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ABSTRACT

IMPROVED TORQUE AND SPEED CONTROL PERFORMANCE IN A VECTOR-
CONTROLLED PWM-VSI FED SURFACE-MOUNTED PMSM DRIVE WITH
CONVENTIONAL P-I CONTROLLERS

Biiyiikkeles, Umit

M. Sc., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Aydin Ersak

April 2012, 134 pages

In this thesis, high performance torque and speed control for a surface-mounted permanent
magnet synchronous machine (PMSM) is designed, simulated and implemented. A three-
phase two-level pulse width modulation voltage-source inverter (PWM-VSI) with power
MOSFETS is used to feed the PMSM.

The study has three objectives. The first is to compensate the voltage disturbance caused by
nonideal characteristics of the voltage-source inverter (VSI). The second is to decouple the
coupled variables in the synchronous reference frame model of the PMSM. The last is to
design a load torque estimator in order to increase the disturbance rejection capability of the
speed control. The angular acceleration required for load torque estimation is extracted

through a Kalman filter from noisy velocity measurements.

Proposed methods for improved torque and speed control performance are verified through
simulations and experimental tests. The drive system is modeled in Matlab/Simulink, and
control algorithms are developed based on this model. The experimental drive system
comprises a three-phase VSI and a 385 W surface-mounted PMSM. Control algorithms

developed in the study have been implemented in a digital signal processor (DSP) board



and tested comprehensively. With the use of the proposed methods, a considerable

improvement of torque and speed control performance has been achieved.

Keywords: Surface-mounted PMSM, vector control, inverter non-linearity compensation,
load torque estimation, Kalman filtering.
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GELENEKSEL P-1 DENETLEYICILERIN KULLANILDIGI VEKTOR DENETIMLI
PWM EVIRICI BESLEMELI YUZEY MIKNATISLI SENKRON MOTOR
SURUSUNDE MOMENT VE HIZ DENETIM PERFORMANSININ IYILESTIRILMES]

Biiyiikkeles, Umit

Yiiksek Lisans, Elektrik Elektronik Miithendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Aydin Ersak

Nisan 2012, 134 sayfa

Bu tezde, bir ylizey miknatislt senkron motorun (YMSM) yiiksek performansli moment ve
hiz denetimi tasarlanmig, bilgisayar benzetimi yapilmis ve donanim iizerinde
gergeklenmistir. YMSM, giic MOSFET leri ile olusturulmus tig-fazli iki-seviyeli gerilim
kaynakl1 evirici (GKE) ile beslenmistir.

Calismanin {i¢ amact bulunmaktadir. Birincisi, GKE’nin ideal olmayan 6zelliklerinden
kaynakli bozucu etkilerin giderilmesidir. Ikincisi YMSM’nin senkron referans
diizlemindeki modelinde bulunan bagimli degiskenlerin bagimsiz hale getirilmesidir.
Ugiinciisii ise hiz denetleyicisinin bozucu etki giderme performansini gelistirmek amaciyla
yiik momentini tahmin edecek bir kestiricinin tasarlanmasidir. Yiik momenti kestiricisi igin
gerekli olan agisal ivme bilgisi giiriiltiilii hiz 6l¢iimlerinden bir Kalman filtre yardimiyla

¢ikartilmistir.

Onerilen yontemler bilgisayar benzetimleri ve deney ¢alismalariyla dogrulanmistir. Siiriis
sistemi Matlab/Simulink yaziliminda modellenmis ve denetim algoritmalari bu model
tizerinde gelistirilmistir. Deney c¢alismalar1 igin tg-fazli GKE ve 385 W giiciinde

YMSM’den olusan bir siiriis sistemi kullanilmistir. Denetim algoritmalar1 sayisal isaret

Vi



isleyicisi (DSP) tabanli bir kartta gergeklenmis ve ayrintili bir sekilde test edilmistir.
Onerilen yontemlerin kullanimiyla moment ve hiz performansinda onemli iyilesmeler

saglanmustir.

Anahtar kelimeler: yiizey muknatishh senkron motor, vektdr denetimi, evirici

dogrusalsizligin1 giderme, yiik momenti kestirimi, Kalman filtreleme.
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CHAPTER 1

INTRODUCTION

1.1 AC Motor Drives and Permanent Magnet Synchronous Machine

Electric motors are employed in many applications such as pumps, compressors, elevators,
cranes, white goods, electric vehicles, electric tractions etc. Traditionally, electric motors
were operated without speed control. However, with further studies it is proved that, with an
adjustable speed, motor drive systems offer higher efficiency and lower maintenance. “Prior
to the 1950s all such applications required the use of a dc motor drive since ac motors were
not capable of true adjustable or smoothly varying speed since, they inherently operated
synchronously or nearly synchronously with the frequency of electrical input [3]“. Dc motor
drives have been the most popular drives for speed control because of their lower cost and
ease to control. However, they are losing their popularity to the ac motors which do not have
slip rings and brushes. Brushless ac motors have some advantages over dc motors. Due to
the lack of brushes, they can reach higher speeds and also require less maintenance. In
general, an ac machine of the same torque capacity is smaller than the equivalent dc

machine.

Ac motors can be directly fed from the utility source. However, in order to adjust the speed,
an electric drive system should be implemented. An electric drive consists of a power
converter, controller, sensors and other necessary electronic circuits as demonstrated in
Figure 1.1. The power converter gets its power from the utility source or from a dc power
supply such as a battery. Controller gets the feedback from the sensor and receives the

commands from an interface and then actuates the power converter accordingly.

If the power is supplied from the utility, a rectifier is used at the input. The rectified voltage

is filtered with a dc-link capacitor. Then, by means of an inverter, the ac waveform with the



desired frequency and magnitude can be generated at the output to supply the ac machine. If
the power is supplied from a battery, rectification is not needed. In this thesis, electric drive

is fed by a battery of 24 V therefore, the rectifier issues are not examined.

Electric drive
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' |
Power Power —
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source converter L —
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Figure 1.1. Electric drive system block diagram.

Two-level three-phase voltage-source inverters (VSIs) are the most widely used circuits to
supply three-phase ac machines. It consists of six power transistors and anti-parallel diodes
(freewheeling diodes) as shown in Figure 1.2. In low voltage applications, approximately
lower than 250 V, power MOSFETs are used in the VSI because of their lower device
voltage drop compared to IGBT. In this thesis, VSI is constructed with power MOSFETS.
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Figure 1.2. Two-level three-phase voltage source inverter.
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Recently, permanent magnet synchronous machines (PMSMs) become an important class of
high performance ac drives. PMSMs are special types of the synchronous machines. They
have conventional three-phase stator windings but, instead of a field winding, permanent
magnets produce field flux. Synchronous machines with electrically excited field winding
require brushes and slip rings to transfer current to the rotor. The use of permanent magnets
eliminates this requirement thus, problems related to the brushes and slip rings are
overcome. Lack of brushes also results in a more robust mechanical construction. Moreover,
the copper losses are eliminated therefore; higher efficiency and higher torque/inertia ratio
can be achieved.

PMSM types are demonstrated in Figure 1.3. When the stator windings are concentrated, the
machine is named as trapezoidal type or brushless dc (BLDC) machine. This machine has a
trapezoidal back-emf waveform. When the stator windings are sinusoidally distributed, the
back-emf waveform is also sinusoidal and the machine is named as permanent magnet ac
(PMAC) machine. This type of PMSM is usually named as servo motor and widely used in
high performance servo applications.

The PMSMs are further classified according to their magnet mounting types. One of them is
the surface-mounted PMSM where the magnets are mounted on the rotor surface as
demonstrated in Figure 1.4. The other type is the interior permanent magnet (IPM) machine

where the magnets are buried inside the rotor core.

Permanent-magnet
machines
Trapezoidal type Sinusoidal type
(Brushless DC) (PMAC)
Surface-mounted Interior
permanent-magnet permanent-magnet
machine machine (IPM)

Figure 1.3. Permanent-magnet machine types.
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Figure 1.4. Surface-mounted PMSM rotor.

1.2 High Performance PMSM Drive

There are mainly two ac machine control methods, scalar and vector control. Scalar control
depends on the steady-state model of the ac machine. Only magnitude and frequency of the
voltages, currents and flux linkages are controlled. This control method is used in
applications where dynamic performance is of no account. In vector control, spatial
positions of the magnetic fluxes in the machine are also controlled [42]. By means of the
vector control, the electromagnetic torque can be controlled both in steady-state and in
transient operations of the ac machine therefore; it is generally used in applications where

high dynamic performance is desired.

Field-oriented control is a type of vector control where the field flux, armature mmf and the
angle between them are controlled separately. It is based on the vector coordinate
transformations. In this method, the motor equations are transformed into a coordinate
system which rotates in synchronism with the field flux. It permits separately control of
torque and flux quantities by utilizing current control loop with P-I controllers like in a dc

machine control.

Usually, current controllers are designed in the synchronous reference frame since ac
currents at synchronous frequency can be transformed into dc currents, which makes the
closed-loop system robust to the operating frequency. The synchronous frame model of a

PMSM can be expressed as a multiple-input multiple-output (MIMO) system where the
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stator d- and g-axis voltages are the inputs and the stator d- and g-axis currents and rotor
velocity are the system outputs. In the synchronous frame model of the PMSM, d- and g-
axis voltages, currents and rotor velocity terms are coupled to each other [44], [45]. These
couplings lead to degradation of the controller performance in high speed operation of the
machine [44], [46]. Therefore, it is desirable to decouple these coupled terms by a proper

controller design. Decoupling of these variables is one of the goals of this thesis.

Voltage-source inverters (VSlIs) are the most widely used circuits for PMSM supply. Despite
their advantages, VSIs suffer from problems due to non-ideal behavior of the power
switches. This results in distortion on the output voltage of the VSI. In most of the
applications, output voltage distortion causes serious problems such as instability or torque
ripple in motor drive systems [43]. Therefore, an accurate voltage synthesis at the output of
the VSI is needed. This is another goal of this thesis.

There are several causes of voltage distortion in the VSI output voltage; some of them are
caused by the inserted dead-time, finite turn-on/off time of the power switches and voltage
drop on them. To avoid a short circuit in the dc-link (shoot-through), a finite time must be
inserted before turning-on the power switches in the VSI. This period is generally called as
blanking-time or dead-time. During the dead-time, the output voltage depends primarily on
the related phase current direction which results in a loss of control of the voltage. The dead-

time guarantees a safe operation but it causes serious voltage distortion.

In an open-loop pulse width modulation voltage-source inverter (PWM-VSI) fed drive
system, inverter nonlinearity can lead to instability and extra losses in the driven machine
[20], [23], [26], [28]. In a closed-loop drive system, this nonlinearity causes distortion in
current waveform, and ripples on the torque output [24], [26], [28]. In direct torque or
sensorless control applications, the output voltage is to be known for flux-linkage
estimation. It is not convenient to measure output voltage. In general, reference voltages are
used instead. However, due to the nonlinearity of the VSI, reference voltages deviate
extensively from the output voltages [28], [36]. Therefore, in most of the applications these

distortions cannot be neglected and are need to be eliminated.

There are various approaches to compensate the nonlinearity of the VSI [20]-[33]. A
different VSI configuration can be designed to prevent the shoot-through thus eliminating
the requirement of dead-time [32]. In this configuration, problems regarding to dead-time

are eliminated but other sources of nonlinearity still exist. Moreover, it requires hardware



modification which is not easy to implement. In conventional VSI configurations, usually a
nonlinearity compensation algorithm is employed. The widely used method is based on the
modification of the reference voltages to compensate the volt-second error [27]. This method
is known as volt-second compensation in which the volt-second error is averaged over a
PWM carrier cycle and then added to the reference voltage. Earlier studies used the output
voltage measurement to detect the volt-second [20], [23] which was troublesome since, the
output voltages are in PWM waveforms [37]. Instead of using voltage feedback, usually
current feedback type compensation method is preferred because, voltage error depends on
the direction of current [21], [22], [26], [30], [33]. First difficulty in this technique is the
detection of the current direction owing to the fact that, current sensing process has some
inherent delay and offset/gain/linearity errors. Especially, when current is close to zero, the
detection of the current direction is quite challenging on account of the switching ripple and
zero-current clamping effect [28], [33]. To handle zero current crossings, one method is
based on utilizing the current reconstruction [27]; another is the zero-current clamping
compensation [28]. Sometimes a smooth hysteresis curve is applied to the compensation
signal [29]. Another problem in this method is the variation of the parameters used in
calculation of the compensation signal. Compensation methods based on disturbance

observer can also be employed to overcome this problem [31], [34], [37].

In low voltage applications, such as battery-powered applications, power MOSFETSs are
utilized due to the lower device voltage drop. VSI nonlinearity studies made so far are
focused mostly on to the voltage distortion analysis for IGBT inverters but very few cover
MOSFET inverters. Switch voltage drops are quite different between the two; an IGBT has a
diode-like voltage drop whereas a MOSFET has a resistance-like voltage drop. In [24] a
MOSFET inverter is analyzed but this distinction was not adequately accounted. Another
study considers this difference but the analysis was not detailed [35]. In this thesis, the
voltage distortion in a three-phase VSI which is realized by power MOSFETSs is analyzed.
Volt-second algorithm is applied to compensate the voltage distortion. The rotor angle
information is implemented to determine the direction of the current in order to eliminate the
problems regarding to switching nature of the current. The method proposed in this study,
does not require the d-axis current to be zero. Simulation and experimental results are

provided to verify the validity of the analysis and the compensation technique.

Another problem faced in electric motor drive systems is the effect of disturbance torque

(sometimes called as load torque). The common sources of the load torques are friction



torques, externally applied torques and unbalanced mass center. They cause unacceptable
motion errors. Conventional P-I speed controllers cannot fully suppress these disturbance

torques due to limited bandwidth of the controller.

Disturbance rejection capability of the speed controller can be increased by the use of load
torque estimator. Load torque estimator calculates the disturbance torque from the measured
phase current and motor speed. Then, the necessary compensation current for the estimated
torque is added to the current reference. By means of this compensation current, disturbance
torques can be suppressed faster than the response time of the feedback loop [47].

Load torque estimator can also handle parameter variations such as variation of total inertia
and variation of motor torque constant as well as suppressing the load torque [39]. This is a
very useful property because; inertia variations are usually encountered due to payload
variations. Torque constant is also likely to vary, due to the temperature dependence of this

constant.

Load torque estimation algorithm requires the angular acceleration information. The use of
angular acceleration transducers is not feasible because, a few of them exist in the market
and they are not economical [41]. Usually, derivative of the velocity feedback is used

instead [47]. However, differentiation techniques produce severe noisy signals.

In this thesis, a linear stochastic observer, Kalman filter is implemented for angular
acceleration estimation. Then, load torque is estimated using this acceleration information,
measured current and nominal values of inertia and torque constants. Compensating current
corresponds to the estimated load torque is added to the current reference. Simulation and

experimental results are provided to verify the validity of the load torque estimation.
1.3 Objectives of the Thesis

In this thesis, as a power converter, voltage-source inverter is utilized. As stated, the output
voltage of the VSI is distorted due to non-ideal behavior of the power switches. First

objective of the thesis is to compensate this distortion.

Synchronous frame current regulator (SFCR), a widely used current control method is
implemented in this thesis. Although it offers the regulation of the currents in a wide speed
range, it has some disadvantages. One of them is that, it is more complex and requires more

computational effort. However this can be overcome by the emergent high performance



DSPs. Another disadvantage is that, in the synchronous frame model of the PMSM
frequency dependent couplings exist between the mechanical system and electrical system
and also between the torque-axis (g-axis) and flux-axis (d-axis). The second objective of the

thesis is to decouple these variables.

In general, P-1 controllers are implemented for speed regulation. Although they offer good
steady-state response, the transient performance is limited because; controller bandwidth is
limited due to practical reasons. Their disturbance rejection capability is limited by the
bandwidth of the controller. The last objective of the thesis is to design a load torque
estimator in order to increase the disturbance rejection capability of the speed controller.

Besides these major objectives, there are minor objectives of the thesis. One of them can be
stated as, to derive and simulate the dynamical model of the surface-mounted PMSM.
Another is to investigate the characteristics of the surface-mounted PMSM under different
torque angles.

Motivation of the thesis can be expressed briefly as, improving the torque and speed control
performance of the PMSM drive system.

1.4 Scope of the Thesis

The thesis consists of seven chapters. CHAPTER 1 is an introduction. In CHAPTER 2,
mathematical model of the PMSM is presented. Space vector notation and reference frame
transformations are explained. Dynamical model of the surface-mounted PMSM s derived
from the machine equations in a, b, ¢ reference frame. Electromagnetic torque equations and
electromechanical equations are derived. Block diagram of the machine is presented.
Different torque angle conditions are examined. CHAPTER 3 is devoted to voltage-source
inverters (VSIs). Specifically, two-level three-phase VSI is analyzed. Space vector pulse
width modulation scheme is described. CHAPTER 4 gives a review of PM synchronous
motor vector control method. Current regulation issues are examined. Speed control of the
machine is also presented in this chapter. In CHAPTER 5, the analysis of the conventional
current control and speed control is performed and improvements on them are proposed. The
theoretical confirmations of the proposed methods are given. Simulation and experimental
results are demonstrated in CHAPTER 6. CHAPTER 7 includes the conclusions. Possible

future works are stated in this section.



CHAPTER 2

DYNAMIC MODEL OF THE SURFACE-MOUNTED

PMSM

2.1 Introduction

Analysis of ac machines is typically presented by means of the so-called per phase
equivalent circuit. However, this model is inadequate when applied to dynamic conditions as
encountered in transient responses of the machine. Therefore, a dynamic model of the ac

machine should be built.

Developing a mathematical model is the key point for controlling an electric motor. In this
chapter, mathematical model of the surface-mounted PMSM is derived. Space vector
notation and reference frame transformations are explained. Electromagnetic torque
equations and electromechanical equations are attained. Block diagram of the machine is

presented. Different torque angle conditions are examined.

2.2 Stator Voltage Equations in the Stationary a, b, ¢ Reference

Frame

In a PMSM the rotor houses the permanent magnets which establish a dc magnetic field
linking the surrounding three-phase stator windings placed spatially 120° apart from each
other as shown in Figure 2.1. Two-pole PMSM structure is depicted in the figure
nevertheless, the analysis is applicable to machines with any number of poles. Permanent
magnets are on the surface of the rotor but, they are shown as a single bar magnet inside the

rotor for a better insight. Although stator windings are sinusoidally distributed, they are



represented as concentrated windings. To derive the model, magnetic saturation, core losses

and eddy currents are neglected.

stator

Figure 2.1. Three-phase permanent-magnet synchronous machine structure.

Instantaneous stator voltages developed in these three windings can be written as:

d

Vsq = Rslsq + Elsa (2.1)
d

Vsp = Rslsp + Elsb (2-2)
d

Vse = Rglge + Elsc (2.3)

where vg,, vgp, Use are stator voltages, iy,, isp, isc are stator currents, Ry is the stator
resistance and Ay,, Agp, Asc are the flux linkages of the corresponding phases. Here it is
assumed that, all three-phase windings have an equal resistance such that, Ry, = Rgp =
Rsc = R; .

