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Abstract

There has been a growing concern over energy consumption since the past decade mainly
because of the soaring cost of energy and tight environmental laws and regulations. In this thesis a
model based efficiency optimization for speed control of interior permanent magnet synchronous
motor (IPMSM) is proposed to improve the efficiency of the motor drive which usually operates
at different load and speed conditions. Recently, the IPMSM has been becoming popular due to
some of its advantages such as high efficiency, high power density, low noise and robustness as
compared to the conventional induction and other ac motors. Thus, the IPMSM is considered in
this work. The proposed energy optimization algorithm is developed based on motor model. In
order to minimize the controllable losses, the air gap flux level should be optimized. In an IPMSM
the flux level can only be optimized by controlling the d-axis armature current as the field flux is
supplied by the rotor permanent magnet. For the proposed work the vector control technique is
used in order to achieve fast and accurate speed response, quick recovery of speed from any
disturbance and insensitivity to parameter variations etc. A simulation model for the complete
closed loop vector control of IPMSM incorporating the proposed energy optimization algorithm
has been developed using Matlab/Simulink software. The performance of the drive has been
tested extensively for different dynamic operating conditions such as sudden load, command
speed and parameter changes. An efficiency gain of about 4% is obtained from the proposed
optimization algorithm from simulation. After the satisfactory simulation results are found a real
time implementation of the complete drive system using DSP board (DS1104) for a laboratory 5

hp motor performed and the real time responses confirms with the simulation results as expected.
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Chapter 1

Introduction

1. 1. Background

If the Ancient Egyptian Faros or Romans, with their advanced civilization and
knowledge of the sciences, had been able to develop a motor the course of history would
have been much different. The development of the electric motor in modern times has
indicated the truth in this theory. The development of the electric motor has given us the most
efficient and effective means to do work known to man. The electric motor/generator is a
simple device in principle. It converts electrical energy into mechanical energy in the case of
motor and it converts mechanical energy in to electrical energy in the case of generator. Over
the years, electric motors have changed substantially in design; however the basic principles
have remained the same. The first generators and motors were called dynamos or
dynamoelectric machines. Dynamo is from the Greek word dynamis‘ which means power.
Webster defines dynamoelectric as "relating to the conversion of mechanical energy into
electrical energy or vice versa". The dynamo was the result of several people’s relentless
effort, in different countries and time, around the mid-nineteenth century [1].
Electromagnetism was discovered in 1822 by, a Danish scientist Hans Christian Oersted. In
1827 the law of electric conduction, known as Ohm's law was introduced by George S. Ohm,
German and in 1830-31 electromagnetic induction was discovered first by Joseph Henry

American, and later by Michael Faraday English {1,2]. Until recently, most motion control



systems were designed to operate at a fixed speed. Many existing systems still operate baseci
on a speed determined by the frequency of the power grid. However, the most efficient
operating speed for many applications, such as fans, blowers and centrifugal pumps, is
different from the one that is enforced by the grid frequency and still to this day many high
performance applications, such as robots, machine tools and the hybrid vehicle, require
variable speed operation to begin with [1]. As a result, the transition from single speed drives
to variable speed drives has been in effect since the 1970s mostly due to soaring energy cost
and movements towards conservation of energy and protection of the environment. In
particular, problems related to the efficiency of motors have received much attention due to
their greater energy consumption and wide spread application in the industry [2]. About fifty
eight percent of all electrical energy is, converted into mechénical energy, consumed by
motors [2]. This may be the most important factor behind today’s high demand for more
efficient motion control systems. In general electric motors can be classified in to three major
groups based on their working principle. Direct current (DC) motor, Induction motor (IM)

and Synchronous motor [1, 2].

1. 2. DC Motor

By the early 1870s the Belgian-bom electrical engineer Zénobe-Théophile Gramme
had developed the first commercially viable dc motor. The name dc motor comes from the dc
electric power used to supply the motor. The dc motor was in wide spread use in street
railways, mining and industrial applications by the year 1900[2]. The concept of controlled

delivery of energy from a dc power source to a motor in order to meet the specific demands



of an application is emerged around the same year. The same technique is used today in the

majority of high performance

control systems. However, the disadvantage of dc motors such as excessive wear in the
electro-mechanical commutator, low efficiency, fire hazards due to sparking, limited speed
and the extra room requirement to house the commutator, high cost of maintenance, became
evident and leads to further investigation in order to overcome these dc motor
disadvantages{1-3]. Michael Faraday’s discovery of the electromagnetic induction concept in
1831 paved the way towards the invention of IM. After careful study of this electromagnetic
theory a Serbian-American engineer Nikola Tesla invented the first alternating current, IM [1,
2]. By the year 1900 the principles of operation of synchronous and induction motors were
well known, but they were not widely used at that time due to the fact that alternating
current (AC) power was not yet commercially available. AC power is easier to produce,
distribute, and utilize, as compared to dc power [2-4]. This flexibility of ac power led to its
initial commercial success even if dc power still cost less at that time. Even though, the
decoupled nature of the field and armature magneto motive force (MMF) makes DC motor
very easy to control its torque and speed in a very precise manner, it has many disadvantages
such as high cost, frequent need of maintenance, narrow speed range, etc.[4]. As a result the
fierce competition between AC and DC power was finally resolved in favor of the AC power
in 1890. AC motors have no commutator therefore there is no need for frequent maintenance,
no need for housing the commutator, they have rugged construction and they have speed
which is only limited by the physical constraints of the motor and the supply frequency. Wide

spread utilization of ac motors in motion control applications was caused by these flexibilities

[3].



