyzed in this thesis. The linearized machine model
is the key to analyze the stability characteristics. The stability analysis show that the
PM synchronous machine becomes unstable after exceeding a certain applied frequency
under open-loop V/f control.

In order to show how to stabilize the V/f controlled PM synchronous machines for
a wide frequency range, a simplified small signal dynamics model for PM synchronous
machines is derived in this thesis. With the help of this model it is shown that by
modulating the applied frequency proportional to the perturbations in the power the
stable operation of the machine can be achieved for a wide frequency range. In voltage
source inverter driven drives the DC-link current perturbations can also be used for
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this purpose. The implementation of both these methods are discussed in details.

For the V/f controlled drive, a method to calculate the magnitude of the voltage
with vector compensation of the stator resistance voltage drop is proposed. The com-
plete V/ f controlled drive consists of this voltage calculation algorithm and a stabilizing
loop, which modulates the applied frequency proportional to the perturbations in the
power. Only two current sensors are required to measure the motor phase currents
and no rotor position sensor is required for complete implementation of the drive. This
proposed sensorless V/ f controlled drive system demonstrates satisfactory performance
for HVAC applications.

Besides V/f control approach, the field-oriented control approach for PM syn-
chronous machines is also discussed in the thesis. The control structure and the design
of the controllers for field-oriented controlled drive system are described. A rotor posi-
tion estimation technique for sensorless operation of the field-oriented controlled drive
system is studied in details. The estimator uses predictor-corrector method where the
difference between the estimated current and the measured current (current error) is
used to correct a predicted rotor position. The analysis show that the correction of
the predicted rotor position using current errors is possible in the estimation algo-
rithm for non-salient pole PM synchronous machines, however, there are difficulties
for salient pole PM synchronous machines. For salient pole PM synchronous machines
more investigations are still required for accurate rotor position estimation.

Finally, the comparison shows that the proposed sensorless V/f control approach
has some promising features for HVAC applications compared to the sensorless field-
oriented control approach investigated in the thesis.
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Chapter 1

Introduction

1.1 Permanent-magnet electric machines

Permanent-magnet (PM) electric machines are doubly excited electric machines, which
have two sources of excitation, namely, the armature and the field. In conventional dou-
bly excited electric machines (DC commutator machines and synchronous machines),
both of these excitation sources are electric windings connected to an external source of
electric energy. In PM electric machines, the field is generated by permanent-magnets
eliminating the requirement of field windings and external electrical source for it.

In contrast to the conventional doubly excited electric machines, the copper loss
associated with field windings does not exist in PM electric machines increasing the
efficiency of the machine. Moreover, the use of permanent-magnets to generate the
field allows to design these machines with less weight and compact size compared to
the conventional doubly excited electric machines. On the other hand, in PM electric
machines the permanent-magnets generate a constant field flux and it cannot be con-
trolled as easy as in conventional doubly excited electric machines changing the field

current.

1.1.1 Classification of PM electric machines

In general, PM electric machines can be classified as shown in figure 1.1.

Depending on the design of the machine whether it for DC or AC excitation, PM
electric machines can be first classified into two groups, namely, PMDC and PMAC
type. The structure of PMDC machines is very similar to the conventional DC com-
mutator machines. The only difference is the use of permanent-magnets in the place
of field windings. The commutator and the brushes still exist in these machines and
they still suffer the problems associated with conventional DC commutator machines.

The PMAC machines are synchronous machines, which the field is generated by
permanent-magnets located in the rotor. In these machines, the commutator and the
brushes do not exist making the machine structure very simple and eliminating the
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PM electric machines

PMDC machines PMAC machines
Trapezoidal type Sinusoidal type
(BLDCM) (PMSM)

Surface magnets type Interior magnets type
(SPMSM) (IPMSM)

Figure 1.1: Classification of PM electric machines.

problems, such as brushwear, high rotor inertia, which associate with PMDC ma-
chines. This makes the PMAC machines the most attractive machine type among the
PM electric machines. The PMAC machines can be further classified into trapezoidal
and sinusoidal types as shown in figure 1.1. The trapezoidal PMAC machines induce a
trapezoidal back-EMF voltage waveform in each stator phase winding during rotation,
whereas sinusoidal PMAC machines induce a sinusoidal back-EMF voltage waveform.
For torque production, the trapezoidal PMAC machines are excited from rectangular
current waveforms, whereas sinusoidal PMAC machines require sinusoidal current exci-
tation of the stator. The trapezoidal PMAC machines, which are also called “brushless
DC motors” (BLDCM) were developed first because of the simple control of those ma-
chines. However, the presence of torque ripples in those drives rejects their usage in
high performance motion control applications. The development of sinusoidal PMAC
machines came next in late 1970s and 1980s due to the possibility of high performance
control of those machines using vector control principles first used for induction ma-
chines [1]. The sinusoidal PMAC machines are the most suitable PMAC machine type
to compete with the induction machines in the most of the induction machine drive
applications. Therefore, they are getting a growing attention in recent years. Since
these machines are closely related to the conventional synchronous machines, they are
also called PM synchronous machines (PMSMs). It should be mentioned that except
for special applications, in general, the PMSMs are not built with damper windings in
the rotor, mainly due to the high manufacturing cost. Hereinafter the PMSMs referred
to PM synchronous machines without having damper windings in the rotor.

Different rotor configurations exist for PMSMs depending on how the magnets are
placed in the rotor [1], [2]. The two common types, namely, surface magnets type and
interior magnets type are shown in figure 1.2. In surface magnets type the magnets are
mounted on the surface of the rotor core, whereas in interior magnets type the magnets
are placed inside the rotor core. Hereinafter the PMSMs with surface magnets rotor
configuration are referred to as SPMSMs and PMSMs with interior magnets rotor
configuration are referred to as IPMSMs.
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Stator

Rotor

Permanent
magnets

Figure 1.2: Motor cross sections showing different rotor configurations for
PMSMs. (a) Surface magnets type (b) Interior magnets type.

The interior magnets type rotor configuration brings saliency characteristics to the
machine which is not present in a machine with surface magnets type rotor [3]. As
shown in figure 1.2(a) and figure 1.2(b), the magnetic flux induced by the magnets
defines the rotor direct or d"-axis radially through the centerline of the magnets. The
rotor quadrature or ¢"-axis is orthogonally (90 electrical degrees) placed with rotor
d"-axis (Note that for four-pole design this is 45 mechanical degrees as shown in figure
1.2(b)). Since the permeability of permanent-magnets is almost same as the air, in
interior magnets type configuration the effective airgap of d"-axis is increased compared
to the ¢"-axis. Therefore, the d"-axis reluctance is higher than the ¢"-axis reluctance.
This results in the ¢"-axis inductance is higher than the d"-axis inductance, i.e. L, > Ly,
in IPMSMs.

1.2 Control fundamentals for PMSMs

Since PMSMs are synchronous machines, the accurate torque can be produced in these
machines only when the AC excitation frequency is precisely synchronized with the
rotor frequency. Therefore, the fundamental requirement in control design of PMSMs
is the assurance of precise synchronization of machine’s excitation with the rotor fre-
quency. The direct approach to achieve this requirement is the continuous measurement
of the absolute rotor angular position and, the excitation of the machine accordingly
as shown in figure 1.3. This concept is also known as self synchronization [1] and it
assures that the PMSM does not go out of synchronization during operation.
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Excitation

Rotor angular
position sensor
Command —»{ Controller

Figure 1.3: The self synchronization concept for PMSMs, which uses ro-
tor angular position feedback to synchronize the AC excitation and the rotor
frequency.

1.2.1 Basic control methods

V/f control

It is possible to design the IPMSMs with squirrel cage windings (damper windings)
in the rotor as shown in figure 1.4. These squirrel cage rotor windings are similar to
the induction machine squirrel cage rotor windings and they produce asynchronous
torque when the IPM rotor does not rotate in synchronous speed. The asynchronous
torque produced by rotor squirrel cage windings during asynchronous operation put
back the IPM rotor to the synchronous operation ensuring the synchronous operation
of the IPMSM at all the time. This makes the possibility to use simple open-loop
V/ f control algorithm for this type of IPMSMs as shown in figure 1.4 to achieve speed

control for applications like pumps and fans that do not require fast dynamic response

[1].

IPMSM with rotor
Voltage squirrel cage windings
calculation .
v
Frequency f* > Sy PWM
command
E— f * VSI

Rotor squirrel
cage windings

Figure 1.4: Open-loop V/ f control approach, which can be used for IPMSMs
with rotor squirrel cage windings.

Figure 1.4 shown V/f control approach for IPMSMs with rotor cage windings is
similar to the one uses in induction machine V/f control (scalar control) approach.
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However, one advantage in this drive is, the rotor speed is only dependent on the exci-
tation frequency of the machine and it does not require slip compensation requirement
as it does in induction machine drives.

While the IPMSMs with rotor cage windings can be used to control using the
configuration shown in figure 1.4, a difficulty can be expected to control the PMSMs
without having rotor cage windings using the same control configuration. The non-
existence of the rotor cage windings means that the machine does not guarantee the
synchronization of the rotor with the excitation frequency and the stable operation.
Therefore, to use V/f control approach to the PMSMs without having rotor cage
windings requires rotor frequency (rotor speed) information in order to achieve the
synchronization between AC excitation frequency and rotor frequency. In this case,

the system should be designed to operate in closed-loop manner as shown in figure 1.5.

Voltage
calculation
%
V
Frequency ., > S Rt |
command PWM otor angular
n VSI O position sensor
+
Af 0.

Calculation of |4
A -

Figure 1.5: V/f control approach for PMSMs without having rotor cage
windings.

Closed-loop speed and torque control

Better performance compared to the V/ f control approach can be achieved incorpo-
rating torque and speed control of the machine in the drive controller. The drive control
structure with torque and speed controller is shown in figure 1.6. The torque produc-
tion of PMSMs is related to the stator currents and the torque control incorporates
with stator current control requiring stator current feedback to the torque controller as
shown in figure 1.6. Moreover, as described in the beginning of this section, to achieve
self synchronization, the rotor angular position feedback is also essential for the torque
controller.

The stator current control is done in field-oriented frame in the torque controller.
Therefore, the PMSM control with this type of torque controller can also be referred
to as field-oriented control.

The speed control can be achieved closing the speed feedback loop outside the inner
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torque control loop as shown in figure 1.6. The speed feedback can be derived from the
same rotor angular position sensor, which is used to obtain the rotor position feedback.

Phase current feedback

Speed

command O + ~ A®_ | Speed T % | Torque 1% PWM Rotor angular

=5 S
— b controller controller =P VSI PMSM position sensor

y

v

0

T

Angular position feedback

Angular velocity feedback O, d/dt er

A

Figure 1.6: Block diagram of PMSM control scheme incorporating torque
and speed controller.

In order to achieve fast torque control, direct torque control (DTC) of PMSMs is
also get some attention recently. Accurate flux estimation and torque estimation are
required for DTC. A detailed discussion about DTC of PMSMs can be found in [4].

1.2.2 Rotor position sensor elimination

It is clear from the above discussed control approaches for PMSMs; i.e. the V/f control
approach to the PMSMs without having rotor cage windings (figure 1.5) and, the torque
and speed control approach (figure 1.6), the requirement of rotor angular position sensor
to achieve self synchronization in the control. This shaft mounted position sensor is
not desirable in the control system due to number of reasons [5]. The position sensors
are expensive and they considerably increase the cost of the drive system. Moreover,
a special mechanical arrangement needs to be made for mounting the position sensors
and extra signal wires are required from the sensor to the controller. Some type of
position sensors are temperature sensitive and their accuracy degrades when the system
temperature exceeds the limits. These reasons lead to the elimination of shaft mounted
rotor angular position sensor, which is conventionally used for self synchronization in
the control system. The control of PMSMs using the same concepts discussed in § 1.2.1
eliminating the rotor angular position sensor is referred to as sensorless control of those
machines.

For the V/f control approach shown in figure 1.5 there are possibilities to use other
variables rather than rotor speed to achieve self synchronization and stable operation of
the PMSM. The measurements from the motor terminals or the DC-link in the inverter
may be used for this purpose and this sensorless control approach for PMSMs is shown
in figure 1.7.
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Voltage
calculation
*
1%
Frequency > S—p
command PWM
’ VSI
50 AR
+A |— 4'
Af Measurements from motor
terminals or DC link
h 4
Calculation of
A

Figure 1.7: V/f control approach for PMSMs without using rotor position
sensor.

For the torque and speed control approach shown in figure 1.6, the basic method
of eliminating the shaft mounted position sensor is, the accurate estimation of rotor
angular position and velocity using measurements from the motor terminals or the
DC-link. This approach is shown in figure 1.8.

Phase current feedback

v * l

Speed v
PWM
d ®* A®. | Speed T * | Torque - s
comman;;(r )—p C(I))ntroller € »| controller P VSI [
-A
A
& I
r R Measurements from motor
er terminals or DC link
v
Rotor position

and velocity
estimator

Figure 1.8: Torque and speed control scheme for PMSMs eliminating rotor
angular position sensor.

1.3 PMSMs versus induction machines

In contrast to the induction machines, the PMSMs do not require magnetizing compo-
nent of stator current, since the excitation is provided by magnets in those machines.
This causes a reduction in stator copper loss in PMSMs. Moreover, the copper loss
associated with rotor in induction machines does not exist in PMSMs. This copper
loss reduction in stator and rotor significantly improves the efficiency in PMSMs com-
pared to the induction machines. However, it should be mentioned that during flux
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weakening regime operation the PMSMs require high stator current to weaken the flux
[6],]7], increasing the stator copper loss. This reduces the efficiency of PMSMs dur-
ing flux weakening regime operation and both PMSMs and induction machines suffer
with less efficiency characteristics in that regime operation. This implies that from
efficiency point of view the PMSMs are well suited over the induction machines in the
applications like pumps and fans, where the machines are operated in constant torque
regime.

The growing electrical energy consumption is one of the major problems that world
faces at present. Most of this electrical energy is consumed in motor drives and a large
fraction of this motor drives consumed energy goes to the induction machine drives
with pumps and fans [8]. Therefore, in pumps and fans drives, using PMSMs instead
of using induction machines, it can be contributed to reduce the total electrical energy
consumption significantly.

Another attractive feature of PMSMs over the induction machines is that the possi-
bility of design them with less weight and volume. Recently, the IPMSMs were designed
with significant reduction of weight and volume over the induction machines [9],[10].
Moreover, they also have high torque to inertia (7./.J) ratio, which is highly attractive
for applications that demand fast dynamic response.

Since PMSMs are synchronous machines their control should always be incorporated
with self synchronization concept as explained in §1.2. It is not a requirement for
induction machine control since they are asynchronous machines. This makes the main

difference in control concepts for these two types of machines.

1.4 Objectives and scope of the project

In pumps and fans drives, when PMSMs are used instead of induction machines the
improvement of efficiency and its impact to the global energy saving is clear from the
discussion in §1.3. This fact is the motivation for this project.

If PMSMs are to be used in pumps and fans drives, they will need control methods,
which are more suitable for those applications. This project deals with control of
PMSMs focusing on pumps and fans applications.

The PMSMs’ basic control methods and the reasons to eliminate the rotor angular
position sensor from those methods are discussed in §1.2.1 and §1.2.2 respectively. For
the same reasons as described in §1.2.2; it is obvious that the rotor angular position
sensor is highly undesirable in pumps and fans applications and sensorless control
should be considered.

Both sensorless V/ f control approach and sensorless torque and speed control ap-
proach (see figure 1.7 and figure 1.8) can be considered as solutions for this project.
The sensorless V/f control approach shown in figure 1.7 seems the most suitable con-
trol approach for pumps and fans drives due its simplicity. However, this approach is
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not widely addressed in the literature so far. Since high dynamic performance of the
drive is not a demand for pumps and fans applications simple rotor position and ve-
locity estimation technique may be possible for the sensorless torque and speed control
approach.

Considering these facts the objectives of this project are as follows.

e The sensorless V/f control approach shown in figure 1.7 should be given a con-
siderable attention during this project. The modeling of the system and the
designing of the whole controller should be presented in detail. The performance
of the drive with this control approach should be analyzed.

e The sensorless torque and speed control approach shown in figure 1.8 should be
presented with design of various controllers (speed, torque, current) and design
of a position and speed estimator. The attention should be paid to the simplicity
in position and speed estimating algorithm. The performance of the drive with
this control approach should be analyzed.

e A comparison is required for the two control approaches in terms of implementa-

tion simplicity and performance.

1.4.1 Limitations

e Only an interior type PM synchronous machine without having cage windings in
the rotor is used as the test motor for this project. Recently, the IPMSMs were
designed with significantly improved efficiency, less weight and less volume over
the induction machines [9],[10]. Therefore, an IPMSM is a good candidate to

consider in pumps and fans drives.

e The standard adjustable speed drive converter configuration, i.e. voltage source
inverter with diode rectifier, shown in figure 1.9 is used in the motor controller.

e Since the applications are pumps and fans, the control speed range is limited
to 10%-100% of rated speed, which is typical for such applications. The flux
weakening regime operation of the machine is not considered. During 10%-100%
rated speed the controller should be able to overcome 50% of rated load torque
step.

1.5 Outline of the thesis

The thesis is organized in the following manner in order to present the work, which
has been done in the project. For readability, it is separated into 5 parts including one
part for appendices.
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Figure 1.9: The converter configuration used in the motor controller.

PART I Preliminaries

Chapter 1. Introduction

This chapter.

Chapter 2. Mathematical Models and Control Properties

In this chapter, the mathematical models for PMSMs are derived. The key control
properties of the PMSMs are discussed and they are compared.

PART II  Sensorless Stable V//f Control of PMSMs

Chapter 3. Stability Characteristics of PMSMs Under Open-Loop V/f
Control

Under open-loop V/ f control the PMSMs stability behaviour is studied in detail in this
chapter. The linearized PMSM model is described and the eigenvalues of the linearized
system matrix are used to study the stability characteristics. The computer simulations
and experimental results are provided to validate the stability characteristics of the

PMSMs.

Chapter 4. Stabilization of Open-Loop V/f Controlled PMSMs

The methods for stabilizing the open-loop V/f controlled PMSMs are discussed in this
chapter. A simplified linearized model is used to investigate the stabilizing methods.
The implementation of the stabilizing methods are discussed and they are experimen-
tally verified.

Chapter 5. Sensorless Stable PMSM Drive with V/f Control Approach

The complete V/ f controlled PMSM drive system is discussed in this chapter. A voltage
control method with stator resistance voltage drop compensation is discussed. In order
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to provide the stability in the system, Chapter 4 discussed stabilizing technique is used.
The performance of the complete drive system is given.

PART III Sensorless Field-Oriented Control of PMSMs

Chapter 6. Field-Oriented Control and Estimation of Rotor Position and
Velocity

In this chapter, the rotor permanent-magnet flux oriented controlled PMSM drive
system is introduced. The rotor position and velocity estimating techniques for this

drive system are reviewed and their merits and demerits are discussed.

Chapter 7. Field-Oriented Controlled Drive System with and without Po-
sition Sensor

In this chapter, the control structure of the field-oriented controlled PMSM drive system
is discussed in detail. The design of current and speed controller are discussed. The
performance of the drive system with angular position sensor is examined. The rotor
position and velocity estimation technique for the drive system is also investigated.

PART IV  Conclusions

Chapter 8. Conclusion

The main conclusions are highlighted in this chapter with recommendations for future
work.

PART V  Appendices

A. Data for the IPMSM

Data for the IPMSM used in this project are given in this Appendix.

B. Various Relationship Derivations Related to Chapter 3 and Chapter 4

Some relationships, which are required in the discussion of Chapter 3 and Chapter 4,
are derived in this Appendix.

C. Generation of PWM

The PWM generation in the drive systems is briefly described here.

D. The Laboratory Test System

In this Appendix, the laboratory test system used for experiments is described.
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Chapter 2

Mathematical Models and Control
Properties

2.1 Introduction

Development of the correct machine model through the understanding of physics of the
machine is the key requirement for any type of electrical machine control. Since in this
project an Interior type Permanent-Magnet Synchronous Motor (IPMSM) is used for
the investigations, the mathematical models are developed for an IPMSM. However, to
reduce the complexity, the development of those models is under some assumptions as
used in many models developed for a wide variety of electrical machines.

The basic control properties of IPMSMs are also discussed and they are compared
for the IPMSM used in this project.

2.2 Voltage equations in the stationary a,b,c refer-
ence frame

A conceptual diagram for two-pole IPMSM is shown in figure 2.1. It has 3-phase stator
windings conceptually shown as aa’, bb" and cc’ with their current direction. These
stator windings are identical windings and symmetrically displaced by 120°. The axes
as, bs and cs are magnetic axes of the stator phases a, b and c respectively. The
rotor has buried magnets and, the rotor direct-axis (d"-axis) and the rotor quadrature-
axis (¢"-axis) are also shown in figure 2.1. No damper windings exist for the IPMSM
used for the investigations for this project and therefore, the damper windings are not
considered for modeling.
The following assumptions are made for the development of the IPMSM model.

1. The spatial stator phase winding distribution in the air gap is sinusoidal.
2. No thermal effect for stator resistance and the permanent-magnet flux.

3. No saturation effect for the inductances.

15
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bs

Stator ‘a’ phase winding distribution

CS

Figure 2.1: Conceptual diagram for three phase, two pole IPMSM.

4. No core losses in the machine.

The voltage equations for the stator windings can be written in the matrix form as

‘ Vabes = rsiabcs + p>\abcs (221>

where, r is stator winding resistance per phase, p represents the operator % and Vgpes
(Stator phase voltage matrix), imes (Stator phase current matrix) and Agpes (Stator
phase flux linkage matrix) are defined by

Vas las Aas
Vabes = | Ups | 5 labes = | Tps | Aabcs = )\bs (222)
Ues les Acs

No rotor damper windings in the machine and therefore, no rotor circuit equations
exist for the machine.

The stator windings’ flux linkage matrix A is related to the stator currents and
rotor permanent-magnet flux by the following matrix equation.

A(/Lbcs = )\abcs(s) + Aabcs(T) (223)

where,
Lags  Labs  Lacs
Aabes(s) = | Lbas  Libs  Lies | Labes (2.2.4)
Leas Lebs  Liees
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sin(6,)
)\abcs(r) =\ sin(@T — Z—W) (225)

3
sin(6, + %)
In (2.2.4), Lyus is the self inductance of phase a winding, Lgs and Lges are mutual
inductances between a and b phases, a and ¢ phases respectively. For self and mutual
inductances of b and ¢ phases the same notations are used. In (2.2.5), A, is the
amplitude of the flux linkages established by the permanent-magnets on the rotor as
viewed from the stator phase windings.

The inductances in (2.2.4) are described below.

Due to the rotor saliency in IPMSM the air gap is not uniform, and therefore, the
self and mutual inductances of stator windings are a function of the rotor position.
The derivation of these rotor position dependent inductances is available in details in
[1]. The results are summarized here as following.

The stator winding self inductances are

Lyos = Lis + Lo — Lpcos26, (2.2.6)
2

Lips = Lis + La — Lpcos(20, + %) (2.2.7)
2m

Lees = Lis+ La — Lpcos(26, — ?) (2.2.8)

where, L, is the leakage inductance and it is the same in all three phase windings since
three phase windings are identical. L4 and Lg are given by

N

L= (7)27r,u0rl£1 (2.2.9)
1 N

LB = 5(7)271‘#07“182 (2210)

where, N, is number of turns of each phase winding, r is radius, which is from centre
of machine to the inside circumference of the stator and [ is the axial length of the air

gap of the machine. p is permeability of the air. 1 and e, are defined as

1 1 1
£ == + 2.2.11
2<gmzn gmax) ( )
1. 1 1
ey = ~( _ (2.2.12)
2 2 Gmin gmax)

where, ¢,in is minimum air gap length and g¢,,,, is maximum air gap length.

The mutual inductances between stator phases are
1 27

Labs = Loas = —5La — Lpcos(20, — ?> (2.2.13)
1 2

Lacs - Lcas - _§LA - LBCOS(297' + g) (2214)
1

Lbcs = chs = ——LA - LBcos29T (2215)

2
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Finally, the flux linkage matrix Ay in (2.2.1) can be written in the following form

Aas las sin(6,)
Mos | =L |ips | + |sin(6, — 2?”) Am (2.2.16)
Aes Tes sin(6, + %ﬁ)
where,
Ljs+ La— Lpcos20, —%LA—LBCOS(QGT — %’r) —%LA — Lpcos(260, + %ﬂ)
L= —%LA—LBCOS(QQT— %ﬂ) Lis + La — Lpcos(20, + %ﬂ) —%LA — Lpcos20,
—%LA — Lpcos(20, + %’r) —%LA — Lpcos20, Lis+ La — Lpcos(20, — %”)

(2.2.17)

2.3 Voltage equations in space vector form

Another way to represent the machine voltage equations is space vector form. Space
vector form of the machine equations has many advantages such as compact notation,
easy algebraic manipulation, very simple graphical interpretation. Specially, this nota-
tion is very useful when analyzing the vector control based techniques of the machines.
The space vector representation of AC machine equations has been discussed in detail
in number of text books ([2], [3] and [4]).

The instantaneous value of the machine variable (current, voltage or flux linkage)
can be represented along the phase axis as a vector and the space vector correspondent

to this variable is defined as

f

Labcs

- g[fas + bes + Q2fcs] (231>

where, f.s, frs and f.s are the instantaneous values of the machine variable in a, b and
¢ phases respectively and

I3

e’

a (2.3.2)

IS

us

a*=¢ls (2.3.3)

With the above definition for space vector, the conjugate of it ( i:bcs) becomes

L abcs

froo= %[fas + @ fos + afes] (2.3.4)

The selection of constant % in the definition given in (2.3.1) guarantees that for
balanced sinusoidal phase waveforms the magnitude of the space vector is equal to the
amplitude of that phase waveforms.

The IPMSM voltage equations in space vector form can be obtained using the
definition in (2.3.1). Multiplying the second row of the stator voltage matrix equation
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(2.2.1) by a and the third row by a?, adding the result to the first row and multiplying
the entire result by % it can be obtained the space vector form of the voltage equations

as
Vabes = 7dszabcs + pAabcs (235)
where,
2 2
Vabes — g(vas + avps + @ ch>7 (236)
2
Zabcs = g(ias + atys + QZics)a (237)
and
2
Aabcs == g()\as + QAI)S _|_ QQ)\CS)a (238)

The flux linkage space vector A ., can be obtained from current space vector &

abcs abcs
and permanent-magnet flux A, as follows.
The flux linkage matrix which was given in (2.2.16) can be written in the following

form.

Aas Lis+La _%LA _%LA las L es20r Q2€j20r er29»,~ las
. B i j ; :
Aos | = _%LA Lig+ Ly _%LA Ibs | — &~ Q26J20T erzer ei20r 1ps
1 1 ; 2 320 320 2,526 :
Acs —oLa —5La  Lig+La] [ics N
. e*jéer 267]297‘ Q267.729T ias 6.797‘ efj?T
. Qe—]'w, 226—?267. e—]?@»,« ips | + 2_m QQG?GT- _ 2_m Qe—yé,.
Q267_729T efJZGT g67]29r ies J eraT J QzeﬂeT
(2.3.9)

Multiplying the second row of this equation by a and the third row by a?, adding
the result to the first row and multiplying the entire result by %, one obtains (after
some simplification),

2
Aabcs = §(>\a5 + Q)‘bs + Q2)\CS>
2 3 . . .
= §<Lls + §LA)(7;(ZS + Qibs + Q27;cs> — LB<ias + Q2ibs + Qics)ej29T + Amej(eTii)
(2.3.10)

Using the basic definition for the space vector and its conjugate this expression

becomes finally,

3 3

Aabcs = (LlS + §LA)Zabcs - §LBZZbcsej29r + )‘mej(er_g) (2311)

Equations (2.3.5) and (2.3.11) represent the space vector model of the IPMSM.
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2.4 d,q model

2.4.1 Transformation of machine variables to a general
rotating reference frame

Even though the space vector form of machine equations becomes more compact, the
rotor position dependent parameters still exist in that form of expressions (see (2.3.11)
for the stator flux linkage vector). Therefore, the space vector approach discussed in
the above section is still not a simple model, which can be used for the analysis. A
simplification can be made if the space vector model referred to a suitably selected
rotating reference frame. In the following, it is discussed how the space vector model

transforms to a general rotating reference frame.

»as »Re

CcS

Figure 2.2: Stator three phase axes (as,bs,cs) and general rotating reference
frame (d,q).