The flux linkages with the stator winding for one of the phases consist of two components

from stator and rotor,
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As = Ags) + As(r)- (2.4)

Here A is the flux linkage with the stator phase winding due to the stator currents and
Asqry Is the flux linkage with the stator phase winding due to the rotor flux. Therefore, the

flux-linkages of the stator windings, A5,, 45, and A4 can be written as:

Asa = Lsaisa + Msab isb + Msacisc + /1PM Ccos Qr (2-5)
. . . 2

Ash = Mgpalsq + Loplisp + Mgpclse + Appy cos(6y — ?) (2'6)
. , . 4

Asc = Mscalsa + Mscb lsh + Lsclsc + APM COS(Br - ?) (2'7)

where Lg,, Lsp and Ly, are the self-inductances of the stator phases-a, -b and —c respectively,
Mgap, Mgq. and Mg, are the mutual inductances between stator phases-a and —b; -a and —c;
-b and -c, respectively. It is assumed that, all three stator phases have equal self-inductances
such that, Ly, = Lg, = Lg.. AlSO Mg, is assumed to be equal to Mg, where My, is the
mutual inductance of the phase-a winding due to the current flow in phase-b winding and
Mg, is the mutual inductance of the phase-b winding due to the current flow in phase-a

winding. Similarly, Mg, = M., and Mg = Mgep.

Apy is the flux linkage with the stator phase windings due to the flux produced by the
permanent magnets placed on the rotor surface. 8, is the electrical angle between the axis of
the rotor flux and stator phase-a axis which is related with the spatial angle of the rotor as in

(2.8) where P is the number of poles.
P
0, ==0p,. (2.8)
2
The self-inductance of a stator phase can be defined as:

Lgq = Lsp = Lgc = Lis + Lis (2-9)

where L is the leakage inductance which accounts for the flux produced by the stator
winding which does not cross the air gap. L, is the magnetizing inductance that can be

formulated as,
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rlN?
Lins = toTt = (2.10)

I, 4

where p, is the permeability of air, r is the mean radius at the air gap, [ is the length of the
rotor along its shaft axis, I, is the air gap length and Ny is the number of turns per phase in
the stator winding. Since the surface-mounted PMSMs are almost always non-salient, it is

assumed that, air gap length [, does not vary with 6,..

Mutual inductances between two stator phases can be found as,

21 L
Msop = Msge = Mgy = (COS?) Lns = _$ (2.11)

Detailed information and derivations can be found in [3] and [4].

2.3 Space Vector Notation

Each stator phase winding produces a sinusoidally distributed mmf F_Sa’ F_Sg and FT,C in the
air gap which can be represented by vectors along the axis of that phase. The resultant stator
mmf, F; at any point in the air gap around the rotor periphery can be represented by a vector

which is the sum of mmf vectors due to all three phases as shown in Figure 2.2.

The resultant vector of any three-phase stator variable (such as mmf distributions, currents,
voltages or flux linkages) can be written as the sum of the instantaneous values of that

variable according to,

- 2
R = S lksq + gy + k] (212)

where kg, kg, and kg, can be any of three-phase stator variables such as current, voltage or

flux linkage of the corresponding phases. Superscript “a” designates that the resultant vector,

k< is written with respect to a-axis. Subscript “s” denotes that, it is a stator variable. @ and
2T AT

d? are spatial operators such that @ = e’s = —% +j§ and @ =e’s = —% —j‘/; (based

on the definition, e/® = cos6 + j sin ). Note that variables are time dependent, but time
dependency is not shown in the equations for the sake of simplicity (They are actually
written as, kg, (t), kg, (t) and kg (t) ). This form in (2.12) with 2/3 normalization factor is

used is known as non-power invariant transformation in which the power calculated in the
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transformed system is not the same as in the a,b,c reference frame. In non-power invariant
form, the magnitude of the space vector is equal to the amplitude of the sinusoidal steady-
state phase variables. The resultant vector is named as space vector of the corresponding
guantity. It is sometimes named as complex space vector. Here it must be noted that, in
three-phase systems without a neutral wire, scalar addition of the instantaneous values of

these variables yields zero,

ksq +ksp +kse =0 (213)

Figure 2.2. Resultant stator mmf represented as a space vector.

As an inverse transformation, phase variables can be obtained by projecting the space vector

of that quantity on the corresponding phase axis as demonstrated in Figure 2.3.
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c

Figure 2.3. Projection of the space vector on the a-, b- and c-axis.

Real part of the complex space vector is equal to the phase-a variable,

kg, k
b %] — kg, . (2.14)

- 2
Re(k) =5 [ksa -
Similarly, phase-b and —c variables can be obtained from complex space vector as,
k, = Re(d%k%) (2.15)

k. = Re(dk?). (2.16)

Using space vector theory, voltage equation of the stator can be written as:

4 = d b
b = Relg + A3 (2.17)
where,
P& = %[vsa + dvg, + d%vg], (2.18)
= 2 . > . =7 .
l‘sl = § [lsa + aig, + azlsc] (2'19)
ja _ 2 q q2 2.20
/15=§[/15a+a/15b+a Asel - (2.20)
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v&, ¢ and /’T? are the stator voltage, current and flux linkage space vectors respectively.
Note that, space vectors are written with respect to the a-axis. Stator flux linkage space
vector can be written in terms of phase inductances and current space vector using (2.5)-
@.7),

. 3 .
ja = (Lls + ELms) %+ Apyelfr | (2.21)

Using (2.21), stator voltage equation (2.17) becomes:

, - 3 d , d ,
V& = R,12 + (LlS + ELms)El? + E(APMefer) (2.22)
using chain rule of differentiation, (2.22) becomes:
. S 3 d d , . o d
¢ = R + (Lls + ELmS)El? + APME (e/%r) + efera Apy) - (2.23)

The magnitude of the flux linkage with the stator phase windings due to the flux produced
by the permanent magnets is nearly constant. Variation in rotor temperature alters the rotor
flux but, this variation with time is considered to be negligible. Variation depends on the
magnet type. For example, flux linkage of a samarium-cobalt magnet decreases by (2-3) %

for each 100°C rise in temperature. For neodymium magnets this variation is (12-13) % and

for ceramic magnets 19% [2]. Therefore, the term %(APM) in (2.23) is assumed to be zero,
then,

S 3 d_, 0

v = Rgi2 + (Lls + ELmS)El? + jwrApy el (2.:24)

where w,. = dd—etr is the angular speed of the rotor flux.

2.4 Transformation to a Reference Frame Rotating at an Arbitrary

Speed

In the preceding section, the resultant air-gap mmf produced by the three-phase stator

windings is replaced by a single mmf space vector, F_S) Let us think a two-phase winding
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rotating at an angular speed w, as shown in Figure 2.4. If suitable currents flow through the
two-phase windings, they can produce the same resultant air-gap mmf as the stationary
three-phase windings produce.

y
b A Wy
T, S
\\\ \ Isy
\\\\\ \L/‘/‘/‘ \ - y X
Fsy \ s i Oy,
F. sx
/ sX L.y 3
¥
C

Figure 2.4. mmf space vector, FT and constituents on x-y axis.

Three-phase stator variables represented along the a-, b- and c-axes can be transformed into
variables in orthogonal x- and y-axes by;

2 21 4

ksx = g [ksa Cos exa + ksb COS(Hxa - ?) + ksccos(gxa - ?)] (2'25)
2 21 4

ksy = § [_ksasin Oxa — ksb sin (9xa - ?) - kscSin(gxa - ?)] (2'26)

where 8, is the angle between the phase a-axis and x-axis. Inverse transformations are

written as,
ksq = kgx cOs Oyq — ksy S5in Oy, (2.27)
21 2n
kep = Koy COS (em _ ?) — kg sin (em _ ?) (2.28)
4 41
ke, = Kqy COS (axa _ ?) — kg, sin (exa _ ?) . (2.29)

Space vectors can be written in complex vector notation,
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-

k¥ = kg + kg, (2.30)
where superscript “x” designates the reference axis. (2.30) is written in polar form as,
k¥ = |k¥|e/(6~0xa), (2.31)
Space vector can also be written with respect to the a-axis,
kg = |k¥|e/® = k¥elOxa, (2.32)

Equation (2.32) is referred as “rotation transformation”. Stator voltage equation (2.17) can

be transformed into x-y reference frame with the help of (2.32),
>x )0 >x ,jO 6. d TX 4 i, 23X ,j60
v¥elfxa = R¥elVxa + o) xaa/ls + jw,Afelbxa (2.33)

where w, = %(Bxa) is the angular speed of the x-y winding set. Dividing both sides of

(2.33) by e/%%a,

d - -
BF = R + A5+ jwidy (234)

Using (2.30), voltages developed in x- and y-windings are written as,

d

Usxy = Rglgy + dt Asx = Wrlsy (2.35)
d

Vsy = Rsigy + T Asy + Wyldgy . (2.36)

Flux linkage equation (2.21), can be transformed into x-y reference frame in a similar

manner,
1% 3 X J(Or—=0xa)
AS = (LlS + ELmS) lS + /‘{pMe rovxal (237)

x- and y-winding flux linkages are written as,
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3
Asx = (Lls + ELms> lsx + Apym COS(Qr - Qxa) (2'38)

3
Aoy = (Lls + ELms) isy + Apy SIn(By — Oyq) - (2.39)

x-y winding set has been chosen arbitrarily with angular speed w,, thus it is named as
arbitrary reference frame. In general, three reference frames are used, stationary reference
frame, synchronous reference frame and rotor reference frame. For induction machines any
one of them can be preferred however, for PMSMs “the rotor frame of reference is chosen
because the position of the rotor magnets determines, independently of the stator voltages
and currents, the instantaneous induced emfs and subsequently the stator currents and torque
of the machine [2]”.

Windings in rotor reference frame are generally named as d- and g-windings, which rotate at
same angular speed with the rotor flux, w,. d-axis is aligned with the axis of the flux

produced by permanent-magnet as depicted in Figure 2.5.

Figure 2.5. d- and g-windings rotating with angular speed of the rotor flux.

d- and g-axis voltage equations (2.35) and (2.36) are written as, (x-axis is named as d-axis

and y-axis is named as g-axis),

d

Vsq = Rsisq + E Asa — ersq (2.40)
d

Vsq = Rgisq + T Asq + WrAgq (2.41)

d- and g-axis flux linkage equations (2.38) and (2.39) become,
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3
Asa = (Lls + ELms) lsqa + Apm (2'42)

3
Aoq = (Lls + ELms) isq - (2.43)

Note that, flux linkage equations no more depend on the rotor angle. Inductances appearing
in the flux linkage equations are named as direct-axis inductance, L; and quadrature-axis

inductance, L,; then flux linkage equations can be written as,
)Lsd - Ldisd + /’lPM (244)
Asq = Lqisq - (2.45)

Substituting (2.44) into (2.40) and (2.45) into (2.41) results in,

d
Vgq = RSiSd + Lda iSd - Wquisq (246)

d
isq + WTLdiSd + WT}{PM (247)

Vsq = Rsisq + Lg a

where % Apy is assumed to be zero. According to these voltage equations, d- and g-winding

equivalent circuits in rotor reference frame can be represented as in Figure 2.6.

jsd Rs W[‘qu sq iSC] RS wWr Ld I sd Wy A PM
+ +
Vsd Lq Vsq Lg

Figure 2.6. d- and g-winding equivalent circuits in rotor reference frame.

The block diagram of the rotor reference frame stator voltage equations is represented as in

Figure 2.7 where p is the derivative operator.
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Isd
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Lg — W

Isq

A

/1PM

Figure 2.7. Block diagram of stator voltage equations in rotor reference frame.

Block diagram of the stator voltage equations can also be represented as in Figure 2.8, with
the help of (2.40), (2.41), (2.44) and (2.45).

EXD
% |

1 1 .
Vsd = — » Isd
: P Lg s
— Wi
1 1
Vsq — > >
+ p L, 'sq
ERP
R |

Figure 2.8. Alternative block diagram of stator voltage equations in rotor reference frame.
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2.5 Electromagnetic Torque Generation

The electromagnetic power equation in the rotor reference frame is derived in APPENDIX
A. The power transferred to the air gap which is generally named as electromechanical

power, P,,,, can be written as,

3 . .
Py = Ewr[(Ld — Lg)isaisq + Apmisq] - (2.48)
The mechanical output power is the product of the angular velocity and torque,
Fem = WinTem (2.49)

where T, is the electromagnetic torque and w,, is the mechanical angular speed of the rotor

which is related to electrical angular rotor flux speed, w,. as:
P
W = =Wy (2.50)

where P is the number of poles of the machine. Therefore electromagnetic torque becomes,

3P
Tem =55 [(Lg — Lg)isaisq + Apmisq] - (2.51)

The electromagnetic torque can also be written in terms of flux linkages,

3P ) .
Tem = EE [Asdlsq - Asqlsd] . (252)

3P

Electromagnetic torque consists of two parts. One of them, >3

(Lg — Lg)isqisq is the
reluctance torque. Since the surface mounted PMSM is nearly non-salient (Ly =~ L),
reluctance torque cannot be generated. The other part, %g/lmlsq is the permanent-magnet

torque. Therefore electromagnetic torque can be approximated as,

3p
Tem = EEAPMlsq . (253)
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2.6 Electromechanical Equations
The acceleration of the equivalent inertia (/) is determined by the net torque acting on that
inertia,

dZ

TTlet :]eqam :]eq EWm :]eqmem (254)

where a,, is the angular acceleration, T,,,; is the net torque on the shaft which can be written

as,
Thet = Tem — T - (2.55)

Ty is the load torque which includes torque applied externally on the shaft and the friction
and windage torque. 6,,, is the mechanical rotor angle which is related to electrical rotor flux
angle as defined in (2.8).

Jeq 1s the total moments of inertia of the mechanical system which is the sum of the load

inertia, J; and rotor inertia, J,,;

]eq =/m+]i. (2.56)

Complete block diagram of the surface mounted PMSM is represented as in Figure 2.9.

Wr

£
2

T

p isg | gp Tom + 7N\ T, 1 | an [ 1w 1
Vg — ‘ ol 2L em met | L |%m | L \Wmg | L ')
+ Lgp+Rs 4 ( ) Joq P P m
APM

i w [P
2

Figure 2.9. Complete block diagram of the surface mounted PMSM in rotor reference frame.
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2.7 Torque Angle Control Strategies

Vector diagram of a surface-mounted PMSM in rotor reference frame is shown in Figure
2.10, where 6, is the electrical angle between the rotor flux and stator phase-a axis. @ is the
angle between the stator voltage space vector, v, and current space vector, 7,. It is named as
the power angle. § is the angle between rotor flux axis (d-axis) and the stator current space

vector, 7; and it is called as the torque angle.

d-axis

" Stator phase-a
axis

Figure 2.10. Vector diagram of a PMSM in rotor reference frame.

By controlling the torque angle, & we can adjust some performance characteristics such as
power factor, volt-ampere supplied to the machine, maximum achievable speed etc. Some of

the torque angle control strategies to be found in the literature are,
e zero direct-axis current control (i.e. § = 909),
e unity power factor control (i.e. @ = 0°),
e constant air gap flux control,
e maximum torque per ampere control and

o flux weakening control (i.e. increasing iy current component to produce negative

mmf with respect to Ap,, Which reduces the effective net flux in d-axis).

Operations under different torque angle conditions are examined in APPENDIX B.
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CHAPTER 3

PWM VOLTAGE-SOURCE INVERTER FOR PMSM

SUPPLY

3.1 Introduction

Three-phase ac machine speed and position control require three-phase ac supply with
adjustable amplitude and frequency therefore, the ac power line cannot be directly used. For
this purpose power converters have been developed. Among the modern power converters,
voltage-source inverters (VSIs) are the most widely used circuitries in these applications. A
VSl is a circuit that converts the dc voltage into ac voltage with adjustable amplitude and

frequency.

Two-level, three-phase VSl is the broadly utilized VSI type for three-phase loads. It consists

of six power transistors and anti-parallel diodes as shown in Figure 3.1.

As for power semiconductors, in general, MOSFETS are used in low voltage applications
approximately lower than 250 V due to their smaller device voltage drop compared to
IGBTSs. Since in this thesis, as a dc source a battery of 24 V is used, VSI is constructed with
power MOSFETS.

In this chapter, two-level, three-phase VSI is analyzed in detail. A switching scheme, named

as space vector pulse width modulation (SVPWM) is investigated.
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VDC j—

\ g Y igp Y isc
R + R + +
LOAD s s Rs
\ Ls Van Ls Vbn Ls Ven
+ + +
[>) an ebﬂ eCII
n

Figure 3.1 Circuit diagram of a two-level three-phase VSI connected to a star connected

three-phase machine.

3.2 Two-Level Three-Phase Voltage-Source Inverter

If the power switches are assumed to be ideal, they short the drain terminal to the source
terminal if their gates are biased and otherwise, they set open circuit like an ideal switch.
Any phase of the three-phase VSI can be connected directly to the positive or negative
terminal of the dc-link. However, two switches in one leg of the VSI cannot be in
conducting state at the same time in order not to short the dc-link (shoot-through). In
agreement with this condition, all possible states of a three-phase two-level VSI can be seen

in Figure 3.2.
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Figure 3.2. Two-level three-phase VSI states.

For every state of the VSI, shown in Figure 3.2, voltages between critical points are

tabulated in Table 3.1. Voltage waveforms can be seen in Figure 3.3.

Table 3.1 Different voltage values for different states of the two-level three-phase VSI

Vao Vbo Vco Van Vbn Ven Vab | Vbc | Veca Vno

&
S
_Q
S

-Voe/2 | -Voc/2 | -Voe/2 ov ov ov ov | ov | oV | Vog/2

Voe/2 | -Voe/2 | -Voe/2 | 2Voe/3 | -Voe/3 | -Voe/3 | Voc | OV | -Voc | Vbc/6

Voe/2 | Voe/2 | Voc/2 | Voc/3 Vbe/3 | -2Vpc/3 | OV | Voc | -Vbc | -Voc/6

-Voc/2 | Voc/2 | -Voe/2 | -Voe/3 | 2Voe/3 | -Voe/3 | -Vbc | Voc | OV | Vbe/6

-Voc/2 | Voe/2 | Voe/2 | -2Vpe/3 | Vbe/3 Voc/3 | -Voc| OV | Voc | -Vbg/6

-Voc/2 | -Voc/2 | Voc/2 | -Voe/3 | -Voe/3 | 2Vbe/3 | OV | -Voc | Voc | Vbcg/6

Voe/2 | -Ve/2 | Vbe/2 Voe/3 | -2Voc/3 | Voc/3 Voc | -Voc| OV | -Vpg/6

Nl R QI Q| Q| N N
Nl Q| QI R N N Q|
Nl R R R Q] QL Q|

Vo/2 | Voe/2 | Voe/2 | OV % ov [ ov|ov] ov] Vo2
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Here q,, q5, q. stand for the logic value of the corresponding phase such that, if it is equal

to 1, the phase is connected to positive terminal of the dc-link and if it is equal to O, the

phase is connected to negative terminal of the dc-link. v,,, vy, and v,, are the voltages

between the corresponding phase terminal points (i.e. a, b, and ¢) and the midpoint of the dc-

link. vy, vy, and v, are the phase-to-neutral voltages, and vy, Vpc, vV, are the line-to-line

voltages which can be written as,

Voe/2

Voe/2

Vbo N

Voo/2

Voe/2

VCO

Voe/2

Voo/2

100
110
010
011
001
101

Vab = Van — Ubn

Ubc = Vbn — Vcn

Uca = Ven — Van -

Van
2Voe/3
Voe/3

Voo/3
-2Vpo/3

Vbn y

2Vpe/3
Voo/3

Voo/3
-2Vpe/3
Ven

2Ve/3
Vbe/3

-Voo/3
-2Vpe/3

100
110
010
011
001
101

N

(3.1)
(3.2)
(3.3)
Vab
Voe
-
-Voc
Vbc‘
Voc
>t
Ve
Vea
Voc
>
Ve
SERERSEN N

Figure 3.3. Typical two-level three-phase VSI voltage waveforms: (a) Phase-to-midpoint

voltages, (b) Phase-to-neutral voltages, (c) Line-to-line voltages.