1. 3. AC Motor

Most AC motors being used today are not synchronous motors. Instead, so-called
"induction" motors which are the workhorses of the industry. So how is an IM different? The
big difference is the manner in which current is supplied to the rotor [S]. There is no external
power supply for the rotor instead the principle of induction technique is used. In an
induction motor the current flow in the rotor is not caused by any direct connection of the
conductors to a voltage source, but rather by the influence of the rotor conductors cutting
across the lines of flux produced by the stator magnetic fields. The IM is a rotating electric
machine designed to operate from a three-phase source of alternating voltage. The stator is a
classic three phase stator with the winding displaced by 120° from each other. The most
common type of induction motor has a squirrel cage rotor in which aluminum conductors or
bars are shorted together at both ends of the rotor by cast aluminum end rings. When three
currents flow through the three symmetrically placed stator windings, a sinusoidally
distributed air gap flux generating rotor current is produced. The interaction of the rotating
and sinusoidally distributed stator air gap flux and the flux generated by induced rotor
currents produces a rotation. The rotor is connected to the motor shaft, so the shaft will also
rotate and drive the load. The mechanical angular velocity of the rotor is always lower than
the angular velocity of the flux wave by the so called slip velocity. The main advantages of
induction motors are its lower cost, its maintenance free operation and its greater reliability
especially in harsh industrial environments [5, 6]. On the contrary, induction motors require
very complex control scheme because of their nonlinear relationship between the torque
generating and magnetizing currents. In today world, most of the electric energy in the world

is consumed by electric machines therefore the need for more energy efficient high



performance motor drive becomes the key factor in the advancement of electric machines.
Recent developments in power electronics and microprocessors led to a revoiutionary
advancement in the design and control technique of electric machines. As a result, new

machines such as synchronous motor emerged very recently.

1.4 Synchronous Motor

Synchronous motors utilize the same type of stator winding structure as IM and which
is either a wound dc field or permanent magnet rotor. Synchronous motors run and generate
torque at the synchronous speed which is the same as the source frequency. On the other
hand, IM run and generate torque in a wide range of speed including zero speed. Therefore,
prior to 1950 the speed of synchronous motors has to first be increased to synchronous speed
by means of an auxiliary motor before the motor can be used [6]. In 1950 as an altemnative to
the auxiliary motor, a line-start PMSM which has a rotor made up of permanent magnet
embedded inside a squirrel-cage winding is introduced. A line start PMSM starts as an
induction motor and when the rotor speed reaches the synchronous speed it gets synchronized
and rotate at synchronous speed. However, the advaﬁcement of power electronics and the
introduction of high performance motor drives have rendered the line start PMSM almost
obsolete because electronic converters can deliver appropriate power to synchronous motors

so that they can start from zero speed by themselves as of IM [7].

1.5 Classification of Synchronous Motors



Beside conventional old wound rotor synchronous motor; based on the rotor structure
synchronous motors can further be classified as (a) surface mounted permanent magnet
synchronous motor (SMPMSM), (b) an inset or interior permanent magnet synchronous

motor (IPMSM) and (c) reluctance synchronous motor (SyncRM) [8].

(a) (b) (©

Fig.1 Show the cross-section of (a) SMPMSM, (b) IPMSM and (c) SyncRM rotor

configuration.

1.5.1 SMPMSM

Fig.1. (a), shows arc-shaped permanent magnets mounted on the surface of a
cylindrical rotor core to get a smaller uniform air gap. On the other hand, to prevent those
magnets from detaching under the centrifugal force of rotation, they are covered by a thin
cylindrical stainless steel can from the outside of the rotor. SMPMSM does not have

magnetic saliency (Ly = Lg) therefore it can only utilize the developed magnetic torque.



Although it has a simple construction, the motor suffers from huge eddy current losses. Eddy
current loss occurs on the surface of the stainless steel can that is attached to the outside of

the rotor [8-10].

1.5.2 IPMSM

Fig.1. (b), shows the cross-section of an IPMSM constructed with permanent
magnets embedded in the rotor core. IPMSM has a salient pole (Lq > Lq) because of that both
magnetic and reluctance torque can be utilized in IPMSM drive and it is found to the most

efficient all motors [8].