Figure 2.2 shows axes of reference for the three stator phases as, bs and c¢s. It also
shows a rotating set of d,q axes, where the g-axis is located an angle 6 from the stator
a phase axis. Variables along the as, bs and cs stator axes can be referred to the g-and

d-axes by the expressions

fos = g[fascose + frscos( — 2%) + fescos (0 + 2%)] (24.1)
fus = 31 fassind + frsin0 = 50) + fsin(0 + ) (2:42)

where, f represents any of the three phase stator variables such as voltage, current or
flux linkage. The coefficient 2 should be included in (2.4.1) and (2.4.2), since the space
vector definition in (2.3.1) has the same coefficient. Since there are three phases, to
obtain the full transformation to the d, q frame it is necessary to define the third new
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variable which is called zero sequence component. The expression for the zero sequence
component fo, is

fOs = %[fas + fbs + fcs] (243)

In general applications, machines are delta or wye connected without having a neutral
return path. Therefore,

fas + fbs + fcs =0 (244>

and zero sequence component does not exist.

Multiplying (2.4.2) by j and subtracting it from (2.4.1) one can obtain the space

vector referred to the rotating d, q reference frame (f . ds) as
, 2 —j _ig_2n _i(2m
iqu - qu —JJas = g[fase 04 fose J(0=55) + fese 905 )] (2‘4‘5)
This expression for iq 4 can be written as
2 o 2
f =—-e’ [fas +bes +a fcs] (246>

<L qds 3

Finally, using the definition in (2.3.1) for space vectors, (2.4.6) can be written as

fr ="t

<L qds < abcs

(2.4.7)

The expression (2.4.7) describes the transformation of a space vector to a general

rotating reference frame.

2.4.2 Voltage equations in stationary d,q reference frame

Referring to figure 2.2, the stationary (w = 0) d,q reference frame is defined when
0 = 0. Therefore, from (2.4.7) the stationary reference frame vectors can be obtained
as

Jos =1

q = Jgs — ]fjs (248)

abcs

where, superscript s denotes the stationary reference frame quantities. Applying the
definition in (2.4.8) to (2.3.5), the stationary reference frame machine voltage equations
can be obtained as

Vgds = Tslags T PAgas (2.4.9)
where,
3 3 ‘ .
Noas = (Lus + 5 La)iga, = §LB(zgds)*e329r + Aped O =3) (2.4.10)
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Substituting the following expressions for complex vectors

y;ds = U;s - jvgs (2411)
Apds = Nos — TN (2.4.13)

and equating the real and imaginary parts in both sides of (2.4.9) and (2.4.10) one can
obtain the scalar form of the machine equations in stationary reference frame as

Vs = Tslys + PAgg (2.4.14)
Vs = Tslys + DAy (2.4.15)
and,
s 3 3 s 3 . " :
Aos = (Lis + §LA — éLBcos(QG,n))zqs + §LBsm(29T)zdS + Amsin(6,) (2.4.16)
3 3 3
s = §L38in(29r)i25 + (Lis + §LA + éLBcos(Zé’T))ifls + Amcos(6,) (2.4.17)

2.4.3 Voltage equations in rotor d,q reference frame

Since # = 6, in rotor d,q reference frame, the voltage vector in that reference frame
can be obtained multiplying the both sides of (2.3.5) by e %" as,

Qabcse_jer = rszabcse_jer + e_jerpAabcs (2418)
Using chain rule, (2.4.18) can be written as
yabcse_jer = rszabcse_jer + pAabCSG_jer + jwréabcse_jer (2419)

and finally, the rotor reference frame voltage vector can be obtained from (2.4.19) as,

Vgds = Tslgas + PAgas + JwrAgas (2.4.20)

where, superscript r denotes the rotor reference frame quantities.
The flux linkage vector in rotor reference frame can be obtained as

—gds = Aabcse_jer
= (Lls + ELA)labcse T — §LBZabcs€ re Py )\me =) o—i0r
= (Lt gLA)iabcsejer - gLBzzbcseﬂ’r + A3
3. .. 3. .. .
= (Lls + ELA)lqu - ELB(qus) + e 72 (2421)

It should be noted that when transforming the flux linkage vector to the rotor d,q
reference frame the rotor position dependent terms disappear in the expression as it
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can be seen from (2.4.21). The rotor position dependent inductances do not appear
in rotor reference frame flux vector and this is the main advantage in rotor reference
frame equations.

The expression for flux linkage vector (2.4.21) can also be written in magnetizing
inductances.

The magnetizing inductances are defined as [1],

Lmd::g(LA4-LB) (2.4.22)

Ling = ;(LA — Ly) (2.4.23)
Solving for L4 and Lg,

L, = Lmd® L ;r Ling (2.4.24)

Lp= @ (2.4.25)

Using (2.4.24) and (2.4.25), the flux linkage vector given in (2.4.21) can be written

from magnetizing inductances as

Lmd - Lmq

Lm Lm . . _ 4
= g = () 1)+ A (2.4.26)

2
The more useful scalar form of (2.4.20) and (2.4.26) is derived below.

Substituting the following expressions for complex vectors

Agds = (LlS +

Ugds = Vgs = JVas (2.4.27)
Lgds = lgs — Jlqs (2.4.28)
Ny = A0y — G, (2.4.29)

to (2.4.20) and (2.4.26), and equating the real parts and imaginary parts in both sides
of the equations the scalar form of the machine equations in rotor reference frame can

be obtained as

Vgs = Tslgs + PAgg + Wr A (2.4.30)

Vgs = Tslgs T DAgs — WrAg (2.4.31)

where,

Ny = Ly (2.4.32)

q°qs

Noo = Lgih, 4+ Am  (2.4.33)

In (2.4.32) and (2.4.33), the L, and Ly are defined as

Ly = Lis + Ly, (2.4.34)
Ld - Lls + Lmd (2435)
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Substituting the relationships in (2.4.32) and (2.4.33) into (2.4.30) and (2.4.31),
and also considering pA,, = 0, the most common scalar form of the machine voltage

equations in the rotor reference frame can be obtained as

Ugs - TSiZs + quigs + wTLdiZs + wrAm (2436)

/UQS = TSZ'ZS + pLdZZS - wT’LqZZS (2-4.37)

Equations (2.4.32), (2.4.33), (2.4.36) and (2.4.37) in the equivalent circuit form are
shown in figure 2.3.

Figure 2.3: Equivalent circuit models of the IPMSM in the rotor reference
frame. (a) Rotor d-axis equivalent circuit (b) Rotor q-axis equivalent circuit.

Stationary d,q reference frame equations from L; and L,

The stationary d,q reference frame equations derived in § 2.4.2 can also be written in
Ly and L,. The equations in that form may also be useful for some analysis of the
machine.

With the aid of (2.4.24), (2.4.25), (2.4.34) and (2.4.35), the stationary reference
frame flux given in (2.4.16) and (2.4.17) can be written as

Aos = [L + ALcos(20,)]i;, — ALsin(20,)ig, + Apsin(0;) (2.4.38)
Ngs = —ALsin(20,)i5, + [L — ALcos(20,)]ig, + Amcos(,) (2.4.39)

where,
L= Lq;Ld, AL = Lq;Ld (2.4.40)

The expressions given in (2.4.38) and (2.4.39) can also be written in matrix form

|
Ads

as

L+ ALcos(20,)  —ALsin(26,) ] [zq] . [)\msz‘n(&)

(2.4.41)
—ALsin(20,) L — ALcos(20,) Amcos(0,)

-5
Lds
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where, the inductance matrix is

L+ ALcos(20,) —ALsin(260,)

(2.4.42)
—ALsin(20,) L — ALcos(26,)

Substituting (2.4.38) and (2.4.39) to the (2.4.14) and (2.4.15), one can obtain the
stationary reference frame voltage equations from Lg and L, as

Vg = Tsly, + p[(L 4 ALcos(20,))i;, — ALsin(20,)ig,] + Apw,cos(0,) (2.4.43)

q

Vgs = Tslg, + p[=ALsin(20, )iy, + (L — ALcos(20,))ig,] — Amw,rsin(0;) (2.4.44)

2.5 The electromagnetic torque

The expression for the electromagnetic torque produced by the IPMSM can be derived
using power balance equation of the machine.

The instantaneous power p. flowing into the machine can be written from rotor d,q
frame variables as

3 T oaT T a7
Pe = i(vdszds + qulqs) (251>
After substituting the voltages vj, and v, from (2.4.31) and (2.4.30), the equation

(2.5.1) can be written separating the power quantities as in the following form.

3. . . 3. (ig,)? (if,)?
De = é[rs(zds)Q + rs(zqs)2l + §[pLd? + pL, q2 l
Power  loss \,zn conductors Rate of change Vof stored  energy
3 ror ror
+ é[wr dslqs — wT)\quds] (252)

Vv
For energy conversion

In (2.5.2), the first term indicates the power loss in the conductors and the second
term indicates the time rate of change of stored energy in the magnetic fields. The
third term should be for energy conversion, that is, from electrical energy to mechanical

energy. If this term (the electromechanical power) is denoted as pe,, then

Pem = i[wT Zsigs - wr/\gsigs] (253>

This electromechanical power output should be equal to the power output from the
motor shaft, i.e., the multiplication of mechanical angular velocity of rotor shaft w,,,

and the machine produced torque 7,. Thus, (2.5.3) can be written as

3 T T T oaT
wrmIe = E[wr dslas — WrApsing) (2.5.4)

The relationship between mechanical angular velocity of the rotor and the electrical
velocity is:
Wy = —Wrm (2.5.5)
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where, n is the number of poles of the machine.
Substituting w, from (2.5.5) to (2.5.4), one can obtain the electromagnetic torque
expression for IPMSM in rotor d,q axes flux and current components as

3n T ror
Te = 55[ 1,6 — )\qslds] (256)

ds’qs

Substituting Ay, and A, from (2.4.32) and (2.4.33), the torque expression in (2.5.6)
becomes

_3n

T, = §§[Ami;s + (La — Lg)ig,is,] (2.5.7)

It can be seen from (2.5.7), the IPMSM produce torque consists of two parts, one
is produced by the permanent-magnet flux (7},,) and the other is the reluctance torque
(T}e), which is produced by the difference of the reluctance in rotor d- and g- axes.
The expressions for those two torque components are

3

T, = §gAmigs (2.5.8)
3n o

Tre = §§(Ld — Lq>2d52qs (259)

It should be mentioned that for SPMSMs the reluctance torque component (7,.)
does not exist due to the same reluctance paths in rotor d- and g-axes and only 7,,
exists.

The torque expression given in (2.5.7) can also be written using the current vector
magnitude ¢, and the torque angle «, i.e. angle between rotor g-axis and current vector.
This way of expressing the torque is useful in a later section of this chapter and it is
derived here.

The components of the current vector in the rotor reference frame and the torque
angle are shown in figure 2.4.

Using torque angle « the current components 45, and i, can be written as

i, = iscosa (2.5.10)
igs = 1sSiNQ (2.5.11)

Substituting ig,, 77, from (2.5.10) and (2.5.11) into (2.5.7), the torque expression from
i, and « can be obtained as

3 1
T, = 5%[Amzsszna +5(La = Ly)i%sin2a] (2.5.12)
From (2.5.12), T}, and T,. components can be written as
3
T, — ég)\missina (2.5.13)
3nl
T, = S2-(Lg— Ly)i%sin2a (2.5.14)

222
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q" —axis
A

Torque angle

Figure 2.4: Current vector components in rotor reference frame.

For a given current magnitude, 7T}, and T,. varies according to the torque angle «,
and therefore, the resultant torque of the IPMSM. For a given current magnitude, the
variation of T}, and T}, and the resultant torque T, with torque angle « is illustrated in
figure 2.5. The IPMSM parameters used for this calculation are given in the Appendix
A. The current magnitude is taken as the rated current magnitude of the machine.
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Figure 2.5: For a given current magnitude, the variation of magnets produced
torque (T,,) , reluctance torque (1,.) and resultant torque (T,) as a function
of torque angle («).
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In torque expressions (2.5.7) and (2.5.12) currents are involved and, there is an-
other useful torque expression, which describes from stator flux linkage A and rotor
permanent-magnet flux \,,. Referring to figure 2.6, the stator flux components in rotor

reference frame can be written as

Ary = Agsin(ih) = Lyit, (2.5.15)
ds = Ascos(¥) = Laig, + A, (2.5.16)

where, 1) is the angle between stator flux linkage vector and the rotor permanent-magnet
flux vector.

q' —axis

= : ETTEINEES
Ldlds lc’}s ds
Figure 2.6: Rotor permanent-magnet flux vector and stator flux linkage vec-

tor in rotor reference frame.

From (2.5.15) and (2.5.16) the ij, and ij, can be obtained as

. Assin(1)

i, (2.5.17)
q Lq

by — Am
i = 003(2/’3 (2.5.18)

Substituting A/, AL, ir, and i, from (2.5.15), (2.5.16), (2.5.17) and (2.5.18) to the

qs? qs
torque equation given in (2.5.6), one can obtain the torque expression in stator flux

linkage and rotor permanent-magnet flux as

_ 3n AAgsin(y) N N2(Lq — Ly)sin(2¢)

T, =22
22" L, 2L4L,

] (2.5.19)
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2.6 Mechanical equation of the machine

The relationship among the machine produced electromagnetic torque 7T, load torque
T; and the machine’s electrical speed w,, gives the mechanical equation of the machine

and it can be expressed as

2 2
T, = J—pw, + B,,—w, + T} (2.6.1)
n n

where, J is the inertia of the rotor and the connected load, and B,, is the viscous

friction coeflicient.

2.7 Steady state model in rotor d,q reference frame

Steady state voltage equations in rotor d,q frame can be obtained directly from the
dynamic voltage equations described in (2.4.36) and (2.4.37). In steady state, since
currents in the rotor reference frame 7, and iy, become DC values (constants) the
derivative terms in (2.4.36) and (2.4.37) become zero. Therefore, the steady state
voltage equations in rotor reference frame can be expressed as

Vie = 7ol +woLaly, +wodm  (2.7.1)

Vi = relj, —wolgly, (2.7.2)
where,
Vi, Vi, - Steady state rotor g- and d- axis voltages
I, I, - Steady state rotor g- and d- axis currents
Wo - Steady state electrical speed of the rotor

From (2.7.1) and (2.7.2), the rotor reference frame steady state vector diagram of
the IPMSM can be drawn as in figure 2.7.
The steady state torque expression can be written from (2.5.7) as

3n T T T

where, T, is the steady state electromagnetic torque of the machine.

2.8 Control properties

In this section, basic steady state properties of the IPMSM under different control
strategies will be studied. The key control strategies for the IPMSMs are as follows [5].

1. Constant torque angle (o = ) control (CTAC)
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Figure 2.7: Steady state vector diagram of the IPMSM in rotor reference
frame. ¢y and oy are steady state power factor angle and torque angle respec-
tively.
2. Maximum torque per ampere control (MTPAC)
3. Unity power factor control (UPFC)

4. Constant stator flux control (CSFC)

2.8.1 Normalization

In the following developments the normalized steady state machine equations are used
to show the relationships among the machine variables. The base values for the nor-

malization are selected as follows.
The base value for current (I) is selected as the amplitude of the rated phase

current, i.e.
Iy = V2L s(rated) (2.8.1)
The base voltage V}, is defined as
Vi = wpAm (2.8.2)
where,

Wy = 27be (283)
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f» is rated frequency of the machine.
The base value for torque (7}) is

an
Ty = ==\ 1, 2.84
P (28.4)
By definition, the base impedance Z, is
v
Zy =2 (2.8.5)
I,
Then, the base inductance L, is
A
Ly =2 (2.8.6)
Wh

2.8.2 Constant torque angle (o = 7) control

One of the easiest control strategy for IPMSMs is to control the torque angle in order
to maintain it 90°. This control can be achieved by controlling the rotor d-axis current
component to zero leaving the current vector on the rotor g-axis. Therefore, this
strategy is also referred to as i), = 0 control. However, it should be noted that from
this control strategy the benefit of the IPMSM produced reluctance torque cannot be
utilized, and therefore, this control strategy is not recommended for IPMSMs with high
saliency ratio. For SPMSMs, this control strategy is the widely used and it will also
become maximum torque per ampere control for SPMSMs as it will be shown later.

The relevant steady state performance equations for this control strategy is derived
in the following.

Since I}, = 0, from (2.7.3) the machine produced torque T,y becomes

3 3
Lo = 55l = S5, (2.8.7)

The normalized torque can be expressed as

T@O o %%)\mls

Ten = =
Tb éﬂ)\m[b

= I, (2.8.8)

From (2.7.1) and (2.7.2) the steady state voltage equations are

Vis = 1sli + Wolm = 15l + wolm (2.8.9)
Vis = —wolgly, = —wo Lyl (2.8.10)
The magnitude of the voltage vector is given by,
Ve = (V)2 + (VL) (2.8.11)
The normalized voltage vector magnitude Vj,, becomes,
Vin = % = w:;im = \/(Tsn[sn + won)? + (WonLgnLsn)? (2.8.12)

The steady state vector diagram for this control strategy is depicted in figure 2.8.
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Figure 2.8: Steady state vector diagram for constant torque angle (a = %)
control.

2.8.3 Maximum torque per ampere control

From this control strategy, the minimum stator current magnitude can be impressed to
the machine for a required electromagnetic torque [6]. Therefore, for a given operating
point, the copper losses can be minimized in the machine. When the core losses are
negligible, from this control method the maximum efficiency of the machine can also
be obtained.

The steady state performance equations for maximum torque per ampere control
are derived below.

The normalized steady state torque equation can be obtained from (2.5.12) as

T, , 1 :
Tow = 7 = Talsiner + 5 (Lan = Lyn) Lonsin2ol (2:8.13)
b

In figure 2.5, for a given current magnitude the variation of resultant torque with torque
angle is shown. The torque angle, where the maximum torque is achieved for a given
current, can be obtained by taking the derivative respect to torque angle of (2.8.13)
and equating to zero, i.e.

d<Ten)

= Isn[cosa+ (Lan, — Lgn)Isncos2a] =0 (2.8.14)
Q
Solving for torque angle «
—1 1 1
= cos ! +,/= 2 2.8.15
“ cos [4(Ldn - an)Isn \/2 * (4(Ldn - an)Isn) ] ( )

From figure 2.5, it can be seen that T}, is maximum at o = 90° and the T} is added to
the resultant torque when 90° < a < 180°. Therefore, the maximum resultant torque is
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achieved always when 90 < o < 180°. Because of this reason, in (2.8.15) only negative
sign should be considered for the solution. Then, the expression for steady state torque

angle in order to obtain maximum torque for a given current magnitude is

—1 1 1
=cos™! — /= 2 2.8.1
o cos [4(Ldn - an)[sn \/2 * (4(Ldn - an)[sn) ] ( s 6)

The steady state voltage equations (2.7.1) and (2.7.2) can be written using the

current vector magnitude /5 and the torque angle aq as
Vs = rslssinag + woLalscosag + wodn (2.8.17)
Vi, = rslscosog — woLylssinag (2.8.18)

The normalized voltage equations are

snIsn .
‘/qgn = wOn[w + Ldn]sncosa() + 1] (2819)
Won
‘/drsn = wOnlsn[M - anSinOéo] (2820)
Won

The normalized stator voltage magnitude is

Vin = (Vi)? + (Vi) (2:821)

For a given current magnitude I, one can calculate o from (2.8.16) and substituting
those values to (2.8.13), (2.8.19) and (2.8.20) the torque and voltages can be calculated
for this control strategy.

Since reluctance torque T,. does not exist in SPMSMs, from figure 2.5 one can
observe that for a given current magnitude the maximum torque is always obtained at
a = 90°. This means that for SPMSMs the maximum torque per ampere control is
a = 90° control.

Some insight into the maximum torque per ampere control technique can also get
writing the normalized torque equation from Ij,, and I},,. From (2.5.7), the normalized

torque equation can be written as

Ten = [(;sn + (Ldn — an)lgsnlr (2822)

gsn

For a given torque there are infinite number of I, and I, values to fulfill the rela-

tionship in (2.8.22). Those values make a hyperbole in the rotor I, Ir , plane. For

sn) S

I7 . plane are shown in figure

different torque values, those constant torque loci in I, I,

2.9. In each locus there is one point, where the current becomes minimum to obtain
that torque. The locus, which those minimum current points are connected, is also
shown in figure 2.9 and it is referred to as MTPA trajectory. Figure 2.9 is drawn for
the IPMSM, where the parameters are given in Appendix A. The MTPA trajectory
lies in the second quadrant, i.e. 90° < a < 180°, as expected. For a SPMSM the
MTPA trajectory should lie on I}, = 0 line.
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Figure 2.9: Constant torque loci and maximum torque per ampere (MTPA)
trajectory in I}, , 1), plane for the IPMSM.

sn? T q

2.8.4 Unity power factor control

Since only active power is input to the machine under unity power factor control, the
VA rating requirement of the inverter can be reduced.

Since power factor angle ¢y becomes zero under this control strategy, there is no
phase difference between the current vector and the voltage vector. This implies that
the relationship

\7 1"
U 2.8.23
Vdrsn Igsn an(aO) ( )

is fulfilled. Substituting the voltages from (2.8.19) and (2.8.20), the equation (2.8.23)
becomes

o 4 Landoncosao + 1 sinag (2.8.24)

T COS(Y
I, ["TO — Lgnsinoyg cosay

After simplifying, (2.8.24) becomes
]Sn(ansm%zo + Lgncos*ay) = —cosay (2.8.25)

Solving for torque angle oy

L —1x /1= 4L, 12 (Lay — Lyn)
2]sn(Ldn qn)

o = cos ] (2.8.26)
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In order to utilize the maximum torque for a given current magnitude of the IPMSM,
90° < ag < 180° (see figure 2.5). That is, cos(ag) < 0, and therefore, only positive sign
must be considered in (2.8.26) (It should also be noted that Lg, < L, for an IPMSM).
Therefore,

—1+ /1 —4Ly 12, (Lan — L)
218n(Ldn - an)

] (2.8.27)

ap = cos™ |

After obtaining «y for a given current magnitude, the steady state normalized torque
and voltages can be calculated for this control strategy from (2.8.13), (2.8.19), (2.8.20)
and (2.8.21) respectively.

2.8.5 Constant stator flux control

Limiting the stator flux linkage magnitude A, the stator voltage requirement can be
kept comparably low. However, when limiting the stator flux linkage magnitude the
torque producing capability of the machine is also limited.

As it can be seen from the torque expression (2.5.19), for a given stator flux magni-
tude A the electromagnetic torque 7, is a function of ¢ (the angle between stator flux
linkage vector and the rotor permanent-magnet flux vector). This is depicted in figure
2.10 for different stator flux magnitudes (Machine parameters are given in Appendix
A). As it can be seen from figure 2.10 when the magnitude of the stator flux is decreased
the maximum torque, which can be produced by the machine is also decreased.

When controlling the flux for PMSMs, usually, the stator flux linkage magnitude A4
is kept constant at a value equal to the rotor permanent-magnet flux magnitude \,,,
i.e. Ay =1 p.u.. With this selection, the stator voltage requirement to the machine can
be kept comparably low and the torque producing capability of the machine is also not
degraded.

In the following, the steady state performance equations are derived for the machine,
when the stator flux linkage magnitude is equal to A,,.

The magnitude of the stator flux linkage vector is

As = \/(AZS)2 +(AG)? = \/(quqs) + (Lall, + Ap)? (2.8.28)
Equating
As = Am (2.8.29)
one can obtain the relationship for rotor frame currents as

(L I7)* + (Lal},)? + 2L I, = 0 (2.8.30)

q-qs

Since [(LgI},)* + (L4lj,)?] > 0 and the machine parameters are positive values in
(2.8.30), it can easily be seen that it should always I, < 0 for this control strategy.
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Normalized Torque (p.u.)

0 45 90 135 180 225 270 315 360
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Figure 2.10: For a given stator flux magnitude A, the variation of the elec-
tromagnetic torque with 1) (the angle between stator flux linkage vector and
the rotor permanent-magnet flux vector).

If the rotor frame current components in (2.8.30) are substituted from the cur-
rent vector magnitude and the torque angle using (2.5.10) and (2.5.11), the following
expression can be obtained.

—2A A Lacosayg
[, = —— 2.8.31
L2sin?aq + Ljcos?aq ( )
After normalizing (2.8.31) one obtains
—2cosay
Iy, = . 2.8.32
Lan(0%sinaqg + cos?ay) ( )
where,
Lq an
=~ =" 2.8.33
’ Ly Lan ( )
Note o > 1 for the IPMSMs.
The torque angle o can be obtained from (2.8.32) as
-1 1 o2
= cos ! + 2 - 2.8.34
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Since I’ < 0 for this control strategy, 90° < ay < 180°,and therefore, only the negative
sign should be considered in (2.8.34).

1 o2

1 -1 .
g = COS [[snLdn(l — 0_2) - \/([snLdn(l . 0,2)) - (1 _ 0,2) ] (2835)

For a given stator current magnitude the ag can be calculated from (2.8.35) for this
control strategy. The torque and voltages can be calculated using (2.8.13), (2.8.19),
(2.8.20) and (2.8.21) respectively.

2.8.6 Comparison of control strategies

In order to compare the steady state performance characteristics of the above discussed
control strategies, for each of the control strategy some important quantities of the
machine are plotted as a function of the torque. The IPMSM parameters, which are
used for the calculations are given in Appendix A.

The current requirement as a function of torque is illustrated in figure 2.11 for the
different control strategies. It should be noted that for a given current the calculation
of torque angle and torque is independent of the speed as it is seen when deriving the
steady state performance equations for the control strategies (see (2.8.16),(2.8.27),(2.8.35)
and (2.8.13)). Therefore, the relationships shown in figure 2.11 are independent of the
speed of the machine.
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Figure 2.11: Current requirement for different control strategies as a function
of torque.
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It can be seen from figure 2.11, the MTPA requires the lowest current for a given
torque as it is expected. However, up to 1 p.u. torque, there is no major difference
for current requirements for CTAC, CSFC and MTPAC. From UPFC, the maximum
torque, which can be produced in the machine is about 1 p.u.. Moreover, it can also
be seen that there are two operating points in the machine for UPFC for each torque
value up to that torque. However, it should be noted that the operating point with
high current value cannot exist due to the current limitations to the machine. Even
with lower current operating point UPFC requires somewhat higher current compared
to the others when the torque is higher than about 0.6 p.u.. (Note that in every figure
in this section, the two parts of the curve related to UPFC are marked with circles and
squares in order to recognize the corresponding part of the curve in each figure. As it
is mentioned, practically, the part with circles cannot exist for UPFC.)

The voltage requirements for the control strategies as a function of torque for two
different speeds (1 p.u. speed and 0.1 p.u. speed) are shown in figure 2.12. Both
high and low speeds the voltage requirement for UPFC is the lowest. For CTAC is the
highest.
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Figure 2.12: Voltage requirement for different control strategies as a function
of torque. (a) Rotor speed at 1 p.u. (b) Rotor speed at 0.1 p.u..

VA rating requirement for different control strategies as a function of torque at 1
p.u. speed is shown in figure 2.13. VA rating comparison at high speed is the most
important since the highest required VA rating for control strategies can be seen at
high speeds. It can be seen from figure 2.13, both UPFC and CSFC have the lowest
VA rating requirement. CTAC requires the highest VA rating.

The power factor variation as a function of torque for different control strategies is
shown in figure 2.14. Both high and low speeds, the power factor decreases rapidly for
CTAC compared to the others when the torque is increased. CSFC keeps the power
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Figure 2.13: VA rating requirement for different control strategies as a func-
tion of torque at 1 p.u. rotor speed.

factor very close to unity until the torque reaches about 1 p.u..
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Figure 2.14: Variation of the power factor for different control strategies as
a function of torque. (a) Rotor speed at 1 p.u. (b) Rotor speed at 0.1 p.u..

The steady state performance characteristics comparison which was shown in figure
2.11, figure 2.12, figure 2.13 and figure 2.14 can be summarized based on the control
strategies as below.

It can be seen that the voltage requirement is relatively high for CTAC. Even though
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the current requirement is not very high, the high voltage requirement increases the
VA rating. CTAC deteriorates the power factor when the load or the speed is increased

in the machine.

The main advantage of MTPAC is the lowest current requirement to the machine.
However, the voltage requirement is only second to CTAC. The high voltage require-
ment increases the VA rating. The power factor is only second to CTAC.

The benefit of the UPFC is the voltage requirement is relatively low to the machine.
However, UPFC can only produce about 1 p.u. torque in the machine, which is the
main drawback. When torque is increased, relatively high current is required to the
machine from UPFC.

The voltage requirement for CSFC is only second to UPFC. However, CSFC can
produce much higher torque in the machine compared to UPFC. Even though the
current requirement is high at high torques, up to 1 p.u. torque there is no significant
different between CSFC and MTPAC. CSFC also has the lowest VA rating requirement.
The power factor is only second to UPFC and it is very close to unity up to 1 p.u.

torque.