Voltage between neutral point of the load and the midpoint of the dc-link is v,, which is
generally named as common-mode voltage. Noting that v, + vy, + v, =0 and

considering the mesh equations for each phase, common-mode voltage is written as in (3.7).

Vao = Van T Vno (3.4
Vbo = Vbn T+ Vno (3.5
Veo = Ven + Vno (3.6)

_ Vao T Vpo t Vco
Uno = 3 : (3.7)

3.3 Space Vector Pulse Width Modulation

2-axis stationary reference frame is named as a-3 reference frame (sometimes named as a-3
complex plane) where a-axis is aligned with a-axis and B-axis leads the a-axis by m/2 as

demonstrated in Figure 3.4.

b-axis  B-axis
A

ksﬂ ks

1

a-axis
k., a-axis

Y

c-axis

Figure 3.4. Components of the space vector in two-axis stationary reference frame.

By means of reference frame transformations (2.25) and (2.26), 3-phase quantities can be
transformed into a-B reference frame. For different states of the VSI, phase-to-neutral
voltages given in Table 3.1 can be transformed into a-@ reference frame as tabulated in

Table 3.2. Voltage space vectors are also given in the table.

Representing these voltages in a- complex plane yields the diagram shown in Figure 3.5.

Each of eight possible VSI states are represented by a vector, ¥; (i=0...7) in the a- complex
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plane. Six of them (¥, ...7s) are the active vectors and other two (v, and v,) are zero
vectors. All these eight vectors are called as basic vectors. Active vectors divide the
complex plane into six equal-width sectors. Magnitudes of the active vectors are the same

2V
and equal to 3DC.

Table 3.2 Phase-to-neutral voltages in a-p reference frame for different states of the two-
level three-phase VSI

ga| qp | qc Va 7 v Space vector name
ol o | o 0 0 0 By
10 0| 0| 2ves3 0 (2Voe/3)el0 2
T .
1 1 0 VDC/3 VDC/\/:)_) (2 VDC/3)e J 3 %)
L2TTC N
0 1 0 | -Voe/3 | VA3 (2Voc/3)e I= U3
o| 1| 1 |-2ve/3| 0 (2Vocy/3)eI™ ¥y
4T N
0| 0 | 1 | -Voe/3 | -VoeAN3 | c2vp/30e”3 Us
.51 >
1 0 1 Voe/3 | -VocA3 (2Voc/3)e I3 Ve
1] 1| 1 0 0 0 B,
B-axis
> T BN

V3 V2

S2 S

Vs

9
|7I=2Vpe/3 5

N S1

Vi< S _ > y; —> o-axis
\%; Vo
S4 S6
S5
> >
Vg Ve

Figure 3.5. Basic voltage space vectors of the three-phase two-level VSI.
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By employing basic vectors, the desired voltage space vector v can be generated with the

following objectives,
e maximum utilization of the dc-link,
e maximum possible linear operation,
e minimum switching loss,
e minimum ripple in the phase currents and
e constant switching frequency f.

The reason for demanding constant switching frequency is the EMI requirements. Because,

for a variable switching frequency, it is troublesome to design an EMI filter.

When the VSI is operated such that, the six active vectors are created in the phases
sequentially, phase-to-neutral voltages have the waveform shown in Figure 3.6. This type of
operation of the VSI is called as six-step mode. From Fourier analysis, when the VSI is
operated in six-step mode, phase-to-neutral voltages contain fundamental component of the

amplitude V;,, _step Which is given by (3.8) for a given dc-link voltage Vp.

v _ Zbc (38)
m_6-step T
Phase-to-neutral
voltage
A
ZVDC/3 Ze\
Voe/3
e/ 2ot
! >
- Vgc/ 3
2Vpe/3 N

Figure 3.6. Phase-to-neutral voltage and its fundamental component when VSl is operated in
six-step mode.
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An important parameter in a PWM method is the modulation index which is the ratio of the
stator voltage space vector amplitude to the six-step mode fundamental phase voltage

amplitude. The modulation index, M; varies between 0 and 1.

YA L (3.9)
Vin_6—step

The desired voltage space vector, ¥ in Figure 3.5 can be approximated by a time average of
basic vectors. In the literature, there are various PWM methods to construct the desired
voltage vector. Some of them are sinusoidal PWM (SPWM), space sector PWM (SVPWM)
and discontinuous PWM (DPWM). They use different basic vectors to construct the desired
vector and they behave differently under previously mentioned performance criterions. The
major difference of these methods is the selection of the zero vectors.

In sinusoidal PWM method, maximum achievable phase-to-neutral voltage amplitude is %

therefore, the maximum modulation index can be calculated from (3.9) as,

VDC/2
Mi—SPWM = W = 0.785 .

(3.10)
In space vector PWM method the desired voltage space vector, is generated by using
adjoining basic vectors and both of the zero vectors. Maximum attainable phase-to-neutral
Vbe

€ and maximum modulation index becomes,

voltage in this method is NG

Ve

V3 (3.11)
Mi—SVPWM = W = 0.907.

The linear region of the VSI is defined as the region where there is a linear relation between
reference voltage and output voltage of the VSI. The linearity region for space vector PWM
is restricted to a circle where the modulation index is between zero and 0.907 as seen in
Figure 3.7. Linearity region of space vector PWM method is approximately %15 larger than

the sinusoidal PWM method which means bigger utilization of the dc-bus.
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Limit of the
linear region

(0<M<0.907)

» 0-axis

Sv
N

Figure 3.7. Linearity region of the space vector PWM method.

To construct the desired voltage space vector, the sector in which the desired vector lies
must be found. Sector number can be decided from the angle between the desired voltage
space vector and the a-axis (8 in Figure 3.7).

A voltage space vector, v in sector-1 can be constructed using basic vectors as shown in

Figure 3.8. d, and d, are the duty factors of the vector ¥, and vector v, respectively,

t

d, =2 (3.12)
ts
ta

d, == (3.13)
ts

where tg is the switching period, t, is the total time in which the vector ¥, is applied and t,

is the total time in which the vector v, is applied. Defining t, as the total time of the zero
vectors then,

tl + tz + tO = tS . (314)
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o-axis

4 > >
4 d;vy 1%

Figure 3.8. Voltage space vector generation using basic vectors.

Using geometric relations, the duty-factor d, is obtained as,

i1
d,|v,| sin§ = |¥| sin O

Y
d, = ﬁusine
Vbc

2Vpe, Similarly, duty-factor d, can be attained as,

where |7,| = .

- - - T
d,|v1] = |Ug| cos 8 — d,|v,| cos§

dq =\/§?sin(g—9).
DC

(3.15)

(3.16)

(3.17)

(3.18)

Voltage space vectors in other sectors can be generated in a similar manner. Duty-factor of

the zero vectors d,, is calculated from,

dozl_dz_dl.

(3.19)

Equations (3.16), (3.18) and (3.19) are applicable to Sinusoidal PWM, space vector PWM

and discontinuous PWM methods. However, the selection of the zero vectors is different in

these methods. In space vector PWM method, both of the zero vectors are applied for equal

time periods as seen in Figure 3.9.
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Figure 3.9. Pulse patterns for space vector PWM method.

On-times of the phase-a, -b and —c can be determined according to the sector number and

duty factors of the basic vectors. For example, if the voltage space vector lies in sector-1, on-

time of phase-c, t. can be found from,

34

(3.20)



where t, is the total time of the zero vectors. On-time of phase-b, t;, and on-time of phase-c,

t. becomes,
t
ty =—+ t, (3.21)
2
t
ty = 50 + b+t (3.22)

For other sectors, on-times of the phases can calculated in a similar manner.

In this thesis, pulse patterns are created within an FPGA. An up-down counter is generated
and for each phase, switching signals are generated by comparing this counter with the pre-
calculated control voltages of the corresponding phase. Control voltages, v¢ont.ar Veontp @nd

Veone,c are determined within the DSP according to on-times of the phases,

ta
Veont,a = t_vtri,max (3'23)
s

tp
Vcont,h = t_vtri,max (3.24)
s

tc
Veont,c = t_vtri,max (3'25)
s

Where v mayx IS the maximum value of the up-down counter. For sector-1, the triangular

carrier signal and switching signals for phase-a, -b and —c are demonstrated in Figure 3.10.

Space vector PWM method corresponds to triangular signal with triplen harmonic zero-
sequence signal injection in scalar PWM approach. In Figure 3.11, the modulation and zero-
sequence signals for space vector PWM method is seen. Note that, phase-to-neutral voltage

waveform is not affected by zero-sequence signal injection.
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Figure 3.10. Switching signal generation with an up-down counter in the FPGA.

15

Modulation
signal

05

-0.5

Zero-sequence Phase-to-neutral
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-15

Figure 3.11. Modulation signal, zero sequence signal and phase-to-neutral voltage waveform
in space vector PWM method.

Another issue for the PWM-VSI is the harmonic spectrum of the output voltages. This topic

has been left out of the scope of this thesis. Detailed information can be found in [18], [19].
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CHAPTER 4

CURRENT AND SPEED CONTROL OF PMSM WITH

VECTOR CONTROL

4.1 Introduction

Vector control is a well-known and widely-used method which has been implemented in ac
drives in order to improve the torque, the speed and the position control performances of ac
machines [1]. Vector controlled ac machine can emulate the performance of a separately-
excited dc machine for which the torque control is easy and effective. By implementing
vector control, the torque output of the ac machine becomes proportional to the current

supplied to the armature as in the dc machine.

In this chapter, vector control of the permanent-magnet synchronous machine (PMSM) and
current regulation issues are reviewed. Speed control of the machine is discussed. Prior to
the vector control, steady-state characteristics of the PMSM should be examined. Steady-
state analysis of the surface-mounted PMSM can be found in APPENDIX C.

4.2 VVector Control of PMSM

A vector controller used in an ac machine drive controls both the amplitude and the phase of
the current supplied to the machine. The vector control of the current leads to the control of
the spatial orientation of the electromagnetic fields in the machine therefore, it is also called
as field-oriented control. There are three requirements to be fulfilled in the realization of a

vector control application;

1. generation of an independently controlled or constant field flux,
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2. generation of an independently controlled armature mmf,

3. existence of an independently controlled spatial angle between the field flux and

armature mmf axes.

If these three requirements are satisfied, the electromagnetic torque follows the behavior of
the armature current; thus the electromagnetic torque can be controlled by controlling the

armature current as in the dc machine.

Field flux in a surface-mounted PMSM is produced by permanent-magnets with constant
amplitude. Therefore, first requirement of the vector control is satisfied.

If the amplitude and orientation of the stator current space vector are controlled then the
second and third requirements are also satisfied.

To control the spatial angle between the mmf and the field flux, the spatial orientation of the
field flux must be known. In surface-mounted PMSM, field flux is produced by permanent-
magnets and its amplitude is nearly constant. The rotor flux angle (with respect to a stator
phase) in synchronous machines can be directly determined from angular measurements on
the rotor shaft (for an asynchronous machine, the shaft angle cannot be directly used for the
rotor flux angle determination due to the slip speed). A vector control, based on the rotor

flux angle, is called as rotor flux oriented control.

An important special case is illustrated in Figure B.1 in APPENDIX B where the stator
current is on the g-axis (6§ = 90°). This situation is generally referred as the field
orientation. In this case, mmf and field fluxes are orthogonal to each other and there is no

interaction between them.

Vector control of the ac machines is realized by transforming the stationary frame variables
to a rotating reference frame and vice versa. In a synchronous machine, rotor rotates at a
speed proportional to the frequency of the stator electrical excitation. Therefore, the angle
obtained from an angular sensor on the rotor shaft can be used to transform the stator
currents from stationary frame into the synchronous frame. Note that, for an asynchronous
machine however, the shaft angle measurements cannot be directly used to transform the

stator variables into synchronous frame because of the existence of the slip speed.

Magnetic axes used in transformations are depicted in Figure 4.1. a- and p-axes are defined

in stationary frame and they are orthogonal to each other. d- and g-axes are orthogonal axes
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which are rotating at the frequency of the rotor flux. d-axis is chosen as the same axis of the

permanent-magnet flux axis.

g-axis

b-axis

c-axis

Figure 4.1. Magnetic axes system for the transformations.

Three-phase stator variables, kg, kg, and k. can be transformed into two-phase stationary

reference frame variables, kg, and kyg by means of following relations,

ksq = Ksa (4.0)
1 2
ksB = ﬁksa + ﬁksb . (42)

This transformation is called as phase transformation. Here, it is assumed that, the three-

phase variables sum up to zero.

Similarly, two-phase stationary reference frame variables, kg, and k,z can be transformed
into synchronously rotating reference frame variables, ksq and kg, by means of following

equations,
ksq = ksq c0s 0, + kgp sin 6, (4.3)

ksq = —kgq Sin b, + ksg cos 0, . (4.4)

This transformation is called as rotation transformation. Inverse transformations are given in
(4.5)-(4.9).

39



ksq = ksq (4-5)

1 V3
ksb = —Eksa + 7ksﬁ (46)
1 V3
kse = —ksq — ksp = _Eksa - Tks,[i‘ (4.7)
ksq = kgq cos 0, — kg sin 6, (4.8)
ksg = ksqsin8, + ksq cos 6, . (4.9)

To understand the phase transformation, consider a balanced three-phase excitation,

ksq = K cosw,t (4.10)
2

ks, = K cos (wet - ?) (4.11)
4m

k¢, = K cos (Wet — ?) (4.12)

where K is the magnitude of the sinusoidals. Substituting (4.10)-(4.12) into (4.1) and (4.2)
yields,

kgo = K cosw,t (4.13)
K K 2 (4.14)
Kep = = coswet + —=cos (wet = )
sB \/gcos wet + \/gcos W, 3
Using the relation, cos(a — b) = cosa cos b + sinasin b, (4.14) becomes;
kgq = K cosw,t (4.15)
(4.16)

kSB = K sinw,t.

The result shows that, balanced three-phase variables turn into balanced two-phase variables

by the phase transformation.

Similarly, to understand how time-varying variables become dc quantities in synchronous
reference frame, consider a balanced sinusoidal two-phase stationary reference frame

variables such that, kg, = K cosw,t and ksg = K sinw,t. Substitution of (4.15) and (4.16)
into (4.3) and (4.4), we get kg as,
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keq = K cosw,t cos 0, + K sinw,t sin6,. . (4.17)

Using the relation, cos(a — b) = cosacosb + sinasin b, (4.17) becomes:

ksq = K cos(w,t — 6,.) . (4.18)

k4 can be obtained in a similar manner,

ksq = K sin(w,t — 6,.) . (4.19)

The rotor flux angle 8,., can be written in terms of the excitation frequency w,,

6, = f twedt + 6, (4.20)
0
where 6, is rotor flux angle at t = 0. w, is constant in steady-state,
0, =Wyt + 0, . (4.21)
Substituting (4.21) into (4.18) and (4.19), k4 and k,, become,
ksqg =KcosO,y=rc; (4.22)
ksq = Ksin(=0,9) = c; (4.23)

where ¢; and c, are also constants. We can conclude that, time-varying variables become

constants in synchronously rotating reference frame.

As seen, time varying three-phase currents turn into time invariant currents in synchronous
reference frame. Obtaining time invariant currents (at steady-state operation of the machine)
is very useful. In ac machine current control, frequency of the phase currents increases as the
machine speed increases. If we do not transform the currents into the synchronous reference
frame, rather directly feed them into a controller, the response of the controller degrades as

the machine speed increases because of the finite bandwidth of the controllers.

Synchronous frame current component ig; is related with the net flux on the d-axis
(according to (2.42)) therefore; the net flux on the d-axis can be controlled by controlling the
flux component of the current, isy. igq is related with the electromagnetic torque of the

machine (according to (2.53)) therefore, electromagnetic torque of the machine can be
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controlled by controlling the torque component of the current, i,. Control of these current

components is explained in the following section.
4.3 Current Regulation

For the purpose of current control, various regulators are used such as hysteresis band, dead-
beat, proportional-integral (P-1) controller etc. Among them, P-I controllers are well-known
and widely employed current regulators. P-1 current controllers can be implemented either in
stationary reference frame or in synchronous reference frame. “The synchronous reference
frame proportional-integral (P-1) current regulator has been the industrial standard for
current regulation of ac machine drives for more than 20 years [15]”. Stator currents in
synchronous reference frame become dc quantities so that, the current controller has the

ability to regulate the currents over a wide range of machine speeds [16].

Implementation of a synchronous frame P-I current regulator (SFCR) is shown in Figure 4.2.

i5q is the command for the torque component of the current and ig, is the command for the
flux component of the current. P-I controller is represented as (K, + %), where K, is the

proportional gain and K; is the integral gain and p is the derivative operator. In Figure 4.2,
dq to af} transform stands for (4.8) and (4.9), and abc to dq transform stands for (4.1)-(4.4).
Space vector PWM (SVPWM) block calculates the modulation signals as explained in
section 3.3. VSI gate signals are generated by comparing modulation signals with a common
triangular signal. Rotor angle is measured by means of a shaft encoder and fed to

transformations.

., K |Vsd Vsa Veonta Sa
Isd—»(% K+ =L > > >
' +-<A}> P p dq Veonth | Gate Signal |Sp | 3-Phase
Isd SVP "| Generation VST |
e I D i e
7 %Pt p e g
isg Yo
\J
| Isa
dgq
abc |_Isp

Figure 4.2. Implementation of synchronous frame P-I current regulator.
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In three-phase three-wire connected ac supply systems, two phase currents are measured
usually because, three-phase currents sum up to zero thus the third phase current can be
obtained from the other two. However, in case of a significant current measurement error, it
is better to measure all three-phase currents. All current sensors have offset error, gain error
and a certain amount of nonlinearity. These erroneous measurements cause time variations,

i.e. ripples in the transformed current components is; and igzq. It has been shown that, three

phase current measurement has lower ripple amplitude than two phase current measurement
(6], [30].