1.5.3 SyncRM

Fig.1 (c) shows a SyncRM which is not a permanent magnet rotor motor and it does
not need any magnets. SyncRM  has higher saliency ratio ( Ly < Lg ) by making the flux
barrier slits on the rotor and it generate the reluctance torque derived from the difference in d-
axis and g-axis inductance and suffers from higher degree of torque pulsation however, it is
the cheapest among all synchronous motors [8-10].

Permanent magnet synchronous (PMSM) motors have found widespread applications
in variable speed drives because of their various advantages such as high efficiency, high
power density, high power factor, noise free operation and fast dynamics responses [9].
Fortunately, PMSM have additional advantage of working under a wide range of existing
motor control schemes, such as vector control, maximum torque per ampere control, loss
minimization control and power factor control etc. [9, 10]. This is mainly due to their

inherent flexibility stem out from their rotor structures and magnets allocation inside the rotor
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core [9-11]. The use of a permanent magnet to generate a substantial air gap magnetic ﬂu};
makes it possible to design highly efficient PM motors. Usually, a PM Synchronous motor is
driven by sine wave voltage coupled with the given rotor position. The generated stator flux
in conjunction with the rotor flux defines the torque, and speed of the motor. A three phase
supply voltage have to be applied to the 3-phase winding system in a way that the angle
between the stator flux and the rotor flux is kept close to 90° to get the maximum generated
torque. To meet this criterion, the motor drive requires electronic control for its proper

operation.

1. 6 Thesis Objectives

As the above discussion depict, IPMSM possesses many appealing characteristics,
such as high torque to inertia ratio, power to weight ratio plus low noise operation. However,
due to the nonlinear nature of IPMSM both the magnitude and the angles of the current
vectors need to be controlled. For this reason, the traditional scalar control is not suitable for
high performance drive applications of IPMSM rather vector control technique will be an
appropriate choice. Vector control scheme is used in the proposed efficiency optimization
algorithm for speed control of IPMSM drive to decouple the torque and flux generating
currents. As a result of decoupled torque and flux generating currents a faster and smooth
transient and error free steady state response can be achieved. Over the past few years,
awareness of environmental problems has grown dramatically worldwide, and tremendous
interest has grown in developing energy efficient motor drives for the industry in order to
address the envifonmental problem. The operating efficiency of a motor drive can be

improved in many ways such as optimum rotor structure design and intervening in the motor
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operation principle with different control techniques. Therefore, the objective of this thesié
will be to develop an efficiency optimization algorithm based on the motor model and
intervening in the drive control technique. As a result the developed algorithm improves the
efficiency of the existing or newly implemented IPMSM drives at list by 4%. The developed
efficiency optimization algorithm is as fast as the widely used vector control technique and is
ideal for systems which need a rapidly changing steady state operation such as electric
vehicles. It is almost impossible to a optimize a system operating in a rapidly changing steady
state mode by using only an online efficiency optimization technique because the online
optimizer needs to be turned off during transition until the system reached it steady state
operation. In addition to the above mentioned disadvantage the online optimization technique
also suffers from a serious torque ripple therefore the model based efficiency optimization is
a good choice for IPMSM drive than the online one. By utilizing both the magnetic and
reluctance torque of the IPMSM it is possible to calculate its core resistance R, and
augmented it in to the IPMSM model and then develop a robust and fast vector controlied

efficiency optimization control algorithm for speed control of an IPMSM.

1. 7 Thesis Outline

The organization of the remaining chapters is as follows. In Chapter 2, coordinate
transformation and derivation of the mathematical model of IPMSM without the losses
model is discussed. Here it is shown that how the vector control technique greatly simplifies
the control of IPMSM. And then, the design of proportional integral (PI) speed controller

based on the motor model equations, working principles of different PWM signal generators

%



where especial focus is paid to the hysteresis PWM signal generator and a voltage sourcé
inverter are discussed in detail with some illustrative diagrams. In chapter 3, background on
efficiency optimization is laid in sections 3.1 and 3.2. In section 3.3 principles of energy
optimization is discussed with some illustration. The mathematical model for the proposed
efficiency optimization algorithm is also derived. In the last section of chapter 3 sample
simulation results are presented and discussed. Then the complete IPMSM drive
incorporating the electrical losses is presented. In Chapter 4 the real time implementation
procedure for the complete drive system and the sample experimental results are presented
and discussed. Finally, a summary of this work and suggestions for future work are

highlighted in Chapter 5. After that, all pertinent references and appendices are listed.