From this comparison study it can be concluded that the CSFC has better steady
state performance characteristics compared to the others and it should be a good
control strategy to consider.

2.9 Summary

The mathematical models for IPMSM have been derived in this chapter. Even though
there are different forms to express the IPMSM voltage equations, the rotor d,q refer-
ence frame voltage equations are the most convenient. The simplification in rotor d,q
reference frame voltage equations is due to the disappearance of position dependent

inductances in those equations.

The electromagnetic torque of the IPMSM is not only produced by the permanent-
magnet flux but also by the reluctance difference in rotor d- and g-axes. This is different
from SPMSMs where the electromagnetic torque is only produced by the permanent-

magnet flux.

The steady state performance characteristic equations for key control strategies of
IPMSM have also been derived in this chapter. The comparison of steady state perfor-
mance characteristics of the key control strategies reveals that the overall performance
of the constant stator flux linkage control strategy is better compared to other control

strategies.
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Part 11

Sensorless Stable V/f Control of
PMSMs






Chapter 3

Stability Characteristics of PMSMs Under
Open-Loop V/f Control

3.1 Introduction

When PMSM drives are used for applications like pumps and fans, where high dynamic
performance is not a demand, V/f control of them may be sufficient to achieve the
required control performance. However, as described in § 1.2 of Chapter 1, the V/f
control of PMSMs can only be achieved in closed-loop manner, in order to assure the self
synchronization. This makes the design of V/f control for PMSMs somewhat difficult.
In order to obtain the background knowledge for designing the V/f control of PMSMs
in closed-loop manner, it is important to understand the stability characteristics of
PMSMs under open-loop V/ f control. The open-loop V/f control is referred to as, the
V/f control without incorporating any feedback for self synchronization as shown in

figure 3.1.
Voltage
calculation
-
Frequency ., > >
command Jf _[Accel | fy PWM
» Decel. f VSI
0

Figure 3.1: Open-loop V/f control of PMSMs.

The objective of this chapter is to study the stability characteristics of PMSMs
under open-loop V/ f control. For this purpose, to use linear system theory for analysis,
the nonlinear PMSM equations derived in Chapter 2 are linearized. This linearized
PMSM model is the tool for studying the stability behaviour of the PMSMs under
open-loop V/f control. Computer simulations and experimental results are provided
to validate the results obtained from the linearized PMSM model analysis.

45
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3.2 Linearized PMSM model

3.2.1 PMSM equations in state variable form

The PMSM’s rotor d”, ¢" frame voltage equations, torque expression and the mechanical
equation, which are derived in Chapter 2, are used here to develop the linearized
machine model of the PMSM. Here, another machine variable is defined, that is, the
load angle 9, which is useful for the analysis.

The load angle ¢ is defined as

§=0,—0, (3.2.1)

where, 6, and 0, are electrical angular position of applied stator voltage vector and
electrical rotor angular position respectively. Figure 3.2 illustrates the load angle §

defined in (3.2.1).

as—axis

Figure 3.2: Rotor reference frame vector diagram showing the load angle 9.

Differentiating (3.2.1) one can obtain
Pd = W, — Wy (3.2.2)

where, w, and w, are the electrical angular speed of applied voltage vector and the
rotor respectively.
Using 0, the rotor frame voltage components v, and vg, can be obtained as

Vg, = 5c08(6) (3.2.3)

v, = —ugsin(0) (3.2.4)
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where, v, is the magnitude of the applied voltage vector.
Substituting v}, and vj, from (3.2.3) and (3.2.4) to (2.4.36) and (2.4.37) derived in
Chapter 2, the following equations can be obtained.

v508(0) = 1yip, + pLgin, + wr Laig, + wp A (3.2.5)
—vs8i0(0) = 1yig, + pLaig, — wyLyiy, (3.2.6)

Substituting the torque expression (2.5.7) to the mechanical equation (2.6.1) one
obtains
3n,.. ., . 2 2
§§[Amzqs + (Lg — Lq)ig,in,] = Jgpw,« + Bmﬁwr + 1 (3.2.7)
The four equations (3.2.5), (3.2.6), (3.2.7) and (3.2.2) can be rearranged to obtain
the four system equations in state variable form as

Pigs = % - %(2—’: +igs) + Uszzsjé) (3.2.8)
pih, = %}S + ow,ig, — %Z(d) (3.2.9)
por = oo (5P Doy + Ll = )ifis] = = B — 25T1 (3:2.10)
pPd = We— Wy (3.2.11)
In these equations
L
T, = r—d (3.2.12)
L
o= (3.2.13)

3.2.2 Linearization
The above obtained machine state equations (3.2.8)-(3.2.11) have the form
& =f(z,u) (3.2.14)

where, x is the vector of the machine state variables and f is the nonlinear function of
the state  and the inputs u.
The linearized form of the nonlinear system given in (3.2.14) can be written as

Az = A(X)Az + B(X)Au (3.2.15)

where, Az is perturbation matrix for state variables x, A(X) is state transition matrix,
Auw is input perturbation matrix and B(X) is input matrix [1], [2].
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The linearized state equations in (3.2.15) can be obtained from the nonlinear state

equations in (3.2.14) as described below.
It should be considered the each machine state variables in (3.2.14) is composed of

a steady state component X and a small perturbation (Ax;) as

In (3.2.16), z; is the ¢ th state variable.
Substituting (3.2.16) for the corresponding state variable in (3.2.14), and cancelling
steady state terms and neglecting second order perturbations the linearized equations

in (3.2.15) are obtained [1], [2], [3], [4].
Applying this linearizing method to the nonlinear PMSM state equations described

in (3.2.8)-(3.2.11), the obtained linearized PMSM equations can be written in matrix
form as

AT
Al
p =
Aw,
[ Ad ]
| = - T+ 1) Fasin(o)] [AdL]
owo ;—3 olys Z.2cos(do) | | Aig,
@M+ Ll - L) BP0 - oL, e 0| [Aw
I 0 0 —1 0 | LA
(60) Av
Cl;SLZ ) 0 S
—sin(do
+1 7z Y 0 Aw, (3.2.17)
0 0 37
0 1 0] |ap

In the linearized system given in (3.2.17), the state transition matrix (the system

matrix)
= = T+ 1) 512sin(0)
oW ;—3 ol _L‘: cos(dg)
AX) =
3350w + La(l = o)) 535 La0 =), == 0
I 0 0 ~1 0 |

(3.2.18)
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where
Ios: 13
Vs
Wo

%o

Magnitude of the steady state rotor ¢"- and d"- axis currents
Magnitude of the steady state stator applied voltage

Steady state electrical speed of the rotor

Steady state load angle

The PMSM’s voltages and currents in the rotor fixed reference frame become con-

stant values in a steady state operating point, and therefore, the state transition matrix

A(X) also becomes a constant matrix (time invariant) in the linearized model described

in (3.2.17) for that operating point. This makes the analysis of the system more con-

venient and this advantage is due to the selection of the PMSM equations in the rotor

fixed reference frame [5].

The above obtained matrix form of the linearized machine model can also be illus-

trated in block diagram form as shown in figure 3.3.

T

Av, R €0S0, Aiqs R
°| PL. - r
3n[,4Ly(1-p)y, ]
4
f m
Sing, Aiy,
ds o
_’ Ld
r T
3nL,(1-p)I
4
Y r
S1OG/Litlgg ) [
AT p
n
e T
2] Plgs
AT, -n 1 A(Dr
—— —> — »
AL 5]
L]
[ |
-1
L1
-V cosd,
L,
-V sing,

J pL,
AS

>
£
w‘._.
A

Figure 3.3: Block diagram form of the linearized PMSM model.
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3.3 Linearized PMSM model under open-loop V/f
control

Under open-loop V/f control the commanded voltage magnitude and the frequency
are directly applied to the PMSM. No adjustments are made for them measuring other
signals. This means that there are no perturbation components in the applied voltage
magnitude and the frequency, i.e. the conditions

Av, =0 (3.3.1)
Aw, =0
are fulfilled.

Applying these two conditions to the linearized PMSM model in matrix equation
(3.2.17), the PMSM model under open-loop V/f control can be obtained as

AT
Adly
p =
Aw,
| AS
' 7. =" S+ 10 Fresin(d0)] [Ad]
owo ;—Sl oly, EZS cos(do) | | Adly,
5(3)% 7 0m + La(1 = 0)I3) 5(3)* 7 La(1 — o)1, = 0 Awy
I 0 0 1 o | Las
0
+ 10| an (3.3.3)
27
0
Now, the state transition matrix of the system A;(X) is
o = (G + 1) Fzsin(d)
owp ;—51 ol _L‘c/z cos(dp)
A(X) =
5(3)% 5 + La(1 = 0)I5) 5(5)* 7 La(1 — o)1, =i 0
i 0 0 -1 0o |




3.3. Linearized PMSM model under open-loop V/f control 51

and it is same as A(X) given in (3.2.18).
Taking into account the two relationships

Vicos(o) = Vi, (3.3.5)
—Vssin(dg) = V.

the A;(X) can also be written without involving &y as follows.

_ .y 1/ Am ’ Vi
0'1'%g TO 71(2_11 + Ids) azd
owy ;—1 ol 72/53
A (X) =
55025 + La(l = 0)13] 3(3)*5La(1 — o)1, L 0
I 0 0 -1 0
(3.3.7)

Under open-loop V/f control, the small signal dynamics (or linearized system dy-
namics) of the system can also be visualized in terms of the block diagram form as
shown in figure 3.4. One can obtain this block diagram taking into account the rela-

tionships given in (3.3.1) and (3.3.2) to the full small signal dynamics model given in
the block diagram form in figure 3.3.

n -Am -
21(s+B_ /1) g
LA |
< Sl

Figure 3.4: Block diagram form of the linearized PMSM model under open-
loop V'/ f control.

The block diagram in figure 3.4 shows that the torque perturbations produce rotor
speed perturbations (through the rotor mechanical dynamics), which in turn create

load angle and torque perturbations which are feedback in a closed-loop system. The
characteristic equation for this system is

n AT,

1
* 2Js(s + BT’”)( A

) =0 (3.3.8)
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AT,
Ad

equation (2.5.7) and considering the first, second and fourth equations in the matrix

One can find the transfer function for in (3.3.8), by linearizing the torque

equation (3.3.3). The derivation of this transfer function is given in Appendix B.1.

3.4 Investigation of stability characteristics under
open-loop V/f control

After obtaining the linearized model of the system under open-loop V/f control, the
system can be analyzed using the linear system theory. According to the linear sys-
tem theory, the eigenvalues of the state transition matrix A;(X) express the poles of
the system. Therefore, the location of the eigenvalues of A;(X) in the s-plane indi-
cates the system’s stability characteristics for the conditions under consideration. The
eigenvalues of A;(X) (system poles) are determined by the solution to the determinant
equation

det(sI — A1(X)) =0 (3.4.1)

where, I is the unit matrix.

The system poles can also be found from the solutions to the characteristic equation
(3.3.8). However, in this section the eigenvalues of the state transition matrix A;(X)
are used to investigate the stability characteristics of PMSMs under open loop V/f
control. The eigenvalue plots of A;(X), which are drawn as a function of a appropriate
parameter, will be the key to understand any instability and the damping of the system
for the conditions under consideration. The IPMSM parameters, which are given in
Appendix A, are used for the following calculations.

3.4.1 The machine under no-load

Under no-load, the ideal condition is assumed, i.e. the machine does not produce a
torque, and therefore, I;; = 0. In order to reduce the losses I, does not need to
flow in the machine under no-load. Therefore, under no-load the voltage is applied to
the machine only to compensate the back EMF (E,,) produced by the rotor PM flux.
This implies that the conditions for no-load are, V; = E,,, = woA,, = V5, I}, = 0 and
V5, =0, I}, = 0. Applying these conditions to the matrix A;(X) given in (3.3.7), the
drawn eigenvalue plot of it, as a function of the applied frequency is shown in figure
3.5. This plot is symmetric on the real axis and the four parts correspond to the four
eigenvalues of matrix A;(X) for each operating point.

From figure 3.5, it can be seen that, when the applied frequency is increased, one
set of poles is moving away from the imaginary axis in the left half of the s-plane.
For high frequencies the real part of the eigenvalues is almost a constant for this set.
The damping of the other set decreases with increasing frequency and above a certain
frequency the eigenvalues migrate into the right half of the s-plane making the system
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Figure 3.5: FEigenvalue plot for the machine under no-load, as a function of
the applied frequency.

unstable. After this crossing frequency this set of poles remain in the unstable region

when the applied frequency is increased.

It should be noted that the set of poles, which is comparably fast in figure 3.5
represents the fast acting electrical dynamics in the stator of the machine. These poles
are referred to as “stator” poles of the machine. The remaining set of poles, which
is comparably slow, represents the mechanical dynamics of the machine. This set of
poles is referred to as “rotor” poles of the machine [2]. From figure 3.5, it can be seen
that the rotor poles of the machine become dominant poles since they mainly impact
on the stability characteristics of the machine. An enlarged view of these rotor poles
in the s-plane is shown in figure 3.6. From figure 3.6 it can be seen that the machine
becomes unstable after about 15 Hz.

Figure 3.7 illustrates the loci of the rotor poles with different inertia of the system,
under no-load, as a function of the applied frequency. When the inertia of the system
is increased the mechanical dynamics of the machine become slow. This can clearly be
seen from figure 3.7, where the rotor poles become slow when the inertia is increased.
It can also be seen in figure 3.7, the oscillation frequency decreases in the machine
when increasing the inertia of the system, also as expected. However, the instability in
the machine still exists with increased inertia.
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Figure 3.6: Enlarged view of rotor poles of the machine, under no load, as a
function of the applied frequency.
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Figure 3.7: The loci of the rotor poles with different inertia of the system,
under no-load, as a function of the applied frequency.
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3.4.2 The machine under load

When the machine under load, the stability characteristics are investigated under the
different control strategies discussed in §2.8 of Chapter 2. Under load, the steady state
values of the machine variables (i.e. I7, I}, V[,
elements of state transition matrix A;(X), are calculated under those different control

V7.), which require to determine the

strategies.

Figure 3.8 shows the eigenvalue plot of matrix A; (X ), machine under full-load, with
constant stator flux linkage control strategy, as a function of the applied frequency. The
shape of this eigenvalue plot is very similar to the eigenvalue plot, which is drawn for
the no-load condition of the machine in figure 3.5. The eigenvalue plots drawn under
full-load with other control strategies reveal that there is no significant change in the

shape of the complete eigenvalue plot.
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Figure 3.8: FEigenvalue plot for the machine under full-load, constant stator
flux linkage control, as a function of the applied frequency.

In figure 3.9- figure 3.12, the eigenvalue plots are shown with different control strate-
gies, under different load conditions in the machine. For clarity, only the dominant
poles (rotor poles) are shown in those figures. The no-load condition is also shown for
comparison. It can be seen that the eigenvalues of the machine migrate into the right
half of the s-plane, i.e. the machine becomes unstable, after exceeding a certain applied
frequency (about 15 Hz) regardless of the control strategy and the load condition of
the machine. Under open-loop V/f control, this type of stability behaviour of PMSMs
was also observed in [6] and [7], and it was referred to as mid-frequency instability of
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PMSMs.
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Figure 3.9: The loci of dominant poles under different load conditions, con-
stant stator flux linkage control, as a function of the applied frequency.
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3.4.3 Simulations and experimental results

In order to verify the stability behaviour of the machine, which was demonstrated
using the eigenvalue plots obtained from the linearized model of the machine, first,
the computer simulations were carried out for different operating points using the full
non-linear model of the machine.

The machine was modeled using the equations (3.2.8)-(3.2.11) and, the rotor speed
and the load condition of the machine were initialized to the required steady state
operating point value. Then, the machine was simulated exciting the frequency and
the voltage correspondent to that steady state operating point, using a voltage source
inverter with space vector modulation (see figure 3.1). A constant DC-link voltage (560
V) was used for the voltage source inverter. The machine parameters were same as
used for the eigenvalue plot calculations. They are given in Appendix A.

Figure 3.13 shows the simulated rotor speed responses at different frequencies under
no-load, i.e. Vy = FE,,. It can be seen from this rotor speed responses the system is
stable at low frequencies (at 5 Hz and 10 Hz) and at high frequencies (at 43.75 Hz
and 87.5 Hz) the system is unstable as expected from the eigenvalue plots drawn under
no-load (see figure 3.5 and figure 3.6).

Figure 3.14 shows the simulated rotor speed responses at different frequencies, ma-
chine under full-load, with the excitation voltage according to the constant stator flux
linkage control strategy. Again, the results in figure 3.14 agree with the stability anal-
ysis of the machine, which was demonstrated in the eigenvalue plots drawn under
full-load with this control strategy (see figure 3.8 and figure 3.9).

To see the stability behaviour of the machine experimentally, the following labo-
ratory tests were carried out in a prototype drive system, under no-load. The drive
system consists of a voltage source inverter with space vector modulation (see Appendix
C) and the IPMSM, which is used for the analysis. More details of this laboratory drive
system can be found in Appendix D.

The machine was ramped up to the different frequencies, under no-load, applying
the voltage V, = F,, = 27 fy\,,. For all measurements the machine was started from
a same initial rotor position. The plots of measured rotor speeds are shown in figure
3.15. It can be seen from this measurements, the stable operation at low frequencies
and the unstable operation at high frequencies of the machine, as expected from the
previous analysis. Moreover, the oscillations at high frequencies have a good agreement
with the eigenvalue plot, which was drawn for the no-load case in figure 3.6.

In order to see whether any effect from ramp up time to the instability seen at high
frequencies, the rotor speed at 43.75 Hz was measured with different ramp up times.
The results are shown in figure 3.16(a). As it can be seen, changing the ramp up time
the stable operation of the machine cannot be achieved. Another measurement was
carried out applying a higher than the no-load voltage to the machine at the same
frequency. The measured rotor speed is shown in figure 3.16(b). The stable operation
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Figure 3.13: Simulated rotor speed responses, machine under no-load. The
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(50% of the rated frequency) (d) At 87.5 Hz (rated frequency).
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of the machine can also not be achieved applying a higher voltage to the machine, as

it can be seen from the rotor speed measurement shown in figure 3.16(b).
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3.5 Summary

This chapter has been investigated the stability characteristics of the PMSMs under
open-loop V/f control. First, the linearized PMSM model has been derived when the
machine is under open-loop V/ f control. The eigenvalues of the state transition matrix
of this linearized PMSM model have been used to investigate the stability character-
istics of the machine. The drawn eigenvalue plots for the machine under no-load and
under load conditions, as a function of the applied frequency, have revealed that the
machine becomes unstable after exceeding a certain applied frequency (mid-frequency
instability) under open-loop V/f control. Computer simulations and experimental re-
sults have verified that stability behaviour of the machine.

Since the machine has been operated under open-loop, it does not assure the syn-
chronization of machine’s stator excitation and motion of the rotor. Without this
synchronization the electrical and the mechanical modes of the machine do not have
proper coupling and this leads to the instability of the machine, after exceeding a cer-
tain applied frequency, as it is seen in the investigation. However, at low frequencies
the electrical and the mechanical modes of the machine have coupling, which makes
the stable operation of the machine.
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Chapter 4

Stabilization of Open-Loop V/f Controlled
PMSMs

4.1 Introduction

As it is shown in Chapter 3, the PMSM becomes unstable after exceeding a certain
applied frequency under open-loop V/f control. Under open-loop V/f control, there
is no assurance for synchronization of PMSM’s stator excitation and the motion of
the rotor. This leads to that observed instability behaviour of the PMSM. In order
to achieve stable operation for a wide frequency range, the open-loop V/f controlled
PMSMs require some means of synchronization of the stator excitation and the motion
of the rotor. This chapter investigates how this can be achieved for open-loop V/f
controlled PMSMs.

First, in this chapter, the small signal dynamics model, which is derived in §3.2 of
Chapter 3 is simplified, so that it can mainly provide the behaviour of the principal
system roots of the system. This simplified small signal dynamics model is an easy
tool to understand how the system is stabilized. It will be shown in detail that the
applied frequency modulation proportional to the perturbations in the input power
of the machine should be a suitable solution to achieve stable operation of open-loop
V/f controlled PMSMs for a wide frequency range. Then, two ways to implement this
frequency modulated stabilizing loop in the drive system will be discussed. One method
uses calculated input power of the machine and the other method uses measured DC-
link current in the DC-link of the drive. Small signal analysis, computer simulations
and experimental results are presented to validate those stabilizing techniques.

4.2 Simplified small signal dynamics model

The small signal dynamics model (the linearized machine model) of the PMSM, which
is shown in figure 3.3 of Chapter 3 is a very complex one. From that model it is not
easy to see how the system is stabilized under open-loop V/f control. Therefore, a
simplification is necessary for that small signal dynamics model, so that it can be used
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to see how the system is stabilized.

In this section, a simplified small signal dynamics model is developed based on the
model derived in § 3.2 of Chapter 3. The key approximation for the simplification
is discussed. Moreover, the validity of the obtained simplified small signal dynamics
model is studied under open-loop V/f control of PMSMs.

4.2.1 Approximation for the simplification

A simplification can be achieved to the small signal dynamics model of the PMSM
shown in figure 3.3 of Chapter 3, considering an approximation for the electromagnetic
torque perturbation production in the machine. In the approximation, it is consid-
ered the electromagnetic torque perturbation in the machine is produced only due to
the perturbation in the load angle and proportionally to it [1]. This can be written
mathematically as

AT, = k,(AS) (4.2.1)

The k. in (4.2.1) is electromechanical spring constant and it is equal to the slope of
the torque-load angle curve at the steady state operating point, i.e.

0T

ke - 85 |60 at steady state operating point. (422>
0

The steady state electromagnetic torque T,g is a function of V,, wy and dy5. One
can obtain this relationship considering the steady state voltage equations in the rotor
frame and the electromagnetic torque equation. The derivation of this relationship
is given in Appendix B.2. For a given steady state voltage V, and frequency wy the
relationship between T,y and §y can be drawn as in figure 4.1. Figure 4.1 is drawn at
rated frequency and voltages are calculated for different load conditions using constant
stator flux linkage control strategy. The IPMSM parameters given in Appendix A are
used for the calculation. According to (4.2.2), k. is the slope of one of the curves shown
in figure 4.1 at the steady state operating point.

When the T,y is known as a function of Vj, wy and dg, one can easily derive the
expression for k. using (4.2.2). This derivation is given in Appendix B.3. k. is also
a function of Vi, wg and dy. One particular interest is to see the variation of k., with
frequency for different load conditions. This is useful in later analysis and it is shown
in figure 4.2 for the IPMSM parameters given in Appendix A. For calculations, the
constant stator flux linkage control strategy is used. From figure 4.2 it can be seen that
the k. is not much affected from the load and at high frequencies it becomes almost a
constant value.

4.2.2 Block diagram for simplified small signal dynamics model

Representing the rotor velocity (w,), electrical angular velocity (w,) and load angle (6)
as the sum of the steady state component and the perturbation component, one may
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write
w; = Wy + Aw, (4.2.3)
We = Wy + Aw, (4.2.4)
0 =200+ A6 (4.2.5)

Substituting these relationships to (3.2.2) of Chapter 3, the following relationship for
the perturbation components can be obtained.

A = /(Awe — Aw,)dt (4.2.6)
The mechanical equation for the system is (see (2.6.1) of Chapter 2)
n 1 n

=—T, —-—-8 — —1 4.2.

bWy 27 e 7 mWr 27 l ( 7)
Linearizing (4.2.7) one obtains,
n 1 n

Aw, = AT, — =B, Aw, — —= AT, 42.8
Y g Ty (4.28)

Rearranging and substituting s for p, the equation (4.2.8) can be written as
B n

~(Aw, Omy 1

(Bur)(s + Omy = 1

Using (4.2.6), (4.2.9) and the approximation for AT, given in (4.2.1), the block
diagram for the simplified small signal dynamics model can be drawn as in figure 4.3.

(AT} — AT,) (4.2.9)

AT, + n -A®
() — >
4 2J(S+Bm/J)
AT,
k ‘AS 1 —4
1 s
+
Ao,

Figure 4.3: Simplified small signal dynamics model of the PMSM.

Comparing figure 3.3 in Chapter 3 and figure 4.3 one can see the simplification in
figure 4.3 is due to the approximation made for AT, generation. In figure 4.3 the AT,
is generated only from AJ incorporating the gain k..
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4.2.3 Simplified small signal dynamics model under open-loop
V/f control

Under open-loop V/ f control, it can be considered the PMSM is excited from a voltage
with constant amplitude and frequency, where the conditions Av, = 0 and Aw, = 0
are fulfilled (see § 3.3 of Chapter 3). Due to the approximation made to obtain the
simplified small signal dynamics model the Av, does not exist as an input to that
model. Therefore, using the condition Aw, = 0, the above obtained simplified small
signal dynamics model in figure 4.3 can be drawn for open-loop V/ f control as in figure
4.4.

AT, + n -A®
kT V(@ SN >
& 2J(S+Bm/J)
AT,
AS | 1 P
K, |e e

Figure 4.4: Simplified small signal dynamics model of the PMSM, under
open-loop V/ f control.

The characteristic equation for this system is

n k.
1+ ————(=)=0 4.2.10
2J(s+ BT"L)( s ) ( )
. 2J5% + 2B,,s 4 nk, = 0 (4.2.11)

The solution to this equation (the location of the system poles in the s-plane) is

“B, . \/2Jnk, — B2
Ty Ak m (4.2.12)

2J 2J
In (4.2.12), the k. varies according to the steady state operating point of the machine.

S =

When the applied frequency is changed at no-load and full-load the location of the
system poles in the s-plane is shown in figure 4.5.

When the full small signal dynamics model was used in § 3.3 of Chapter 3, the
system became a fourth order system. It can be seen that when the simplified small
signal dynamics model is used the system is reduced to almost an undamped second
order system.

The natural frequency of oscillation (wy) of the poles in figure 4.5 are given by (from

(4.2.12))
v2Jnke = By, (4.2.13)

2J

Wy =
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Figure 4.5: The location of system poles from simplified small signal dy-
namics model, as a function of the applied frequency. (a) Under no load

(b) Under full load, constant stator flux linkage control.

Figure 4.6 compares the natural frequency of the dominant poles of the full small
signal dynamics model and natural frequency of the poles of the simplified small signal
dynamics model under open-loop V/f control. It can be seen from the plots drawn
in figure 4.6 the natural frequencies from both models have a good agreement, except

some deviations at low frequencies.
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It can be concluded that the characteristics of the poles of the simplified small signal
dynamics model express the characteristics of the dominant poles (rotor poles) of the
full small signal dynamics model. When the frequency is increased the similarity in the
characteristics is also increased.

4.3 Stabilization by frequency modulation-Simplified
small signal model analysis

The simplified small signal dynamics model, which is derived in § 4.2 can be used to
show how to stabilize the open-loop V/f controlled PMSMs by modulating the applied
frequency. In the following, using the simplified small signal dynamics model, different
methods to modulate the applied frequency to achieve stabilization of the system are
discussed.

4.3.1 Frequency modulation using rotor velocity perturbations

The rotor velocity perturbations (Aw,) can be used to modulate the applied frequency
to add damping and stabilize the system.
If the applied frequency is modulated using the rotor velocity perturbations as in

the following relationship,

d(Aw,)
dt
then, the simplified small signal dynamics model in figure 4.3 can be drawn as shown

Aw, = —k,

(4.3.1)

in figure 4.7. In (4.3.1), k, is the gain for the frequency modulation component.
From the block diagram shown in figure 4.7 the characteristic equation of the system

can be obtained as
5 (2B, + nk.k,) n
+ +

S —_—
2J 2J
This characteristic equation indicates that the damping of the system can be con-

S

ke =0 (4.3.2)

trolled by properly selecting the gain k,.

However, to implement this method a rotor position sensor is required to obtain
the rotor velocity perturbations. This is of course not desirable in sensorless control
and this technique will not be investigated further in this chapter.

4.3.2 Frequency modulation using power perturbations

The perturbations in the power of the system can also be used to modulate the supply
frequency in order to stabilize the system. This can also be shown using the simplified
small signal dynamics model.

The motor power balance equation can be written as

+ 20T, (4.3.3)
n
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Figure 4.7: Block diagram representation of the PMSM simplified small

signal dynamics, when the applied frequency is modulated as Aw, = —k, d(%;“) )
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The input power p, is distributed among the motor losses P,,;, the change in electro-
magnetic energy storage w,, and the mechanical output power of the machine.