Flux component of the current, iy is commanded to be zero as in Figure 4.3. It is
commanded other than zero when a torque angle control strategy such as flux weakening
control or unity power factor control is implemented. The command for the torque
component of the current, ig, is usually the output of the speed controller. A rate of change
limiter on the current command is necessary to prevent the drastic build up of current error
which can cause excessive overshoot. Limit for the rate of change for the current can be
determined by considering machine time-constant and VSI voltage and current limits.
Another reason for excessive overshoot is the integral windup which refers to the situation
in a P-1 controller where a large change in the reference signal occurs and the integral term
accumulates a significant error during the rise. Accumulated error causes significant
overshoot. This problem can be solved by disabling the integral function when the output of

the controller saturates. This method is called as integral anti-windup.

saturation
P K i VSd
Isg™=0 —» Kp+ 71 > —/||/— >
i A Y A
Isd — limit
anti-windup and
saturation limits |—
7y limit
Y v .
- : sq
Isg —» /I -I=- z Kp+% > _/ll/_ >
rate 1'5(; saturation

limiter

Figure 4.3. Synchronous frame P-I current regulator with zero direct current command and
integral anti-windup.

The anti-windup action can be determined from VSI voltage limit, which depends on the
switching method. For SVPWM method, limit of the VSI can be decided from (4.24).
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Saturation limits for d- and g-axes are calculated such that the orientation of the voltage

V
’vsqz + vg42 < %. (4.24)

space vector is preserved.

4.4 Speed Regulation

Speed control of the PMSM is usually implemented with P-I controllers as demonstrated in

Figure 4.4 where K, is the proportional gain and K;; is the integral gain.

Isg™=0 —| Sa t
) Synchronous S, | 3-Phase
saturation . | frame current—» Vst
. Kis lowpass| [ || 4| control |g \
m 4”@ Bos+ o 7 dter [T e
rate - W Y
limiter Wm O \ip |Ig

d/dt

v

Figure 4.4. Implementation of the speed control loop.

Speed controller uses the speed command w,, as reference signal and mechanical speed of
the machine w,,, as feedback. Speed feedback can be obtained via a speed sensor or it can be
derived from the rotor angle. The rate of change of the speed command must be limited to
prevent excessive overshoot. The limitation on the rate of change of the speed corresponds
to the limit on the acceleration. The bounds on the acceleration are determined by the
maximum generated torque capability of the drive, maximum load torque and total inertia of
the drive. Low-pass filtering is necessary for the current command to filter components at
frequencies higher than the bandwidth of the current controller. A saturation block must be
inserted at the input of the current command in order to limit the current command with the
maximum current capability of the VSI and machine system. As explained in the current
regulation part, when the output of the controller saturates, the integral action in the P-I

controller must be disabled (integral anti-windup).
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CHAPTER 5

ANALYSIS AND IMPROVEMENT OF TORQUE AND

SPEED CONTROL PERFORMANCE OF PMSM DRIVE

5.1 Introduction

The output voltage of the VSI is distorted due to non-ideal behavior of the power switches.
Effect of the nonideality of the VSI on the phase voltage and current is examined and a

method, hamely as volt-second, to compensate this distortion is presented in this chapter.

Frequency dependent couplings in the synchronous frame model of the PMSM are analyzed.

Decoupling method to improve the current control performance is explained.

To increase the disturbance rejection capability of the speed control, a load torque estimator
is designed. The angular acceleration required for load torque estimation is extracted through

a Kalman filter from noisy velocity measurements.
5.2 Effect of VSI on Torque Control Performance

At the beginning, nonideal characteristics of the VSI are examined then, volt-second

compensation method is described in this section.
5.2.1 Nonideal Characteristic of the VSI

In CHAPTER 3, the output voltages of the VSI are examined, assuming ideal power
switches. However, in practice, output voltage of the VSI is distorted due to some non-ideal
behavior of the power switches that means; actual waveforms deviate from the waveforms

given in Figure 3.3. Nonideal characteristics cause a nonlinear relation between desired

45



output voltage (reference voltage) and actual output voltage of the VSI. The source of

nonlinearities can be listed as,

¢ blanking-time inserted before turning on the switches to prevent short circuit on the
dc-link,

o finite turn-on and turn-off time of the switches,
¢ voltage drop on the switches,
e ripples on the dc-link voltage.

One leg of a three-phase VSI is shown in Figure 5.1. Load is a three-phase ac machine
which is not depicted in the figure. Vp is the dc-link voltage; i, is the phase current; S; and
S, are the ideal gate signals. S; and S, are the gate signals involving inserted dead-time, t,.
Ideal gate pulse patterns can be seen in Figure 5.2(a) where t, represents the desired on-time
of the corresponding phase. Dead-time insertion, delays the rising edge of the gate pulses by
an amount of t; as demonstrated in Figure 5.2(b). Output voltage of the VSI is v,, which is

named as phase-to-midpoint voltage.

o o
T
Ve == Sq | D,
2 [
- ia
Oe a ¢——
+
Vbe T |
2 p— S4 “: D,
o
S1 | Dead-time |
34 __| insertion

Figure 5.1. Circuit diagram of one leg of the three-phase VSI.

When both of the power switches on the same leg in a two-level VSI are in conducting state,

the dc-link is shorted. This phenomenon is called as shoot-through of the dc-link. This
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causes burning out the power switches in that leg of VSI. Turn-on and turn-off of the two
power switches in one leg of the VSI lasts a finite duration. Therefore, to avoid a short
circuit in the dc-link, following turning-off one of the power switches in one leg of the VSI,
a finite time must be inserted before turning-on the other power switch on the same leg. This
period is generally called as dead-time or blanking-time. Duration of this period depends on
the turn-on and turn-off times of the power switches; thereby gate capacitance of the power
switch and the size of the gate resistor. The duration expands with increasing power rating of
the power switches. During dead-time both of the switches are off. Since the load is
inductive, it acts like a current source forcing one of the diodes to conduct according to the
direction of the phase current. Therefore, during dead-time, the output voltage depends on
the diode which is conducting and thus, it depends on the direction of the phase current. This
causes a momentary loss of control of the output voltage.

Phase current from VSI to the load is defined as positive current, while the reverse direction
is marked as negative. During dead-time, if i, is positive, then diode D, is conducting; and if
i, is negative, then D, is conducting. When compared to ideal output voltage, there is a gain
for negative current and loss for positive current in the actual output voltage as depicted in
Figure 5.2(c) and Figure 5.2(d).

Phase-to-midpoint voltage v,,, is also affected by turn-on/off times of the power switches.
Turn-on time t,,, includes the delays of gating circuitry and the turn-on of the power
switch. Turn-off time t, ¢, is defined in a similar manner. Turn-on time affects the phase-to-
midpoint voltage just like the dead-time does. However, turn-off time acts the opposite way
such that, there will be gain in the average voltage due to turn-off time when there is a loss
due to dead-time and vice versa [27]. Therefore, an effective time which indicates the output

voltage distortion can be defined as,
At = td + ton - toff- (51)

Another source of nonlinearity is the voltage drop on the power switches. For a positive
phase current, namely i, > 0, when the top switch in one leg of the VSI is “on” and the
bottom is “off”; the phase-to-midpoint voltage v,, is equal to (Vp¢/2 — Vps) as shown in
Figure 5.3(a). Vpg is the drain-source on-state voltage drop on the power MOSFET which

can be written as,

Vbs = Rpslial (5.1)
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where Rj¢ is the on-state resistance of the power MOSFET. Similarly, for a negative phase
current (i, < 0) when the top switch is “on” and the bottom is “off”; the phase-to-midpoint
voltage v, is equal to (Vpc/2 + Vps) as seen in Figure 5.3(b). During the dead-time both
switches are “off”, and for a positive current, D, is conducting thus, phase-to-midpoint
voltage v, is equal to (—=Vp/2 —Vp) as demonstrated in Figure 5.3(e). V;, is the forward

voltage of the diode which can be written as,
Vp = Vpo + Rpligl (5.2)

where Vp, is the threshold voltage for the diode and R, is the on-state resistance of the
diode [25]. In a similar manner, for other switching conditions and current directions, paths
of the current in the VSI are demonstrated in Figure 5.3 and the phase-to-midpoint voltage is
as tabulated in Table 5.1.
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Figure 5.2. Effect of dead-time on the VSI output voltage waveform. (a) Ideal gate signals.
(b) Gate signals with dead-time. (c) Phase-to-midpoint voltage for positive current. (d)

Phase-to-midpoint voltage for negative current.
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Table 5.1 MOSFET Inverter Output VVoltage for Different Switching Conditions and Current

Directions

Ia>0

Ia<0

T7::ON Ty OFF

Vao = Vioe/2-Vps

Vao = Vioe/2+ Vs

T1: OFF Ty ON

Vao = - VDC/ 2-Vps

Vao = -Vpc/2+Vps

T1: OFF Ty OFF

Vao = -Vpc/2-Vi

Vao = Vpc/ 24+Vp

+ +
V, V, -
ZDC N OME V+Ds]i ZC T OME VDS]i
i + i
o} a —)1-‘9 o al—¢
+ +
Vbc | Vbe |
2 T OFﬂE x 2 T OFﬂE X
(a) (b)
+ O
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2 | 2 |
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Figure 5.3 Path of the current for different switching conditions and current directions, (a)
T1: ON, T4 OFF, i,>0. (b) T1: ON, T4: OFF, i,<0. (c) T1: OFF, T,4: ON, iy >0. (d) T,: OFF,
T4 ON, iy <0. (e) Ty: OFF, T4: OFF, i, >0. (f) T1: OFF, T,: OFF, iy >0.
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Effect of the nonideal characteristics (dead-time, turn-on/off times, voltage drop) on the
output voltage of the VSI is demonstrated in Figure 5.4. In this figure, the thicker line is the
desired phase-to-midpoint voltage and the thinner line is the actual phase-to-midpoint

voltage. The deviation of the actual voltage from the ideal one is clearly seen.

S1 ¢ >
G e
(a)
Sy
S 1’ td—) —
(b) . _
Sy = <t
loff - « >« t,
Vao
A Vbs ideal
Voc 7
5 - >0
(c) > ¢
Voc| |
2 T __1\—
Vbs
Vao actual
A o Vs /S
Vic LM _
2 T T <0
(d) >
Ve L |
2 T e
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Figure 5.4. Gate pulse patterns and VSI output voltage for MOSFET inverter, (a) Ideal gate
pulse patterns. (b) Gate pulse patterns with dead-time. (c) Ideal (thicker signal) and real
(thinner) output voltages for positive phase current. (d) Ideal (thicker signal) and real
(thinner signal) output voltages for negative phase current.
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If the actual waveforms are examined, it can be noted that, in a VVSI with MOSFET switches,
diodes conduct only in dead-time period. For an IGBT however, inverter diodes conduct for
the dead-time period and also for periods when the IGBT in parallel is reverse biased.
MOSFETSs conduct current when they are gated and reverse biased (acting like a resistor)
while IGBT cannot (acting like a diode). Therefore, current flows through the MOSFET as

in Figure 5.3 (b) and (c), not through the diode as it was the case in an IGBT inverter.

It is worth to mention that, if the current reaches to zero during the dead-time period, the
instantaneous output voltage v,,(t), from current zero onward, is equal to back-emf of the
corresponding phase where back-emf is either ey, or ey, or e., for phase-a, -b and -c

respectively [29], [33], [28]. This is known as zero-current clamping phenomenon.

In summary, considering the effects of non-idealities associated with the output voltage
waveforms, VSI exhibits a non-linear characteristic due to the inserted blanking-time, finite
turn-on and turn-off time of the power switches, switch voltage drop and ripple on the dc-
link. The distorted output voltage of the VSI give rise to 6n+1 (n: 1, 2...) harmonics on the
phase current waveforms [10], [24], [30]. These harmonics in stationary frame correspond to
sixth harmonic in the synchronous frame [37] so generated torque is also distorted. This
distortion is more severe at low speed operation of the machine and it increases with

increasing switching frequency [20], [30].

In practice, there can be ripple components in dc-link. This ripple content directly affects the
inverter output voltage and therefore affects the phase currents and the generated torque. In
order to minimize this effect, bigger dc-link capacitance can be used however, it adds to the
cost and volume of the design. Another solution to this problem is measuring the dc-link

voltage and adjusting the switching signals accordingly.

5.2.2 Volt-Second Method to Compensate the Nonideal
Characteristics of the VSI

Distorted output voltage of the VSI give rise to 6n+l (n: 1, 2..) harmonics on the
electromagnetic torque. Especially in low speed operation, these harmonics on the
electromagnetic torque can be within the bandwidth of the drive and can cause speed

fluctuations.
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The nonlinearity of the VSI can be interpreted as a disturbance in the electric drive system.
In a current regulated drive system, current regulator tries to reject the effects of
disturbances thus, tries to correct the distortions on the current [24]. However, the current
regulator has a finite bandwidth i.e. it cannot fully suppress the harmonics caused by the
nonideal VSI. In order to increase the bandwidth of the SFCR, proportional and integral
gains in the P-1 controllers need to be increased. However, in practice these gains cannot be
increased indefinitely since, this also causes sustained oscillations and sensor noise

amplification.

To handle the distortion caused by VSI, a compensation algorithm should be used. It
depends on modifying the reference (commanded) voltage so that, on the output of the VSI
(with the error voltage introduced by the VSI) the desired average voltage is obtained.

Average phase-to-midpoint voltage of the VSI over one PWM carrier period, v, is attained

by calculating the area under the actual voltage waveforms in Figure 5.4(c) and (d),

__ [ta 1 [At

Vao = |3 73| Voe T |1 [Vbe — 2Vps + 2Vp] + VDS] sgn(ia) (53)
S S

where t, is the PWM carrier period and sgn(.) is the sign function defined as,

.y _ (sgn(ig) =1ifiz >0
sgnlia) = {sgn(ia) =0ifi,<0" (5:4)
Substituting (5.1) and (5.2) into (5.3) we obtain,
oty 1 24t 24t 1. At ,
e = |2 =5 Voe = (1= =) Ros + == Ro|ia = - Woc + 2Vpalsgn(ia)  (55)
S S S S

where the relation |i,|sgn(i,) = i, is used. Average phase-to-midpoint voltages, v,, and

V., for phase-b and —c respectively, can be obtained in a similar manner,

oty 1 24t 20t 1. At _

Vpo = [_ —5|Vpec — [(1 - )RDS + _RD] iy ——[Vbc + 2Vpolsgn(ip) (5.6)
t; 2 ts ts ts

gt 1 24t 20t 1. At _

Voo = [t_ - E] Vpe — [(1 7 )RDS + . RD] ic— t_[VDC + 2Vpolsgn(i,) (5.7)
S S S S
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where t;, and t, are the commanded on-time durations for phase-b and —c. In a three-phase,
three-wire connected and balanced load, using (3.4)-(3.7), average phase-to-neutral voltage
for phase-a can be written as,

—_— 2Vg0 = Vpo — Vco
Van = 3

2t —t, —t M
[aS—tsbc] Vpe — Myig — ?2 [2sgn(iy) — sgn(ip) — sgn(i;)] (5.8)

i, and i, are the phase currents for phase-b and -c respectively; and M, and M, are the
intermediate variables defined as:

24t 24t
ts ts
At
M, = e [Vbe + 2Vpol- (5.10)

N

Commanded on-time durations can be represented as,
te = tg + teomsgn(ia) (5.11)

where t; is the desired on-time and t.,,, is the compensation time. Similar expressions can
be written for other phases,

ty =ty + teomsgn(ip) (5.12)
te = t; + teomsgn(ic) . (5.13)
Substituting (5.11)-(5.13) into (5.8),

2t —tf — t;
—————|Vpc — Mji
[ 3ts DC 1*a

van

_ [—t“’mVDBC — MZ] [2sgn(ig) — sgn(ip) — sgn(ic)] . (5.14)

From (5.14), it can be concluded that, resistive voltage drops (here M,) can be treated as a

part of the phase resistance. Therefore, only the third term on the right hand side of (5.14) is
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the distortion voltage from the VSI which should be minimized by adjusting the
compensation time as,

(5.15)

tcom

. [VDC + ZVDO]
VDC .

Following the calculation of the compensation time, determination of the current directions
is needed for (5.11)-(5.13). Current transducers can be used for this purpose however, when
the phase current is close to zero, current polarity detection is quite difficult with a current

transducer because of the switching ripple on the current waveform.

If the projection of the current space vector into phase axes given in Figure 2.3 is examined,
it can be said that, current polarities can be determined from the current space vector angle.
For example, if the current space vector is in the region where angle 6 is between —30° and
30° then phase-a current is positive, phase-b current is negative and phase-c current is
negative. For other regions, polarities of the phase currents are demonstrated in Figure 5.5
and tabulated in Table 5.2.

Current space vector angle 6 is the sum of the torque angle § and rotor angle 6, as depicted
in Figure 2.10. Rotor angle 6,. is measured through a position sensor and torque angle § is
already known for field orientation. When the current space vector is employed for current
polarity detection, the switching ripple problems encountered in current transducer

utilization are overcame.

“ a-b-c+ | a+b-c+ -

VAR

Cc

Figure 5.5. Phase current polarities for different current space vector angles.
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Implementation of the VSI nonlinearity compensation algorithm within the current loop is
shown in Figure 5.6. Compensation block uses dead-time, turn-on/off times, switch voltage
drop, torque angle information and rotor angle information. It calculates the compensation

times for all phases, according to these parameters and sensor feedbacks. Compensation
times are added to the desired on-time durations.

If the estimated parameters match with the actual values then the nonlinear effect of the VSI
can be cancelled with the modified desired on-time. When the estimated parameters deviate

from the actual values, performance of the compensation algorithm degrades.

Table 5.2 Determination of current directions according to space vector angle

Current space vector angle | sgn(i,) | sgn(ip) | sgn(i.)
-30°< 0 < 30° 1 -1 -1
30° <9 <90° 1 1 -1
90° < 9 < 150° -1 1 -1
1500 < 6 < 210° -1 1 1
2100 < 9 < 270° -1 -1 1
270° < 6 < 330° 1 -1 1
. % til@—> Gate |9a,
Isqg —o» ty” 13 signal | s "| Three
SFCR ——m0O—> g by Phase
i t. +k Genera S VS|
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Figure 5.6. Implementation of the VVSI nonlinearity compensation algorithm in a

synchronous frame current regulator (SFCR) drive.
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5.3 Effect of Coupled Variables on Torque Control Performance

In this section, frequency dependent couplings of the d- and g- axes variables in the
synchronous frame model of the PMSM are analyzed. Then, decoupling method for these

couplings to increase the current regulation performance is presented.

5.3.1 Analysis of the Coupled Variables in the Synchronous Frame
Model of the PMSM

Block diagram of the synchronous frame P-I current controlled PWM-VSI fed PMSM drive
in s-domain can be seen in Figure 5.7. T,, is the time-constant on the d- and g-axes. Since the

machine is non-salient, i.e. Ly = L, time-constants are the same for d- and g-axes,
Ty=—=-". (5.16)

Therefore, same controller parameters are used for both axes. T, is the time-constant of the
controller defined as,

T—Kp (5.17)
C_Ki' .

Variables are transformed into the s-domain through the Laplace transform,

LIf )] =F(s). (5.18)

PWM-VSI can be assumed as unity gain for the analysis in this section.
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Figure 5.7. Synchronous frame P-I current regulated VSI fed PMSM drive.