Chapter 2

Mathematical Model of IPMSM without

the Loss Model

In order to utilize the less complex linear behavior of the electrical system the
following assumptions are taken before the IPMSM model is developed: (a) hysteretic loss,
eddy current loss and magnetic saturation are neglected; (b) balanced three phase stator

windings are assumed [12].
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2.1 Coordinate transformation

If ¥, is the constant flux linkage provided by the permanent magnets(PM), then the

flux linkages in the three phase stator winding due to PM of the rotor can be given as[10-13],

sinng,

singd -

2.1)

sin{d +
e - X
Where, v, and sy, are the three flux linkages of the three phase stator winding due to
PM of the rotor and #, is the rotor position. The total air gap flux linkage of the three phases

is the summation of the flux linkages due to the self inductance of the corresponding phase
current, the mutual flux linkages due to currents in the other phases and the flux linkages in
the three phase stator winding due to PM of the rotor. The air gap flux linkages of the three

phases are given as,

oy | ERLE,

(2.2)

siig 4

Where, st are the air gap flux linkages; Laa, L, Lec are the self inductances and

Mis, Mo, Mea , Mie , Ma, , and M.y are the mutual inductances, of phase a, b, and c,
respectively. The phase voltage is the voltage drop in each phase plus the voltages due to the
rate of change of flux linkages. The three phase voltages which are the sum of the voltage

drops and the induced voltages in each phase of the IPMSM can be described as:

11



(2.35

N 5 d‘,(;?._:“:
Vy ¥ Pyly v ‘“ (2-4)
d

Where.v

&

vy and v, are the three phase voltages,i,, & and §, are the three phase currents and
T, Y, and v, are the three phase stator winding resistances. The above voltage equations can

be written in compact form as follows:

‘é} ..f' ol

(2.6)

@t o
&

In order to alleviate the mathematical burden due to the none linear nature of the phase

voltages .y, @ik ¥, which are functions of the rotor position®,, which are dependent of the

flux linkage components and have a time varying (5;) coefficient have to be transformed to

the synchronously revolving rotor reference frame so that the machine equations become

independent of the rotor position. These transformations can be accomplished in two steps

[9]. First, %, <1 ¥, will be transformed from the stationary a-b-c frame into the

stationary d-q frame and then from the stationary d-q frame to the synchronously rotating *-
¢* excitation frame. The transformed phase variables in the stationary d-q-0 axis can be

written in matrix form as:



2.7)

(2.8)

8, = |, a.{nds + 6,00} 2.9)

For a balanced three phase, zero-sequence component (¥;) does not exist, therefore it is
convenient to set initial rotor position#,{8} = 0 so that the q axis coincides with phase a.

Under these condition (2.8) can be given as:

(2.10)

and the inverse 1s given as:

(2.11)




Variables in the stationary d-q frame can be transformed to the synchronously rotating

d*« ¢° excitation frame as follow:

(2.12)

and the inverse relation can be given as:

In the above equation the motor voltage is taken in to consideration but all transformation

5" Cos b,

—sing, (2.13)

equations are equally valid for the motor current as well as flux. Assuming, negligible eddy
current, hysteresis and copper losses, sinusoidal back emf, balanced three phase winding and

anegligible magnetic saturation; the "~ ¢* axis of IPMSM model can be given as follows,

(2.14)

2.15)

Where. % %% 7, are q-d axis voltage, current and axis flux linkages

respectively. R is the stator resistance per phase and s, is the stator frequency. Further, %",

i can be expressed as:



We = Loi (2.16)

@5 = Laig (2.17)

Where, Lq= Li+Lpyq

Ld = L1+Lmd

Where, Lq and Ly are d-q axis inductances, Lmg, Lmq are d-q axis magnetizing inductances,
respectively and L is the leakage inductance per phase. The rotor frequency ., , is related to

the stator frequency (s,) as shown in (2.18).

i, =Pis, (2.18)
Where, P is the number of poles in the motor.

Using equations (2.14)-(2.18), the mathematical motor model is given by (2.19),

(2.19)

Based on (2.16)-(2.19), the d-q axis equivalent circuit diagram can be constructed as shown

in Fig.2.1.



(b)

Fig.2.1 d-q axis equivalent circuit model of IPMSM; (a) d-axis and (b) g-axis.

Aq-axis
Ldid

Rala < A

® AV

’j?a li_;.__ ?a Lqiq

: ' > Mg

: |

' -<'la >

Vy |4 ?m d-axis

Fig.2.2 Basic phasor diagram of an IPMSM.
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The steady state stator phase voltage V, can be derived from the d-q equivalent circuit of

IPMSM model as in (2.20). If the d- axis is taken as the reference phasor, then V, can be

calculated as follows [13].

2.21)

The stator current can be controlled by controlling the individual d-q current components.

When iq is set to zero, i, is a function of of i, and hence can be controlled by controlling i.
Thus, constant output torque can be found by keeping i,constant. The total average power per

phase supplied by the source in the excitation frame is calculated as (2.22). This input power
is the same as the developed power because the magnetic saturation, the eddy current, the

hysteresis and the copper losses are assumed negligible [4, 5, and 12].

B (2.22)

And the total power developed by the machine is given by (2.23),

(2.23)

17



The average torque T. developed by the IPMSM is derived from the d-q axis equivalent

circuit of Fig.2.1 and shown as:

(2.24)

The two terms in this equation reflects an important aspect of the torque production in an
IPMSM. First, the magnet flux oriented along the rotor d-axis interacts with the q-axis stator

current to produce a field-alignment torque proportional to the (%, Ig) This is the same

process by which torque is produced in a conventional SMPMSM. In addition, the current-
induced magnetic fluxes along the two axes Laiq and Lqiq intéract with the orthogonal current
components to contribute a second torque term. ’The rotor saliency is clearly responsible for
the presence of this reluctance torque term, which is proportional to the axis inductance
difference (La - Lg). Thus the torque equation suggests that, for the purposes of
conceptualization, the IPMSM can be considered as a combination of the SynRM and

SMPMSM machines and the dynamic model is given as (2.25).