Using the mechanical equation of the machine (see (2.6.1) of Chapter 2) the equation
(4.3.3) can be written as

2 2
w2+ (2)2Bpw? + ~w, T, (4.3.4)
n n

AWep, 2. 5J
pe:Pe+Ape:pml+ —)25

d
dt * <n dt
where, P, is the steady state power and Ap, is the perturbation component.

It is assumed that for a given operating point the first two terms in right side of
(4.3.4) are almost constant and the perturbations in the power are only due to the last
three terms of (4.3.4). With this assumption the perturbations in the power can be
written as

Ap, = (z)QJwOiAwT + 2(2)2Bmw0Awr + ngkor (4.3.5)
n dt n n
where, T}y is the steady state load torque.
If the supply frequency is modulated proportionally to the perturbations in the

power, then Aw, can be written as

Awe =~k Ap. = (2 Tw0 L (= Awn) + 22 )2 By (— D) + 2 Tho(—Awn)] (4.3.6)
n dt n n
where, £, is the proportional gain.
With this type of modulation for the applied frequency, the simplified small signal
dynamics model given in figure 4.3 can be drawn as shown in figure 4.8.
The block diagram shown in figure 4.8 gives the characteristic equation for the

system as

B, 2wk k, 9
'+ (5 + %)s + 57+ 4(=) Bukywo + 2Thok,] = 0 (4.3.7)

The roots of this equation, i.e. the poles of the system in the s-plane, are

B, kewok B,  kewok ke 2
ﬁ + %) + \/(ﬁ + %)2 - ﬁ[n + 4(E)Bmkpw0 + 2Tlﬂkp] (438)

S1,2 = —(

Since B,,,J,n are constants for the machine and k., wy, T}y are also constants for
a given operating point, the damping of the system for an operating point can be
controlled by properly selecting the gain £, as it can be seen from (4.3.8). Figure 4.9
and figure 4.10 show the location of the system poles when the gain £, is increased
under no load and full load at rated frequency, respectively. It can be seen from figure
4.9 and figure 4.10 how the gain k, affects to the system’s damping at the operating
points considered.

As it can be seen from (4.3.8), using a constant value for the gain k,, it is not possible
to fix the location of the poles, since the location of the poles is also vary according to
wo, ke and Tjo. However, there is a possibility to approximately fix the location of the
poles if wok, term is kept constant (i.e. varying k, inversely proportional to wy). The
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Figure 4.8: Block diagram representation of the PMSM simplified small
signal dynamics when the applied frequency is modulated proportionally to
the power perturbations, i.e Aw, = —k,Ap,.
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Figure 4.10: Location of the system poles from the simplified small signal
dynamics model when the applied frequency is modulated proportionally to
the power perturbations, at full load, rated frequency (87.5 Hz), as a function
of the gain k.
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variation of k. and Tjy can still somewhat affect to the location of the poles with that
way of selecting the gain k,. However, at high frequencies since k. is also a constant
(see figure 4.2) it can be expected that the location of the poles can almost be fixed,
at least in high frequencies, when varying k, inversely proportional to wy.

The location of the poles as a function of the applied frequency is shown in figure
4.11 and figure 4.12 for no-load and full-load cases respectively. For these plots the
gain k, was selected such that wok, = 8 (i.e. k, = w%,wo # 0). This gives k, = 0.015 at
rated frequency. From figure 4.11 and figure 4.12, it can be seen that when the applied
frequency is high the location of the poles is almost constant (i.e. poles have almost a

constant damping factor) as expected.
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Figure 4.11: Location of the system poles from the simplified small signal
dynamics model when the applied frequency is modulated proportionally to
the power perturbations, at no load, as a function of the applied frequency.
The product kywy = 8.

4.3.3 Frequency modulation using DC-link current perturba-
tions

Modulation of the applied frequency according to the perturbations in the DC-link
current is also a method to stabilize open-loop V/f controlled PMSMs [2], [3], [4], [5],
[6].

For voltage source inverter driven drives, the DC-link current perturbations can be
considered as proportional to the power perturbations in the system, since the DC-link
bus voltage is almost a constant. Using the same analysis method as in § 4.3.2, it can



4.3. Stabilization by frequency modulation-Simplified small signal model analysis 7

80 T T T T
70+ 200Hz99 27 Imaginary axis
ol 18Hz 15003 - i
12Hz ™.
50+ o E
40+ ) B
30+ 6H'z'\7__ -
20+ B
10+ B
0
_10- i
_ook _ i
-30} 6Hzy g
-40 g i
60 12Hz
_60l- i i
1817158
70k 200HZA3.75Hz B
,80 1 1 Il Il Il Il
-35 -30 -25 -20 -15 -10 -5 0 5
Real axis

Figure 4.12: Location of the system poles from the simplified small signal
dynamics model when the applied frequency is modulated proportionally to
the power perturbations, at full load, constant stator flux linkage control, as a
function of the applied frequency. The product kywy = 8.

be shown that how the system can be stabilized by modulating the applied frequency
using the DC-link current perturbations.

Expressing the DC-link current i4. as the addition of the steady state value ;. and
the perturbation component Aig. the DC-link power balance equation can be written
as

Vae(Lac + DNige) = pa + prt + % + (%) S
where, V. is constant DC-link voltage and p;; is the inverter losses.

Jd 2 2
2 2+ (2)?Bpwl+ —w T (4.3.9)
n n

The difference in (4.3.9) compared to the (4.3.4) is the inclusion of the inverter
losses p;;. Due to the same reasons mentioned in the previous § 4.3.2, the DC-link
power perturbations can be approximated due to the last three terms of (4.3.9). With
this approximation, the perturbations in the DC-link power can be written as

2 d 2 2
VieDige = (5)? Jwo—Aw, + 2(=)? BpwoAw, + ~TipAw, (4.3.10)
n dt n n
and the perturbations in the DC-link current can be derived as
: 1.2 d 2 2
Nigy. = Vdc[(ﬁ)zjwoﬁAw’” + Z(E)ZBmwkor + ETZOAMT] (4.3.11)

Using the simplified small signal dynamics model, it can be shown that these per-
turbations in the DC-link current can be used to modulate the applied frequency to
add necessary damping to the system.
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If the applied frequency is modulated proportionally to the perturbations in the
DC-link current, then

‘ZC[(%PJQJOE(_AMT) + 2(2)2Bmu)0(—AwT) + %TZO(—AWT)]

dt n
(4.3.12)

Awe = —k)iAidc =

where, k; is the proportional gain.
With this relationship for Aw,, the block diagram in figure 4.3 can be drawn as

shown in figure 4.13.
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k, |9 —4—‘1+(ki/Vdc)(2/n)[(2/n)Ju)Os+2(2/n)Bmoo0+T(,u]

Figure 4.13: Block diagram of PMSM simplified small signal dynamics when
the applied frequency is modulated proportionally to the DC-link current per-
turbations, i.e. Aw, = —k;Aige.

The block diagram shown in figure 4.13 gives the characteristic equation of the

system as follows.

B 2kwwoki, ke 2 Bunkwo  2Tiok:
& 4 (2 e [+ 4(=)Zm2i | 200

J nVy. )S—i_ﬁ n’ Vi Vie

]=0 (4.3.13)

The roots of this equation, i.e. the poles of the system are

B,, k.wok; B, k.wok;
-_m 4 (=2
2J + nVye ) \/( 2J * nVie

ke 2 B,k; 2T0k;
[+ 4(5) =m0 4 20

- — 4.3.14
2J n' Ve Ve M )

)2

512 = —(

If the expression (4.3.14) is compared with the expression (4.3.8), one can see that the
difference in (4.3.14) is the appearance of constant V. in denominator of some terms.
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Therefore, due to the similar explanations given for (4.3.8), almost a fixed location for
the poles of this system (i.e. almost a constant damping factor) can be achieved at
high applied frequencies by selecting the gain k;, such that wgk; is a constant value.

Referring to (4.3.6) and (4.3.12), if one selects the gain k, for frequency modulation,
which incorporates the power perturbations, then using the relationship

ki = kypVae (4.3.15)

it can be found that the gain for the frequency modulation, which incorporates the DC-
link current perturbations, in order to have the same pole locations for both systems.

4.4 Stability verification for frequency modulation

In the previous § 4.3, the simplified small signal dynamics model was used to show
how damping can be added to the system by modulating the applied frequency. The
simplified model was an easy tool to predict how the applied frequency should be
modulated to add damping to the system. The suitable selection of the gains for applied
frequency modulation to add damping to the system was also seen from the simplified
model analysis. However, the simplified model analysis is with some approximations to
the system. The true effect to the system from the applied frequency modulation can
be seen from the analysis made with the full small signal dynamics model incorporating
the knowledge obtained from the simplified model analysis.

4.4.1 Frequency modulation using power perturbations-Full
small signal model analysis

In this section, the analysis is made using the full linearized system equations, to see
the true effect to the system by modulating the applied frequency proportional to the
power perturbations of the system, which is discussed in § 4.3.2 using simplified small
signal model analysis.

Under the condition of the applied frequency modulation, the system equations
(3.2.8)-(3.2.11), which are given in Chapter 3, remain valid. However, because of the
frequency modulation, w, in (3.2.11) is now a state variable, i.e. w. has a relation
with other state variables. In order to describe the system fully, now, there should be
an another state equation (fifth state equation) for the state variable w,.. This state
equation, which describes the relation between w, and other state variables, can be
obtained considering how the applied frequency is modulated.

As described in § 4.3.2, to add damping to the system the applied frequency should
be modulated using power perturbations as follows.

Awe. = —k,Ape (4.4.1)
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The perturbation component of the power Ap, can be extracted by passing the
system power p. through a first order high-pass filter. Therefore, Ap, can be written
as

Ape = ——De (4.4.2)

where, 7, is the high-pass filter time constant.
Substituting Ap, from (4.4.2) to (4.4.1) and rearranging it the following relationship
is obtained.
Aw,
pAwe + T—h - - pp(pe) (443)

The derivative of the power p(p.) in (4.4.3) can be obtained considering the power
balance equation of the system.

The power balance equation can be written as

3

Pe = §[UT iy + UgsiZS] (444)

qsqs
Substituting vy, and vj, from (3.2.3) and (3.2.4) of Chapter 3, the equation (4.4.4) can
be written as

3 L
De = évs[zqscos(d) —ih.sin(9)] (4.4.5)

Taking the derivative for both sides of the (4.4.5), one obtains

Plpe) = SVilcos(9)pis, — sin(d)pig, — (igsin(8) + ifcos(5))po] (4.46)

qs

When obtaining (4.4.6), it is considered the applied voltage is a constant, since no
perturbations are incorporated with it (i.e. Av, = 0).

After substituting the expression for the derivative of the power given in (4.4.6),
the equation (4.4.3) can be written as

Aw 3
e — —k’ =
Th p2
Substituting the derivative terms piy,, pig, and pd from (3.2.8), (3.2.9) and (3.2.11) of
Chapter 3 to the (4.4.7), one can obtain the required fifth state equation as
cos(0)
0Ty

wycos(0)  sin(d)

pAw, + Vi[pigscos(0) — piggsin(d) — (igysin(d) + igecos(0))pd]  (4.4.7)

+ w,osin(0) + (we — wy)sin(d)]i,

qs

3
PAwe = kpgvs{[

+| . - + (We — wy)cos(8)]iy,
prdmeod®) Yoy 00 | oy - B (448

The linearized form of the five nonlinear equations (i.e. equations (3.2.8)-(3.2.11) of
Chapter 3 and (4.4.8)) of the system under applied frequency modulation proportional
to the power perturbations can be written as

pAz = Ay(X)Az + By(X)AT, (4.4.9)
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where,
T
Av=|Aiy, Aif, Aw, A5 Aw] (4.4.10)
and ,
By(X) = [0 0 5% 0 o} (4.4.11)

The elements of the system’s state transition matrix A, (X) are given in Appendix
B.4.

Now, the system becomes a fifth order system and the eigenvalues of the state
transition matrix A(X) can be used to investigate the effectiveness of the applied
frequency modulation to the system.

Figure 4.14 and figure 4.15 illustrate the effect from the variation of gain k, to
the stator and rotor poles of the system at rated frequency, no-load and full-load,
respectively. The IPMSM parameters given in Appendix A were used to draw these
plots. The cut-off frequency of the high pass filter, which was needed to obtain the
power perturbation Ap,., was selected to 2.5 Hz, i.e. the time constant 7, = 0.0637s.
This time constant affects mainly to the fifth pole of the system, which lies always on
the negative real axis of the s-plane. It was observed that the above selected value gave
a reasonably good dynamics to the system locating the fifth pole at around s = —20.
It can be observed in figure 4.14 and figure 4.15, when the gain k), is increased the locus
of the rotor poles has a similar shape as it is seen in root loci in figure 4.9 and figure
4.10 in § 4.3.2, where the analysis is made using the simplified small signal dynamics
model. This indicates the dynamics of the rotor poles are dominant in the simplified
small signal dynamics model. It can also be observed in figure 4.14 and figure 4.15, the
stator poles move towards to the right half of the s-plane when the gain k,, is increased
and they migrate into the right half of the s-plane at a certain gain. This indicates
that there is an upper limit when selecting the gain k, for the stabilizing loop, which
modulates the applied frequency of the system.

The effectiveness of the stabilizing loop to the system rotor poles at no-load and
full-load, as a function of the applied frequency, is shown in figure 4.16 and figure 4.17,
respectively. In both figures the locus of rotor poles without stabilizing loop (without
applied frequency modulation) in the system is also shown for the comparison. For
the stabilizing loop the gain k, was selected such that the product k,wy = 8 (i.e.
k, = w%, wo # 0). This gives k, = 0.015 at rated frequency. The added damping to the
rotor poles from the stabilizing loop can be seen in these two figures.

It can also be seen from figure 4.16 and figure 4.17, at high applied frequencies with
stabilizing loop in the system the rotor poles have almost a constant damping factor.
This matches with the prediction made using simplified small signal dynamics model in
§ 4.3.2. At high frequencies, the location of the rotor poles with the stabilizing loop in
the system, has a very close agreement with the location of poles at high frequencies in
figure 4.11 and figure 4.12 in § 4.3.2. However, at low frequencies, there is a deviation
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Figure 4.14: The locus of stator and rotor poles at no-load, rated frequency,
as a function of the stabilizing loop gain k.
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Figure 4.15: The locus of stator and rotor poles at full-load, rated frequency,
constant stator flux linkage control, as a function of the stabilizing loop gain
k.
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full load, constant stator flux linkage control, as a function of the applied
frequency. For the stabilizing loop, the product kywy = 8.
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in location of the poles in the simplified small signal dynamics model’s prediction. This
is due to the approximation made to simplify the model. However, the prediction at
high frequencies is the most important, since the instability occurs in the system at
relatively high frequencies as it is shown in § 3.4 of Chapter 3.

Figure 4.18 shows the loci of rotor poles with stabilizing loop in the system, under
different load conditions, as a function of the applied frequency. It can be seen that how
the system damping is affected from the stabilizing loop under different load conditions
of the machine.
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Figure 4.18: The loci of rotor poles with stabilizing loop, under different load
conditions, constant stator flux linkage control, as a function of the applied
frequency. For the stabilizing loop, the product kywy = 8.

4.4.2 Implementation of the stabilizing loop

According to the discussion in § 4.3.2 and in § 4.4.1, to stabilize the system, the applied

frequency should be modulated using power perturbations as
Aw, = —k,Ap, (4.4.12)

The perturbation component of the input power Ap, can be extracted by passing
the input power p. through a first order high-pass filter. The input power p, can be
calculated using the expression

Pe = gvsiscosw) (4.4.13)
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where, i, is the magnitude of the stator current vector and ¢ is the power factor angle.
One can obtain the expression (4.4.13) for the input power, considering the expres-
sion given in (4.4.5). Taking the rotor frame current components along the voltage

vector one can obtain (see figure 4.19)

igsC08(0) — igesin(6) = iscos(¢) (4.4.14)
q" —axis

Figure 4.19: Voltage and current vector in the rotor reference frame.

Substituting (4.4.14) into the (4.4.5) one obtains the expression (4.4.13) for the
input power.

The commanded magnitude of the stator voltage vector can be used for vy in
(4.4.13). The iscos(¢) term in (4.4.13) is the stator current vector component along
with the stator voltage vector. This term can directly be calculated if the stator cur-
rent vector is seen in the stator voltage vector fixed reference frame as shown in figure
4.20. Referring to figure 4.20 and equation (2.4.1) of Chapter 2, the iscos(¢) term can
directly be calculated measuring the two phase currents as

2T

2 2
lps = 15COS) = g[iascos(ﬁe) + ipscos(f, — ?) — (lgs + ips)cos(0, + g)] (4.4.15)

The commanded position of the stator voltage vector can be used for 6, in (4.4.15).
With this knowledge, the implementation of the stabilizing loop, which uses input
power perturbations to modulate the applied frequency, is shown in figure 4.21.
If the DC-link current perturbations are used to stabilize the system, the applied
frequency should be modulated as (see § 4.3.3)

Aw, = —k;Nige (4.4.16)

Measuring the DC-link current the perturbation component Az, can be extracted. The
implementation of the stabilizing loop using DC-link current perturbations is shown in
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Figure 4.20: Stator current vector in stator voltage vector fixed reference

frame.
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Figure 4.21: Block diagram showing the implementation of the stabilizing
loop, which uses input power perturbations to modulate the applied frequency.
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figure 4.22. The DC-link current can be measured using a current sensor in the DC-link.
Before sampling, the DC-link current should be passed through an analogue low-pass
filter as shown in figure 4.22, to filter out the high frequency current components due
to the switchings in the inverter. Similar to the method used to obtain the input
power perturbations Ap,, the sampled DC-link current can be passed through a digital
high-pass filter to extract the perturbation component Aig,.
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DHPF-Digital High Pass Filter

Figure 4.22: Block diagram showing the implementation of the stabilizing
loop, which uses DC-link current perturbations to modulate the applied fre-
quency.

4.4.3 Simulations and experimental results

To demonstrate the effectiveness of the frequency modulation, the computer simulations
were carried out for the system with frequency modulated stabilizing loop using both
input power perturbations and DC-link current perturbations.

The stabilizing loop, which uses the input power perturbations was modeled in the
system as shown in figure 4.21. A voltage source inverter with a constant DC-link
voltage (560 V) was used and, the switching frequency and the sampling frequency
of the system was 5 kHz. The parameters, which were used for the simulations were
the same as the parameters used to draw the eigenvalue plots with the stabilizing loop
in figure 4.16 and figure 4.17. In order to see the operating point stability with the
stabilizing loop, the simulation method used here is exactly the same as the method
used in § 3.4.3 of Chapter 3. The rotor speed and the load condition of the machine were
initialized to the required steady state operating point value, and then, the machine
was simulated exciting the frequency and the voltage correspondent to that steady state
operating point. The simulated rotor speed responses with input power perturbation
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stabilizing loop, machine under no-load and full-load are shown in figure 4.23 and
figure 4.24 respectively. Each figure shows the rotor speed responses at 43.75 Hz (50%
of rated frequency) and at 87.5 Hz (Rated frequency). Comparing these simulated rotor
speed responses with the simulation results, which were given in figures 3.13(c),(d) and
figures 3.14(c),(d) in Chapter 3, it can be seen that the effectiveness of the frequency
modulated stabilizing loop in the system.

93 T T T T 186

Rotor speed (rad/s)
Rotor speed (rad/s)

88 | | | I 177 | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

" Time (s) ' " Time (s)

(a) (b)

Figure 4.23: Simulated rotor speed responses, machine under no-load, with
input power perturbation stabilizing loop. The excitation voltage Vy = E,,.
(a) At 43.75 Hz (50% of the rated frequency) (b) At 87.5 Hz (rated fre-
quency).

The same simulations were carried out for the system with the stabilizing loop,
which uses DC-link current perturbations. The stabilizing loop was modeled as shown
in figure 4.22. A second-order Butterworth type analogue low-pass filter with 1 kHz
cut-off frequency was used to filter out the high frequency current components in the
measured DC-link current, before sampling it. In order to have a higher bandwidth
(i.e. higher cut-off frequency) in the filter, a second-order filter was selected rather
than a first order one. Since the sampling frequency of the system is 5 kHz, the cut-off
frequency of the second-order filter was able to select as high as 1 kHz to obtain the
DC-link current in average sense. The gain k; for this stabilizing loop was calculated
according to (4.3.15), using the gain k, which was used for the previous simulation, in
order to have same system poles as in the stabilizing loop with power perturbations.
Other parameters for the system were the same as for the previous simulation with
power perturbation stabilizing loop. The simulated rotor speed responses are shown in
figure 4.25 and figure 4.26 for no-load and full-load cases respectively. These simulation
results also show the effectiveness of this stabilizing loop in the system.

The variation of other variables with rotor speed is shown in figure 4.27 and figure
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Figure 4.24: Simulated rotor speed responses, machine under full-load, with
input power perturbation stabilizing loop. The excitation voltage is according
to constant stator flux linkage control. (a) At 43.75 Hz (50% of the rated
frequency) (b) At 87.5 Hz (rated frequency).
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Figure 4.25: Simulated rotor speed responses, machine under no-load,
with DC-link current perturbation stabilizing loop. The excitation voltage
Vs = En. (a) At 43.75 Hz (50% of the rated frequency) (b) At 87.5 Hz
(rated frequency).
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Figure 4.26: Simulated rotor speed responses, machine under full-load, with
DC-link current perturbation stabilizing loop. The excitation voltage is ac-
cording to constant stator flux linkage control. (a) At 43.75 Hz (50% of the
rated frequency) (b) At 87.5 Hz (rated frequency).

4.28 for power perturbation stabilizing loop and DC-link current perturbation stabi-
lizing loop respectively. For these simulation results, the machine was under full-load
and at rated frequency.

The power perturbation stabilizing loop and the DC-link current perturbation sta-
bilizing loop were also implemented in the laboratory prototype drive system as shown
in figure 4.21 and figure 4.22 respectively. The parameters for the stabilizing loops (The
time constants of the filters and the gains k,, k;) were selected as same as for the simula-
tions. The switching frequency and the sampling frequency of the DSP-microcontroller
based prototype drive system (see Appendix D) is 5 kHz.

The measured rotor speeds, when the machine is ramped up to different frequencies,
under no-load (i.e. applying the voltage V; = E,,, = 27 fo\,) with stabilizing loops in
the system are shown in figure 4.29. Comparing these measurements with the measured
speeds in figure 3.15 of Chapter 3, where the stabilizing loop was not in effect, it can
be seen the effectiveness of the stabilizing loop in the system at high frequencies.

The measured rotor speed and the stabilizing loop variables when the machine is
ramped up to 50% of rated frequency under no-load are shown in figure 4.30 and in
figure 4.31 with power perturbation stabilizing loop and with DC-link current pertur-
bation stabilizing loop in the system respectively. After the initial transients during
ramping the system’s stable operation can be seen with each stabilizing loop in the sys-
tem, in contrast to the situation under open-loop V/f control at this frequency shown
in figure 3.15 of Chapter 3.
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(87.5 Hz), with input power perturbation stabilizing loop. The excitation
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4.5 Summary

The solutions for mid-frequency instability of the open-loop V/f controlled PMSMs
have been investigated in this chapter. The simplified small signal dynamics model
presented in this chapter has helped to think how to stabilize the system by frequency
modulation. The machine’s power balance equation incorporated with this small signal
dynamics model has shown that by modulating the applied frequency proportional to
the perturbations in the input power the stable operation of the PMSM is possible for a
wide frequency range. For voltage source inverter driven drives the perturbations in the
DC-link current can also be used for that purpose. The simplified small signal dynamics
model has also helped to select the gains for those stabilizing loops. To implement
those stabilizing loops either calculated input power of the system or measured DC-
link current can be used and no rotor position sensor is required. The full small signal
dynamics analysis, computer simulations and laboratory test results have verified the
effectiveness of those stabilizing loops.

After adding the stabilizing loop to the open-loop V/ f controlled PMSM, the system
is operated in closed-loop manner providing the synchronization between the stator
excitation and the motion of the rotor. The physical meaning of the stabilizing loop
can be seen as that way and it enables the stable operation of the PMSM for a wide

frequency range as expected.
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Chapter 5

Sensorless Stable PMSM Drive with V/f
Control Approach

5.1 Introduction

In Chapter 4, methods for stabilizing open-loop V/f controlled PMSM drives were
discussed. With that knowledge, the stable V/f controlled PMSM drive can be shown

as in figure 5.1.
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Figure 5.1: Block diagram of the stable V/ f controlled PMSM drive.

In the analysis in Chapter 4, it was also considered, during operation, a constant
stator flux linkage is maintained in the machine of the drive system. If the stator resis-
tance voltage drop is neglected, using constant V// f ratio control, the machine’s stator
flux linkage can be maintained approximately a constant value. However, especially,
during low speed operation, the constant V/f ratio control makes problems, since the
stator resistance voltage drop is not negligible at low speeds. Overcoming that problem,
the magnitude of the stator voltage control method of the machine, is discussed in this

97
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chapter. Moreover, the performance of the total drive scheme, which includes the pro-
posed voltage control method and the stabilizing loop, is studied through simulations

and experimental results.

5.2 Voltage magnitude control method

In the V/f controlled PMSM drive the voltage magnitude should be controlled prop-
erly, in order to maintain the required stator flux level in the machine and obtain the
satisfactory performance from the drive (the properties of constant stator flux linkage
control of PMSMs are discussed in detail in § 2.8.5 of Chapter 2).

For V/ f controlled induction motor drives, the voltage magnitude control methods,
in order to maintain the required stator flux level in the machine were widely discussed
in the literature [1], [2], [3], [4], [5], [6]. For PMSM drives, it has not been widely
discussed, but, some concept used for induction motor drives may applicable to PMSM
drives. In subsequent sections, a voltage magnitude control method is studied for the
PMSM drive system shown in figure 5.1.

5.2.1 Constant V/f ratio control

From § 2.7 of Chapter 2, the steady state voltage equations for the IPMSM are

Vs = 15y + woLal g + wolm = 75155 + wodg, (5.2.1)
Vi = sy —woLqly = 1slj, — woly, (5.2.2)

where wy = 27 fy and fj is the applied frequency to the machine. If the stator resistance

voltage drop is neglected, the steady state voltage equations can be approximated as

V7 & wodg, (5.2.3)
Vs = —woAy, (5.2.4)

and the magnitude of the stator voltage vector is

Vo= 02+ (VA2 oy + G2 = ol (5:2)

Therefore,
v
)\ 2.
o (5.2.6)

It can be seen that when the stator resistance voltage drop is neglected, the ratio
X—; is equal to the magnitude of the stator flux linkage vector As. Controlling the Z—O
ratio equals to the required stator flux magnitude, one can maintain the required stator

flux to the machine, if the stator resistance voltage drop is negligible. However, when
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the machine operates under load with high current, the stator resistance voltage drop
is high and it cannot be neglected (This is very important at low speeds). Therefore,
controlling the Z—O ratio to a constant value, the magnitude of the stator flux cannot be
maintained a constant value when the machine is operated under load. This implies
that in order to maintain the required flux in the machine, the magnitude of the stator
voltage should be compensated for stator resistance voltage drop, when the machine
is operated under load. How this can be achieved will be discussed in the following
§5.2.2.

5.2.2 Calculation of voltage magnitude with stator resistance
voltage drop compensation

Using IPMSM'’s steady state vector diagram the calculation of the voltage magnitude
with vector compensation of the stator resistance voltage drop will be discussed in this
section.

The IPMSM’s steady state vector diagram, which is described in § 2.7 of Chapter
2 is drawn in the figure 5.2 (a). This vector diagram can be simplified to obtain the
stator voltage vector as an addition of stator resistance voltage drop and stator flux
induced voltage (E;). This is shown in the triangle OAB of the vector diagram in
figure 5.2 (b).

Figure 5.2: (a) Steady state vector diagram of the IPMSM. (b) Steady
state vector diagram of the IPMSM showing the stator voltage vector as vector

addition of stator resistance voltage drop and induced voltage from the stator
flux (In the triangle OAB).
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In the triangle OAB the AC' is drawn perpendicular to the OB. From OAB triangle
the magnitude of the stator voltage V; can be obtained as

Vi, = BC + CO = I,r,cos¢y + /B2 — 12r2sin2¢q (5.2.7)

where, ¢ is the steady state power factor angle.
Using the trigonometric relationship sin?¢y + cos?’¢y = 1, the magnitude of the

stator voltage vector given in (5.2.7) can also be written as

Vi, = Lrscosdg + /E? + I2r2cos2¢y — 1212 (5.2.8)

Even though in (5.2.8) contains the steady state quantities, this expression can be
used to command the voltage to the machine using instantaneously measured quanti-
ties, so that the machine’s stator flux is as the required value in steady state. Using
instantaneously measured quantities and required value for stator flux, the implemen-
tation of (5.2.8) is discussed below.