The model of the PMSM in synchronous frame is a multiple-input multiple-output (MIMO)
system. Also g- and d-axis state variables are cross coupled to each other. Therefore, to

better analyze the system, an arrangement on the model can be done. d-axis current, I;; can
be written as,

Vsa + I/VrLIsq
sd 7 p 1 1<

5.19
Rg + Ls (5:19)

Since the machine is non-salient, d- and g-axis inductances are shown as L where L = L; =

Lq. Inserting (5.19) into Laplace transformed form of (2.47), g-axis voltage-current relation

becomes,

(Ls + Ry)* + (W, L)?
Voqg — W, Vsq — Wydpy = :
sq Ls + R, r¥sd r/'PM Ls + R, sq

(5.20)

According to this relation block diagram can be represented as in Figure 5.8.
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Figure 5.8. g-axis voltage-current relation block diagram.

According to this model, plant has two complex conjugate poles located at (—%ijwr).

Conventional synchronous frame P-1 current regulator add one pole at the origin and one

zero at (— %) . In general, parameters of the P-I regulator are tuned to cancel the plant pole
14

at zero speed such that, % = % . This is partially true for low speed operation, but when
14

the speed gets higher, imaginary part of the plant pole gets higher and it moves away from

the controller zero.

In order to understand effect of the cross-coupling between the d- and g-axes, and frequency
dependency of this coupling, a simulation is performed. A three-phase RL load is
represented in the synchronous frame. Then, synchronous frame P-I current regulators are
implemented for current regulation. Resistance is set as 1 ohm and inductance as 2 mH.
Parameters of the controller are tuned to cancel the plant pole such that K, is “1” and K; is
“500”. Synchronous frequency is set as 50 Hz. Step functions are applied for d- and g-axes
reference signals. Results are seen in Figure 5.9. It is seen that, when a change occurs in one
of the axis, it causes a perturbation in the other axis. The same test is repeated for 200 Hz
synchronous frequency and resultant currents are shown in Figure 5.10. As seen, when the
synchronous frequency gets higher, effect of the cross-coupling increases and transient

response of the controller degrades.
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Ampere

Figure 5.9. Cross-coupling effect when synchronous frequency is 50 Hz.

Ampere

Figure 5.10. Cross-coupling effect when synchronous frequency is 200 Hz.
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g-axis current Iy, can be written in terms of the current command (I5;) and other state

variables (I;4 and W) after some arrangement,

Ki(T;s +1)

ApyS

. = y — |4
T K(Tes + 1) + Res(Tys + 1) K(Tos + 1) + Res(Tps +1)

LdS

- Wy .
K(Tos + 1) + Rys(Tps + 1)

(5.21)

The first term in (5.21) is related to the command tracking and other two are related to the

disturbance rejection capability of the current regulator (I and W, may be interpreted as

disturbance inputs on the g-axis).
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To analyze the torque response of the drive system, g-axis current response should be
examined (according to (2.53)). To examine the command tracking capability, reference

input to output transfer function can be written as,

I

5q

_ K;(T,s+1) (5.22)
Ki(T;s +1) + Rs(Tys + 1)

I*
Saly,=0

Assuming the controller is tuned such that T, = T,, for pole-zero cancellation then,

Isq __ K (5.23)
Lal, o Rss+Ki
i R
Defining T, = o
14
Isq __r (5.24)
Baly —01.20 ToS+1

Equation (5.24) shows a first order system behavior between the reference input and output.
Therefore, we can say that, a synchronous frame P-1 current controlled PMSM drive exhibits
first-order system behaviour. It responds to step command with zero steady-state error and
transient characteristic depends on the time constant, but it responds to ramp input with

finite steady-state error. Similar results are valid for d-axis controller.

It is said that, d-axis current and rotor speed can be treated as disturbance inputs for g-axis.
To analyze the disturbance rejection capability of the g-axis controller, disturbance to output
transfer function can be written from,

_ ApyS w Lgs
5g=0  Ky(T,s +1) +Res(Tps +1) " K;(Tes + 1) + Res(Tys + 1)

Igq Wi lgq. (5.25)
The output should not respond to disturbance inputs. However, (5.25) shows a second-order
system behaviour between the disturbance input and the output. For a step disturbance input,
Iy, becomes zero at steady-state. However for a higher order input like ramp or parabola,

steady-state error would not be zero.

For the d-axis current controller, similar transfer functions can be written for command

tracking and disturbance rejection characteristics of the controller. Only difference is that,
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there is no voltage component on the d-axis due to permanent-magnet field so, only

disturbance comes from the g-axis flux linkage.

In conclusion, PMSM drive with synchronous frame P-I controllers achieves desirable

steady-state characteristics however, the transient response needs further enhancements.

5.3.2 Decoupling Method to Improve the Torque Control

Performance

If the g-axis voltage to current relationship is examined, it is evident that, components
related to the permanent-magnet flux linkage and d-axis flux linkage act as disturbance
inputs on the g-axis. As for d-axis, component related to the g-axis flux linkage acts as a
disturbance input on the d-axis.

Synchronous frame P-1 current regulator, SFCR tries to reject these disturbances but it
cannot reject them completely due to its limited bandwidth as remarked before.

To improve the disturbance rejection performance, another method should be used. If the
disturbance inputs are known, a better disturbance rejection performance can be achieved by

applying directly the necessary voltage to compensate the disturbances.

The implementation of the method on the g-axis is shown in Figure 5.11. (—W,.L,1s4) and
(=W, Apy) are the disturbance terms on the g-axis. (W,Lglsq) and (WpAp) are the

estimated values of the disturbances. L; and Ap,, are the estimated values of the d-axis
inductance and permanent-magnet flux linkage, respectively. PWM-VSI is represented as a

gain, K. K, is the estimated transfer function of the PWM-VSI.

et relaton fsa

A A

LsalaWi/Ka
!
"
Isq'—: —IG(TZH-]) e K, > Ioq
Is;] ¥ PWM-VSI

/ll\PMW}'/Iéa

Figure 5.11. Implementation of the method that improves the disturbance rejection
performance of the g-axis current controller.
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When the method is implemented, the relationship between the output and the disturbance

inputs becomes,

S 3 a
M = - w.t A -1 b~
5g=0 " Ki(T,s + 1) + Rys(Tps + 1) r< PM - TPM Ka>

Igq

S ~ K,
— Wilsg | Lg—La=]- 5.26

K(T;s + 1) + Rgs(Tys +1) Sd( @ Ka) (5:26)
If the estimated parameters (Ly, Apy) and transfer function of the PWM-VSI (K,) match
with the actual ones, output is not affected by the disturbances. When the actual parameters
deviate from the estimated ones, performance of the method degrades, but, it still works

) become greater than the

. . S ¢ ~ K
unless the estimation errors (|/1PM — Apy E—“| and |Ld —Ldk—“
a a

actual values (Apy and Ly).

The method can be applied on the d-axis in a similar manner. Disturbance term on the d-axis

is W;.Lg15q. Complete block diagram of the method is shown in Figure 5.12.

Isd PMSM
PwM- | | Vsd 1 ‘ .
VsI R«(T, oS+ 1) > Isd

— Wr

PWM-
vsI

Ki(Tes+1) | &
+ h S

Figure 5.12 Implementation of the method that improves the disturbance rejection
performance of synchronous frame current controller.

5.4 Speed Control Performance of PMSM Drive

In this section, performance of the conventional P-1 speed controller is analyzed. Then, load

torque estimation method is presented.
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5.4.1 Analysis of Conventional P-1 Speed Control

In general, PID controller or its variations are used to control the speed of a machine.
Usually, the speed control loop is cascaded with a current control loop as demonstrated in
Figure 5.13. Only g-axis voltage-current relation is depicted there since, g-axis current is the
source of torque in a surface-mounted PMSM. T, is the electromagnetic torque generated
by the machine, T; is the load torque and T, iS the net torque acting on the total moments
of inertia of the mechanical system, J.,. The total moments of inertia, /., is the sum of the

rotor and load inertia as defined in (2.56).

Rl
EXNE?
W * Isg" . - Tem Y. Tner i oW
'm —:@—» Ges(s) —:@—» Gee(S) €] t + JosS m
Wi Speed 154 Current  pyns yor
Controller Controller
Figure 5.13. Cascaded speed and current control loops.
G.(s) is the transfer function for the current controller,
K,s + K;
Goo(s) = 2—— (5.27)
Gy, (s) is the transfer function between g-axis voltage and current,
1
G,(s) = (5.28)

Ls +Rg
K, is the torque constant of the machine which is defined for the surface-mounted PMSM as,

3p
Ke =" Ao (5.29)

G.s(s) is the transfer function of the speed controller. Usually, P-1 controllers are used for
speed control purposes. Transfer function of the P-1 speed controller is written as in (5.30)

where K, is the proportional gain and K;; is the integral gain of the speed P-I controller.
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sS + Kis

Ges(s) = Kp (5.30)

Assuming that, g-axis is decoupled from the d-axis and the rotor speed as explained in
section 5.3.2 then, the speed control block diagram becomes as the one demonstrated in
Figure 5.14. Transfer functions cascaded all in the current loop are replaced by a single
transfer function G, (s) defined as;

Gec(5)KqGp(s) K.Kps + K;

Gy (s) = = : (5.31)
=77 Gec(S)KaGp(s)  Ls? + (Rs + KoKp)s + K K;

Won" G Sa ¢ ! W,
m it - cs(S) > 1(5) JoaS > Wm
Wiy Speed
Controller

Figure 5.14. Block diagram of the speed control loop where the disturbance voltages on the
g-axis are assumed to be decoupled.

Performance of the speed control loop can be evaluated from the transfer functions defined
in (5.32) and (5.33). Transfer function in (5.32) is related with the command tracking
capability of the speed control loop and transfer function in (5.33) is related with the

disturbance rejection capability of the speed control loop.

W _ Ges(5)G1(S)K, _ Gl(s)Kt(Kpss + Kis) (5.32)
Walr oo JeqS T Ges()G1(DK  Joqs? + G ()K(Kpss + Kis)
W _ -1 _ = _ (5.33)
Ty lys oo JeqS+ Ges(S)G1(SIKe  Joqs? + G1(8)K(Kpss + Kis)

Note that, T; includes not only the load torque but also the other external torques such as,

friction, windage, unbalance torque etc.

In general, current control loop, G, (s) is assumed to be ideal while analyzing the speed

control loop since, the current control dynamics are very fast compared to the mechanical
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system dynamics. In accordance with this assumption, transfer functions in (5.32) and (5.33)

become,
Wil po JeqS? + KiKopss + KiKis
Win _ S , (5.35)
Ty Ly oo Jeqs? + KiKpss + KiKi

Second-order system relations are seen in the respective transfer functions. The performance
of the speed control loop depends on the parameters of the P-1 controller, K, and K;s. The
performance of the controller increases with increasing controller gains, yet these parameters

cannot be increased indefinitely since, this may degrade the stability of the system.

P-I controller actually works as an amplifier. It requires some error for the actuation and the
actuation rate depends on the size of the error and gains of the amplifier. Ideally, gains can
be tuned so large that a small error causes necessary actuation. However, due to practical
reasons, gains cannot be set so large thus; a bigger error is needed for necessary actuation.
Therefore, to increase the command tracking and disturbance rejection capability of the
controller, different algorithms are needed.

5.4.2 Load Torque Estimation to Improve the Speed Control

Performance

The disturbance rejection capability of the speed control loop can be increased if the
information about the disturbance input is available. If so, the current needed to meet the
load torque can be directly commanded. This provides the generation of the electromagnetic
torque that compensates the disturbance torque thus, the speed of the machine is not

interrupted.

However, it is not practical to measure the load torque. Instead, it can be estimated from the
current and speed measurements and from the knowledge of the dynamics of the system.

Such a configuration is depicted in Figure 5.15.
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Figure 5.15. Load torque estimator used in speed control loop.

feq is the nominal value of the total inertia of the mechanical system and K, is the nominal
value of the torque constant. G, (s) is the estimated transfer function of the current control
loop. The load torque is estimated by means of the knowledge of the applied electromagnetic
torque, T,,,, and calculated net torque, T,.; acting on the inertia. Electromagnetic torque,
T,., can be obtained by multiplying the g-axis current with torque constant, K,. Net torque
acting on the inertia can be calculated by multiplying the angular acceleration with the
inertia. The difference between the applied torque and the net torque corresponds to load

torque which can be directly met by applying the necessary current to the machine.

Estimated load torque can be written as,

L R 5.36
Ty = Relsg = JoqWims - (5.36)

To meet the estimated load torque, current command that will be added to reference current
is calculated as,

_ @1‘1(5) (5.37)

I [Relsq — JeqWins] -

t

The term W,,,s corresponds to angular acceleration which is written as,
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Tem —T) _ KtIsq —T (5.38)

W,,s =
" ]eq ]eq

Substituting (5.38) into (5.37),

~ =1 -
ARG j (5.39)
" = —="|R,1sq —]Lq(Ktlsq -1)]|.

eq

t

The net torque exerted on the inertia is the electromagnetic torque subtracted by the load

torque,
. « 5.40
Toet = Tom = Ty = K, (Iiq + 11")Ga(8) T (540
Substituting (5.39) into (5.40),
. ~ -1, K _
Thet = KtIsqu(S) + G1(s)Gy (S)Tt [Iqut - ﬂ(Iqut - Tl)] - T
K; Jeq
* A 1 K j
= Kel3qG1(s) + G1(8)Gy  (8)I5qKy <1 - Ttﬂ>
KiJeq
(5.41)
-1, Kieq
+1G G =———1|T
( 1()Gy () R.Jen ) !
where the first term, I5,G, (s)K, can be defined as the reference torque, Ty,
Trer = KilsqGq(s) . (5.42)

If the estimated parameters (feq, K, and Gl_l(s)) match with the actual ones then, the effect
of the load torque is removed and only commanded torque is exerted on the inertia,

Thet = Trer - (5.43)
An interesting property of the load torque estimator is reported in [39]. Load torque
estimator can handle parameter variations as well as counterbalancing the load torque. When

the torque equation given in (5.41) is examined it can be seen that, second term accounts for

the parameter variations.

To understand how load torque estimator handles parameter variations, now assume that the

load torque is zero. The closed loop transfer function of the driver-motor pair, G;(s) can be
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assumed as unity since, the time constant of the electrical system is much smaller than the

mechanical system. With these assumptions (5.41) becomes,

-

Tnet = Kelsq + Kilgq (1 -~ Tt]‘l> . (5.44)
KiJeq

Note that, the closed loop transfer function of the driver-motor pair, G;(s) is assumed as

unity therefore, I3, = Iq.

When the parameters are equal to nominal values then, the net torque is equal to commanded
torque. However, if the parameters deviate from the nominal values, net torque is increased
or decreased according to deviation. For example, if torque constant K, is equal to nominal
value (K, = K,) but, the inertia is increased by an amount of AJeq then net torque is

increased such that,

Thet = IsoKi + I5oK, Yeq > (5.45)
t= t t\7—— 7 |- :
ne sq sq e +A ]eq
Similarly, let’s assume inertia is equal to nominal value but, the torque constant is increased
by AK, then, the net torque is decreased such that,

_AKt

Tnet = ISth + ISth (T) .
t

(5.46)

In conclusion, load torque estimation not only counterbalances the load torque but also

handles the inertia and torque constant variations.

In order to estimate the load torque some parameters and measurements are necessary.
Needed parameters are torque constant and inertia. Needed measurements are the g-axis
current and angular acceleration (W, s). It has been shown that, nominal values of the torque
constant and inertia are sufficient for load torque estimator and the nominal values can be
obtained by an offline experiments. g-axis current is already available for closed-loop
current control purpose. The phase currents are measured with a current transducer and g-
axis current is obtained from the phase currents by means of reference frame
transformations. However, angular acceleration information is not easy to attain.
Transducers for angular acceleration measurement are not economical [41]. It can be derived

from angle or velocity measurements but it requires differentiation which amplifies the

68



sensor noise. In this study, an observer is used for this purpose. Acceleration information is

obtained from noisy velocity measurements by means of a Kalman filter.
5.4.2.1 Discrete-Time Kalman Filter

The Kalman filter tries to estimate the state x[k] of a discrete-time linear stochastic
difference equation given as,

x[k] = Ax[k — 1] + Bulk — 1] + w[k — 1]
ylk] = Cx[k] + v[k] (5.47)

where A is the state transition matrix, B is the input matrix, x[.] is the state vector, u[.] is
the input vector. C is the output matrix, y[.] is output vector. Note that, state transition, input
and output matrices are assumed to be time invariant. w[k] is defined as the process noise

which is zero-mean with normal probability distribution,
wlk] ~ (0,Q). (5.48)

v[k] is defined as the measurement noise which is also zero-mean with normal probability

distribution,
v[k] ~ (O,R). (5.49)
It is assumed that, the process noise and measurement noise are independent of each other.

Filter uses the system dynamics and noisy measurements to estimate the state. A priori state
estimate (denoted as X)) is defined as the estimate of the state at time step k without the
measurement at that time step. A posteriori state estimate (denoted as Xy ) is defined as the

estimate of the state at time step k with the measurement at that time step.

A priori state estimation error is defined as,

ex =X — X - (5.50)
Similarly, A posteriori state estimation error is written as,

er =x, — X . (5.51)
Covariance of the estimation errors is denoted as P,

P; = Elege;”] (5.52)
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Pt =Eeiel’]. (5.53)
A priori state estimate can be propagated from a posteriori state estimate in time according
to system difference equation,
Re = ARE_, + Buy_4 . (5.54)
Substituting (5.54) into (5.52) and taking expectation results in,
Py = AP} AT +Q (5.55)

Equations (5.54) and (5.55) are known as time update (prediction) equations of the Kalman
filter.

After the actual measurement is obtained, a posteriori state estimate can be calculated by
adding a weighted difference between the actual measurement y,and predicted measurement

CX) to the a priori state estimate,
R =% + Koy — CRf) (5.56)

where K is the gain matrix. The difference between the actual measurement and predicted
measurement (y, — Cxy ) is called as measurement innovation. The gain matrix K is chosen

such that minimizing the a priori state estimate error covariance which result in,
K =P, CT(CP;CT+R)™L. (5.57)

Last equation in discrete-time Kalman filter is the a posteriori state estimate covariance
which is obtained by substituting the a posteriori state estimate into (5.53) using (5.54) and
(5.57) which results in,

P} =P; —KCPy. (5.58)

Equations (5.56), (5.57) and (5.58) are the measurement update (correction) equations of the

Kalman filter.

Detailed information and derivations about Kalman filter can be found in [40].
5.4.2.2 Estimation of Angular Acceleration with Kalman Filter

The discrete time version of the Newtonian system with constant acceleration is formulated
as in (5.59) [40],
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k 1 T TZ m[k - 1]
k] [ wp [k — 1] (5.59)
nlk] U [k — 1]

where Ty is the sample period. System does not have a driving input that means, B is the

zero matrix. State transition matrix is,

1 T, T?
A=10 1 T,f-

0 0 1

(5.60)

Acceleration information is obtained from velocity measurement so that output matrix C is

defined as,
c=[0 1 0]. (5.61)

Kalman filter equations require process noise and measurement noise covariance matrices.
Measurement noise covariance matrix can be acquired by offline experimental tests. Non-
zero-mean noise components can be cancelled out by compensating the offset at the start of
every operation.