L I =

(2.25)

Where Ty, is the load torque in Nm, B, is the friction damping coefficient in Nm/rad/sec and

J is rotor inertia constant in kg—mz.

2.2. Vector Control scheme for IPMSM Drive

18



The objective of vector control is to eliminate the coupling between the direct and
quadrature axes currents by doing so both the phase angle and the magnitude of the current
can be controlled. Park’s theory presented a frame transformation between variables in the
stationary reference frame and the rotor reference frames which yields a two-axis equivalent
circuit for PMSM. After Park’s transformation every variable will have a magnitude and
angle which is constant in steady state from the rotor’s point of view and this transformation
alleviates the mathematical burden of the drive. The torque versus current relationship of
synchronous motor is non-linear {10-12]. The torque of synchronous motor depends on both
current magnitude and phasor angle with respect to the rotor. This results in complication as
far as the motor control is concerned. Availability of Park’s transformation led to a technique
referred to as vector control. Vector control enables independent control over the magnitude
and the phase angle between the current phasor and the rotor flux vector such that

instantaneous control over torque 1s possible.

Sate

wr* ig* Nl va* Drivz
i e . v -] lnverter
- Cordrof g Vgt | dgrane _\?:)_"— PWIM | nverte
Vaoliage o

A Zenerato
%9 Zenerator Brl} Vo \ 2 A

'*I ﬂ\ y -

ig

in
<l
R -
abue-> dq A Rl {
A <

] 3

IPMSM

er

; didt i -t

A
4

Wr

Fig.2.3 Vector control of electric motors.
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Fast and accurate response and quick recovery of speed from any disturbances are some of
the important characteristics of high performance drives. Because, vector control technique
possesses these characteristics it becomes the favourable choice of the industry for variable
speed motor drives. In vector control, first the machine equations are transformed from three
phase to two phase stationary reference frame by utilizing Clark’s transformation equation as
given by (2.10). Clark’s transformation shows that any three phase rotating vector system can
be decomposed in to an equivalent two phase orthogonal system, called direct and quadrature
axis. It is commonly expressed with the direct axis aligned with the stator axis. Then the
machine equation in the two phase stator stationary frame will be transformed to a
synchronously rotating excitation frame by using Park’s transformation as shown in (2.12).

This transformation is linear and reversible. Second, i in (2.24) is set to zero in order to

eliminate the second term of the torque equation which results in a linear relationship

between the developed torque and the torque generating current i, as shown in (2.26).

(2.26)

The instantaneous torque of IPMSM is the vector product of the air gap flux linkage vector
and the torque component current vector which is orthogonal to the flux vector. The torque
component current vector and flux component current vector are decomposed from the
current vector of the IPMSM by using the park’s transformation and are controlled
independently where the flux component current vector is parallel to the air gap flux linkage
vector. If the amplitude of the air gap flux linkage is kept constant, the machine torque is

controlled instantaneously by the amplitude of the torque component current vector.
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Therefore the IPMSM controlled by the vector control scheme becomes as easy as controlling

a separately excited dc machine.
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Fig 2.4 Phasor diagram of a IPMSM with 14 = 0.

In this control technique the current phase angle O =" and it is the most efficient angle for a

SMPMSM. The motor is driven at this phase angle and for this control technique; the

dynamic equations (2.27) to (2.29) can be rewritten as,

(2.27)

(2.28)

(2.29)
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Notice that all the voltages and currents in (2.27-2.28) are in the excitation frame. For this
thesis a complete closed loop vector control technique is chosen and implemented using a
hysteresis current controller in the proposed efficiency optimization algorithm for speed

control of IPMSM.

2.3. The Speed controller

Speed control is essential for a high performance drive application; since a motor
must have a fast, accurate speed tracking response and quick recovery of speed from any
disturbances for such applications like rolling mills, machine tools, etc. Since the major focus
of this work 1s to develop a generalized energy optimization algorithm for IPMSM drive, the
conventional proportional integral (PI) controller is chosen because of its simplicity and most
of all because of its faster response despite of its pronounced sensitivity and fixed gain.
However, any kind of suitable controller can be used for example; if their sluggish response
is easily compensated fuzzy logic or neural network fuzzy logic controllers are good
candidates for consideration because of their better ability to handle nonlinearity, such as
parameter variations due to temperature rise in the case of IPMSM and etc. [15]. The PI
controller has speed error as its input and ig* as its output. The PI speed controller is given by

(2.28).

iy = Bpfw, + K] Aot (2.28)

N, wom o~ ey (2.29)
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Where K, is the proportional gain and K; is the integral gain and &, 1s speed error. The PI
controller is tuned by trial and error as a result proportional gain K, and integral gain K;

found to be 10 and17 respectively.