In (5.2.8), the stator flux induced voltage Es can be calculated from the required
steady state constant stator flux. Due to the reasons mentioned in § 2.8.5 of Chapter
2, the required magnitude of the stator flux is selected as \,,. Therefore, the E, can
be calculated as

B, = 27 fodm (5.2.9)

The term Is;cosgg in (5.2.8) is the stator current vector component along with the
stator voltage vector (active current component). This is the same current component,
which is used for power calculation in § 4.4.2 of Chapter 4, for the power perturbation
stabilizing loop. Measuring two phase currents this term can be calculated instanta-
neously as described in § 4.4.2 of Chapter 4 and the equation for it as follows.

2 2 2
i5CO0SP = g[iascos(ﬁe) + ipscos(b. — g) — (las + tps)cos(0. + ?ﬂﬂ (5.2.10)
In (5.2.10), 6. is the position of the voltage vector in the stationary reference frame
(This is known in the system).

I (the magnitude of the stator current vector) in (5.2.8), can also be obtained
instantaneously measuring two phase currents and calculating the stationary d®, ¢°

reference frame current components as

iy = (Zfls)z + (ng) = \/%(ias + 22.bs)Q + (ias)z (5211)

Using the instantaneously calculated values and the commanded value for Fy the
final expression for calculation of magnitude of the voltage command v} can be written
as

vF = (i5c050)rs + \/ (27 fodm)? + (isc050)212 — 272 (5.2.12)
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It should be mentioned that (5.2.12) expresses the magnitude of the stator voltage
command, with vector addition of the stator resistance voltage drop to the induced
voltage from the required stator flux.

Measuring the instantaneous currents the implementation of (5.2.12) in the digital
drive system is shown in figure 5.3. The previous sampling period calculated value of
the position of the voltage vector, i.e. 0.(k — 1), is used to calculate the active current
component (iscos¢) given in (5.2.10). In order to eliminate the high frequency ripples
in calculated currents i, and iscosg, two digital low-pass filters (DLPF) are used as
shown in figure 5.3. Without those two filters the calculated voltage command can be
distorted by the ripples in the currents and it affects the stable operation of the system.
During low speed operation, since the voltage is low, the elimination of distortion in
voltage command is particularly important by filtering the currents. It was found that
the cut-off frequency of the filters used for the currents should be selected as low as
5 Hz, in order to obtain the satisfactory performance from the system for the whole
operating frequency range.

| (k
las(‘)ry calculation i (k)
ips®) | lofi (Bq.52.11) ’-DLPF
calculation V: (k)
: of v, (Eq.5.2.12)
calculation : cosh (k) T
i,co
» oficos s DLPF

ee(k —1 s ¢ - .]F()(k)

(Eq.5.2.10)

Figure 5.3: Derivation of the voltage command in the drive with vector
compensation of the stator resistance voltage drop.

5.3 The complete drive scheme

If the voltage control method described in §5.2.2 is used in the drive system, refer to
the discussion in §4.4.2 of Chapter 4, it is obvious that the stabilizing loop which uses
direct input power perturbations should be the best stabilizing technique to incorporate
with the drive. If DC-link current perturbation stabilizing loop is used, the system will
require an extra current sensor to measure the DC-link current and an analogue low-
pass filter (see figure 4.22 of Chapter 4). When the voltage control method described
in §5.2.2 is used in the drive, the input power calculation can easily be done and the
derivation of the frequency modulation signal is straightforward. This is shown in figure
5.4 and this method is used in the drive.

The complete drive scheme with voltage control and the stabilizing loop is shown
in figure 5.5.
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Derivation of the voltage command

l% calculation i (k)
s (k) of i, (Eq.5.2.11) '-
calculation V: (k)
: of v (Eq.5.2.12) "
calculation [ cosh(h) T T
) i,Cco -
» DLPF
0.1 of i;cosd fw
(Eq.5.2.10) 0

Derivation of the frequency modulation signal
v

k- k Ap, (k
VD =32 cosg L S [orpr| 22 b i, ) A0

Ty

c
00 (k) > kp=w—'0,m0¢0
(= 2mfy (k)

Figure 5.4: Derivation of the voltage command and the frequency modulation
signal in the drive system.
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Stabilizing loop

Figure 5.5: The complete drive scheme with voltage control and stabilizing
loop.



5.4. Performance of the drive 103

5.3.1 Inverter nonlinearity compensation

In order to obtain the commanded voltage accurately to the machine, the compensation
of the inverter nonlinearities, i.e. ripple in the DC-link voltage, dead-time and voltage
drop across the power devices, is also considered in the drive system shown in figure
5.5. The details about inverter nonlinearity compensation are given in Appendix C.

5.3.2 Starting of the drive

Before starting the drive system, a DC voltage is applied to the machine so that the
rotor can be aligned to a known initial position. Maintaining the 6. to zero the DC
voltage is applied to the machine from the modulator. In this way, the rotor d-axis
is aligned with stator a-phase axis [7], [8]. In order to obtain a slow motion of the
rotor during this process, the DC voltage is applied to the machine as shown in figure
5.6, rather than directly applying a constant value from the beginning. The voltage
is ramped up slowly (¢; =200 ms) and applied it to the machine for a while (v =10
V, to =500 ms) and it is ramped down to zero slowly. After applying the voltage in
that way, the starting of the drive is delayed for another 100 ms in order to give time
to decay the currents. After this process, which lasts within 1 s, the drive is started
applying the initial voltage vector along the rotor g-axis, assuring a positive starting
torque from the machine.

Voltage

Figure 5.6: The DC voltage applied to the machine before starting so that
the rotor can be aligned to a known position.

Without knowing the initial rotor position arbitrary applying the initial voltage
vector to the machine, in some situations, the rotor may cause to rotate opposite
direction and the smooth start of the machine may not be possible.

5.4 Performance of the drive

In order to investigate the performance of the drive scheme shown in figure 5.5, it was
implemented in the laboratory test system. The voltage control algorithm and the
stabilizing loop were implemented in the digital system with 5 kHz sampling rate. The



104 Chapter 5. Sensorless Stable PMSM Drive with V/f Control Approach

details about the laboratory test system is given in Appendix D. The motor parameter
values (rs and A,,) required for voltage control algorithm were used from the motor
name-plate. The stabilizing loop parameters were selected as the values used for the
analysis in §4.4.1 of Chapter 4. They are

7,(High-pass filter time constant) = 0.0637s (5.4.1)

8
k,(Stabilizing loop gain) = —, wy # 0 (5.4.2)
Wo

The stabilizing loop was added to the system after exceeding the applied frequency 3
Hz.

5.4.1 Effect of the stabilizing loop

Using the drive configuration shown in figure 5.5, the machine was ramped up to the
rated speed under no-load and put into continuous operation. The measured variables
are shown in figure 5.7 and the stable operation of the system can be seen from these
measurements. In the second test, the drive was started in the same way, but, after 6
s the stabilizing loop was removed from the control algorithm, forcing the stabilizing
loop gain k, to zero. The measured variables for this test are shown in figure 5.8.
After removing the stabilizing loop from the control algorithm, the system became
unstable as it can be seen from the measurements in figure 5.8. The requirement of
the stabilizing loop in the control algorithm is evident from these two experiments.

5.4.2 Load disturbance rejection

For the drive system shown in figure 5.5, a 12 Nm load step (100% load step) was added
at 43.75 Hz, where there were severe problems observed under open-loop V/f control
(see figure 3.15 of Chapter 3). The computer simulations are shown in figure 5.9 and
the laboratory measurements are shown in figure 5.10 (Measured variables are shown
after starting the drive, i.e. applying of the DC voltage before starting of the drive
is not shown). From these results it can be seen that the drive’s capability of stable
operation overcoming sudden load change in the system. Moreover, it can also be seen
that there is a good agreement between computer simulation results and laboratory
measurements.

The effect of the stabilizing loop gain to the system can be seen from the measure-
ments shown in figure 5.11. Figure 5.11(a) shows the speed response when adding a
100% load step to the drive at 87.5 Hz (rated speed) with nominal gain, i.e. k, = w%.
Figure 5.11(b) shows the results with half of the nominal gain, i.e. k, = wio. The
less damping in the system with reduced gain in the stabilizing loop can be seen as
expected from the analysis shown in figure 4.15 of Chapter 4.

To verify the importance of the rs voltage drop compensation (especially at low

frequencies) in the voltage control of the machine, two tests were carried out. For the
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Figure 5.7: Measured variables from the complete drive system for the
rated speed (87.5 Hz), under no-load. (a) Rotor speed (b) Stabilizing loop
gain k, (c) Frequency modulation signal Aw.  (d) Calculated input power
in the stabilizing loop  (e) Commanded magnitude of the voltage vector
(f) Magnitude of the current vector.
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input power in the stabilizing loop  (e) Commanded magnitude of the voltage
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step to the drive at rated speed, with different gains to the stabilizing loop.
(a) With nominal gain  (b) With half of the nominal gain.

first test, the complete drive configuration shown in figure 5.5 was used, whereas for the
second test only the voltage control of the drive was changed to the relationship given
in (5.2.9), i.e. voltage control without ry voltage drop compensation using constant
V/f ratio control (1}—0 = 2m\;,). Both tests were done at 4.4 Hz (5% of the rated
frequency) with 50% load step. The measurements are shown in figure 5.12 and figure
5.13, respectively. It can be seen from figure 5.13 the drive cannot overcome the load
change due to the lack of voltage to the machine.

5.4.3 Performance with quadratic load

For pumps and fans applications, the load on the machine has a quadratic profile with
rotor speed. The performance of the drive system with that type of load (quadratic
load) is investigated through simulations. The load on the machine is modeled as

T, = Aw?, (5.4.3)

where, A is a constant and w,.,, is mechanical rotor speed of the machine. The constant
A is calculated so that at rated speed the rated load torque is applied to the machine.
This gives A = 3.6 x 107 Nm rad=? s* for the machine used for analyzing here.

The simulation results with quadratic load in the system are shown in figure 5.14.
This simulation results show that the drive can operate satisfactorily with quadratic
load in the system.
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5.5 Summary

In this chapter, the complete stable V/f controlled PMSM drive has been presented.
In order to improve the performance, especially at low speeds, the machine’s voltage
has been controlled with vector addition of the stator resistance voltage drop to the
stator flux induced voltage. The stability in the drive system has been assured from
the input power perturbation stabilizing loop, which is discussed in Chapter 4. Only
phase current measurements are required to implement the complete control algorithm
and no rotor position sensor is required.

The performance of the complete drive system has been studied through computer
simulations and laboratory experiments. The results have shown that the proposed
sensorless stable V/f controlled PMSM drive can operate 5%-100% of rated speed
with satisfactory performance for pumps and fans applications.

It is believed that the proposed V/f control approach in this chapter is novel for
PMSM drives (Note that this drive scheme is also described in [9] by the author).
Especially, it is capable of providing stable operation of the drive for wide frequency

range with improved low speed performance.
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Sensorless Field-Oriented Control
of PMSMs






Chapter 6

Field-Oriented Control and Estimation of
Rotor Position and Velocity

6.1 Introduction

Except V/f control approach, the other method of controlling an IPMSM is the incor-
poration of a torque controller in the control system as explained in §1.2.1 of Chapter
1. The torque control of the IPMSM can be understood from the torque expression
derived in §2.5 of Chapter 2.

The instantaneous torque developed by an IPMSM is given by (see (2.5.7) of Chap-
ter 2)
_3n

T = 55wy, + (La = Ly)igiy (6.1.1)

It can be seen from (6.1.1), the IPMSM developed torque can be controlled by properly
controlling the currents i, and i, i.e. controlling the stator currents in the reference
frame fixed to the rotor permanent-magnet flux vector [1], [2], [3]. This can be referred
to as rotor permanent-magnet flux oriented control.

In this chapter, first, the rotor permanent-magnet flux oriented controlled drive
system will be described giving emphasis to the main control sections of it. The rotor
position and velocity information are essential for this drive system and the state of the
art approaches to rotor position and velocity estimation are discussed next, reviewing
the past work of various authors.

6.2 Rotor permanent-magnet flux oriented controlled
drive system

The closed-loop control approach described in §1.2.1 of Chapter 1 incorporates a torque
and a speed controller in the control system (see figure 1.6 of Chapter 1). As it is seen
from (6.1.1), the torque control of the machine can be achieved by controlling the stator

currents in the reference frame fixed to the rotor permanent-magnet flux (i.e. rotor
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reference frame). The drive system, which incorporates this concept to achieve torque
control is shown in figure 6.1.

Torque controller

d"-g'current
programme +DC—link Rotor
. -
o Ve - | angular
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Figure 6.1: Block diagram for rotor permanent-magnet flux oriented con-
trolled drive system.

The speed controller generates the torque command (7)) and this torque command
is mapped into commands for rotor reference frame (d”,q" reference frame) current
components 7;% and uj; using function generators f, and f4 respectively, as shown in
figure 6.1. These two function generators can be extracted in order to operate the ma-
chine under any of the strategies discussed in §2.8 of Chapter 2. The commanded rotor
reference frame current components, which are DC quantities for a constant torque
command, are compared with actual rotor reference frame currents iy, and ig,, which
are obtained from measuring the stator currents and stator to rotor transformation
using rotor position. The current errors are input to the current controller and it gen-
erates the rotor reference frame voltage commands vy and vg;. The current controller
consists of two PI controllers, each for ¢"- and d"-axis current errors, and it will be
discussed in detail in Chapter 7. The rotor reference frame voltage commands are
transformed to the stator reference frame voltage commands vy; and vj; using the ro-
tor position feedback. These voltage commands generate the drive signals for voltage
source inverter from PWM.

The design of all controllers in this drive system will be discussed in detail in
Chapter 7.

6.3 Rotor position and velocity estimation techniques

For the previous §6.2 discussed PMSM control scheme, the information of the PMSM’s
rotor position and the velocity is an essential requirement. The rotor position is required
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to the torque controller in order to perform reference frame transformations for currents
and voltages (i.e. for self-synchronization), whereas the actual velocity of the rotor is
required in the control system in order to control the speed in closed-loop manner.
The direct approach to obtain this position and speed feedback signals to the control
system is, the use of a rotor angular position sensor mechanically coupled to the rotor
as shown in figure 6.1. However, as described in §1.2.2 of Chapter 1, this rotor angular
position sensor is not desirable in the system. The rotor angular position sensor can be
eliminated from the system, if the rotor position and velocity are estimated accurately,
using other measurable quantities of the machine. In this section, such rotor position
and velocity estimation techniques are reviewed for the PMSM drive scheme shown in
figure 6.1.

6.3.1 Back-EMF calculation based methods

Since the rotor permanent-magnet flux is aligned with the rotor d-axis in the PMSM,
the permanent-magnet flux induced voltage (i.e. back-EMF) always lies on the rotor
g-axis. Therefore, in the stationary reference frame, the position of the back-EMF
vector indicates the rotor position angle 6,.. This is shown in figure 6.2.

sV

Figure 6.2: Back-EMF vector in the stationary reference frame.

If it is possible to calculate the position of the back-EMF vector in the stationary
reference frame, the rotor position is known in the system. For SPMSMs and IPMSMs,
using the electrical equations of the machine, the possibility of calculating the position
of the back-EMF vector in the stationary reference frame is investigated below.
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According to figure 6.2 the position of the back-EMF vector, i.e. the rotor position,

0, = tan~' () (6.3.1)
€
where,
ey = WrApmcos(0y) (6.3.2)
e5 = wrApmsin(6,) (6.3.3)

The stationary frame voltage equations, which are derived for IPMSMs in Chapter
2 (see (2.4.43) and (2.4.44)), are written here again for convenience.
Vgy = Tslps + D[(L + ALcos(20,))i;, — ALsin(20,)i3,] + w,Apcos(0,) (6.3.4)

Vgs = Tsig, + p[—ALsin(20, )iy, + (L — ALcos(20,))ig,] — wyAmsin(0,) (6.3.5)
For SPMSMs, since Ly = L, = L and AL =0, (6.3.4) and (6.3.5) become

Vgs = Tslgs + Lpig, + wrAmcos(0;) (6.3.6)

Vgs = Tsigs + Lpigs — wrApsin(6;) (6.3.7)

For SPMSMs, e; and € can be obtained from (6.3.6) and (6.3.7) as

ey = WrAmeos(0,) = vo, — rgis, — Lpiy, (6.3.8)

ey = wpA,sin(0,) = —vj, + iy, + Lpiy, (6.3.9)

It is possible to calculate the e} and e from (6.3.8) and (6.3.9) for a SPMSM and obtain
the rotor position from (6.3.1) [4], [5]. To calculate €] and ej, the stator voltages can be
measured or estimated (using switching states of the inverter and the DC-link voltage
[3]). The stator currents can be measured and the derivative term of the currents can

be calculated as 5 (k) k1)
78 — 3 —
-S k — s s
pigs(k) T

where subscript  denotes ¢ or d, k is sampling number and 7" is sampling period.

(6.3.10)

The main problem with this technique is the estimation of rotor position at zero
speed and at low speeds. As it can be seen from the (6.3.8) and (6.3.9) at zero speed the
back-EMF components become zero and it is not possible to obtain the rotor position
at zero speed. At low speeds, since the back-EMF is small the noise in the estimated
back-EMF signals becomes a greater portion leading to a large error in the estimated
rotor position. Large errors can also be introduced by the differentiation term of the
phase currents in the back-EMF estimation. Moreover, as it can be seen from (6.3.8)
and (6.3.9), this technique is sensitive to the variation of parameters ry and L.
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From (6.3.4) and (6.3.5), the back-EMF components for an IPMSM should be writ-
ten as

ey = Amwycos(0,) = vy, — ryig, — (L + ALcos(20,))pis, + 2w, ALsin(20,)i;,

qs

+ALsin (20, )piy, + 2w,.ALcos(20,. )i}, (6.3.11)

e = Apwysin(0,) = —vj, + rsis, + (L — ALcos(26,.))piy, + 2w, ALsin(26, )i,
—ALsin(20,)pi;, — 2w.ALcos(20, )i, (6.3.12)

It can be seen from the most right side of the (6.3.11) and (6.3.12), the calculation of
e, and e is not feasible for an IPMSM. Unlike the SPMSM, the IPMSM inductances are
rotor position dependent in the stationary reference frame equations and this makes the
difficulty to calculate the back-EMF components e; and ej from (6.3.11) and (6.3.12).
Eliminating that problem, recently, an advanced observer based technique was proposed
to calculate the back-EMF components of an IPMSM [6]. However, zero and low speed
performance is still a problem as it is mentioned for SPMSMs.

6.3.2 Stator flux linkage based methods

Some approaches were proposed to estimate the rotor position, knowing the stator flux
linkage vector. The stator flux linkage vector can be estimated using the stationary
reference frame voltage equations (see (2.4.14) and (2.4.15) of Chapter 2) as

Ngs = /(UZS — 1yl )dt (6.3.13)
- / (0, — i, )t (6.3.14)

The stator phase voltages, currents and stator resistance should be known to estimate
the flux components from (6.3.13) and (6.3.14). Integration drift is a problem when
using (6.3.13) and (6.3.14) for flux estimation and it should be avoided using proper
integration techniques [7], [8].

In [9] and [10], the estimated stator flux is used to calculate the 3-phase stator
currents with an assumed rotor position. The difference between those calculated
currents and the actual currents of the machine, i.e. current errors, are used to correct
the assumed rotor position. The concept is possible to use for both SPMSMs and
IPMSMs. In order to avoid the integrator drift during flux estimation, the estimated
flux is corrected in the algorithm using the corrected rotor position and the measured
stator currents. The same rotor position estimation concept is used in [11] for sensorless
operation of a SPMSM drive above zero speed. Instead of using 3-phase current errors,

the assumed rotor position is corrected using the rotor g-axis current error in [11].
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The machine parameters are used in these rotor position estimation algorithms, and
therefore, they are sensitive to parameter variations. Moreover, the initial rotor position
is not detectable from these techniques, and therefore, the starting performance can

degrade unless another technique is used to detect the initial rotor position.

6.3.3 Rotor position estimation based on stator phase induc-
tance calculation

As it can be seen from (2.2.16) and (2.4.41) of Chapter 2, the stator phase inductances
of an IPMSM are a function of the rotor position. Some techniques are proposed in
the literature to obtain the rotor position information from on-line calculation of the
stator phase inductances.

In [12], the phase inductances are calculated for an IPMSM, assuming that during
one switching period the inductances are not changed due to the rotor position, i.e.
assuming the switching frequency of the current controlled PWM inverter is high. In
order to obtain the rotor position, the calculated inductances are compared with a
pre-calculated look-up table, which contains the relationship between inductances and
the rotor position. To calculate the inductances the parameters r; and A, are used,
and therefore, the variation of these parameters can affect the accuracy of inductance
calculation. Moreover, a high switching frequency (>10 kHz) is required for accurate
calculation of the inductances. At zero speed the inductance calculation is not possible
from the proposed method, since current, voltage and back-EMF of the machine are
zero at zero speed.

Using harmonic components of the voltage and current, which are generated from
the PWM voltage source inverter, the calculation of the inductance matrix given in
(2.4.42) (see Chapter 2) and extraction of the rotor position from the elements of
that matrix is proposed in [13],[14],[15]. Special PWM patterns are used and the
harmonic voltage components are calculated from that PWM patterns. The harmonic
components of the current are calculated from the measured currents. Using those
harmonic components of voltage and current the inductance matrix is calculated from
(2.4.43) and (2.4.44) (see Chapter 2). During the calculations, the resistor drop and the
back-EMF can be neglected in (2.4.43) and (2.4.44), since only harmonic components
of voltage and current are used. The main advantage of this technique is no motor
parameters are required to extract the rotor position. Therefore, it is not sensitive to
motor parameter variation. Moreover, since the machine is excited at zero speed with
special PWM pattern, the inductance calculation is possible, and therefore, the rotor
position. However, special PWM patterns and special current sampling technique (in
order to obtain the harmonic components of the current) are required to implement
this technique.
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6.3.4 Rotor position estimation based on hypothetical rotor
position

In this technique, a rotor position is assumed and assuming that position is correct,
the machine variables (voltages or currents) in the rotor reference frame are calculated
from the rotor reference frame machine model, using the knowledge of previous values
of variables. Then, the measured 3-phase variables (voltages or currents) of the machine
are transformed to the rotor reference frame values using the assumed rotor position.
The error between those transformed values and the values obtained from previous
model calculation are used to calculate the error in the assumed rotor position. The
assumed rotor position is corrected accordingly. This technique was proposed in [16]
for sensorless operation of a SPMSM drive. It proposed two methods to correct the
assumed rotor position. In the first method, the voltage error was used, whereas
in the second method the current error was used. It was also concluded that the
current error based method was better than the voltage error based method. The
initial rotor position is not directly detectable from this technique. Therefore, in [16],
it was proposed to apply special pilot voltages to the machine before starting, and look
into the current profiles of the machine to detect the initial rotor position.

The technique, which used current errors to calculate the position error, was also
used in [17] for an IPMSM with low saliency ratio. However, for IPMSMs with high
saliency ratio, this technique may cause problems, since the rotor position error calcu-
lation is not very accurate for those machines from this technique.

6.3.5 Observer based methods

The use of a state observer is another way to extract the rotor position and velocity
information of the PMSM. In the state observer, the dynamics of the machine are
modeled and drive these dynamics with the same input as it is used to drive the real
machine, and ensure the states of the modeled machine, such as rotor position, velocity,
follow the states of the real machine. The error between the output of the real machine
(which is measurable) and the output of the modeled machine is used in the observer
in order to correct any errors in the estimated states, such as rotor position, velocity.

Since the PMSM model is nonlinear, the designing of a state observer is more
complex compared with a system having a linear model such as a DC motor.

The PMSM model in stationary reference frame or in rotor fixed reference frame

has the form

t = f(z,u) (6.3.15)
y = h(x) (6.3.16)

where, x, u and y are, states, inputs and output of the system respectively. f is a

nonlinear function of x and w, and h is a linear function of x. The full state observer
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for this system has the form

© = f(&,u)+G@)y — h(&)] (6.3.17)
g = h(z) (6.3.18)

where G is the observer gain matrix, which is a function of estimated states 2. Unlike
linear observers the gain matrix is not a constant in this case. The gain matrix G(2)
should be designed in order to guarantee the satisfactory convergence performance of
the estimated states.

Interesting analysis for designing a state observer for a PMSM can be found in [18].
As it can be seen from the analysis in [18], due to the existence of the saliency, the
complexity of the state observer is increased for an IPMSM compared to a SPMSM.
Observers are model based, and therefore, it can be expected the parameter variation
in the system can affect the performance of the observer. However, not all the pa-
rameters, but some parameter variation can give a considerable effect for the observer
performance as it can be seen in simulation studies in [18] and [19]. A solution to this
problem is the inclusion of an on-line parameter estimator in the control system as
described in [20].

Since the estimation of rotor position and velocity is the main concern, the other
states, such as currents, which can be measured easily, may not be required to estimate
in the system. This helps to reduce the order of the observer reducing the computational
power needed for the observer algorithm. This reduced order observer design for a
SPMSM is discussed in [21] and [22].

An extension to the above discussed observer approach is the extended Kalman
filter algorithm. The extended Kalman filter algorithm to estimate the rotor position
and velocity of a SPMSM is discussed in [3], [23], [24]. This algorithm may robust
against parameter variations and measurement noise, however, it is computationally
intensive.

Initial rotor position is not detectable with these observer techniques. Therefore,
the starting performance of the drive is an issue to consider when these techniques are
used.

6.3.6 Position and velocity estimation using high frequency
signal injection

Continuous high frequency carrier signal injection is one of the technique, which can be
used to extract the position and velocity information in an AC machine with saliency
[25]. The basis for the technique is, the injection of a high frequency carrier signal,
either voltage or current, on top of the fundamental excitation of the machine. This
carrier signal excitation induces current or voltage signals (Depend on voltage or current
carrier signal injection) that contains information relating to the rotor position of the
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machine. Using suitable signal processing techniques, it is possible to extract this
position information in induced current or voltage, in order to provide continuous

estimates of rotor position and velocity to the control system.

Due to the saliency in the IPMSMs they are very good candidate for this technique.
The application of high frequency carrier voltage signal injection to extract the rotor
position of an IPMSM can be found in [26] and [27]. Since the high frequency carrier
voltage signal is injected continuously and the induced current signal in the machine
exists regardless of the speed of the machine, using this technique the extraction of the
rotor position is possible at zero and very low speeds. This becomes main advantage
of this technique. In order to extract the rotor position from the induced current,
filters and a tracking observer is required. The accuracy of designing the filters and
the tracking observer affects the performance of the position estimation using this
technique.

6.4 Summary

In this chapter, first, the rotor permanent-magnet flux oriented controlled PMSM drive
system, which incorporates the current control in rotor permanent-magnet flux fixed
reference frame to achieve torque control, has been discussed. It has been shown that
the rotor position and velocity information is essential requirement for the control
system of this drive. Literature review reveals that last decade or so there has been a
considerable attention for eliminating the rotor position sensor, which is conventionally
used to obtain position and velocity information for the control system of this drive. In
this chapter, attempts have been made to categorize those proposed techniques based
on the concept used to estimate the rotor position and velocity. Moreover, their merits
and demerits have been discussed.

From machine type point of view, it is apparent that the saliency in IPMSMs
provide some different approaches, like induction calculation based methods and high
frequency signal injection methods, to estimate the rotor position and velocity. It is
also apparent that the saliency in IPMSMs increases the complexity in the algorithms
compared to the SPMSMs when most of the other position and velocity estimation

techniques are used.
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Chapter 7

Field-Oriented Controlled Drive System
with and without Position Sensor

7.1 Introduction

The rotor permanent-magnet flux oriented controlled drive system is introduced in
§6.2 of Chapter 6. In this chapter, first, the control structure of that drive system is
described in detail. The design of the current and speed controller is also discussed. The
performance of the controller is examined with a position sensor in the drive system.

For sensorless operation, a rotor position and velocity estimating technique is de-
scribed for the drive system. Only motor terminal current measurements are required
for position and velocity estimating algorithm. The estimating algorithm is analyzed
in detail and the performance of the sensorless drive system is studied through simu-
lations.