However, it is difficult to obtain the process noise covariance since, the process noise is a
hypothetical noise added to model. In general, it is tuned according to frequency response of
the filter. If the process noise covariance grows, filter relies on the measurement heavily.
This results a better frequency response in terms of attenuation and phase delay however,
this also causes noise amplification. If the process noise covariance is decreased, the sensor
noise is suppressed vigorously but, the frequency response of the filter is degraded.

Therefore, an optimum point should be set for process noise covariance value.

Initial values of the a posteriori state estimate and state estimate error covariance are also
required for the filter. Initial a posteriori state estimate can be set to zero but state estimate
error covariance should not be set to zero since it results that the filter always believe
£+ = 0. An arbitrary non-zero value should be used for the initial a posteriori estimate error
covariance. It affects only initial estimates of the filter but, it eventually converges to the

correct state.

Following the estimation of the angular acceleration with Kalman filter, net torque acting on
the inertia can be found by multiplying the angular acceleration with the inertia. Applied
electromagnetic torque is obtained from current measurement and torque constant. Estimated

load torque is the difference between the applied electromagnetic torque and calculated net
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torque. The current needed to compensate the load torque is directly added to the current
command. Block diagram of the estimation and compensation algorithm is demonstrated in
Figure 5.16.

T
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71 Tem Thet .A a Kalman 0
+ 6 = F'I.lter A+
7 A +—Xp
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L+ G 1® ! T T
Kt
R Q
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covariances

Figure 5.16. Load torque estimation with Kalman filter.
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CHAPTER 6

SIMULATION AND EXPERIMENTAL RESULTS

6.1 Introduction

Simulation and experimental results are given in this chapter. First, simulation model in
Simulink is described. Tuning of the controller parameters is explained. Then, the proposed
methods to improve torque and speed control performance are verified on this model.
Second, the experimental setup is demonstrated. Proposed algorithms are also validated with

experimental tests.

6.2 Simulation Model

Simulation studies are conducted in Matlab/Simulink software. Mathematical model of the
PMSM derived in CHAPTER 2, is implemented in the simulation as shown in Figure D.1 in
APPENDIX D, with the parameters of the machine used in experiments, as listed in Table
6.3.

Nonlinear inverter nature is investigated in SimPowerSystems software. SimPowerSystems
software operates in the Simulink environment and works together with Simulink to model
electrical systems. Power MOSFET modules in the SimPowerSystems library are employed
in order to construct the 3-phase VSI with the parameters given in Table 6.1.

To interface the VSI with the mathematical model of the machine, controlled voltage/current
sources and voltage/current measurement blocks in the SimPowerSystems library are

utilized.
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Table 6.1. Parameters of the VVSI used in the simulation.

On-state resistance of 5 Ohm Threshold yoltage of 0.65V
the MOSFET the diode

On-state resistance of

the diode 0.12 mH dc Bus voltage 24V

Vector control algorithm is also implemented in the Simulink as shown in Figure D.2 in
APPENDIX D. Stationary frame currents are sampled and transformed into synchronous
frame. Sampling frequency is set to 10 KHz as in the experimental work. Discrete time P-I
controllers are employed for d- and g-axes current regulation. Anti-windup and saturation
algorithms are utilized as described in section 4.3. Space vector PWM scheme is applied as
explained in section 3.3. Lastly, a triangular carrier signal is generated and it is compared
with the outputs of the space vector PWM block. MOSFET gate signals are generated

according to this comparison.

The complete block diagram of the simulation model is shown in Figure D.3 in APPENDIX
D. Output of the vector controller is connected to gates of the MOSFETS in the VSI which
feeds the PMSM. Currents flowing through the phases of PMSM are measured and they are

sampled by the vector controller.

Volt-second compensation method, decoupling algorithm and load torque estimation are
implemented and tested according to this simulation model. For speed control studies,
inverter is modelled as a unity gain in order to accelerate the simulation. Throughout the

simulation studies, simulation step size is adjusted to 1 microsecond.
6.3 Tuning of Current Controller Parameters

The block diagram of the vector controlled PMSM drive is shown in Figure 5.7 in which
two separate P-l1 controllers are employed for d- and g-axis current regulation. Same
controller parameters can be used since; both axes have the same inductance and resistance

values.

Current controller parameters should be adjusted according to the poles of the plant. In

general, the zero of the P-1 current controller is chosen such that, it cancels the plant pole,
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R (6.1)

This relation tells the ratio of the proportional constant (K,) and integral constant (K;). In

order to determine the parameters, another relation is needed.

When the plant pole is cancelled by the controller zero, the open-loop transfer function of
the current control loop (for one of the axis) becomes,

K; :
Gor(s) = Rs’ ©2)

A second requirement on the parameters can be written by setting the closed-loop bandwidth
of the system to a desired frequency. Usually, closed-loop bandwidth is approximately equal
to the gain-crossover frequency of the open-loop transfer function. Gain-crossover frequency
is the frequency where the magnitude of the open-loop transfer function is equal to unity.
Replacing “s” by “jw” in the open-loop transfer function,

(6.3)

|GoLGW)| =

RSjWC

Then, the parameters of the current controllers can be determined according to (6.1) and
(6.3).

In this thesis, current controller is tuned for 300 Hz bandwidth so, integral constant, K; is

found from (6.3) as 128. According to (6.1), proportional constant, K, is determined as 0.24.

The open loop transfer function has a single pole at the origin therefore; its phase angle is

constant at —90° as seen in Figure 6.1. The gain margin is infinite and phase margin is 90°.
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Figure 6.1. Open-loop Bode diagram of the current control loop.

6.4 Simulation Results of the Volt-Second Compensation

In order to test the volt-second compensation algorithm, synchronous frame P-I current
regulator is implemented as shown in Figure D.3 in APPENDIX D and current waveforms
are examined. Then, compensation algorithm is added to the system as demonstrated in

Figure 5.6 and performance improvement is analyzed.

PWM carrier period is set to 100 microseconds by setting the frequency of the triangular
carrier signal to 10 KHz. In order to simulate the nonlinearity of the VSI, 2.2 microsecond
delay is inserted before the rising edge of the gate signals (2 microseconds for dead-time and
0.2 microseconds for turn-on time). Similarly, 0.7 microsecond delay is inserted before the
falling edge of the gate signals to simulate the turn-off time of the switches as seen in Figure
D.4 in APPENDIX D. Parameters of the power MOSFET model are adjusted according to
Table 6.1.

Parameters of the synchronous frame P-I current controller (SFCR) are listed in Table 6.2.
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Tests are done when machine operates at a speed of 300 rpm. 10 Ampere quadrature-axis
synchronous frame current (is,) is commanded. Direct-axis current (is4) is commanded as

zero. Phase current waveform under these conditions is presented in Figure 6.2.

If the machine was supplied by an ideal source, phase current waveform would be purely
sinusoidal. However, due to the nonidealities in the VSI, phase current waveform is distorted

as seen in Figure 6.2.

Table 6.2. Parameters of the SFCR in the simulation.

Proportional constant, K, 0.24
Integral constant, K; 128
10 { f
5
o
(]
Q S
2 0
<
-5
-10 ‘r i
0.05 006 0.07 008 009 010 011 0.12 013 014 0.15
time (s)

Figure 6.2. Phase current waveform with synchronous frame P-I current regulator when
machine operates at 300 rpm in the simulation.

g- and d-axes currents are shown in Figure 6.3. Synchronous frame currents would be
constant if the VSI was ideal. However, an oscillation exists on the current waveforms due
to the nonideal characteristics of the VSI. Frequency of the oscillations is sixth times the

synchronous frequency as explained in section 5.2.1.
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Figure 6.3. Synchronous frame currents with synchronous frame P-1 current regulator when
machine operates at 300 rpm in the simulation.

In the second part of the test, volt-second compensation algorithm is implemented as
explained in section 5.2.2. Polarities of the phase currents are determined from current space

vector angle according to Table 5.2.

Space vector angle is the summation of the torque angle § and rotor angle 6,. as depicted in
Figure 2.10. Torque angle is set to ninety degree (zero direct-axis current). The
implementation of the algorithm is seen in Figure D.5 in APPENDIX D.

Under the same conditions with the first test (machine operates at 300 rpm, g- and d-axes
currents are commanded as 10 and 0 Ampere respectively) phase current is observed again
and effect of the volt-second compensation algorithm is examined. Phase current waveform
is shown in Figure 6.4. As compared to Figure 6.2, it is clear that, the quality of phase
current waveform is improved significantly. The distortion on the current waveform due to
nonideal characteristics of the VSI is nearly vanished. It has become very close to a pure

sinusoid which is expected for an ideal VSI.
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Figure 6.4. Phase current waveform with volt-second compensation algorithm when
machine operates at 300 rpm in the simulation.

Synchronous frame currents are shown in Figure 6.5. A considerable decrease in the
magnitude of the ripples on the synchronous frame currents is seen as compared to Figure
6.3. There is still some distortion on the synchronous frame currents especially on the d-axis.
The reason of this distortion is the zero-current clamping phenomenon which cannot be

solved with volt-second compensation.
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Figure 6.5. Synchronous frame currents with compensation algorithm when machine
operates at 300 rpm in the simulation.
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6.5 Simulation Results of the Decoupling Method

In this section, effects of the disturbance inputs on the current loop are examined. Besides
that, decoupling method to improve the disturbance rejection capability of the current

controller is also examined.

In order to adjust the shaft speed, a continuous-time P-I speed controller is designed in the
simulation as demonstrated in Figure D.3 in APPENDIX D. This controller tries to regulate

the shaft speed by controlling the load torque.

Parameters for the synchronous frame current regulator are not changed and used as in the

preceding section.

In the tests, the quadrature-axis synchronous frame current (i, ) is set to 10 Ampere. The d-
axis current (isq) is commanded as zero. Since the motor speed acts like disturbance both on
the d- and g-axes, effects of the speed variation on the axes are investigated in these tests.
During the tests, the shaft speed is controlled by the load drive.

In the first test, the load drive changes the shaft speed sinusoidally. The frequency of the
sinusoidal is 2 Hz and magnitude of it is 600 rpm, as shown in Figure 6.7. Synchronous
frame currents under these conditions are demonstrated in Figure 6.6. In this figure, i;; and
isq are the commanded d- and g-axes currents. is; and ig, are the actual d- and g-axes

currents.

Although a constant current is commanded, it is observed that, there exists an oscillation on
the g-axis current. The frequency of this oscillation is the same with the frequency of the
shaft speed. The reason of this oscillation is the speed depended coupling terms present in

the system as can be seen in Figure 5.7.
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Figure 6.6. d- and g-axes currents when the shaft speed changes sinusoidally (magnitude:
600 rpm, frequency: 2 Hz) in the simulation.
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Figure 6.7. Sinusoidally varying shaft speed (magnitude: 600 rpm, frequency: 2 Hz) in the
simulation.

In the second test, the load drive changes the shaft speed sinusoidally again. The frequency

of the sinusoidal is 5 Hz and magnitude of it is 600 rpm, as shown in Figure 6.9.

Synchronous frame currents under these conditions are demonstrated in Figure 6.8.

An oscillation on the synchronous frame currents with the same frequency of the shaft speed

is observed again. However, the magnitude of the oscillation is increased. This result is

expected since; the performance of the current controller degrades when the frequency of the

disturbance input increases.

81



12 T T T T T T T T T
| | | | | | | | |
10 | ‘\ | | | | | | |
6 AW
o . i;q lsq —lsd* | |
g —Isd
E 4 o . Isq* [
5 lsd lsd —Isq ||
0 /
-2

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
time (s)

Figure 6.8. d- and g-axes currents when the shaft speed changes sinusoidally (magnitude:
600 rpm, frequency: 5 Hz) in the simulation.

1000

500/ A a 7@77 : A : a

]
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
|

-500- J v v J J J \ J 7

~1000 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

time (s)

Figure 6.9. Sinusoidally varying shaft speed (magnitude: 600 rpm, frequency: 5 Hz) in the

simulation.

In the third test, a 600 rpm step change occurs on the shaft speed as demonstrated in Figure
6.11. In the meantime, synchronous frame currents are shown in Figure 6.10. As can be
seen, a perturbation occurs in the d- and g-axes currents when a change occurs in the shaft

speed.
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Figure 6.10. d- and g-axes currents when a 600 rpm step change occurs on the shaft speed in
the simulation.
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Figure 6.11. 600 rpm step change on the shaft speed in the simulation.

To improve the response of the current controller, decoupling method is implemented in the
simulation as demonstrated in Figure D.6 in APPENDIX D. Same tests so far in this section
are repeated with the decoupling method. The results can be seen in Figure 6.12, Figure 6.13
and Figure 6.14.

Oscillations on the synchronous frame currents nearly vanished when the decoupling method
is implemented as shown in Figure 6.12 and Figure 6.13 as compared to Figure 6.6 and
Figure 6.8 respectively.
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Figure 6.12. d- and g-axes currents with the decoupling method when the shaft speed
changes sinusoidally (magnitude: 600 rpm, frequency: 2 Hz) in the simulation.
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Figure 6.13. d- and g-axes currents with the decoupling method when the shaft speed
changes sinusoidally (magnitude: 600 rpm, frequency: 5 Hz) in the simulation.
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Synchronous frame currents with the decoupling method when a step change occurs on the
shaft speed are seen in Figure 6.14. As compared to the case where the decoupling method is
not implemented (Figure 6.10), a considerable improvement is achieved on the transient

response after the implementation of the decoupling method.
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Figure 6.14. d- and g-axes currents with the decoupling method when a 600 rpm step change
occurs on the shaft speed in the simulation.

6.6 Tuning of the Speed Controller Parameters

The bandwidth of the speed control loop should be selected to be one tenth of that for the
current loop. Therefore, current control loop can be assumed as unity for speed controller
design. The bandwidth of the current control loop was adjusted to 300 Hz, so the bandwidth
of the speed control loop is set to 30 Hz. When the current loop is assumed to be unity, the

open-loop transfer function can be written as (6.4).

Ke(Kpss + Kis)

= (6.4)

GoL(s) =

where K, and K, are the proportional and integral constants of speed loop P-I controller.
These parameters can be selected according to some design criterions such as the closed-

loop bandwidth and phase margin.

The closed-loop bandwidth is desired to be one tenth of that for the current loop, 30 Hz as
noted before. The gain-crossover frequency of the open-loop transfer function is
approximately equal to the closed-loop bandwidth. Gain-crossover frequency is the

frequency where the magnitude of the open-loop transfer function is equal to unity,
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Kt(Kpstc + Kis)
J(Gwe)?

|Go, GW)| = =1. (6.5)

Another design criterion is the phase margin (PM) which should be adjusted greater than
45° typically to 60°. The phase margin is the difference between the phase curve and

—180° at the point corresponding to the gain-crossover frequency,

Kt (Kpstc + Kis)
JGwe)?

PM = arg(Go,(jw,)) — (—180°) = arg< ) +180° (6.6)

where arg(.) is the argument function which gives the phase of the transfer function.

The proportional and integral constants are found as 0.27 and 30 respectively, for 30 Hz
bandwidth and 60° phase margin, using (6.5) and (6.6). Bode plot of the open-loop transfer
function of the speed control loop is seen in Figure 6.15.
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Figure 6.15. Open-loop Bode plot of the speed control loop.

6.7 Simulation Results of the Load Torque Estimator

In this section, the performance of the speed control loop is investigated under different load
torque conditions. The current control loop is assumed to be ideal in this part therefore,

torque controller and motor pair is replaced by the torque constant K;. This assumption is
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done in order to accelerate the simulation because, a few seconds of simulation time is
necessary to analyze the speed controller performance and this is not possible with a very

small simulation step size which is required to simulate the current control loop.

The performance of the conventional P-I speed controller is tested under different load
torque conditions. Then, the load torque estimator is implemented and performances are

compared.

Tests are conducted when a constant speed of 600 rpm is commanded. Load drive is
commanded to regulate the desired load torque. In Figure 6.16 and Figure 6.17, the speed
responses of the drive system are seen when a sinusoidal load torque is applied with
frequency 1 Hz and 5 Hz, respectively. In the figures the pink signal shows the desired
speed. The cyan signal shows the speed response of the drive system. The blue signal is the
applied load torque. As seen, although a constant speed of 600 rpm is commanded, there
exists an oscillation on the speed response at the same frequency with the applied load
torque. The amplitude of the oscillations increases with the increasing frequency, as can be
followed from the comparison of the variables shown in Figure 6.16 and Figure 6.17.
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Figure 6.16. Speed command (pink signal), actual speed (cyan signal) and applied load
torque (blue signal) in the simulation. Frequency of the load torque is 1 Hz.
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Figure 6.17. Speed command (pink signal), actual speed (cyan signal) and applied load
torque (blue signal) in the simulation. Frequency of the load torque is 5 Hz.

The speed controller response can be seen in Figure 6.18 when a step load torque is applied.
As can be seen, a perturbation occurs on the shaft speed when the load torque changes. The
speed controller rejects this disturbance with a poor transient response.
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Figure 6.18. Speed command (pink signal), actual speed (cyan signal) and applied load
torque (blue signal) in the simulation.

In the second part, load torque estimation algorithm is added to control loop as explained in

section 5.4.2 and same tests so far in this section are conducted again. The block diagram of

the implementation is seen in Figure 5.16. The load torque is attained by subtracting the net
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torque from the electromagnetic torque. The electromagnetic torque is calculated by
multiplying the g-axis current with the torque constant. The net torque is obtained by
multiplying the angular acceleration with the total moments of inertia of the mechanical

system.

Angular acceleration is extracted from the velocity measurement by means of a Kalman
filter. In order to simulate the noisy velocity measurement, a hypothetical noise with zero-
mean is added to the speed measurement. Kalman filter parameters (noise covariances) are

set according to the simulated noise.

Speed control response of the drive system with load torque estimator is shown in Figure
6.19 when a sinusoidal load torque with frequency 1 Hz is applied. As seen, oscillations on
the speed are nearly vanished compared to that in Figure 6.16 in which the load torque
estimator is not implemented. For a sinusoidal load torque with frequency 5 Hz, results are
presented in Figure 6.20. Oscillations did not completely vanish but, the amplitude of the
oscillation as compared to that in Figure 6.17 is decreased significantly.

The speed controller response when a step load torque is applied is presented in Figure 6.21.
It is clear that, the transient response of the speed control loop is improved significantly with

load torque estimation.
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Figure 6.19. Speed command (pink signal), actual speed (cyan signal) and applied load
torque (blue signal) with load torque estimator in the simulation. Frequency of the load
torque is 1 Hz.
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Figure 6.20. Speed command (pink signal), actual speed (cyan signal) and applied load
torque (blue signal) with load torque estimator in the simulation. Frequency of the load
torque is 5 Hz.

1000 o
m
c ol
£ 500 <
Wm
0
1
IS
Eos
—> 1)
(9,46 0,48 0,50 0,52 0,54 0,56 0,58

time (s)

Figure 6.21. Speed command (pink signal), actual speed (cyan signal) and applied load
torque (blue signal) with load torque estimator in the simulation.