2.4. Pulse Width Modulation (PWM)

PWM signals are pulse trains with fixed frequency and magnitude and variable pulse
width [15, 16]. There is one pulse of fixed magnitude in every PWM period. However, the
width of the pulses changes from period to period according to a modulating signal. When a
PWM signal is applied to the gate of a power transistor, it causes the turn-on and turn-off
intervals of the transistor to change from one PWM period to another PWM period according
to the same modulating signal. The frequéncy of a PWM signal must be much higher than
that of the modulating signal, the fundamental frequency, such that the energy delivered to
the motor and its load depends mostly on the modulating signal. Figure 6 shows two types of
PWM signals, symmetric and asymmetric edge-aligned. The pulses of a symmetric PWM
signal are always symmetric with respect to the center of each PWM period. The pulses of an
asymmetric edge-aligned PWM signal always have the same side aligned with one end of

each PWM period.
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Fig.2.5 Symmetric and asymmetric PWM signals.

Both types of PWM signals can be used for motor drive application however; the symmetric
PWM signals have the advantage of generating fewer harmonic in the output currents and
voltages [17]. Different PWM techniques, or ways of determining the modulating signal and
the switch-on/switch-off instants from the modulating signal, exist. The most comumon
examples are sinusoidal PWM, hysteresis PWM and the relatively new space vector PWM.
These techniques are commonly used with three phase voltage source power inverters and
supply three-phase motors. The hysteresis PWM technique is employed in this thesis and will
be discussed in more details. Carrier based PWM with a sinusoidal/triangle wave modulation
signal is one of the earliest and widely used techniques for most variable drive applications.
In carrier based PWM, three phase reference modulating signals are compared against a
common sinusoidal/triangular carrier wave to generate the PWM signals. Carrier-Based
PWM is comprised of Modulation signal and carrier signal and it is divided in to two mode of

operation. The linear mode, when the amplitude modulation index (M< or =1), and non-linear
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mode of operation when (M>1) resulting in no intersection point between the carrier signai
and modulating signal. Where, M the frequency modulation index is defined as the ratio of
carrier frequency over the modulating signal frequency. Carrier-Based PWM maintain good
performance of the drive in the entire range of operation between 0%-100% modulation
indexes M. If the modulation index exceeds this range then an optimized PWM with pre
calculated switching point and stored in the look up table is required. The use of higher
switching frequency produces a nearly sinusoidal fundamental voltage output. At lower
frequency this results in smooth speed and torque performance and freedom from cogging

dawn at zero speed at reversal of direction of rotation.
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Fig.2.6 Two level carrier based-PWM.

Wy Ty = by — fp. (2.30)

Iy, = +ut, 2.31)
1.

ty.. == 3 iL}, - u;,}“ls (2.32)

In Fig.2.6 linear mode carrier based PWM two level modulator the on and off switching

time can be calculated as (2.30-32). Where T, ,¥;.. and £y . are the sampling time, the
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positive and negative pulse widths in the kg sampling intervals, respectively. Whereas,
##,, is the normalized peak value of the carrier signal and it will have a maximum value of

1. This equation is referred to as the equal voltage -second principle [15].

2.5. Hysteresis current controller

Hysteresis current control is one of the most effective and simple control methods
[10].
A single phase hysteresis current controller is shown in Fig.2.7.

a

0 \
/2 b/ 2 AL,

Fig.2.7 Input-output characteristic of hysteresis current controller.
The hysteresis controller presented in Fig.2.7 has a sensitivity or tolerance band width
designated by b. This band width prevents the outputs of the hysteresis current control from
switching between 1 and O each time Ai crosses zero unless and otherwise it exceeds the
specified magnitude of b. As illustrated in Fig.2.6 if the current Ai, exceeds b/2 then the
hysteresis current controller output will be set to 1; on the contrary, if the current Ai, below -
b/2 the hysteresis current controller output will be set to 0. However, if the value of Ai,

remains in between :— and — then the hysteresis current controller retains its previous output
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value unchanged. It is obvious to see that the narrower the hysteresis band the higher the

inverter’s switching frequency becomes and the inverter quality improves as a result.

2.6. Inverter

For adjustable speed drive applications, AC motors are powered by inverters because
of advances in solid state power devices and microprocessors. The inverter converts DC
power to AC power as well as offer an easy way to regulate both the frequency and
magnitude of the voltage and current applied to a motor [17]. As a result much higher

efficiency and performance can be achieved by these motor drives with less generated noises

[18].
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Fig.2.8 Three half-bridge inverter.