7.2 The control structure of the drive system

Figure 7.1 shows the detailed control structure of the drive system. The speed con-
troller generates the torque command and the torque control is achieved by controlling
the current in the rotor reference frame. The torque command is mapped into rotor
reference frame current commands using function generators f, and f;. The rotor refer-
ence frame current commands (i7; and ijj;) are commanded to the machine through the
current controller in order to achieve the torque request to the machine. The current
controller consists of two PI controllers as shown in figure 7.1. The actual rotor ref-
erence frame currents (i, and i), which are needed for current control, are obtained
by measuring two phase currents (see figure 6.1 of Chapter 6) and transforming them

from stator coordinates to rotor coordinates using the relationships

2 2

2

ips = g[iascos(er) + ipscos(6, — ?) — (fas + tbs)cos(0, + ?)] (7.2.1)
2 2 2

i3 = 5liassin(6,) + ipesin(6, - g) — (ls + i) sin(6r + %)] (7.2.2)

129
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where, 6, is the rotor position.

The rotor reference frame voltage commands (v; and vg}), which are the outputs
of the current controller, are transformed to the stationary reference frame voltage
commands vgg and vg;. Those voltage commands are used in PWM generator, which
generates the duty cycles (Dg, Dy, D..) for the inverter drive signals.

In the following, each section of this control structure and the design procedure for

the controllers are discussed in detail.

Torque controller

Current controller

-7
qu

wr(Ldic’;'s + Xm) «

vdc

d —q"

current

reference 9,,
Speed controller -
: - v s+
Limiter Vs, | Rotor to vy D, Other control
Voltage stator PWM[ D, dul
.. r* 5% b »: modules or system
limiter |V | transfor- [Vgs - J|Gen. | Dg 1 o
mation
~ oy
®, Lyl
.7
lds
)

Figure 7.1: Control structure of the drive system.

7.2.1 Current controller

Coupling in rotor d,q frame voltage equations

The rotor reference frame voltage equations, which are derived in Chapter 2 (equation
(2.4.30) and (2.4.31)) are as follows.

Ugs = Tsligs T PAGs + wrAg, (7.2.3)
Vgs = Tslgs + PAgs — WrAg (7.2.4)
where,
Al = Ly, (7.2.5)
as = Laigs + Am (7.2.6)

Substituting A, and A, to the derivative terms in (7.2.3) and (7.2.4) one can obtain
the following two equations.

qs

Uys = Tslygs + Lgpiys + wirdy, (7.2.7)

Utgs = 7’57:28 + Ldplq(;}s - WTAZS (728)
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These two rotor fixed reference frame voltage equations can be illustrated in block
diagram form as shown in figure 7.2. In this block diagram, the voltages are taken as
inputs and the existing input cross coupling terms can be seen in this model.

v 1 i, Mg

+ o 1 qs
r+Lp ! -
A4
A
v X [
Cross -~ j ®,
couplit--, X
I7
1 igs + le
—> r.+Lp Ly _:
7\'TTI

Figure 7.2: Block diagram representation of the rotor fixed reference frame
voltage equations of the PMSM, showing the cross coupling terms.

Design of current controllers

The rotor fixed reference frame currents become DC values in steady state. Therefore,
PI controllers can be used to control these currents with zero steady state error, because
input to the controllers become constant values (DC values) in steady state [1], [2].

The rotor d,q currents cannot be controlled independently, due to the cross coupling
in rotor d,q circuits as shown in figure 7.2. In order to control ¢}, when v} is changed
the 77, is changed as desired, but this causes to change the vy, and therefore the i,
which is not desirable. This degrades the control performance of the current control.
To obtain better performance in current control the iy, and the 4y, should be able to
control independently. This can be achieved by decoupling the cross couplings in rotor
d,q circuits [1],[2],[3],[4]. The PI controllers with this decoupling control are shown in
figure 7.3. The speed (measured or estimated), measured stator currents and machine
parameters can be used to add the decoupling terms, i.e. wr;\gs and wTS\ZS, to the PI
controllers’ output as shown in figure 7.3.

The design procedure for the g-axis and the d-axis current controllers shown in figure
7.3 is the same. In the following, only the g-axis current controller design procedure is
discussed in detail.

Assuming the cross couplings in the system are fully decoupled due to the decoupling
terms, the discrete model for designing the rotor g-axis current controller can be drawn

as shown in figure 7.4.
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Physical model of the PMSM
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Figure 7.3: Rotor reference frame current PI controllers with decoupling
control.
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Figure 7.4: The discrete model for designing the rotor g-axis current con-
troller.
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In figure 7.4, D(z) is the discrete transfer function for the PI controller and it has
the form
kiq
1 -2t
kPq
(kpq + kiq)(z - kpq-l-kiq)

= T (7.2.9)

where, k,, and k;, are proportional and integral gain respectively.

D(z) = kpg +

The one sampling time delay, which is represented by 27! in figure 7.4, is due to
the data conversion and computation time delay in the digital system.

The G(z) represents the discrete transfer function for the machine with zero order
hold effect. The G(z) can be obtained as [5], [6],

G(s)

G(Z> = (1 - Z_1>Ztrans<—) (7210)

where, G(s) is s-domain transfer function for the machine and

1
= 211
Gls) rs + sl (7 )
Substituting (7.2.11) into (7.2.10) one obtains
1
G(z) = (1= 27 Zyans(———— 7.2.12
(0= (1= oo ) (1212)
After obtaining the Z-transformation, (7.2.12) can be written as
(-2 —cm)
—z 1 )z(l—em
G(Z) - —T
rs(z—1)(z —em)
;T
(1=
=————=_
ro(z —em)
a
= 2.1
po— (7.2.13)

where,
T is the sampling time of the digital system,

Tq = 7’_5’ a = 7(1 —TSBW)’ b:e%
These parameter values for the laboratory test system are,
T=0.0002 s (Both switching frequency and sampling frequency of the drive system are
5 kHz), 7,=0.0173s, a=0.0035, b=0.9885.
The motor phase currents are sampled in the beginning of the each PWM switching

period, i.e. when zero voltage vector is applied to the machine, avoiding the inverter
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switching noise in the current measurements. Therefore, a filter is not used in the
current feedback path in the current controller.

The root locus method [6] is used to design the current controllers of the drive
system.

The discrete transfer function for the system shown in figure 7.4 is

it (2) D(2)G(2)z7!

= 7.2.14
zg;(z) 1+ D(2)G(z)z71 ( )
After substituting D(z) and G(z) this becomes
7:28(2) _ Cl(kpq + kiq)(z B krjﬁ) (7 2 15)
ZZ:(Z) z(z — 1)(2 — b) + a(kpq + k‘iq)(z — kpfiqkiq) 2.
The characteristic equation of the system is
1+ D(2)G(2)z ' =0 (7.2.16)
Substituting D(z) and G(z) to (7.2.16) one obtains
alkpy + kig)(z — —22)
2T et (7.2.17)
z(z—1)(z = b)
The equation (7.2.17) has the form
1+ K H(z) =0 (7.2.18)
where,
K = a(kpg + ki) (7.2.19)
(z—7 kiqk- )
H(z) = e (7.2.20)

z2(z—=1)(z — b)

In order to draw the root locus for the characteristic equation (7.2.18) the zero of
H(z) at

kqu

= — 7.2.21
kpq + kiq ( )

&= Zoj
must be known (This zero is from the PI controller). After drawing the root loci for
different locations of that zero, it was found that it should be selected in order to cancel
out the pole at z = b to obtain the satisfactory performance from the controller (This
way of selecting the zero cancelling the pole at z = b is also described in [7], [8]).

After selecting the location of the zero one can draw the root locus and select the
desired closed-loop poles on it. The gain &’ correspondent to the selected closed-loop
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poles can also be obtained. Knowing z,; and k' the PI controller gains can be obtained
by solving (7.2.19) and (7.2.21). The expressions for them are

L

kpg = — 2o (7.2.22)
i

kiq = —(1 — Zoi) (7223)
a

Figure 7.5 shows the z-plane root locus and the selected closed-loop poles for the
g-axis current controller, which the characteristic equation is given by (7.2.18). The
closed-loop poles are selected in order to have the characteristics as given in table 7.1.
The natural frequency (w,) 3480 rad/s gives the bandwidth of the current controller
554 Hz, which is about 0.11 times the sampling frequency of the system. The calculated
PI controller gains are given in table 7.2.

——

4

-0.2 Selected closed—lobp poles

Imaginary part

-1 -08 -06 -04 -0.2 0 02 04 06 08 1
Real part

Figure 7.5: The root locus and the selected closed-loop poles for the rotor
q-axis current controller.

The design procedure for rotor d-axis current controller is exactly the same as the

procedure discussed for rotor g-axis current controller. The results are given in figure
7.6, table 7.3 and table 7.4.

Integrator antiwindup

There are limits for the output of the PI controllers in the drive system. For example,
the speed PI controller output is the commanded torque to the machine and due to the
limitation in the current to the machine there is a limit for this torque. The output
of the current PI controllers is the voltage command to the machine and the voltage
command is limited by the maximum available voltage from the inverter.
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Closed-loop poles (In Z-
plane)

Equivalent damping fac-
tor (£) in S-plane

Equivalent natural fre-
quency (w,) in S-plane

(rad/s)

0.50+0.06¢

0.98

3480

0.50-0.06¢

0.98

3480

k

Pq

72.1

kiq
0.84

Table 7.1: Characteristics of selected closed-loop poles for rotor g-axis current con-
troller.

Table 7.2: PI controller gains for rotor g-axis current controller.

Imaginary part

——

_— R

Selected closed-=loop poles :

]

-08 -06 -04 -0.2 0

0.4
Real part

06 0.8 1

Figure 7.6: The root locus and the selected closed-loop poles for the rotor

d-axis current controller.

Closed-loop poles (In Z-
plane)

Equivalent damping fac-
tor () in S-plane

Equivalent natural fre-
quency (wp) in S-plane

(rad/s)

0.50+0.067

0.98

3480

0.50-0.06¢

0.98

3480

kpa
52.2

ki
0.83

Table 7.3: Characteristics of selected closed-loop poles for rotor d-axis current con-
troller.

Table 7.4: PI controller gains for rotor d-axis current controller.
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The discrete PI controller with limits to the output is shown in figure 7.7. If the
unconstrained output wu,. of the PI controller exceeds the limit in the limiter and the
integrator keeps on integrating the error e, the integral term y will become a very large
value (i.e., integrator “winds up”). The consequence of this is the wu,. becomes a very
large value, which should be decreased later resulting in substantial overshoot in the
system.

Limiter
e +~ Uye ulimE u,
> kpx i j Upirn —>
y
kix
1-2"

k,x = Proportional gain
k;, - Integral gain

Figure 7.7: Discrete PI controller with limits to the output.

The solution to this problem is integrator antiwindup, which “turns off” the integral
action as soon as u,. exceeds the limit. Several integrator antiwindup methods have
been proposed in the literature [9], [10]. The implemented method for the PI controllers
of the drive system is shown in figure 7.8. As it can be seen that there is an extra
feedback path, which is generated by knowing u,. and u. and forming an error signal
es. The e is fed to the input of the integrator through the gain ﬁ When u,,. exceeds
the limit, this extra feedback path around the integrator moves rapidly to decrease the
input to the integrator, avoiding windup.

For implementation k,,, is selected as
kaw = kpo. (7.2.24)

Referring to the analysis in [10], this choice results in better performance for a PI

controller.

Voltage limiter in the controller’s output

The rotor reference frame voltage commands to the machine is obtained by adding
the decoupling terms to the current PI controller’s output (see figure 7.3). To assure
the magnitude of the stator voltage command does not exceed the maximum available
voltage from the inverter, the limits should be considered to the rotor reference frame
voltage commands.

The magnitude of the voltage is limited to the largest circle that fits in the volt-
age hexagon during SVM (see Appendix C for more details) and, with this limit the



138 Chapter 7. Field-Oriented Controlled Drive System with and without Position Sensor

Limiter
e kp = uc . Ue .
L X + » ; ulim >
y
+ 1x_] + -
- 1-z
€
1 o
kaW

Figure 7.8: Discrete PI controller with integrator antiwindup.

magnitude of the maximum voltage v,,,, becomes

Vdc

Vs = —& 7.2.25
7 ( )

where, vg4. is the DC-link voltage of the inverter.

The implementation of current controller with voltage limiter is shown in figure 7.9.

s

T »
I\
0‘)rﬁ‘ds
Limiter
. r* _ Ymax
v i if v, > Viax, Vas = Vqu N vr*
PI with + Vaqu > ol e “ =qs
antiwindup ") CIS€ Vs = Vau
Vde
v ==
( max ‘E)

h 4 S

2 2 Y Ve
un +Vau
v v
. r¥ _ Vmax
. if v, > Vinaxs> Vas = Vau N .
; - r
il e |PIwith +~ Vdu o " Vs
- else vy = vy >
A antiwindup i s u v >
4 (Vmax = de )
NG
7 Limiter
Las AT
~Ofhgg V@

0

Figure 7.9: Block diagram showing the implementation of current controller
with voltage limiter.

Referring to figure 7.9, the unconstrained voltage vector magnitude v, from the g-
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and d-axis current controllers is

Vy =/ V2, 4+ V7, (7.2.26)

where, v,, and v, are unconstrained voltage outputs from g- and d-axis current con-
trollers respectively.

When v, exceeds the maximum voltage vpuz, 1.€. Uy > Upmasz, the corresponding
constrained - and d-axis voltages are calculated without changing the unconstrained
voltage vector angle, but only the magnitude of it. With this consideration, when
Uy, > Umae the magnitude of the constrained g- and d- axis voltages (i.e., final command
values of ¢- and d- axis voltages) are calculated as follows.

VI = g (7.2.27)

U = gy Az (7.2.28)

The vy, is measured for this implementation.

7.2.2 Speed controller

The mechanical system equation of the machine is given by (see (2.6.1) of Chapter 2)
2 2

T,— T, = J—pw, + B,,—w, (7.2.29)
n n

Considering the relationship in (7.2.29) the model used to design the speed controller

is shown in figure 7.10.

s
0): + PI Te* N 1 T + ) n (Dl’ -
) *O—12s+8,)
F(s)
Filter

Figure 7.10: The model used to design the speed controller.

A PI controller is used in the speed loop. Since the inner current loop, which
commands torque to the machine, has a much higher bandwidth compared to the speed
loop, it is modeled using the gain 1 as shown in figure 7.10. Since the speed feedback
is filtered using a first order low-pass filter, this filter is included in the feedback path.

The discrete model for designing the speed controller is shown in figure 7.11.
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T
o, (2) 4 T T+-l o,.(z)
. D, () 1 —»(O)—»Gi(2) >
F(2)
Filter

Figure 7.11: The discrete model for designing the speed controller.

The D;(z) is the discrete transfer function for the PI controller and
kis
1—271

(kps + kzs)(z Tk kps]gv )
— T pot (7.2.30)

where, k,, and k;; are proportional and integral gain respectively.

D1<Z) = kps +

The G1(z) is the discrete transfer function for the mechanical model of the machine
with zero order hold effect. The G1(z) can be obtained as

G1<Z> = (1 - Zl)Ztrans<G18(8)) (7231)
where, G1(s) is s-domain transfer function
n

= 2.32
) = 7 B (7.2.:32)

Substituting (7.2.32) into (7.2.31) one obtains

n
=(1-2"HZz _— 2.

Gl(z) ( z ) trans(2S(J8 _'_ Bm)> (7 33)

After obtaining the Z-transformation, (7.2.33) can be written as

T

n(l—2z"Y2z(1 —emm)

Gl(z) = -T
2Bn(z—1)(z —e™m)
-T
n(l—emm)
= ——r
2B, (z —em™ )
3]
= 7.2.34
p— ( )
where,
-7
J 1—em _
Tm = 5 s al—n( e b1=€%
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The F(z) is the discrete transfer function for the first order low-pass filter. The
s-domain transfer function for this filter is

We
F(s) = 7.2.35
(5) = o (72.35)
where,
we =27 fe (7.2.36)
and f. is the cut-off frequency of the filter. Using bilinear transform [11], i.e. substi-
tuting
2, z—1
== 2.
s= 20, (7:2.37)
one can obtain the discrete transfer function F'(z) as
z+1
F(2) =k 7.2.38
() =k, (7239)
where,
Tw 2—Tw
ky = = d by = =
L) + Tw, a D) + Tw,

In the laboratory test system f.=100 Hz filter is used.

To design the speed PI controller the root locus method is used as for the current
controllers.

The discrete transfer function (w’(z) as the input and w,(z) as the output) for the

system shown in figure 7.11 is

58 e 511((;)511((5))1?(,2) (7.2.39)
After substituting D;(z), Gi(z) and F(z), (7.2.39) becomes
wr(2) ay (kps + kis) (2 — kpkikls)(z —ba)
Wi(z)  (z=1)(z—b1)(z — by) + arky (kps + kis) (2 — kpff,% )(z+1) (7.2:40)
The characteristic equation of the system is
14 Dy(2)G1(2)F(2) =0 (7.2.41)

Substituting D;(2), G1(z) and F(z) to (7.2.41) one obtains

kray (kps + kis) (2 — kpffk,-s)(z +1) B
CoDG bty " (7.2.42)

The equation (7.2.42) has the form

14k Hi(z) =0 (7.2.43)
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where,

k' = kray(kps + kis) (7.2.44)

(2 B kpfiskis>(z + 1)
(z=1)(z = b1)(z — bo)

Figure 7.12 shows the z-plane root locus and the selected closed-loop poles for the

Hy(z) = (7.2.45)

speed controller, which the characteristic equation is given by (7.2.43). For this root

locus the zero from the PI controller (z = z,s = 1 kfk, ) is selected at z = by, in order
DS 18

to cancel out the slow pole from the machine. Knowing the z,s and the root locus gain

k" for the selected closed-loop poles, the PI controller gains can be calculated as

12

k

kps = ——Zos 7.2.46
P klalz ( )
LT (7.2.47)
is — klal 08 4.

Root locus———+

Imaginary part

Selected closed-loop poles

L

-1 -08 -06 -04 -0.2 0 02 04 06 08 1
Real part

Figure 7.12: The root locus and the selected closed-loop poles for the speed
controller.

The characteristics of the selected closed-loop poles and the calculated PI controller
gains are given in table 7.5 and table 7.6 respectively. The selected closed-loop poles’
w,=274 rad/s, which gives the bandwidth of the speed controller 44 Hz. This is about
12 times less than the bandwidth of the current controller.

The speed PI controller also includes integrator antiwindup function as described for
current controllers. The speed PI controller output is torque command to the machine
and it is limited to 150% of rated torque of the machine (i.e. 18 Nm). The maximum
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Closed loop poles (In Z- | Equivalent damping fac- | Equivalent natural fre-

plane) tor (£) in S-plane quency (w,) in S-plane
(rad/s)

0.95+0.012 0.98 274

0.95-0.01¢ 0.98 274

Table 7.5: Characteristics of selected closed-loop poles for the speed controller.

kps kis
0.63 | 0.01

Table 7.6: PI controller gains for the speed controller.

torque can be produced by the machine is 150% of rated torque, and therefore, the

torque command is limited to that value.

7.2.3 Current reference generator

The speed controller output is the torque command, which requires to move the rotor
of the machine towards to the desired velocity. This torque command is mapped into
the rotor d- and g-axis current commands from the current reference generator (see
figure 7.1). The analysis made in §2.8 of Chapter 2 reveal that the overall performance
of the constant stator flux linkage control strategy, which maintains the magnitude of
the stator flux linkage to \,,, is better compared to the others. Therefore, the constant
stator flux linkage control strategy is used to map the torque command to the rotor d-
and g-axis current commands. The rotor d- and g-axis currents as a function of the
torque, in order to achieve the constant stator flux linkage \,,, is shown in figure 7.13.
The detailed discussion and the derivation of steady state equations for the constant
stator flux linkage control strategy is given in §2.8.5 of Chapter 2.

The two relationships shown in figure 7.13 is programmed in the current reference
generator so that the torque command is mapped into the rotor d- and g-axis current

commands.

7.2.4 Voltage transformation and PWM

The current controller outputs are the desired voltage to the machine in the rotor fixed
reference frame. The inverter of the drive should be controlled so that this voltage to

be applied on the phases of the machine.

First, the rotor fixed reference frame voltage commands, which are the outputs
of the current controller, are transformed to the stationary reference frame voltage



144 Chapter 7. Field-Oriented Controlled Drive System with and without Position Sensor

10

Rotor d- and g-axis currents (A)

-12 I I I I I
0 3 6 9 12 15 18 21 24

Torque (Te) (Nm)

Figure 7.13: The rotor d- and g-axis currents (iy,,i;,) as a function of the
torque (1), in order to achieve constant stator flux linkage A,.

commands (see figure 7.1) using the rotor position as follows.

Vgs = Ugscos(0,) + vyisin(0,) (7.2.48)
Vs = Vgasin(0y) — vyzcos(0,) (7.2.49)

These stationary reference frame voltage commands are used to generate the inverter
control signals (see Appendix C), so that the voltage command is applied to the phases
of the machine.

7.3 The drive system with position sensor

The field-oriented controlled drive system with position sensor is studied in this section.
The block diagram of the drive system with position sensor is shown in figure 7.14. The
controller uses the position and velocity information from the rotor mounted position
Sensor.

All control functions of the drive system are implemented in a laboratory test system
and the details of the laboratory test system can be found in Appendix D. For the
drive system, the current and the speed controller gains are as given in table 7.2, table
7.4 and table 7.6. For all simulations and experimental results presented in this section

the drive is started from a known initial rotor position.
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Figure 7.14: Block diagram of rotor permanent-magnet flux oriented con-
trolled drive system with position sensor.

7.3.1 Validation of current and speed controller design

In order to validate the design of the current controller, the step responses of the
rotor d- and g-axis currents are measured in the drive system. For these tests, the
outer speed loop is disabled and the controller is operated only with the current loop.
The rotor speed is measured and the desired current step references are given to the
controller at required rotor frequencies. The measured current responses at low and
high frequencies are shown in figure 7.15. In order to see the iy step responses, the
iys Teference is stepped from 1 A to 2 A with ij, reference is fixed at zero. For i, step
responses, the iy, reference is stepped from 0 A to -1 A with i7, reference is fixed at 1
A.

The current controllers are designed with w,, =3480 rad/s and & ~1 (see table 7.1
and table 7.3). The rise time (¢,), i.e. the time required for the step response to
reach from 10% to 90% of the final value, can approximately be calculated as ¢, ~ i—‘f,
when £ ~0.5 [6]. With this relationship, when w,, =3480 rad/s, the rise time can be
calculated as ¢, =0.52 ms, which is about 2.5 sampling periods. However, when & =1,
somewhat longer rise time can be expected. As it can be seen from the measurements
in figure 7.15 the rise time for the current step responses is about 4 sampling periods
(i.e. t, ~0.8 ms), which agree with the design.

In order to see the effectiveness of the decoupling in the current controller, the
measured current step responses at high speed (60 Hz), with and without decoupling
in the current controller, are compared in figure 7.16. As it can be seen from the current
responses, without decoupling the current controller becomes sluggish as expected.

The measured step response of the speed with inner current loop is shown in figure
7.17. The speed reference is stepped from 100 rad/s to 105 rad/s, under no-load, as
shown in figure 7.17. The rise time for this response is about 10 ms, which gives the



146 Chapter 7. Field-Oriented Controlled Drive System with and without Position Sensor
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Figure 7.15: Measured current step responses at different frequencies.
(a), (b) iy, step responses. iy, reference is fixed at zero. (c), (d) iy, step
responses. iy, reference is fixed at 1 A.



7.3. The drive system with position sensor 147

24 T T T T 1.4 T T T T
22f 0 i L2p oy 4
2 ki P s w‘ﬂﬁm
"‘9——6\6\(
1.8F ] 08l
16F b 0.6
14r b 0.4
—_ —— with decoupling
$m —«— with decoupling < —e— without decoupling
w8 s> —e— without decoupling -8
. & o08f .8 -02F
0.6 b 0.4
0.4f 7 -0.6-
0.2r i 4 -0.8-
0 ds N " 1
e -1F
V
-0.2F 1 -12r
0.4 i i i i “14 i i i i
0.795 0.796 0.797 0.798 0.799 0.8 0.795 0.796 0.797 0.798 0.799 0.8
Time (s) Time (s)

(a) (b)

Figure 7.16: Measured current step responses with and without decoupling
in the current controller. The measurements are taken at 60 Hz. (a) iy, step

o . o o, 5
responses. i, reference is fixed at zero. (b) i, step responses. s reference is
fixed at 1 A.

bandwidth of the speed loop about 12 times less than the current loop as expected
from the design. Even though the speed loop is designed with £ ~1 (see table 7.5) an
overshoot can be seen in the response shown in figure 7.17. This is due to the fact that
the existence of a zero in the speed loop closed loop transfer function given in (7.2.40).
Even though the zero from the PI controller is cancelled out during the design, a zero
still exists at z = by due to the filter in the feedback path. Therefore, an overshoot can
be expected in the speed response.
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Figure 7.17: Measured step response of the speed.
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The effect of the integrator antiwindup in the PI controller can be seen from the
measurements shown in figure 7.18. In order to saturate the speed controller, a large
speed step (50 rad/s) was commanded and the speed response is measured with and
without integrator antiwindup in the speed PI controller. As it can be seen from
the measurements shown in figure 7.18 without integrator antiwindup the overshoot is
increased substantially in the response.

105

95~

85

751

65+ b

55+ b

<+ With antiwindup
—— Without antiwindup

Rotor speed (rad/s)

25 b

15 Il Il Il
0 0.05 0.1 0.15 0.2 0.25 0.3

Time (s)

Figure 7.18: Measured speed step responses with and without integrator
antiwindup in the speed PI controller.

7.3.2 The performance of the complete drive system

The field-oriented controller performance with a load disturbance to the drive was
tested at 50% of rated speed. The simulations are shown in figure 7.19 and figure
7.20. For simulations, a constant DC-link voltage was assumed for the VSI and the
actual rotor position of the machine was used in the controller. The drive system
was simulated in the Saber simulation programme. The laboratory measurements of
the drive system under the same conditions as simulations are shown in figure 7.21
and figure 7.22. Both simulations and laboratory measurements verify the satisfactory
performance of the speed and current controller.

The currents are controlled in the drive in order to achieve constant stator flux
linkage(As = A,,) in the machine. Figure 7.20(e) shows the simulated magnitude of the
actual stator flux in the machine. It can be seen that the magnitude of the stator flux
is kept constant in the machine as expected. It can also be seen that the constant flux
value is almost equal to A,,(=0.4832 V s/rad).

The performance of the drive during low-speed operation can be seen from the
measurements shown in figure 7.23. At 5% of rated speed a 50% load step is added



7.3. The drive system with position sensor 149

1000 - - - - - 1000 -

9.0 Al — — — — : 9.0 |-

80.0 f- ; ; : ! | 80.0 f-
v
2 700 - 700 Af-
8 o
S 600 - 3 600 -
o <
2 g
g 500 i S 500 A

Q

E 00 - g 400 -
o n
T 300 A S 300 H{f
g o
& 200 - 200 Aff-
g 100 q- 100 1y-
8 ‘ ‘ ‘ ‘

0.0 - - - - - 0.0

[ T T T T 1 [ T T T T 1
0.0 20 4.0 6.0 8.0 10.0 0.0 20 4.0 6.0 8.0 10.0
Time(s) Time(s)

(a) (b)

18.0 4
16.0 A}-
140 1}-
12.0 4}-
100 Aqf-----
80 qf-----
6.0 f-
40 qf-----
2.0 A[--|
0.0 Af-
20 4}-
-4.0 -
[

Torque command (Nm)

Time (s)
()

Figure 7.19: Simulated variables, when adding a 100% load step to the drive
at 50% of rated speed. (a) Rotor speed command (b) Actual rotor speed
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Figure 7.20: Simulated variables, when adding a 100% load step to the drive
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current (iy,) (c) d-axis current command (if;) (d) Actual d-axis current
(ih,) (e) Magnitude of the stator flux (\;).
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Figure 7.21: Measured variables, when adding a 100% load step to the drive
at 50% of rated speed. (a) Rotor speed command (b) Actual rotor speed
(¢) Torque command (1)) in the controller.
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to the machine and, as it can be seen from the measurements the drive can operate
successfully overcoming the load step at this speed.
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Figure 7.23: Measured variables, when adding a 50% load step to the drive
at 5% of rated speed. (a) Rotor speed  (b) Torque command (T7) in the
controller (c) g-axis current (iy,) (d) d-axis current (i, ).

The performance of the drive with quadratic load is investigated through simula-
tions. Figure 7.24 shows the results. The quadratic load on the machine is modeled as
described in §5.4.3 of Chapter 5. As it can be seen from the results in figure 7.24 the
drive can operate satisfactorily with a quadratic load.