6.8 Experimental Setup

The drive system has been built and experimental tests are conducted in a laboratory
environment. Block diagram of the system is shown in Figure 6.22. Two-level 3-phase VSI
module “VWM 270-0075X2” from power semiconductor manufacturer IXYS is used to
supply the machine. The VVSI module is composed of six power MOSFETS. As a dc source,
a battery of 24 V is used. 4.4 mF capacitance is connected to the supply rail of the VSI as
near as possible. Half-bridge gate drivers “IX6R11” from IXYS are utilized to bias the gates
of the VSI. The gate resistors are chosen to be 10 Ohm. To bias the gates on the same leg of

the VSI, 2 isolated voltages are used. Isolated dc/dc converters are utilized for this purpose
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as demonstrated in Figure 6.23. Digital components should be isolated from the high-power

side for the purpose of protection therefore; opto-isolators are used between them.

A surface-mounted permanent-magnet synchronous machine from servo system
manufacturer MOOG with the parameters listed in Table 6.3 is used. Another machine with
the same parameters is utilized for the load drive. Shafts of the two machines are coupled to
each other with mechanical couplings. Two phase currents are measured with current
transducers “LEM LA 35-NP”. Measured phase currents are passed through low-pass filters
to filter the high-frequency noise from the transducer and the switching harmonics. Then,
phase-current information is sampled with analog-to-digital converters (ADC). To detect the
rotor angle, a resolver sensor is employed. The output of a resolver sensor composed of two
modulated sinusoids. Resolver-to-digital converters (RDC) are utilized to process these
modulated signals. The outputs of the RDC are the angle and velocity of the rotor.

A custom DSP-FPGA board is used for digital control of the drive system. On this board, all
external interfaces are connected to FPGA. Control loops and algorithms are implemented in
the DSP. It takes the inputs (phase currents, rotor angle and velocity) from FPGA, process
the necessary functions and gives the outputs back to the FPGA. PWM carrier signal is
generated in the FPGA by means of an up-down counter. Duty factors (calculated by DSP)
are compared with this counter and PWM signals are constructed within the FPGA. Then,
PWM signals are supplied to the gate driver circuitry for current amplification. To monitor
the internal signals such as rotor angle, velocity, synchronous frame currents etc. digital-to-
analog converters (DAC) are utilized. In order to apply different reference signals (sinusoids
with different frequency or step) to the controller, additional ADCs are employed. Signal

generator is used for the reference signals.
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Figure 6.22. Block scheme of the experimental setup.
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Table 6.3. Parameters of the test machine.

Pole pair 4 Stator resistance 0.068 Q
Rated power 385 W Stator inductance 0.079 mH
Rated speed 2300 rpm Torgue constant 0.086 Nm/Arms
Rated current 185 A Rated torgque 1.6 Nm

d-axis inductance  0.12mH  g-axis inductance 0.12 mH

Rotor inertia 0.5 kgem?

High-side Low:s.ide
positive positive
Ve Isolated DC/DC Voc Isolated DC/DC
Converter High-side Converter Low-side
+ return = return
High-side Low-side Voc

positive  positive

I S
A Gate
Sf% Opto-Coupler Driver High-si dej
811, *‘/ Ic return
R,
Low-side
i i return

fh}gbiside Low-side
return return

Figure 6.23. Gate drive circuitry for one leg of the inverter.

“TMS320C6713”, a DSP from Texas Instruments (TI) is programmed via its software Code
Composer Studio by means of a debugger. The control loops and algorithms are developed

in the Matlab/Simulink software and the generated C-code is transferred to Code Composer

Studio software. Then, the code is compiled and loaded to the DSP.

Load machine is controlled with a two-axis servo controller manufactured by ASELSAN
Inc. which has torque and speed control capability. Its interface is the CANopen protocol. A

USB to CAN adapter is used to send commands to the servo controller via a PC. A picture

of the experimental setup is given in Figure 6.24.
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Figure 6.24. Experimental setup.

6.9 Experimental Results of the Volt-Second Compensation

In order to test the volt-second compensation algorithm, firstly, synchronous frame P-I
current regulator is implemented then, compensation algorithm is added to control loop and

results are compared.

Triangular carrier signal of 10 KHz is generated within the FPGA. Dead-time is adjusted to
2 microseconds. Synchronous frame current regulator is implemented in the DSP. Sampling
frequency is set to 10 KHz. P-I controllers are utilized with parameters provided in Table
6.4. Same parameters are used for g- and d-axis current regulators. Parameters are tuned
such that the bandwidth of the closed-loop system is approximately 300 Hz. Space vector

PWM algorithm is implemented within the DSP as explained in section 3.3.
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Table 6.4. Parameters of the P-I current controllers in experimental work.

Proportional constant, K, 0.25

Integral constant, K; 130

Tests are conducted at two different operating speeds of the machine, 300 rpm and 600 rpm,
to investigate the response of the control loop and volt-second compensation algorithm at
different frequencies. 10 Ampere quadrature-axis synchronous current (isq) is commanded.
Direct-axis current (is4) is commanded as zero. Load servo drive is commanded to regulate

the shaft speed.

Phase current is measured by a clamp meter and monitored on an oscilloscope. When
machine operates at 300 rpm, the measured phase current is as shown in Figure 6.25. The
frequency of the phase current is 20 Hz as expected according to (6.7).

120
n, = Pfe_ 6.7)

The synchronous speed ng is 300 rpm and number of poles is 8 so, the excitation frequency
is 20 Hz.

Distortion in the phase current waveform is evident. Fast Fourier Transform (FFT) of the
current is also provided in the figure. In section 5.2.1, it is stated that, distorted output
voltage of the VSI give rise to 6n+1 (n: 1, 2...) harmonics on the phase current waveform.
Experimental results confirm this statement. There exists 5t and 7¢* harmonic components
in frequency spectrum (100 Hz and 140 Hz). Frequency of the harmonics is shown with
cursors at the upper right of the screenshot. The zero-level of the current is shown with the

channel number of the scope at the left sight of the screenshot.
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Figure 6.25. Phase current waveform and FFT of the phase current with synchronous frame
P-I current regulator obtained experimentally when machine operates at 300 rpm.

In section 5.2.1, it is also stated that, distorted output voltage of the VSI give rise to sixth
harmonic on the synchronous frame currents (is, and izq). Synchronous frame currents
calculated within the DSP, are also monitored via digital-to-analog converters. These
waveforms are presented in Figure 6.26. As noted, there exist ripple at the sixth harmonic of
the fundamental frequency (120 Hz) on the current waveforms. Frequency of the ripple is
shown with cursors at the upper right of the screenshot. The zero-level of the current is
shown with the channel number of the scope at the left sight of the screenshot. Zero-levels of
the channel-1 and channel-2 are at the same level. In the figure, a division in the vertical-

axis corresponds to 2.5 Ampere.
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Figure 6.26. Synchronous frame current waveforms with synchronous frame P-I current
regulator obtained experimentally when machine operates at 300 rpm. quadrature-axis
current (blue), direct-axis current (light-blue) (2.5A per division)

Phase current and FFT of the phase current is also monitored when the machine operates at
600 rpm. Phase current waveform and FFT of the phase current and synchronous frame
currents are shown in Figure 6.27 and Figure 6.28 respectively. Fundamental frequency is 40
Hz for 600 rpm synchronous speed. The phase current waveform is still distorted and 5"
and 7t" harmonics components exist in frequency spectrum (200 Hz and 280 Hz). In Figure
6.28, the zero-level of the current is shown with the channel number of the scope at the left
sight of the screenshot. Zero-levels of the channel-1 and channel-3 are at the same level. In

the figure, a division in the vertical-axis corresponds to 2.5 Ampere.
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Figure 6.27. Phase current waveform and FFT of the phase current with synchronous frame
P-I current regulator obtained experimentally when machine operates at 600 rpm.
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Figure 6.28. Synchronous frame current waveforms with synchronous frame P-I current
regulator obtained experimentally when machine operates at 600 rpm. quadrature-axis
current (blue), direct-axis current (magenta) (2.5A per division)

In the second part of the test, volt-second compensation algorithm is implemented as
explained in section 5.2.2 and as demonstrated in Figure 5.6. Diode forward voltage drop is
found with an off-line experiment as 0.65 V. Turn-on/off times are found approximately as

0.2 and 0.7 microseconds respectively. Polarities of the phase currents are determined
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according to current space vector angle as in Table 5.2. As stated before, this angle is the
summation of the torque angle & and rotor angle 6,.. Torque angle is set to ninety degree
(zero direct-axis current). Rotor angle 6, is measured via the resolver sensor. Compensation
times which are the outputs of the volt-second compensation block are added to the desired

on-time values calculated by SFCR as demonstrated in Figure 5.6.

When the machine operates at 300 rpm, with volt-second compensation algorithm, phase
current waveform and FFT of the phase current are shown in Figure 6.29. Synchronous
frame currents are presented in Figure 6.30. In the figures, the zero-level of the currents are
shown with the channel number of the scope at the left sight of the screenshot. In Figure
6.30, zero-levels of the channel-1 and channel-2 are at the same level and a division in the
vertical-axis corresponds to 2.5 Ampere.

As can be seen, quality of the phase current waveform is improved significantly and 5 and
7t" harmonic components are diminished to zero. The ripples on the synchronous frame

currents are nearly vanished.
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Figure 6.29. Phase current waveform and FFT of the phase current with volt-second
compensation algorithm obtained experimentally when machine operates at 300 rpm.
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Figure 6.30. Synchronous frame currents with volt-second compensation algorithm obtained
experimentally when machine operates at 300 rpm. quadrature-axis current (blue), direct-
axis current (light-blue) (2.5A per division)

To test the algorithm at a different frequency, machine is operated at 600 rpm and same
measurements are taken again. The results are given in Figure 6.31 and Figure 6.32. In the
figures, the zero-level of the currents are shown with the channel number of the scope at the
left sight of the screenshot. In Figure 6.32, zero-levels of the channel-1 and channel-3 are at

the same level and a division in the vertical-axis corresponds to 2.5 Ampere.

As observed, volt-second compensation algorithm still improves the phase waveform quality
and suppresses the ripples on the synchronous frame currents. However, it is also evident
that the results are not perfect as in 300 rpm case because, it becomes more difficult to
match the compensation voltage with the disturbance voltage caused by the inverter when

the frequency increases due to the inherent delays in the sampling and digital processing.
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Figure 6.31. Phase current waveform and FFT of the phase current with volt-second
compensation algorithm obtained experimentally when machine operates at 600 rpm.
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Figure 6.32. Synchronous frame currents with volt-second compensation algorithm obtained
experimentally when machine operates at 600 rpm. quadrature-axis current (blue), direct-
axis current (magenta) (2.5A per division)

Result of the experiments in this section can be summarized as follows: P-I controllers can
reject the disturbance voltage caused by the non-ideal VSI, up to a certain extent, since they
have a finite bandwidth. Due to practical reasons, it is not possible to increase the bandwidth
indefinitely. Therefore, disturbance rejection capability of the drive system can be improved
by implementing the proposed compensation algorithm. The experimental results show the
effectiveness of this method. Phase current distortion has been reduced. Magnitude of the

ripples on the synchronous frame currents has been decreased. To determine the direction of
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the current, rotor angle information is used rather than using current transducers. Therefore,

the problems regarding to switching nature of the current has been eliminated.

The performance of the algorithm decreases with increasing frequency of the electrical
excitation nevertheless, its contribution is still positive. With the volt-second compensation
algorithm, there is still some distortion in the phase current especially when the
corresponding phase or other phase currents cross the zero. This is due to the zero-current

clamping phenomena.
6.10 Experimental Results of the Decoupling Method

In section 5.3.1, it has been explained that, components related to the permanent-magnet flux
linkage and d-axis flux linkage can be interpreted as disturbance inputs on the g-axis. As for
d-axis, component related to the g-axis flux linkage can be treated as a disturbance input. In
this section, effects of these disturbance inputs are examined. Method to improve the

disturbance rejection capability of the controller is examined.

Load servo drive is commanded with sinusoidal signals for speed regulation at different

frequencies. Parameters of the P-1 current controllers are set again as given in Table 6.4.

First test is done when the load servo drive changes the shaft speed sinusoidally. The
frequency of the sinusoidal is 2 Hz and magnitude of it is 600 rpm. The drive system under
test is commanded with 10 Ampere constant g-axis synchronous frame current (i,,). d-axis
current (is4) is commanded as zero. In Figure 6.33, shaft speed (cyan signal) and g-axis
current (blue signal) are shown. The zero-level of the shaft speed and g-axis current are
shown with the channel numbers of the scope at the left sight of the screenshot. In the figure,
for the shaft speed; one volt corresponds to 240 rpm and for the g-axis current; a division in

the vertical-axis corresponds to 2.5 Ampere.

From the figure it is seen that, there exists an oscillation on the g-axis current with the same

frequency of the shaft speed although a constant current of 10 Ampere is commanded.
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Figure 6.33. Shaft speed (cyan signal, 240 rpm per volt) and g-axis current response (blue
signal, 2.5A per division) obtained experimentally when the shaft speed changes
sinusoidally (magnitude: 600 rpm, frequency: 2 Hz).

Similar test is conducted when the load servo drive changes the shaft speed sinusoidally
again. The frequency of the sinusoidal is 5 Hz and magnitude of it is 600 rpm. Shaft speed
and g-axis current are shown in Figure 6.34. Oscillation on the g-axis current is clearer for

this case.
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Figure 6.34. Shaft speed (cyan signal, 240 rpm per volt) and g-axis current response (blue
signal, 2.5A per division) obtained experimentally when the shaft speed changes
sinusoidally (magnitude: 600 rpm, frequency: 5 Hz).
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Another test is done when a step change occurs on the shaft speed. A distortion on the g-axis

current is observed when the shaft speed changes rapidly as depicted in Figure 6.35.
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Figure 6.35. Shaft speed (cyan signal, 240 rpm per volt) and g-axis current response (blue
signal, 2.5A per division) obtained experimentally when a 600 rpm step change occurs on
the shaft speed.

To improve the response of the current controller, decoupling method described in section
5.3.2 is implemented as demonstrated in Figure 5.12. g- and d- axes inductances are found

approximately as 0.13 mH with an off-line test. Gain of the inverter is assumed to be unity.

Same tests are repeated with the decoupling method. First test is done when the load servo
drive changes the shaft speed sinusoidally. The frequency of the sinusoidal is 2 Hz and
magnitude of it is 600 rpm. The tested drive system is commanded with 10 Ampere constant
g-axis synchronous current, i,,. d-axis current, i, is commanded as zero. The results can be
seen in Figure 6.36. The zero-level of the shaft speed and g-axis current are shown with the
channel numbers of the scope at the left sight of the screenshot. In the figure, for the shaft
speed; one volt corresponds to 240 rpm and for the g-axis current; a division in the vertical-

axis corresponds to 2.5 Ampere.

Oscillations on the g-axis current nearly vanished with the implemented decoupling method.

The results for the 5 Hz case are demonstrated in Figure 6.37.
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Figure 6.36. Shaft speed (cyan signal, 240 rpm per volt) and g-axis current response (blue
signal, 2.5A per division) with decoupling method obtained experimentally when the shaft
speed changes sinusoidally (magnitude: 600 rpm, frequency: 2 Hz).
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Figure 6.37. Shaft speed (cyan signal, 240 rpm per volt) and g-axis current response (blue
signal, 2.5A per division) with decoupling method obtained experimentally when the shaft
speed changes sinusoidally (magnitude: 600 rpm, frequency: 5 Hz).

For a step change on the shaft speed, g-axis current is shown in Figure 6.38. As compared to

Figure 6.35 where the decoupling method has not been implemented; there is a significant

improvement in the transient response of the current controller.
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Figure 6.38. Shaft speed (cyan signal, 240 rpm per volt) and g-axis current response (blue
signal, 2.5A per division) with decoupling method obtained experimentally when a 600 rpm
step change occurs on the shaft speed.

6.11 Experimental Results of the Load Torque Estimator

In this section, firstly, the performance of the conventional P-1 speed controller is analyzed.
Then, the load torque estimator is added to system and the resulting performances are

compared.

During the tests conducted in this part, load drive is commanded with different signals for
torque regulation. The tested drive system tries to regulate the shaft speed under different
load torque conditions. Speed controller is implemented with P-1 regulator with the

parameters given in Table 6.5.

Table 6.5. Parameters of the speed controller.

Proportional constant, K, 0.27

Integral constant, K, 30

The drive system under test is commanded with 600 rpm constant speed. The speed

responses are seen in Figure 6.39, Figure 6.40 and Figure 6.41 for 1 Hz, 5 Hz and 10 Hz
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sinusoidal load torque respectively. In the figures the pink signal represents the desired
speed of the tested drive system. Cyan signal shows the speed response of the controller. The
blue signal is the output of the load torque estimator. The zero-level of the variables are
shown with the channel number of the scope at the left sight of the screenshot. Zero-levels of
the channel-2 and channel-3 are at the same level. In the figure, for the shaft speed; one volt
corresponds to 240 rpm and for the load torque; one volt corresponds to 0.29 Nm. As can be
seen, although a constant speed of 600 rpm is commanded, there exists an oscillation in the
speed response with the same frequency of the applied load torque. Amplitude of the
oscillations grows with the increasing frequency.
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Figure 6.39. Commanded speed (pink signal), actual speed (cyan signal, 240 rpm per volt)

and estimated load torque (blue signal, 0.29 Nm per volt) obtained experimentally when the
load torque changes sinusoidally with frequency 1 Hz.
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Figure 6.40. Commanded speed (pink signal), actual speed (cyan signal, 240 rpm per volt)
and estimated load torque (blue signal, 0.29 Nm per volt) obtained experimentally when the
load torque changes sinusoidally with frequency 5 Hz.
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Figure 6.41. Commanded speed (pink signal), actual speed (cyan signal, 240 rpm per volt)
and estimated load torque (blue signal, 0.29 Nm per volt) obtained experimentally when the
load torque changes sinusoidally with frequency 10 Hz.
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Another test is conducted when a step load torque is applied. Obtained results are
demonstrated in Figure 6.42. When the step load torque is applied, a perturbation occurs on
the shaft speed. The speed controller regulates the speed to the desired value but, with a poor

transient response.
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Figure 6.42. Commanded speed (pink signal), actual speed (light-blue signal, 240 rpm per
volt) and estimated load torque (blue signal, 0.29 Nm per volt) obtained experimentally
when a step change occurs on the load torque.

In the second part, load torque estimation algorithm is added to control loop and the same
tests in this section are conducted again. Measurement noise covariance needed for the
Kalman filter is found by an experiment on the speed sensor. A set of speed data is collected
when the drivers are disabled (zero shaft speed). This data set is processed by MATLAB
software and the covariance of the data set is calculated as 10.2475. The mean of the data is
found as 2.7391. As stated before, non-zero-mean noise components are cancelled out by

compensating the offset at the start of every operation.
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Figure 6.43. The data collected from the speed sensor when the shaft is not moving.