As shown in the diagram, the inverter consists of three half-bridge units, each made up of two

transistors and two freewheeling diodes, where the upper and lower switches are controlled
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complimentarily. As the power device's turn-off time is longer than its turn-on time, somé
dead-time must be inserted between the turn-off of one transistor of the half-bridge and turn-
on of its complementary device. The output stage a PWM inverter can be conceptually
represented by the set of single-pole double through switches. Through the proper activation
of the switches, the fixed dc link voltage is applied for short time interval with either polarity
to the load terminals in such a way as to result in fundamental output voltage of adjustable
magnitude and frequency. A voltage source inverter is commonly used to supply a variable
frequency and variable voltage to a three phase motor in a variable speed application. A
suitable pulse width modulation (PWM) technique is employed to obtain the required output
voltage in the line side of the inverter [18, 19]. The power stage of a motor drive utilizes six
power transistors with independent switching. The power transistors are switched in the
complementary mode. The two transistors in the given branch for example, Q1 and Q2 are
prohibited to be in ON or OFF position simultaneously or else the output of the
corresponding terminal of the inverter cannot be determined. This implies that, in a given
branch if one transistor must be in ON position and then the other must be kept at OFF
position [13]. If two switching logic positions are assigned to each of the three branches of
the inverter § = &% then eight possible switching positions are composed for the inverter

output as shown in table (2.1).

Table 2.1: Conduction mode of current controlled voltage source inverter

Phase a Phase b Phase ¢ Operating | Voltage

State A B C
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Qi Q2 Qs Q4 Qs Qs mode phasor .
0 0 1 0 1 0 1 freewheeling | Vy
1 | 0 0 1 0 1 active Vi
2 0 1 1 0 0 1 active V,
3 1 0 1 0 0 | active Vs
4 0 | 0 1 1 0 active Vy
5 1 0 0 1 1 0 active Vs
6 0 | 1 0 | 0 active Vs
7 1 0 1 0 1 0 freewheeling | V7
The switching position defined as;
A=01fQ; 1s OFF and Q, is ON
11 Qq1s ON and Q, is OFF
B =01 Q3 1s OFF and Q4 is ON
11£ Q3 1s ON and Q4 1s OFF
C=01f Qs 1s OFF and Q¢ is ON
11f Qs 1s ON and Qg 1s OFF
The line — to line voltages of the inverter are defined as follow;
v, S A - B - O (2.33)
vy =2 (2B~ ~A) (2.34)
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e (2.35)

The above equations indicated that the line to line voltages can assume any one of five values

at each switching positions as shown in (2.36).

(2.36)

By utilizing Clark’s three phases to two phase transformation given by (2.11) the output
voltages can be represented as space vector in stator reference frame where each vector
matches to a given switching position of the inverter. The space vector diagram of the line to

line output voltages of an inverter is illustrated in Fig 2.8.
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Fig.2.8 Space vector diagram for the line to line output voltage of an inverter.

The energy that an inverter delivers to a motor is controlled by Pulse Width
Modulated (PWM) signals applied to the gates of the power transistors. And a voltage source
inverter is commonly used to supply a variable frequency and variable voltage to a three
phase motor in a variable speed drive application [17-19]. A three phase hysteresis current

control fed voltage source inverter is shown in Fig. 2.9,

31



vde *H|™

1.*

yt

! I
Lx Aig

1
W Do [T o nverter bpl IPMSM

A . ) b
- Hysteresis L[
controller

A

-~

~

Fig. 2.9 Block diagram of current controlled voltage source inverter.

Current error signals Ai, Al and Ai. are generated by comparing i,, i, and i. the inverter’s
output currents and the command currents i,*, iy* and i.*. Then, Ai, Ai, and Aj. are fed to the
hysteresis current controller in order to produce the PWM signal that triggers the inverter
gates. Then in accordance to the PWM signal, the power transistors in the inverter apply V.

for short period of time such that it results in a fundamental output voltage of adjustable

magnitude and frequency to supply the IPMSM.
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Chapter 3

3.1 Back ground on Efficiency

Optimization of IPMSM Drive

There have been growing concerns over energy consumption and the environment,
due to the soaring energy cost and tighter environment protection laws. With soaring energy
costs and tighter environmental laws, increasing the efficiency of the electrical drive system
is very important. In particular, concerns related to the efficiency of IPMSM have received
much attention due to their growing application in the industrial field [1]-[3]. The IPMSM
gains its popularity in variable speed drive applications because of its advantages such as
high efficiency, high power density, high power factor low noise and robustness as compared
to the conventional IM and other AC motors [20]. The IPMSM rotor is made up of permanent
magnets buried in the rotor core; the rotor losses in the IPMSM are significantly lower than
the IM, since no current-carrying conductor exists in the rotor to accumulate copper losses in
the form heat. The reductions in the rotor losses are particularly valuable since heat are
almost always more difficult to thermally extract from a spinning rotor than from the
surrounding stator [20], [21]. The operating efficiency of a motor drive can be improved
either through optimum rotor structure design or intervening in the motor operation principle
with different control techniques or both. The optimum rotor structure design already
exploited in IPMSM during utilization of reluctance torque yield from the d-q axis