Figure 7.25 compares the dynamic response of the field-oriented controlled (FOC)
drive system and the V/f controlled drive system discussed in Chapter 5. For both
drive systems the measurements are at 50% of rated speed with 100% load step. It can

be seen that the fast dynamic response in the field-oriented controlled drive system as
expected.
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7.4 Sensorless Control

In order to eliminate the rotor position sensor in the rotor permanent-magnet flux
oriented controlled drive system, a rotor position and velocity estimation technique
is studied in this section. Only motor phase currents are measured for position and
velocity estimation. The overall block diagram of the sensorless drive system (i.e. with

rotor position and velocity estimator) is shown in figure 7.26.

7.4.1 Rotor position and velocity estimation

The rotor position and velocity estimation algorithm requires the estimation of the
stator flux linkage. Using the estimated stator flux, the stator currents are estimated
at a predicted rotor position. The difference between the estimated stator currents and
the measured currents, i.e. current errors, are used to correct the error in the predicted
rotor position. The block diagram of the algorithm is shown in figure 7.27. The
number in the each block of figure 7.27 indicates the execution order of the estimation
algorithm. The principle is similar to the one used in [12],[13] and [14]. In subsequent
sections, each step of this algorithm is discussed in detail.
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Figure 7.26: Block diagram of the sensorless rotor permanent-magnet flux
oriented controlled drive system.

Stator flux linkage estimation

In the first step, the stator flux linkage is estimated integrating the difference between
the stator voltage and the ohmic voltage drop. For discrete implementation, the rect-
angular rule is used for the integration. Therefore, the stator flux linkages are obtained
as

Neg(k) = Tvsx(k — 1) — ryid (k)] + Aoy (k — 1) (7.4.1)

qs

A5, (k) = Tlogs(k — 1) — ryi, (k)] + A3, (k — 1) (7.4.2)

where, T' is sampling time and £ is sampling number. The 7;; and ¢}, are obtained
by transforming the measured phase currents to the 2-phase stationary reference frame
currents as shown in figure 7.27. The phase voltages are not measured and the controller
commanded voltages to the machine in the previous sampling period, i.e. vii(k —1)
and v35(k — 1), are used in (7.4.1) and (7.4.2).

In order to avoid integrator drift problems the stator flux is updated in step 4 of the
algorithm using corrected rotor position and measured currents (This will be discussed
in detail later). Those updated flux values (\;, and Aj3,) in the previous sampling
period are used in (7.4.1) and (7.4.2) to calculate the stator flux values in the present
sampling period.

Stator current estimation

In step 2 of the algorithm the stator currents are estimated using the estimated flux in
step 1 and the predicted rotor position. The equations for stator currents estimation
are obtained from the solutions to the currents in (2.4.38) and (2.4.39) of Chapter 2.
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algorithm.
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Those equations for stator currents estimation are

i (k) = [L — ALcos(20,,(k)) A5, (k) + ALsin(20,,(k)) A5, (k) — (L + AL) A\ sin(6,,(k))
qs L2 _ ALZ

(7.4.3)

(k) = [L + ALcos(20,,(k))] A3, (k) + ALsin(20,,(k)) A2, (k) — (L + AL)A\ncos(0,,(k))
ds L2 — AL?

(7.4.4)

Ly+L Ly—L
where, L = % and AL = ==4.

Position correction

The most important part of the algorithm is the correction of the predicted rotor
position. For this purpose, the difference between the measured (actual) current and

the estimated current, i.e. current errors
A (k) = i (k) — i2,(k) (7.4.5)
Aigs(k) = igs(k) — 1g5(k) (7.4.6)
are used. Different methods exist to correct the position using current errors and they
are analyzed in detail in §7.4.2.
Updating of flux linkages

In step 4, the flux is recalculated using the corrected rotor position and the measured
stator currents. The stationary reference frame flux equations (2.4.38) and (2.4.39) of

Chapter 2 are used for this purpose. Those equations are
X2, (k) = [L + ALcos (20, (k))Jis, (k) — ALsin(20,(k))is, (k) + Ansin(0,(k)) — (7.4.7)
N5y (k) = [L — ALcos(20,(k)))i5, (k) — ALsin(20,(k))iZ, (k) + Amcos(0.(k))  (7.4.8)
These updated flux values are used in step 1 of the algorithm in the next sampling

interval to estimate the flux. In this way, the integrator drift problems can be avoided

in the flux estimation in step 1.

Prediction of rotor position

The position is predicted assuming the position varies with time as a second-order
polynomial
0, = At* + Bt + C. (7.4.9)

Using three estimated previous positions the position at (k + 1) sampling instant
is predicted using second-order polynomial curve fitting. Figure 7.28 illustrates the
principle and it is described below.
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Figure 7.28: Rotor position prediction using polynomial curve fitting.

Assuming ¢t = 0 at (k—2) sampling instant, the rotor position can be obtained from
(7.4.9) as

0,(k—2)=C. (7.4.10)
At (k — 1) sampling instant
0,(k —1) = AT* + BT + C. (7.4.11)
At (k) sampling instant
0,(k) = A(2T)* + B(2T) + C. (7.4.12)

At (k + 1) sampling instant the predicted position is
0,p(k+1) = A(3T)? + B(3T) + C. (7.4.13)

Solving (7.4.10), (7.4.11) and (7.4.12) for A,B and C, and substituting A,B and C
values to (7.4.13) one can obtain the predicted rotor position at (k + 1) sampling
instant as

Orp(k +1) = 30, (k) — 30, (k — 1) + 0,(k — 2) (7.4.14)

In step 5 of the algorithm, using three previously estimated positions, the position
in next sampling instant is predicted using (7.4.14).

7.4.2 Analysis of position correction methods for the position
estimation algorithm

Method 1:

A rotor position correction term from the stationary frame current errors can be ob-

tained from the linearized stationary frame flux equations [12],[13]. Since the stationary
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frame flux is a function of i} i3, and 0, (see (2.4.38) and (2.4.39) of Chapter 2) the

linearized forms of the flux equations can be written as

AN = a)\f,s A? a)\zs AV _a)\ZS Al 7.4.15

qgs — 8@28 qu + 8225 Lds + 86@ r ( s )
ON? ON? ON?

AN, = BENGS ds NG ds \G, 7.4.16

ds 8223 /qu + 3Z§S Lds + aer ( )

It is assumed that the flux estimation in step 1 of the algorithm is accurate and the
current errors are due to the error in the predicted position. Therefore, substituting
AN, = 0and AN}, = 0 into (7.4.15) and (7.4.16), the position errors can be calculated
from current errors as

o GEaggesn) .
0> = . . 7.4.17

q aNg,

90,

ONS g IS, A -
s _( 81'5: Aqu + 81'55 AZal.s)

AG: = - (7.4.18)

ds

90,

Substituting partial derivative terms to (7.4.17) and (7.4.18), the expressions for cal-

culating Af; and Af; can be written as

s L+ ALcos(Qérp)]Aizs + ALsin(20,,)Ai3,
“ —2ALif]Ssin(2érp) — 2ALi5,c05(20,p) + Apcos(0,)
. ALsin(20,,)Ai, — [L — ALcos(20,,)| A3,
C 2ALi3c05(20,,) + 2ALi%5i(260,y) — Ansin(6y,)

(7.4.19)

(7.4.20)

A single position error term (A#) can be obtained by taking the average of two

position errors,

A6: (k) + AG5(k)

AO(k) = 5 (7.4.21)
The corrected rotor position is obtained as
0,(k) = 0,5(k) + A0(k) (7.4.22)

The difficulty of correcting rotor position using this method appears when calcu-
lating error terms Af; and Af;. The denominators of (7.4.19) and (7.4.20) become
very small at certain current levels and positions, which leads to give very large values
for Af; and A@; terms. The simulation results in figure 7.29 illustrate this problem.
The machine is ramped up to the rated speed using the actual rotor position for the
controller and the position estimator operates in open-loop for this simulation. The
load torque is increased to the machine at 2.5 s as shown in figure 7.29(b). The position
estimating algorithm calculated A0, Afj and Af are shown in figure 7.29(c), figure
7.29(d) and figure 7.29(e) respectively. With or without load in the machine, the terms
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Figure 7.29: Simulation results, when the stationary frame current errors
are used for position correction in the position estimating algorithm. The
machine is ramped up to the rated speed using the actual rotor position for
the controller and the position estimating algorithm operates in open-loop.
The load is increased to the machine at 2.5 s. (a) Rotor speed  (b) Load
torque  (c) Position error Af;  (d) Position error A (e) Average position
error Af.
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A6, and Afj become very large values in some situations, and therefore the Af. Those
large values are obviously wrong and the position correction becomes inaccurate at
that situations.

In order to avoid the wrong position correction from very large values of A#, one
can add limits to the Af. The rotor position variation during one sampling period
depends on the speed of the rotor and it is given by w,T', where, T is the sampling
period. Therefore, the maximum value of Af can be limited to +w,T. Figure 7.30
illustrates the simulation results when adding those limits to the position correction
term Af at rated speed. The simulation is done with exactly the same conditions as
the simulation in figure 7.29, but with limits to the Af. Comparing the estimated rotor
position and the actual rotor position in figure 7.30, it can be seen that even with limits
to the Af the estimated rotor position does not track the actual position properly.
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204 - - I T I e s

Load torque (Nm)

(elec.rad)

delta_tita

o ‘ ‘ ®)
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Figure 7.30: Simulation results, with limits to the position correction term
A6O. The stationary frame current errors are used and the simulations are at
rated speed. The load is increased to the machine at 2.5 s. (a) Load torque
(b) Position correction term A  (c) Estimated rotor position (d) Actual
rotor position.
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Method 2:

The possibility of correcting the position using dqg-transformed current errors instead
of using stationary frame current errors is studied in this section.

Figure 7.31 illustrates the actual and predicted rotor reference frames. The flux
in predicted rotor reference frame can be obtained as (see (2.4.7) of Chapter 2 for
transformation)

A=A

Agds — Labes

Substituting A, from (2.3.11) of Chapter 2 to (7.4.23) one can obtain the flux com-

ponents in predicted rotor reference frame as

e i0 (7.4.23)

abcs

dr
dP

CS

Figure 7.31: Actual and predicted rotor reference frames.

N = Lib, + AL[P cos(2A0) — ily sin(2A0)] + Apsin(Af) (7.4.24)
Ao = Lify, — AL sin(2A0) + iy ,cos(2A0)] + Apcos(A0) (7.4.25)

where, Af = 0, — érp.
Assuming A6 is very small and using the approximations

cos(2A0) ~ 1 (7.4.26)
cos(Af) ~ 1 (7.4.27)
sin(2A0) ~ 270 (7.4.28)
sin(Af) ~ Af (7.4.29)
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equations (7.4.24) and (7.4.25) can be written as

A= Lyt — 2AL# (A0) + A (A0) (7.4.30)
Moo= Lyih, — 2ALi% (AB) + A, (7.4.31)

The actual rotor frame flux equations are (see (2.4.32) and (2.4.33) of Chapter 2)

Aoy = Lyl (7.4.32)
N = Lgit, 4 Am (7.4.33)

Subtracting (7.4.30) and (7.4.32), and (7.4.31) and (7.4.33), one can obtain the rela-
tionships among the errors of variables due to the position deviation as

AN, = LyAiy — 2AL% (AB) + A, (AD) (7.4.34)
ANg = LyAig — 2ALi (AG) (7.4.35)

where, AN = Ao — AT, ANy = N, — Ay, Aig = b, —ip, and Aig = i, — if,.
Assuming the flux estimation in step 1 of the algorithm is accurate, the position
errors can be obtained substituting A\, = 0 and A)\; = 0 into (7.4.34) and (7.4.35).

They can be written as

L Ai
NG, = — el (7.4.36)
T2ALE, — Ay,
LAy
Ay = 12 (7.4.37)
2ALifs

The current errors Ai, and Aiy in (7.4.36) and (7.4.37) can be obtained by trans-

S

forming the stationary frame current errors Aig,

Aijj, to the predicted rotor reference

frame as
Nig = Aif cos(0,,) — Aissin(b,,) (7.4.38)
Aig = Aizssin(éTp) + Aiscos(,,) (7.4.39)
and @b, i as
it = i5,c05(0,p) — i5,5in(0,) (7.4.40)
i, =i sin(0,,) + i5,c08(0,,) (7.4.41)

Again, two position errors (A, and Ad,) exist and the position correction term A6
may be calculated averaging these two terms as

DG, (k) + A0, (k)

Ad(k) .

(7.4.42)
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and the corrected rotor position is obtained as

~

0,(k) = 6,,(k) + A6 (k) (7.4.43)

The difficulty appears again when calculating Afy. For small values of ., Afy,
can become very large leading to wrong position correction. The simulation results
in figure 7.32 illustrate this problem. The machine is ramped up to the rated speed
using the actual rotor position for the controller and the position estimator operates
in open-loop. The load torque is increased to the machine at 2.5 s as shown in figure
7.32(b). The position estimating algorithm calculated Af,, Afy; and Af are shown in
figure 7.32(c), figure 7.32(d) and figure 7.32(e) respectively. Under no-load, the term
Al becomes a very large value, and therefore, the Af. Even though at high loads the
problem does not appear, when the machine is operated under low loads the position
correction becomes inaccurate leading to fail the position estimation.

As it is described when stationary frame current errors are used to correct the
position, one can limit the Af in order to avoid wrong position correction from very
large values of Af. The simulation results with those limits to the Af are shown in
figure 7.33. Compared to the method 1, an improvement in estimated rotor position
can be seen in the simulation results shown in figure 7.33. However, at no-load the
rotor position does not still track the actual rotor position accurately. It was found that
during closed loop control (i.e. when estimated rotor position is used in the controller)
there were severe instability problems in the system under no-load or light loads with
this estimated position.

For non-salient pole machine

Since AL = 0 for non-salient pole machines (SPMSMs), expressions (7.4.34) and
(7.4.35) becomes

ANy = LyNig + A (AD) (7.4.44)
AXg = LgAig (7.4.45)

From (7.4.44) and (7.4.45), it can be seen that the position error term appears only

in g-axis equation (7.4.44). This is different from previously discussed salient pole

machine (IPMSM) case, where the position error appears in both q and d equations.
Assuming the flux estimation is accurate in step 1 of the algorithm a single position

error correction term can be obtained substituting A\, = 0 into (7.4.44) as

~ —LAq,

Al
Am

(7.4.46)

Unlike salient pole machines, the denominator of (7.4.46) does not include any time
varying variable. Therefore, position correction of non-salient pole machines does not
face difficulties as it is seen for salient pole machines.
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Figure 7.32: Simulation results, when the d,q transformed current errors
are used for position correction in the position estimating algorithm. The
machine is ramped up to the rated speed using the actual rotor position for the
controller and the position estimating algorithm operates in open-loop. The
load is increased to the machine at 2.5 s. (a) Rotor speed (b) Load torque

(c) Position error Af, (d) Position error A8, (e) Average position error
Ad.
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Figure 7.33: Simulation results, with limits to the position correction term
A6. The d,q transformed current errors are used and the simulations are at
rated speed. The load is increased to the machine at 2.5 s. (a) Load torque
(b) Position correction term Af  (c) Estimated rotor position  (d) Actual
rotor position.
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7.4.3 Simulation of the sensorless drive system

The IPMSM used for the analysis in this thesis has a lower saliency ratio (f—z = 1.37).
Because of this reason and the difficulties for position correction in the position es-
timation algorithm for an IPMSM (Salient pole machine)using current errors for all
operating conditions, the position estimation algorithm was investigated neglecting
the saliency in the machine. That is,

1. When estimating the currents in step 2 of the algorithm (see figure 7.27), it is
assumed that AL = % ~ 01in (7.4.3) and (7.4.4).

2. In step 3, the position is corrected using (7.4.46).

3. In step 4, when updating the flux linkages, it is assumed that AL = % ~ 0
in (7.4.7) and (7.4.8).

The purpose of the simulations is to see the stability of the system and how much
error exist in the position estimation when the small saliency exist in the machine is
neglected during position estimation.

The sensorless drive system shown in figure 7.26 was simulated with all control
functions, which use estimated rotor position and velocity. The estimated speed was
filtered using 100 Hz low-pass filter and the initial simulations showed that for satis-
factory operation of the drive with position and speed estimator the speed controller
bandwidth should be reduced to about 15 Hz (This was about 44 Hz when actual po-
sition was used). The bandwidth of the current controllers remained unchanged. In
all simulations the machine was started from a known initial position and the flux was
initialized for the integration in step 1 of the position estimation algorithm according
to that initial position.

Figure 7.34 shows simulation results when adding a 50% of rated load step to the
drive at 50% rated speed. It can be seen that the stable operation of the drive with this
load step. However, the position error increases when the machine is operated under
load.

When adding the load step to the drive as shown in figure 7.34, variation of some
variables related to the position estimation algorithm is shown in figure 7.35.

In figure 7.35, the ¢°-, d*-axis flux errors are calculated as

A)\ZS = )\Zs(actual) - )\25 (7447)
A)\fls = )\zs(actual) - Zs (7448)
where, )‘Zs(acmazy )\js(mml) are actual flux from the machine and 5\25, Afis are estimated

flux in step 1 of the algorithm. It should be mentioned that flux errors AA}, and
AN, are not calculated in the position estimation algorithm and in figure 7.35 they
are shown for analysis purpose.

It can be seen from figure 7.35(a) and figure 7.35(b) the flux errors increase and
they remain unchanged when the load is increased to the machine. The same for the
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Figure 7.34: The simulation results showing the performance of the sensorless
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current errors. However, it can be seen that the position correction term does not try
to correct the rotor position, even though there is a current error. Finally, there is an
error in the estimated rotor position when the machine is loaded.

The reason for the position error when the load is increased is due to the assumptions
made in the position estimation algorithm. The saliency is neglected when the currents
are estimated in step 2 of the algorithm and when updating the flux linkages in step 4
of the algorithm. This makes errors in the current estimation and the updating of flux
linkages. Moreover, in step 3, neglecting the saliency only a single position correction
term given in (7.4.46) is used, which is also not accurate. The combination of these facts
makes increased flux errors, increased current errors and inaccurate position correction
when the load is increased in the machine as shown in figure 7.35.

Figure 7.36 shows the position errors with different load steps to the machine at
50% of rated speed. It can be seen that the position error is dependent on the load of
the machine and when the load is increased the position error is also increased.

No I6ad

! ! ! 0
-02 - ! [ oolead

Position error (elec. rad)

75% load

15 16 17 18 1.9 2.0
(s)

Figure 7.36: Position error when the load is changed at 50% of rated speed.

The response of the drive system when adding a 100% load step at 50% of rated
speed is shown in figure 7.37. Due to the large position error with this load, the speed
controller has to command a large torque to the machine, so that the machine can
overcome the load. It can be seen that the torque command from the speed controller
reaches to the limit, i.e. speed controller saturates, under this condition and the system
becomes unstable. It should also be noted that the voltage command from the current
controller does not go to the limit, i.e. the current controller does not saturate under
this condition. Under the same conditions, another simulation was done increasing
the torque limit of the speed controller to 150% of the nominal value. The results are
shown in figure 7.38. The increased torque limit does not solve the problem. When
the torque limit is increased the position error is increased to a value higher than the
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value with nominal torque limit, as soon as the load step is added to the drive (see the
position error in figure 7.38 as soon as the load step is added to the drive). This in
turn requires higher torque command from the controller, which causes to saturate the
speed controller again.
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Figure 7.38: Simulated variables, when adding a 100% load step to the
sensorless drive at 50% of rated speed, increasing the torque limit of the speed
controller to 150% of nominal value.

Figure 7.39 shows the performance of the sensorless drive system at low speed (5%
of rated speed). It seems the stable operation of the drive is possible under this speed
with a load step, even though the position error increases under load.

The performance of the sensorless drive, when ramping up to the rated speed with
quadratic load is shown in figure 7.40. Due to the increased position error with load, the
speed controller has to command a much higher torque to the machine and it saturates
at a certain speed. It should also be noted that the current controller does not saturate
under this condition. The stable operation of the drive is still possible, however, finally,
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there is an speed error in the system as it can be seen from figure 7.40(a).
to see whether the speed error can be eliminated increasing the torque limit of the
speed controller, another simulation was done increasing the torque limit of the speed
controller to 24 Nm. The results are shown in figure 7.41. With increased torque limit
the position error is increased again as it can be seen from figure 7.41(e), which in
turn requires high torque command from the controller. Finally, the speed controller

saturates again without solving the problem.

Rotor speed (rad/s)

Load torque (Nm)

Position error (elec.rad) Voltage command (V) Torque command (Nm)

200.0

150.0

100.0 A

(2.5023, 183.26)
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| R

(b)

t(s)

Figure 7.40: Simulation results, when ramping up the sensorless drive to
(a) Commanded and actual rotor speed
(c¢) Torque command (T%) from the
(d) Commanded magnitude of the voltage from the current

the rated speed with quadratic load.
(b) Applied load torque to the machine
speed controller
controller

So far in the simulations the position estimator was started from a known initial
rotor position. The flux was initialized for the integration in step 1 of the position
estimation algorithm according to that known initial rotor position. The simulation

(e) Position error.
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results in figure 7.42 show that the performance of the sensorless drive when there is a
mismatch between the actual initial rotor position and the estimator started position.

The estimator was started from 0 elec. rad position and the actual initial rotor position
%
to the 50% of rated speed and, as it can be seen from figure 7.42(b) the drive becomes

was set to I elec. rad as shown in figure 7.42(c). The sensorless drive was ramped up

unstable under this condition. It is evident that the position estimation algorithm
requires actual initial rotor position in order to estimate the position accurately.
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Figure 7.42: Simulation results showing the instability in the sensorless drive
when there is a mismatch between the actual initial rotor position and the
estimator started position.

7.4.4 V/f control and sensorless field-oriented control
-A performance comparison

It is important to point out some differences seen in the performance of the V/f con-
trolled drive discussed in Chapter 5 and the investigated sensorless field-oriented con-
trolled drive in this chapter.

Figure 7.43 shows the simulated speed responses from the both drive systems when
adding a 50% load step at 50% rated speed. It can be seen that the investigated
sensorless field-oriented controlled drive has fast dynamic response compared to the
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V/f controlled drive.
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Figure 7.43: Simulated speed responses from the V/ f controlled drive system
and the investigated sensorless field-oriented controlled drive system, when
50% load step is added at 50% rated speed.

From figure 5.12 and figure 7.39, it can be seen that the stable operation of both
drives at 5% rated speed with 50% load step. However, comparing figure 5.9, figure
5.10 with figure 7.37, one can see that the stable operation of the sensorless field-
oriented controlled drive system is not possible at 50% rated speed with 100% load
step. Another drawback in sensorless field-oriented controlled drive system can be seen
when comparing figure 5.14 with figure 7.40. With quadratic load a speed error exists
in the sensorless field-oriented controlled drive and that situation is not seen in V/f
controlled drive.

With this comparison it can be seen that even though the dynamic response is slower
in the V/f controlled drive system, from the overall performance point of view, it is
better compared to the investigated sensorless field-oriented controlled drive system in
this chapter.

7.5 Summary

The complete control structure of the rotor permanent-magnet flux oriented controlled
PMSM drive system has been described in this chapter. In order to design the current
and speed controller for the digital system the Z-domain root locus method can be used.
The design of the controllers has been validated experimentally and the performance
of the complete drive system with position sensor has been presented.
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For position sensorless operation of the drive system a rotor position estimation
technique has also been investigated. The investigated rotor position estimation tech-
nique uses predictor-corrector method, which uses current errors to correct the pre-
dicted rotor position. The investigation has been revealed that the correction of the
predicted rotor position is difficult for salient pole machines using the current errors in
the stationary reference frame. Using the predicted d-q reference frame current errors
the position correction can be improved under high loads, however, at light loads there
are still problems. For non-salient pole machines, position correction using current
errors in the predicted d-q reference frame seems very convenient.

The difficulty of position correction in the position estimation algorithm for all op-
erating conditions and the relatively low saliency exists in the IPMSM used for the
analysis have lead to make assumptions to the position estimation algorithm. The sim-
ulation results have shown that the stable sensorless operation of the drive is possible,
however, the existing load dependent position error has degraded the performance of
the drive. In order to improve the performance of the drive, more investigations are
still required for accurate rotor position estimation of the IPMSM.

Finally, the comparison has shown that the V/f controlled drive system proposed
in Chapter 5 has better overall performance compared to the sensorless field-oriented

controlled drive system investigated in this chapter.
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Chapter 8

Conclusion

Mainly, due to the attractive efficiency characteristics, the PMSMs are good candidate
for pumps and fans drives. This thesis has been focused on control of PMSMs for such

drives.

In order to provide synchronization between machine’s excitation frequency and
rotor frequency, the rotor position information is essential during PMSM control. The
direct approach to obtain the rotor position information is a rotor mounted angular
position sensor. Because of the cost and the reduced reliability, a rotor mounted an-
gular position sensor is not desirable in pumps and fans drives and sensorless control
is needed. Two sensorless control approaches, i.e. sensorless V/f control approach
and sensorless field-oriented control approach, have been investigated in this thesis.
Moreover, the preliminary aspects, such as mathematical models, control properties of
PMSMs, have also been discussed.

Based on the results presented in the thesis, the main conclusions can be summa-

rized as below.

Mathematical models and control properties

e For an IPMSM, the rotor d,q model is the most convenient, since the position
dependent inductances disappear in that model. In addition to the permanent-
magnet produced torque, the reluctance torque also exist in IPMSMs, which

makes important differences over SPMSMs.

e The comparison study made for the different control properties of the tested
IPMSM has revealed that the constant stator flux linkage control has more ad-
vantages compared to the others, i.e. constant torque angle control, maximum

torque per ampere control and unity power factor control.
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Sensorless V/f control

e The design of sensorless V/f controlled drive has been started by investigating
the stability characteristics of PMSMs under open-loop V/ f control. The analysis
made in Chapter 3 has revealed that the machine becomes unstable after exceed-
ing a certain applied frequency under open-loop V/f control. Machine under
no-load and under load with different control strategies have been investigated,
and in any case the machine became unstable after the applied frequency exceeds
about 15 Hz. Under open-loop V/f control, there is no synchronization between
the machine’s excitation frequency and the rotor frequency, and therefore, this
instability behaviour can be expected.

e The stabilization of open-loop V/f controlled PMSMs can be achieved by modu-
lating the applied frequency using input power perturbations or DC-link current
perturbations. The simplified small signal dynamics model derived in Chapter 4
is the key to understand these stabilizing techniques. Moreover, the simplified
small signal dynamics model has also shown how to select the gains for these
frequency modulated stabilizing loops. To implement these stabilizing loops no
rotor position sensor is required. The stabilizing loops in the system can also be
seen as the signals, which provide synchronization between the machine’s excita-
tion frequency and the rotor frequency.

e In order to improve the performance, especially at low speeds, the compensa-
tion of stator resistance voltage drop is important in voltage magnitude of V/ f
controlled drive. It has been shown that measuring stator phase currents the volt-
age magnitude can be calculated with vector compensation of stator resistance
voltage drop.

e With the proposed voltage control method to the drive, the power calculation was
very convenient and the power perturbation stabilizing loop was the best solution
to stabilize the drive. No rotor position sensor has been used to implement the
complete drive system and the performance analysis in Chapter 5 have shown

that the drive is suitable for pumps and fans applications.

Sensorless field-oriented control

e Unlike V/f control, the field-oriented control incorporates an inner torque con-
troller and an outer speed controller in the control system. The torque control is
achieved by controlling the currents in rotor d,q reference frame. The control sys-
tem requires rotor position feedback in order to perform the self-synchronization
function continuously. The basic PI controllers are sufficient for current and speed
control in the drive system.
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e In order to achieve sensorless operation of the drive, the position and velocity
estimation is required and it is important to consider the type of the machine
(SPMSM or IPMSM) and the application of the drive when investigating a rotor

position and velocity estimating technique.

e The investigated rotor position estimating technique is predictor-corrector based,
which uses current errors to correct the predicted rotor position. It has shown
that, in theory, the expressions exist for both SPMSMs and IPMSMs to correct
the predicted rotor position using current errors. However, the investigations have
revealed that, for IPMSMs, there are implementation difficulties to correct the
predicted rotor position using those expressions for all operating conditions. It
has also revealed that, for SPMSMs, the best solution is the use of d,q transformed
current errors to correct the predicted rotor position.

e The difficulty of correcting the predicted rotor position for an IPMSM for all
operating conditions and the relatively low saliency exist in the machine used
for investigation have lead to make some assumptions to the position estimating
algorithm. The simulations have shown that the stable sensorless operation of the
drive is possible, however, the performance of the drive system is greatly affected
by the load dependent position error in the position estimation algorithm with
those assumptions.

e [t is believed that unlike SPMSMs simple model based approach is difficult for
position estimation for an IPMSM. The use of saliency in the IPMSM to estimate

the rotor position, e.g. high frequency signal injection, may be a better solution
for an IPMSM.