Another need for the Kalman filter is the process noise covariance. As stated before, process
noise covariance cannot be obtained by an analytical process or by a test. It should be tuned
according to frequency response of the Kalman filter. Therefore, various values for process
noise covariance are used as trials for the process noise covariance and the optimum value is
found to be 107. When this value is increased further, the filter weighs the measurements
more heavily therefore, it amplifies the sensor noise. Decreasing the covariance causes that,
the filter weighs the system model more heavily instead of sensor data. In this case, the filter
becomes more sluggish. The covariance is adjusted such that, the filter can estimate the

sinusoidal signals up to 10 Hz.

The initial state estimate for the filter is set to the zero vector. The initial state estimate error
covariance, Py is chosen as in (6.8). As stated before, the initial estimates only affect the

starting behavior of the filter.

001 0 0
P} =[ 0 001 O ] (6.:8)
0 0 001

The torque constant of the machine is used as the same specified by the manufacturer. To
calculate the load torque, total moments of inertia of the mechanical system is needed.

Therefore, a test has been done to find it. A pulsed torque is exerted on the total moments of
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inertia and the speed of is measured. Then, effective inertia is calculated according to (2.54)

and is found to be 1.06 kgcm?.

The speed responses with load torque estimator are seen in Figure 6.44, Figure 6.45 and
Figure 6.46 for 1 Hz, 5 Hz and 10 Hz sinusoidal load torque respectively. The drive system
under test is commanded with a constant speed of 600 rpm. In the figures, the pink signal
represents the desired speed of the tested drive system. Cyan signal shows the speed
response of the controller. The blue signal is the output of the load torque estimator. The
zero-level of the variables are shown with the channel number of the scope at the left sight
of the screenshot. Zero-levels of the channel-2 and channel-3 are at the same level. In the
figure, for the shaft speed; one volt corresponds to 240 rpm and for the load torque; one volt

corresponds to 0.29 Nm.

As can be seen from the figures, there is a significant improvement in the speed performance
of the drive when the load torque estimator is implemented. The oscillations in the 1 Hz case
are nearly vanished. For the 5 Hz and 10 Hz cases, a considerable decrease is observed in the
magnitude of the oscillations.
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Figure 6.44. Commanded speed (pink signal), actual speed with load torque estimation (cyan
signal, 240 rpm per volt) and estimated load torque (blue signal, 0.29 Nm per volt) obtained
experimentally when the load torque changes sinusoidally with frequency 1 Hz.
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Figure 6.45. Commanded speed (pink signal), actual speed with load torque estimation (cyan
signal, 240 rpm per volt) and estimated load torque (blue signal, 0.29 Nm per volt) obtained
experimentally when the load torque changes sinusoidally with frequency 5 Hz.
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Figure 6.46. Commanded speed (pink signal), actual speed with load torque estimation (cyan
signal, 240 rpm per volt) and estimated load torque (blue signal, 0.29 Nm per volt) obtained
experimentally when the load torque changes sinusoidally with frequency 10 Hz.

Step load torque test is repeated when the load torque estimator is utilized and the results are
presented in Figure 6.47. Compared to results given in Figure 6.42, it can be concluded that,

a better transient response is achieved with the load torque estimator.
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Figure 6.47. Commanded speed (pink signal), actual speed with load torque estimation
(light-blue signal, 240 rpm per volt) and estimated load torque (blue signal, 0.29 Nm per
volt) obtained experimentally when a step change occurs on the load torque.

6.12 Discussions on the Experimental Results

In the first part of the experimental tests, the effect of the non-ideal behavior of the
MOSFET inverter on the stationary frame and synchronous frame currents has been
examined. Then, the volt-second compensation algorithm is utilized and performance
improvement is examined. To determine the direction of the current, rotor angle information
is used rather than using current transducer and the problems regarding to switching nature
of the current is eliminated. Note that, this method does not require the d-axis current to be
zero. Experimental results show significant improvements in phase currents and

synchronous frame currents that means, a better torque control is achieved.

In the second part of the experiments, effect of the coupling variables on the current control
performance is studied. It has been examined that, the g-axis current control performance is
degraded when a change occurs in the shaft speed. The decoupling algorithm is implemented
and tested to improve the current controller performance. A considerable improvement is

achieved in the current control performance with decoupling method.

The last part of the experiments is about the load torque estimation algorithm. Firstly, the
conventional P-l speed regulator performance is tested. Then, load torque estimator is
designed and added to the system then, same tests are repeated. Speed regulation

performance of the drive system is also improved significantly.
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CHAPTER 7

CONCLUSION

A common problem in the electric drive systems is the nonlinearity of the power converter
due to nonideal characteristics of the power semiconductors. In this thesis, the volt-second
compensation algorithm is applied to resolve this problem. The nonlinearity of the VSI is
investigated in detail. Not only the effect of dead-time but also the effect of the device
voltage drop and turn-on/off times of the power switches are also examined. Then, the volt-
second algorithm is analyzed theoretically, and implemented and tested in simulation and in

experimental work.

Volt-second compensation method uses the information of the phase current direction to
compensate the volt-second error introduced by the VSI. In this study, rather than using
current transducer to determine the direction of the current, rotor angle information is used
and the problems regarding to switching nature of the current is eliminated successfully.
After the implementation of the volt-second method, simulation and experimental results
show significant improvements in phase current and synchronous frame current waveforms.
The magnitude of the oscillations on the synchronous frame currents is decreased

approximately by 60% when the machine operates at a speed of 300 rpm.

Although volt-second compensation improves the phase current waveform, there are still
distortions on it, especially in zero-crossings of the phase currents. This is due to the so-
called zero-current clamping phenomenon. When the phase current is close to zero, during
the dead-time, current decreases to zero and remains there during the rest of the dead-time.
Then, that phase of the machine is disconnected from the inverter and phase voltage
becomes equal to back-emf voltage. Therefore, another method should be used to overcome

the distortion resulting from zero-current clamping in addition to the volt-second method.
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Another weakness of the volt-second compensation is the variation of the parameters used in
the calculation of the volt-second error. The nominal values of the diode forward voltage and
turn-on/off times are used in the compensation. However, these parameters are subject to
change with changing current level and temperature. Compensation methods based on the

disturbance observer should be employed to overcome the parameter variation problem.

Another problem faced in the high performance PMSM drive is the implementation of the
synchronous frame current regulator. Synchronous frame current regulation makes the
closed-loop system robust to the operating frequency since ac currents at synchronous
frequency become dc quantities. However, d- and g-axis voltages, currents and rotor velocity
terms in the synchronous frame are coupled to each other. These couplings degrade the
performance of the controller with the increasing frequency of the electrical excitation.
Decoupling method is utilized to work out this problem. In CHAPTER 5, detailed analysis
of these couplings is made and decoupling method is described. The application of the
decoupling method in the simulation and experimental work shows a considerable
improvement of the performance of the synchronous frame current regulator. With this
method, the effect of the variation of the shaft speed on the d- and g-axis currents nearly
vanish, which means that, a better disturbance rejection capability is achieved. The
maximum deviation on the g-axis current for a 600 rpm step change on the shaft speed is

decreased approximately by 50%.

Decoupling algorithm needs d- and g-axis inductances and permanent-magnet flux linkage
values. Permanent-magnet flux linkage magnitude varies with the temperature. d- and g-axis
inductances change with the amplitude of the phase current due to nonlinearity of the
magnetic material or saturation. In a future study, these parameters used in decoupling

algorithm can be updated using online parameter estimation algorithms.

In this thesis, besides the torque control, the speed control of the PMSM is also realized.
Specifically, the effect of the disturbance torques is analyzed. The conventional P-1 speed
controller is found to be inadequate for compensation of the disturbance torques due to its
finite bandwidth.

In order to increase the disturbance rejection capability of the speed control, load torque
estimation algorithm is implemented. This algorithm is introduced and explained in
CHAPTER 5. It is proved that, in addition to the disturbance torque rejection, load torque

estimation algorithm can also handle the parameter variation problem. These parameters are
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the effective inertia and motor torque constant which are likely to change during the

operation.

The angular acceleration information needed for the load torque estimation is obtained
through a Kalman filter from noisy shaft speed measurements. A discrete-time Kalman filter

is utilized for this purpose.

The load torque estimation algorithm is implemented both in simulation and in hardware.
The performance of the algorithm is tested comprehensively. A substantial improvement is
achieved in the disturbance rejection capability of the speed controller with the proposed
load torque estimator. A better transient response of the speed controller against the
disturbance torque is attained with the use of this method. 200 ms transient response time for
1.3 Nm step load torque change decreases to 50 ms by means of the load torque estimation.

The critical point in the load torque estimation is the extraction of the angular acceleration
from noisy speed measurements. In the study, a linear discrete-time Kalman filter is utilized
for this purpose. The frequency response of this filter is adjusted by changing the model
noise covariance value used by the filter. A following work should attempt to utilize the

other version of the Kalman filter for a better frequency response.

A common problem faced in all of the algorithms utilized in this study is the delays in the

control loops. The sources of the delays can be listed as;
e delays in the sampling of the feedback signals,
e delays due to digital computation and
e delays in the actuation.

Delays in the control loop degrade the performance of the controllers. Moreover, they
decrease the effectiveness of the applied algorithms. High speed sensors and analog-to-
digital converters should be utilized for high performance drive applications. The parallel
processing capability of FPGAs can be used in order to achieve smaller digital computation
delay. The investigation of a method that compensates the delays in the system will be a

good candidate for a future study.

There are mainly three original points in the thesis. One of them is to analyze the nonideal
nature of the VSIs with Power MOSFETSs and the implementation of the volt-second method

in these VSIs. In the literature, this work is done for VSIs with IGBTs. The second point is
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the current polarity determination method in the volt-second compensation algorithm. The
current polarities are determined using the measured rotor angle information and the
computed torque angle. The proposed method does not require the d-axis current to be zero.
These two points are emphasized in [43]. The third original point is the use of Kalman filter
for load torque estimation algorithm. The acceleration information needed for the load
torque estimation is extracted successfully from the noisy velocity measurements by means

of a Kalman filter.

This thesis is focused on improving the torque and speed control performance of PMSM
drive without a modification on the hardware. The study tries to resolve the problems
originating from the imperfections in the electric drive system by implementing some
sophisticated algorithms. The computational burden of these algorithms is not a problem for
the emerging DSPs. In the wake of this study, a significant improvement of the torque and
speed control performance of PMSM drive is achieved without increasing the cost of the

system.
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APPENDIX A

ELECTROMAGNETIC POWER EQUATION IN ROTOR

REFERENCE FRAME

In this appendix, the electromagnetic power equation in rotor reference frame is derived.

The instantaneous power supplied to a PMSM can be calculated as the product of the

instantaneous phase voltages and currents,
Pins = Vsqlsq + Vsplsp + Vsclse - (A1)

The instantaneous power can also be calculated from voltage and current space vectors,

- * 2 - - 2 . =7 . >
17sa (fg) = § [Usa + avg, + azvsc] § [lsa +d® lsp + a’-sc]
4 . . . bl . . .
= 6 [vsalsa + Ushlsh + Usclsce + a(vsalsc + Ushlsa + vsclsb)
+C_iz (vsaisb + Ush isc + vscisa)] . (A.2)

@ = g[im + d%igy, + dig.] is the complex conjugate of the current space vector. Real

part of the expression can be written using (2.13),
a4 * 4 . . .
Re{vs 1) }= 5 [vsalsa + Vsplsp T Vsclsc

_0-5vsa(isb + isc) - 0-5vsb (isa + isc) - O'SUSC(iS(I + isb)]
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2 . .
= §vsalsa + Usplsp T VUsclse - (A'3)

Therefore, instantaneous power into the machine can be found as:
3 > 24 *
Pins = ERe[Us (ls) ] (A-4)

The power equation can be written in terms of rotor reference frame variables using (2.32),

3 R . 3 R *
Pins = ERe[Usa(i)(sl) 1= ERe[Usd(?g) ] . (A.5)
Using (2.30),
3 . .
Pins = 2 (Usdlsd + Vsq lsq) . (A.6)

Note that, the power supplied to the three-phase winding is 3/2 times the power through the
d- and g-axis winding set. This is due to the normalization factor 2/3 which is used in non-

power invariant space vector definition. For power invariant form, normalization factor

should be taken as /2/3 instead of 2/3.

Inserting (2.46) and (2.47) into (A.6),
3 _ _ 1 d. 1 d .
Pins = E [(Rslsdz + Rslsqz) + (ELdElsdz + ELquSLf)

+wy(Laisqisq + Apmisq — Lgisqisa)] - (A7)

The power equation consists of three different terms. First term accounts for resistive power
loss. Second term accounts for time rate of change of the magnetic energy stored in
inductances. The last term corresponds to the power transferred to the air gap which is

generally named as electromechanical power.
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APPENDIX B

ANALYSIS OF DIFFERENT TORQUE ANGLE

CONDITIONS

In this appendix, the different torque angle control methods are examined.
e Zero direct-axis current control

In zero direct-axis current control technique, torque angle & is constant at 90° therefore,
isq = 0. This method is analogous to a separately-excited dc machine. It is commonly used
for speed control applications in a range of speeds lower than the base speed [5]. It is easy to

implement. Vector diagram of this method can be seen in Figure B.1.

d-axis

" Stator phase-a
axis

Figure B.1. Zero direct axis current control vector diagram.

Steady-state voltage equations can be written as:
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Vgaq = —WquiSq (Bl)
vsq = Rsisq + WTAPM . (BZ)

Note that, i;; = 0 and derivative terms in the voltage equation are zero at steady state. The

magnitude of the voltage space vector is,

- . 2 . 2
lvg| = /vszd +vd = \/ (WyLgisq)” + (Rsisq + wrdpy) - (B.3)

Power factor can be written as:

% 1
cos@ = | fg | =
Vs (Lqisq)? (B.4)
14—
(Sactem)
or alternatively,
1
cos@ = .
14 —Wrka® (B.5)
(RS+M)
isq

(B.4) and (B.5) show that, the power factor deteriorates for increasing rotor speed and

increasing stator current.
In order to determine the maximum permissible speed in this method, neglecting the

resistive drop in (B.3) we get,

|1-7)sa|max

(T

Wrimax =

(B.6)

As seen, the maximum speed is dictated by the maximum stator voltage.
e Unity power factor control

Unity power factor control method tries to lock the power angle @ to 0° by controlling the

torque angle. The vector diagram for this method takes the form shown in Figure B.2.
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>
=0 & Aig
) Ay
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Vsd isq /O

" Stator phase-a
axis

Figure B.2. Unity power factor control vector diagram.

The torque angle & can be determined from,

v i
=4 =3 — tans§. (B.7)

Usa lsd

Substituting (B.1) and (B.2) into (B.7) and using the non-saliency of the rotor, the torque

angle becomes,
Lgli
8§ =cos™?! <— M) : (B.8)
Apm
e Constant air gap flux control

Constant air gap flux control has an advantage of limiting the air gap flux linkage to avoid

saturation of the core. In general, the air gap flux is kept constant at Ap,,,

J (Lyise)? + (Laisa + Apa)? = Apay (B.9)

Rearranging (B.9) and again using non-saliency, the torque angle § can be found as,

Lgli
8 = cos™? <— %) : (B.10)

e Maximum torque per ampere control
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The maximum torque per ampere control method requires high saliency ratio. In non-salient
machine it is equivalent to zero direct axis current control. Therefore, this method is not

analyzed in this thesis.
e Flux weakening control

The flux weakening control is needed when the machine is operated over the base speed. Up
to the base speed machine is operating on constant torque region and over the base speed it

can be operated on constant power region as shown in Figure B.3.

Constant
Power Region

Torque A Constant
(Per Unit) | Torque Regio

1.0

. Speed
" (Per Unit)

Figure B.3. Torque speed capability curve.

Flux linkage of the permanent magnets cannot be controlled, but the air gap flux which is

equal to J(Lqisq)z + (Lqisq + Apm)?, can be reduced by injecting negative d-axis current

isq. By this method, developed voltages in the stator windings are decreased and speed limit

can be exceeded. However, flux weakening capability of the machine depends on the ratio

’IZ;M. In general, for surface mounted PMSM, direct-axis inductances are relatively small due
d

to the large air gap. Also flux linkage of the permanent magnets is relatively high because
magnets are the only sources of torque. Therefore, surface mounted PMSMs generally have

poor flux weakening capability [6], [13].
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APPENDIX C

STEADY-STATE ANALYSIS OF SURFACE-MOUNTED

PMSM

In this appendix, the steady-state analysis of the surface-mounted PMSM is given.

Voltage equation of stator phase-a winding, (2.1) can be written using (2.5), (2.11) and
(2.13) as,

Vsq = Rgigq + Ls%isa +eq (C.1)
where L is the synchronous inductance which includes the effect of the mutual coupling
from the other two phases as well as the self-inductance of the corresponding phase.
Synchronous inductance, L can be written as,

Ly =L+ ;Lms : (C.2)
eq is internal voltage produced by the permanent-magnet field, which is proportional to the
permanent-magnet field strength and the rotor speed,

ea = _WTAPM sin 91" . (C3)

For sinusoidal excitation, the steady-state voltage equation can be written using phasor
representation with the rotor flux rotating synchronously at angular frequency of the ac

excitation (w, = w,)
V., =R, +jXI, + E, (C.4)
where X is the synchronous reactance defined as,

Xs = w,Lg (C.5)
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Equivalent circuit and phasor diagram of the surface mounted PMSM in sinusoidal steady-

state is shown in Figure C.1.

R/,
N
Va X,
N
L, R X S5t
— AN A
+ I
A A
Va Ea Q) / >
- ) E,
(@) A (1)

Figure C.1. Per phase equivalent circuit (a) and phasor diagram (b) of the surface-mounted
PMSM

Active power input to the internal voltage for phase-a can be found as,

Vs
Pin,a = Ermslims cOs (E - 6) . (C.6)

Total active power delivered to the internal voltage is three times the one calculated for
single phase. The electromagnetic torque of the machine can be obtained from active power
input to the internal voltage (back-emf) divided by the mechanical rotor speed,

Erpsl
3™ sing . (C.7)
Wm

T, =
The rms amplitude of E, is proportional to the permanent-magnet field strength and the
rotor speed,

_ Wy Apy

E. .= C.8
rms \/E ( )
Mechanical rotor speed is related to the angular frequency of the rotor flux,
Wy
Wm =p (C.9)
/2
Using (C.8) and (C.9), (C.7) can be written as,
3P _
T, = EEAPMIW"S siné . (C.10)

The torque expression obtained here is very similar to corresponding equation for a dc

machine if § = 900,
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APPENDIX D

SIMULATION MODELS USED IN THE THESIS

In this appendix, the Simulink models used through the simulation studies of this thesis are

given.
Eg. (2.46)
and (2.47) Eq. (2.27)-
D oo ] (2.29)
Wea (] M— LV
kb I5d
: S kal—ms{ 1 )
ke lza
s o) S— [V
Theta

)

abc to dg ka ko 2
It TIs] Isb

[Wr] Wt
Eq.(2.25) and (2.26) D,
Ratar Reference Theta ke

Frame Isc
dy to abo
Isg
Tem p—————— Tem Theta,e
Eq. (25 | " GO wno|—w_twil_ ]
—~
| Eq. (254)
tdechanical
Equations and (255)

Figure D.1. Mathematical model of the PMSM used in the simulation work.
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Figure D.3. Complete simulation model of the electric drive system.
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