Comparison of control methods

e In order to implement the sensorless V/f control the voltage magnitude calcula-
tion and the stabilizing loop is required (see figure 5.5 and figure 5.4 in Chapter
5). For sensorless field-oriented control, speed and current controllers are needed
with position and speed estimation algorithm (see figure 7.26, figure 7.1 and figure
7.27 in Chapter 7). The overall calculation power required to implement the sen-
sorless V/ f controller is less compared to the sensorless field-oriented controller.

e The performance comparison has shown that the overall performance of the sen-
sorless V/f controlled drive is better compared to the investigated sensorless

field-oriented controlled drive.

e Considering the implementation simplicity and the overall performance of the
drive, it can be concluded that the proposed V/f control method is the best
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solution for pumps and fans applications between the two control methods inves-
tigated in the thesis.

8.1 Contributions in the thesis

The main contributions in the thesis can be summarized as below.

e The model for conventional salient-pole synchronous machine was widely dis-
cussed in the literature, however, for an IPMSM it was not directly derived. The
derivation of the IPMSM model and the comparison of control properties are new

contributions in the thesis.

e The detailed analysis provided to understand the stability and stabilization of
open-loopV/ f controlled PMSM drives are also new contributions in the thesis.

e The sensorless V/ f controlled drive system developed in this work is considered
as a new contribution to PMSM drive control strategies.

e The analysis made for the position correction methods for the position and speed
estimation algorithm used in field-oriented controlled drive is a new contribution.
The position correction in this position estimation algorithm was not clearly
analyzed for SPMSMs and IPMSMs before.

e The previous work were mainly concentrated on sensorless field-oriented control
of PMSMs and there were no attempts to compare V/f control with sensorless
field-oriented control. The attempts made in the thesis to compare these two

control strategies are novel.

8.2 Future work

Even though several topics have been addressed in the thesis, there are still some topics,
which are interesting for future research. Some of those topics are summarized below.

e The variation of machine parameters was not considered for the developed control
algorithm for V/f control. The machine parameter variation, how much effect
give to the performance of this controller should be investigated.

e The control algorithm of V/f controlled drive system was implemented in a high
performance DSP. The implementation of this algorithm in a low-cost micro-
controller is beneficial for pumps and fans drives and the possibility of it should
be investigated.
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e The drives (both V/f controlled drive and the field-oriented controlled drive dis-
cussed in the thesis) are started after aligning the rotor to a known position
by applying a DC voltage to the machine. The problem of this method is the
movement of the rotor during aligning. In order to avoid this problem the inves-

tigations are required for direct detection of the initial rotor position.

e A study is needed for the effect of the machine parameter variation to the field-

oriented controller discussed in the thesis.

e The rotor position estimation using the saliency in the IPMSM, e.g. high fre-
quency signal injection method, may be a better solution compared to the method
investigated in this thesis for sensorless operation of the field-oriented controlled
drive. Therefore, an investigation of that method is needed for the field-oriented
controlled drive system.

e The investigation of the flux-weakening regime operation of both V/f controlled
and field-oriented controlled drive systems discussed in the thesis is also an in-

teresting future research topic.

e The thesis only addressed the V/ f control and the field-oriented control of PMSMs.
The direct torque control is another control approach for PMSMs. The study of
advantages and the disadvantages in the sensorless direct torque control approach
compared to the two control approaches discussed in the thesis is another future
research topic.
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Appendix A

Data for the IPMSM

Type - YASKAWA SSR1-42P2AFNL
Number of poles (n) - 6

Rated power - 22kW

Rated speed - 1750 rpm

Rated frequency - 87.5 Hz

Rated torque - 12 Nm

Rated phase to phase voltage - 380 V(rms)

Rated phase current - 4.1 A(rms)

Stator resistance per phase (r) - 33Q

d-axis inductance (Lg) - 41.59 mH

g-axis inductance (L) - 57.06 mH

Rotor permanent-magnet flux ()\,) - 0.4832 V srad™!
Inertia of the rotating system (J) - 10.07x1073 kg m?
Viscous friction coefficient (B,,) - 20.44x107* Nm s rad™*
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Appendix B

Various Relationship Derivations Related
to Chapter 3 and Chapter 4

B.1 The derivation of the transfer function for AA:'(;@

under open-loop V/f control of PMSMs

Under open-loop V/f control the linearized machine equations, which are given in
matrix form in (3.3.3) of Chapter 3 are written here again as,

AT
Al
p =
Aw,
| AS
_ 2 2 PGz +15) FHasin(o)] [A,]
owo = ol Tecos(do) | | Ay,
3325 m + La(l = o) 3] 5(5)*5La(l = o) I =g 0 Awr
i 0 0 -1 0 L Ad |
0
+ _On AT, (B.1.1)
2J
0

The first two equations and the last equation in this matrix equation can be written

p(Aig,) = A(Adg,) + B(Aidg,) + C(Aw,) + D(AJ) (B.1.2)
p(Aiy,) = E(Ady,) + F(Aig,) + G(Aw,) + H(AJ) (B.1.3)
p(Ad) = —Aw, (B.1.4)
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where,
—1 —Wo -1 A —Vs .
A= B=—— = —(—+1} D=— 0 B.1.
0_7_87 p 9 C o (Ld + ds)? O'Ldszn( 0) ( 5)
-1 —V,
E=owy, F = o G=ol,, H= L—dcos(60) (B.1.6)

Substituting Aw, from (B.1.4) to the equations (B.1.2) and (B.1.3), and replacing
p by s, the relationship between current perturbations and load angle perturbation can
be obtained as

(s — A)(AT,) = B(A#,) + (D — sC)(AS) (B.1.7)
—B(Ai7) = (F — 5)(Ai5,) + (H — sG)(AJ) (B.1.8)

r
qs’

Solving for Az}, and A:

[(A—s)(H —sG)— E(D - sC)]

AV - AF —5) 1 BE A (B.1.9)
,  ((F=s)(D—sC)— B(H — sG)]
Ay, = - AVF—3) 1 BE Ad (B.1.10)

Linearizing the torque equation (2.5.7) in Chapter 2 one obtains,

AT, = X1 Aig, + Y1Auy, (B.1.11)
where,
3n ,
X = 55 P+ (Lo~ L)) (B.1.12)
3an ,

Substituting A, and Ady  from (B.1.9) and (B.1.10) to the linearized torque equation

(B.1.11), finally, the transfer function for AAC% under open-loop V/f control can be

obtained as,

AT, _x [(F—s)(D—sC)— B(H — sQ)] Ly [(A—s)(H — sG) — E(D — sC)]
A6 ! (s— A)(F —s) + BE ! (s— A)(F —s) + BE

(B.1.14)

B.2 The derivation of T}, as a function of V,, wy; and
00

The steady state voltage equations in the rotor d,q frame can be written as (see (2.7.1)
and (2.7.2) of Chapter 2)

Vie = rolpg+wolal, + wolm (B.2.1)
Vie = 1oy, —wolgly, (B.2.2)
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The relationship between the load angle and the voltages from (3.2.3) and (3.2.4)
of Chapter 3 is

Vicos(o) = Vi, (B.2.3)
—Visin(do) = V. (B.2.4)

Substituting those two relationships to the (B.2.1) and (B.2.2) the following two

equations are obtained.

Vicos(o) = 7ol +woLalj, + wolm (B.2.5)
—Visin(do) = 7rsly, —wolgly, (B.2.6)

Solving for I, and I from these two equations,

. wolyVicos(dy) — rsVisin(do) — wi LyAm
. B.2.7
ds r2 4+ wiLyLa ( )

Visin(do) N rs woLyVicos(y) — 1sVisin(dg) — Wi LyAm

I, =
a WOLq woLq ( Tg + (U(Q)LqLd

) (B.2.8)

The steady state torque expression from (2.7.3) of Chapter 2 is,

3n
T = §§[Am + (La — Lg) I3 15, (B.2.9)
Substituting the current expressions (B.2.7) and (B.2.8) to the torque expression in
(B.2.9) one can obtain the following equation, which expresses the T, as a function of

Vs, wo and dy.

3n woLyVicos(0g) — 1sViesin(dy) — wi Ly ., Vssin(dp)
Te = <= )\m L;— L a 0~q
0 22[ +( d Q)( Tg+w8LqLd )][ WOLq +
re  woLyVicos(dg) — rsVisin(dy) — wiLoAm
—(— s )] (B.2.10)
0dsq ry + WoLqLd

B.3 The derivation of the expression for k.,

The above §B.2 obtained the expression (B.2.10) for the torque can be written as

3n Vssin(do) T
Towo= == |\m Ly—L,)IT
0 22[ +( d Q) ds][ UJOLq +W[)Lq

) (B.3.1)

where,
woLgVicos(0g) — 7sVisin(0o) — wi LgAm

J
ds r2 + wiL,Lg

(B.3.2)
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Taking the partial derivative of (B.3.1) respect to dp one can obtain the k. as,

0Ty 3n 11 Vscos(dp) rs 01,
ke a 850 N 22 P\m + (Ld Lq)]dSH woLq + woLq 650 )]+
3n oI, .. Visin(dg) T
L. — L ds I B.3.3
S5l LGENEEE + Lery) (B.3.3)

where,
0L, _ —woLyVasin(8y) — raVacos(do) (B:34)
I8, - T§+W§LqLd B

B.4 The elements of the matrix A;(X)

Ay ==L A== A13:%1(AL—’Z+155)7 Ay = “esinlo) 40—

OTs o oLy
Ay = owy, A22:;—317 Aoz =0l A24:_V%;(50)7 Ay =0
At = 350+ Ll — M5, Aus = S8V La(l = )T sy = =,
Azy = Azs =0

Ap=Ap =0, Ap=-1, Au=0, Ap=1

A51 _ C[cos(5o) + woasin(éo)], A52 _ C[wocos(éo) . sin(&o)L

OTs o Ts

Ass = c[(0 = 1)1 sin(d0) + 2(32 + (1 — o) ;) cos ()],

(o

o—1)sin w r I, .
Asy = cl(wooTp, — 2 15,)cos(dy) — B gmn@0) — (<0 (3 4 17) 4 Z00)sin ()],

OTs

Ass = c[I}sin(do) + Ij,cos(do)] — i

L
where, 0 = I Ts=734 = %kaS.



Appendix C

Generation of PWM

After the voltage vector to the machine is decided from the control section of the V/ f
controlled drive or the field oriented controlled drive, this voltage vector is applied to
the stator of the machine through the inverter. For this purpose, the inverter creates
the three-phase stator voltages via Pulse Width Modulation (PWM). There are several
approaches to generate inverter control signals to achieve PWM [1]. The space vector
modulation (SVM) approach is used in both of the V/f controlled and field oriented
controlled drive systems discussed in this thesis. The implementation of this approach
in a digital system is very convenient. The space vector modulation approach and
inverter nonlinearity compensation are briefly discussed in this Appendix.

C.1 Space vector modulation

The basis for the space vector modulation is, the ability of generating fixed voltage
space vectors from a three phase inverter, which is shown in figure C.1. This type of

Phase a Phase b Phase ¢
Leg Leg Leg
+
& 1k a4
;ias o
i Connected to the
Ve > bs

- O
J i 3-phase motor

el oed o

Figure C.1: Three-phase inverter.

inverter can produce a total of six non-zero voltage space vectors and two zero voltage
vectors [1]. They are correspondent to the 8 switching states of this inverter. These
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voltage space vectors correspond to the switching states of the inverter are shown
in figure C.2(a) with the notation v;49, 2110, Y010 Yo11> Yoo1s Y101 Yooo and v;y;. In this
notation of voltage space vectors, the subscript denotes the state of the switches and
they are represented by a binary pattern, where ‘one’ represents the top switch is closed
and the bottom switch is opened for a particular leg of the inverter and a ‘zero’ the
opposite. The most left position in the pattern is leg ‘a’, the middle is leg ‘b’ and the
right position is leg ‘c’.

According to the states of the switches, one can decide the polarity and the magni-
tude of the voltages, which produce in the three phase stator windings of the machine,

connected to the inverter. The magnitude of those produced phase voltages on the

2’l)dC
3

using the definition for the voltage space vector given in (C.1.1) (See (2.3.1) in Chapter

star connected windings are either or “4=. With those produced phase voltages and

2), one can obtain the eight voltage space vectors correspond to the eight switching

states as shown in figure C.2(a). The magnitude of each of these voltage space vectors

3 2v4c
s —=.
3
2 2
Vabes = g[vas + avps + @ ch] (Cll)
Im
A
Im .
A
Yonf “_)i(-)(;--bRe

‘—)001 2101

Figure C.2: (a) Voltage space vectors correspond to the eight switching states
of the three-phase inverter. (b) Representation of the commanded voltage
vector from two adjacent voltage space vectors.

In the following, the generation of inverter control signals from SVM is discussed
assuming the commanded voltage vector v}, which is in the stationary reference frame,
locates in the first sector of the space vector diagram shown in figure C.2(a).

Since the commanded voltage vector is in the first sector, the adjacent two voltage
space vectors are vy, and vy;,. The change in flux over one switching period can be
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written as
Tsw T T +T> Tsw
0 0 Ty Th+T1>

Tyw - The switching period

where,

Ty - The time for the v,,, vector
T, - The time for the vy, vector
v, - The zero vector (either vy, or vyy;).

From (C.1.2) the following result can be obtained.

Q:Tsw = V0011 + 2111012 (C.1.3)

C o Vo1 | ViioT2

e TSU} Tsw
The result in (C.1.4) is illustrated in the vector diagram shown in figure C.2(b).

(C.1.4)

From (C.1.4) one can obtain the switching times 77 and T3 for the adjacent two

vectors as
3T, vE .
T, = Qsm(i —0) (C.1.5)
Vde 3
TS’U} * .
T, = %3”@(5) (C.1.6)
de

where (3 is the angle between v,,, and v¥. During the remaining time in the switching
period, the zero vectors should be applied. Therefore, the time for zero vectors (Tp)
becomes

To - Tsw - T1 - T2 (Cl?)

The implemented SVM scheme the T} is divided into four parts of equal duration
and, in the first sector the switching sequence is selected as

V00{T0/4) — v100{T1/2) — v110(T2/2) — v111(To/4) —
V111 (T0/4) = v110(T2/2) — v100(T1/2) — voo0(T0/4)- (C.1.8)

In (C.1.8), the duration for the associated vector is given in brackets. The switching
signals correspond to the sequence given in (C.1.8) are shown in figure C.3. Note that
each leg of the inverter is switched twice during one switching period and switching
signals are symmetric around %Tsw.

When the commanded voltage vector is in other sectors, the expressions (C.1.5) and
(C.1.6) remain valid. Then, ( should be the angle between the commanded voltage
vector and the first vector applied from the adjacent two vectors.

The implemented drive systems, first, the duty cycles are calculated for the switch-
ing signals shown in figure C.3, with the help of (C.1.5), (C.1.6) and (C.1.7). Knowing
those duty cycles, a micro-controller generates the switching signals to the inverter.



200 Appendix C. Generation of PWM

Yooo . Yioo Y10 Vi Yiio Yigo Yoo
a
»1
b
>
C
T4 T2 T2 T,/2 T,2 T2 T4

0 T, /2 T

Figure C.3: Switching signals produced by SVM for the three legs of the
three phase inverter. It is assumed that the commanded voltage vector is in
first 0° — 60° sector.

C.1.1 Voltage limit

The magnitude of the maximum voltage, which can be obtained from SVM is depen-
dent on the position of the commanded voltage vector and it can be found using the

constraint
T4+ Ty = Th. (C.1.9)
After substituting 77 and T3 from (C.1.5) and (C.1.6), the expression (C.1.9) becomes
TS'LU max . 3TS'LU max .
V3T (msm(g - B) + V3T owtmas () sin(B) = Tsw (C.1.10)
Vdc Vdc

where, v,,q.(5) is the magnitude of the maximum voltage at reference angle (3.
From (C.1.10), v () can be obtained as

Umazx (ﬁ) Cde

" Vacos(:— )

When (3 varies, the value of vy4.(0) lies on the line, which is connected the tips of the

0<B< g (C.1.11)

vectors vy, and vy, (see figure C.2(b)). If it is considered the other sectors also, this
means that vp,..(3) constitutes the hexagon shown in figure C.2(a).

One can limit the voltage vector to the hexagon. However, this results in different
maximum voltages depending on the angle of the commanded voltage vector, increasing
the calculation time. Alternatively, one can also limit the voltage vector to the largest
circle that fits in the hexagon (This circle is shown in figure C.2(a)). The advantage of
this circular limit is that the magnitude of the voltage vector is limited to a constant
length regardless of the position of the voltage vector, reducing the calculation time
required. With this circular limit, the maximum voltage (v,,q.) becomes the radius of

the circle and
Vae

Umaz = .
V3

This circular limit is used in the implemented drive systems.

(C.1.12)
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C.2 Inverter nonlinearity compensation

There are three nonlinearities in PWM voltage source inverters [2]. They are

e DC-link voltage ripple
e Dead-time

e Components voltage drop (Diodes and transistors voltage drop in the inverter).

The compensation methods of these nonlinerities are discussed in detail in [2]. The
same methods are used to implement and they are discussed briefly in subsequent

sections.

C.2.1 DC-link voltage ripple

Due to the behaviour of diode rectifier the ripples appear in the DC-link voltage, i.e.
the DC-link voltage is not a constant value. When generating PWM, if it is assumed the
DC-link voltage is constant in (C.1.5) and (C.1.6), it will cause undesirable variations
in stator voltages. In order to overcome this problem, the DC-link voltage is measured
instantaneously, and this measured DC-link voltage is used in (C.1.5) and (C.1.6)
during PWM generation.

C.2.2 Dead-time

In order to avoid short-circuit in the DC-link, it should always be considered a short
period of delay between one transistor is turned-off and the other is turned-on in each
leg of the inverter. This short period of delay is referred to as dead-time. Due to the
dead-time, there is a difference between the actual output voltage and the commanded
voltage to a phase. The influence to the output voltage is dependent on the direction
of phase current. Assuming the switching of the power semiconductor devices is ideal
(i.e. no delays), the magnitude of the average voltage error in one switching period due

to the dead-time is given by [2]
lq

TS’U)
where Av is the average voltage error in one switching period and ¢4 is the dead-time.

Av = Vde (C.2.1)

The commanded voltage to a phase can be corrected to compensate the dead-time
effect by knowing the sign of the current and using the relationship

U;s(c) = U;s + Sign(ias>tdfswvdc (022)

where U;S(c) is the corrected voltage for phase a, v}, is the commanded voltage for phase
a and fy, is the switching frequency. Equation (C.2.2) can be written in duty cycles
for the upper transistor of a-phase leg as

DZ(C) - DZ + Sign(ias)tdfsw (023)



202 Appendix C. Generation of PWM

where DZ(C) is corrected duty cycle and D} is commanded duty cycle, i.e. calculated
duty cycle from SVM. For the other two phases same relationships are applied (Only
changing a to b and ¢).

When implementing, the duty cycles calculated from SVM for the three legs of the
inverter are corrected using the relationship in (C.2.3), in order to compensate the

dead-time effects to the output voltage.

C.2.3 Components voltage drop

The voltage drop across the power semiconductor devices of the inverter causes to
deviate the actual output voltage from the commanded voltage. The effect to the
output voltage from voltage drops of the power semiconductor devices is dependent on
the magnitude and the direction of the phase current [2].

Considering a-phase leg, the transistor and the diode voltage drop can be expressed

as
U = RT‘ia3| + V1o (C.2.4)
Up = RD|ias‘ + UD.,0 (025)
where,
vp - Transistor voltage drop
vp - Diode voltage drop
Ry - Dynamical resistance of transistor
Rp - Dynamical resistance of diode
vro - Voltage drop at zero current in transistor
vpo - Voltage drop at zero current in diode.

According to the analysis in [2], the commanded voltage can be corrected to com-
pensate the transistor and the diode voltage drop, knowing the direction of the current
and using the relationships

*

Vaste) = Vas — 01 — (vp —vr) Dy, for dag <0 (C.2.6)

Vns(e) = Uas T VD + (vr —vp) Dy, for g >0 (C.2.7)

Expressions (C.2.6) and (C.2.7) can be written in duty cycles as

[vr + (vp — vr) D}

o) = Do — for igs <0 C.2.8

a(c) a Vae ; or 1 ( )
— D*

;(C) = DZ + [UD i (UT UD) a]7 fOI‘ ias > 0 (CQQ)

Vde
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Same relationships can be obtained for the other phases. When implementing, the duty
cycles calculated from SVM for the three legs of the inverter are corrected using the
relationships in (C.2.8) and (C.2.9), in order to compensate the effects from transistor
and diode voltage drops to the output voltage. The transistor and diode parameter
values used in (C.2.4) and (C.2.5) are, Ry = 80 mf2, Rp = 80 mf2, vro = 1.6 V and
vpo = 0.8 V. These values are obtained from the data sheets provided by the inverter
IGBT module manufacturer.
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Appendix D

The Laboratory Test System

The laboratory test system, which is used for experiments in this project, is described
in this Appendix. The overview of the laboratory test system is shown in figure D.1.
It consists of a converter, a digital control system, sensors to obtain various signals, a
load control system and an IPMSM. The IPMSM is the test machine used throughout
the project and details of this machine can be found in Appendix A. More details of
other parts of the laboratory test system are given in subsequent sections.

................................................... . . Load control :
Converter : : :

system
: — DC-link Torque .
- [Rectifier bym Inverter d :  Load machine
3-phase @] ‘[ra'wfré
AC .— * ==}' —| i__i : 1
supply @——H PSS Ll
"""""""""" :l'.'.'.'.ﬁﬁﬁﬁ 'FZZZ:ZZAZZZZZZZ:...... ! : Torque
5 <Tf— g | control
PWM and other L T
control signals : Encoder
' LLC KDPPRAMSS) DSP : pulses
) A :
PC
—

Digital control system

Figure D.1: Overview of the laboratory test system.

D.1 Converter

The power electronic converter configuration used in the laboratory test system is
shown in figure D.2. This converter is, a modified version of Danfoss VLT 3004 fre-
quency converter. The control board was removed from original VLT 3004 and the
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gate pulses and other control signals were supplied from the external digital control
system through fiber-optic interface as shown in figure D.2. It should be mentioned
that remaining control electronics, snubber circuits and power supplies in the converter

are not shown in figure D.2.

Power electronic converter

YN
A A A 7‘(}
)
3x 400 V 1
AC supply ©
o
A % & ,\K} {ﬂ}
Y YN
Gate-pulse 1 Dead time implementation
From _ﬁber 82%2:53{22 % : and various protection
optics Enable signal : functions for the converter

On/Off signal

Figure D.2: Power electronic converter configuration used to control the test
machine in the laboratory test system.

As shown in figure D.2 the supplied signals to the converter include 3 gate-pulses
(one for each leg of the IGBT inverter), enable signal (a square-wave signal with a
frequency of 1-5 kHz, which is required for control electronics of the converter) and
converter on/off signal. Each gate-pulse is split into two signals in the converter (one
for upper IGBT and the other for lower IGBT of each leg) incorporating dead time.
The value of the dead time is 2 us.

The protection functions, which include in the VLT 3004 is also used in the con-
verter. They are, protection against short-circuit and over-load currents, and thermal
protection of power modules. The DC-link voltage is also measured in VLT 3004 and
the converter trips, if DC-link voltage is not within the required range. This function
is also used in the laboratory test system converter.

D.2 Digital control system

The digital control system handles all the calculations in the control algorithm with the
knowledge of various measured signals from other parts of the system, and generates
gate pulses and other control signals for the converter. The block diagram in figure
D.3 outlines the digital control system.
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Encoder pulses
for rotor position

pC and speed

O p

==

A
Signal outputs v v Signals for
from sensors / / , , Interface for the converter
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A
Interrupt
S/H

Figure D.3: Block diagram of the digital control system.

The measured variables for the A/D converter are, motor phase currents, DC-link
current, DC-link voltage and torque on the rotor shaft (see figure D.1). The LEM
modules are used to measure the phase currents and DC-link current, and an isolation
amplifier (Hewlett-Packard HCPL-7800) is used for the DC-link voltage. The torque
on the rotor shaft is measured using Staiger Mohilo (Model no. 0130/03AE-01-F-A)
torque transducer.

The A/D converter (Analog Devices AD7891) has 8 channels giving facilities to
measure up to 8 analogue signals, even though only 6 signals are used in this project.
All channels are sampled and held simultaneously by two four-channel sample-hold
circuits (Analog Devices AD684), when a signal is given from the micro-controller
(pc). This signal is shown as S/H in figure D.3. The resolution of the A/D converter
is 12 bit, and the conversion time is 1.6 us per channel. The digitized values from
the A/D converter are read by the digital signal processor (DSP) when it receives the
interrupt signal.

The DSP (Analog Devices SHARC ADSP-21062, 33 MHz clock frequency), which
performs floating point calculations with 32/40 bit resolution, is installed in EZ-LAB
Development System evaluation board designed by BittWare Research Systems. This
board is physically installed in the PC, and the PC can communicate with the DSP.
All control algorithms are programmed using C programming language and they are
compiled using C-compiler, which includes in the DSP software tools. The compiled
programmes are downloaded to the DSP, whenever the control algorithms are needed
to execute in real time. If it is required, variables in control algorithms can be saved in
the DSP memory and they can be transferred to the hard disk of the PC so that they
can be viewed off-line.

At the beginning of each PWM switching period, the micro-controller generates
the interrupt signal to the DSP. With this interrupt signal, the DSP executes the
calculations in the control algorithm. Finally, the DSP outputs the calculated duty-
cycles for the three gate pulses and the on/off status of the converter. They are written
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to the dual-port ram (DPRAM) in 16-bit format. The micro-controller reads these
values and generates the gate pulses and on/off signal for the converter in the beginning
of next PWM switching period.

In addition to the three gate pulses and on/off signal, the micro-controller also
generates the DSP interrupt signal and A/D converter S/H signal in the beginning of
each PWM switching period. The S/H signal is also used as the enable signal to the
converter.

Since the DSP interrupt signal and A/D converter S/H signal are generated in the
beginning of each PWM switching period, the sampling period of the digital control
system is essentially the same as the PWM switching period. It should also be noted
that, since the gate pulses are generated in the beginning of next sampling period
after the calculations, there is one sampling period delay between the analog values are
sampled and the voltage is applied to the machine.

The micro-controller is from Siemens, SAB 80C167, with 20 MHz clock frequency.
It performs calculations in 16-bit fixed-point format. It has PWM channels, which
are dedicated for generating gate pulses for a converter. When duty cycles are known
those PWM channels can be used to generate gate pulses. The programme for the
micro-controller is also written in C programming language. The micro-controller com-
municates with the PC via a serial port.

As it is shown in figure D.3, the micro-controller also counts pulses, which are
generated by an encoder according to the revolution of the rotor shaft. The counted
value of the pulses during one sampling period are written to the DPRAM and it is
read by the DSP. The resolution of the counted pulses is: 8192 pulses/rev.

The micro-controller generated 5 signals for the converter (i.e. 3 gate pulses, enable
signal, on/off signal) are send via fiber-optic cables to the converter. This fiber-optic
cable link provides electrical isolation between digital control system and the converter.

More description about different components used in the digital control system can
be found in manuals published by the manufactures. For EZ-LAB Development System
evaluation board, more details can be found in [1]. Detailed descriptions for the DSP
and the micro-controller are documented in [2] and [3] respectively.

D.3 Load control system

Figure D.4 outlines the load control system in the laboratory test setup. This load
control system was built using Siemens SIMOVERT MASTERDRIVES converters.
The rectifier /regenerative unit provides facility to power flow from grid to the DC-
link and regenerative power flow from DC-link to the grid. Two independent thyristor
bridges in this unit provide this facility. This rectifier /regenerative unit is connected
to the IGBT inverter via the DC-link. The load machine is a SPMSM. It is also from
Siemens and the type is ROTEC 1FT6. This machine is fitted with an encoder in
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Figure D.4: Block diagram illustrating sections of the load control system.

order to provide position and velocity information of the rotor. The rated speed and
the rated torque of this machine are 3000 rpm and 14.7 Nm respectively.

Control of the rectifier /regenerative unit and the inverter is provided by Siemens.
In addition, those units are provided with software so that the user can programme
them via parameters in order to adapt to a specific application. Key-pads with displays
are also included so that the user can programme them easily. The torque command,
which is needed to control the torque of the load machine, can be given to the inverter
from the key-pad or using an analog voltage signal (0-10 V).

Detailed description of the rectifier /regenerative unit and the inverter used in the
load control system can be found in [4] and [5] respectively. More details about load
machine can be found in [6].
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