inductance value differences. On the other hand in an attempt to intervene in the motor
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operation and improve the efficiency of IPMSM drive, several control methods have beeri
proposed. [21]. For example, copper loss can be minimized by the maximum torque-per-
ampere current control technique [20]. The power factor control method for efficiency
improvement of IPMSM, keeping a unity power factor, is described in [22] however, the
power factor of the IPMSM is maximized but still power losses are not minimized.
Traditionally, the IPMSM has been controlled by keeping the d-axis component of the stator
current, i= 0 in order to make the control task easier [22]. Nevertheless, with 14=0 control it
is not possible to control the air gap flux and hence the efficiency of the motor cannot be
optimized [20]-[23]. In addition to that, with i4=0 control the reluctance torque of IPMSM
cannot be utilized, which is the advantageous feature of IPMSM as compared to a surface
mounted permanent magnet synchronous motor. Especially, at light load condition the motor
flux become excessive for the developed torque resulting in higher iron loss and poor
efficiency of the motor [21,22]. The efficiency of IPMSM greatly improved by reducing the
air gap flux because the iron loss is roughly proportional to square of the air gap flux

density.

3.2 Types of efficiency optimization techniques

There are two major efficiency optimizing techniques for IPMSM such as, (a) Search
based, and (b) model-based efficiency optimization techniques [24]. Both efficiency
optimizing techniques have been used in vector-controlled IPMSM drives [24, 25]. The
search based loss minimization technique has its own advantages such as insensitivity to
parameter variations caused by temperature and magnetic saturation [20]. In this search based

loss minimization technique the flux is decremented in steps wise manner until the lowest
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value of the IPMSM losses, optimal operating point, is reached. However, there aré
outstanding disadvantages in the application of this technique. First, torque ripple appears
each time the flux is stepped down to reach the optimal operating point [21]. Second, when
the optimal operating point is found, electromagnetic torque reserve is so low that motor is
very sensitive to load perturbations. Third, convergence of the magnetizing current toward
the optimum value is very slow and wouldn’t reach its optimal value but oscillates around it
in small steps. Due to the above mentioned and other disadvantages the search based
efficiency optimization technique is not utilized that much in the industry. On the other hand,
model based efficiency optimization converges rapidly to its optimal operating point and does
not produce torque ripple even though it is sensitive to parameter variation [24]. For these

reasons model based efficiency optimization is chosen and implemented in this work.

3.3 Mathematical Model of IPMSM Including
Motor Losses

The problem of core loss calculations in electrical motors is of interest for at least two
reasons. First, it helps to evaluate the heat developed in the motor and the means needed to
reduce and remove it. Secondly, motor control processes take more and more sophisticated
forms with the advent of faster and more powerful power electronic components and
microprocessors. An important requirement is to find an electric circuit which is equivalent to
the electric motor and can adequately describe motor behaviour. Motor core losses determine
one of the components in this equivalent circuit [25]. From the theoretical analysis, a

condition that specifies the optimal d-axis component of the stator current for minimizing
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IPMSM losses is derived. An equivalent d-q axis model of IPMSM with simplified loss

model representation is shown in Fig.3.1
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Fig.3.1 d- q axis model of IPMSM incorporating iron loss.

In Fig.3.1 d-q axis model of IPMSM; 14 and i are d-axis and q-axis stator currents, Va4 and V4
are the d-axis and g-axis armature voltages, i,q and iyq are the d-axis demagnetizing and q-
axis torque generating operating point currents, lq and Ieq are d-axis and q-axis core loss

currents, R, and R, represents the copper and core losses respectively. The harmonics in the
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back EMF also generate an iron loss. However, this harmonic generated iron loss is not
controllable therefore its effect is not considered in this thesis. Lq and Lq are g-axis and d-axis
self inductances, respectively. Whereas v, is magnet flux linkage, ® is the electrical speed

and o, is the rotor speed. The following equations (3.1)-(3.5) are derived based on Fig.3.1.

3.1)

3.2)
. pials
. e+ Ly foa )
oo SlmtTei) (3.6)

The armature current I,, the terminal voltage V, and the developed average torque T, are

expressed in (3.6), (3.7) and (3.8) respectively.
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Vo= [ R— opLy b ) +{RoE, +olv, + Ly 147 (3.7)
(3.8)

The developed torque can be modified in terms of the current phase angle as follows,
T, =P(y 0088 +-{p — 1 }Lq L1sin2 8} (3.9)

P is number of pole pairs, I, is rms

is the current phase angle,

value of stator line current and V, is rms value of stator line voltage. The first term in (3.8)
represents the magnetic torque and the second term is the reluctance torque. Copper and core
losses are the two controllable losses in IPMSM [26]. Core loss is the combined effect of
eddy current and hysteresis losses. Eddy current losses are caused by the flow of induced
currents inside the stator core and hysteresis losses are caused by the continuous variation of
flux linkages and frequency of the flux variation in the core [26], [27]. Based on equations
(3.3), (3.4) and Fig.3.1 the copper loss £y, the iron loss ¢, and the mechanical loss £y can

be expressed as,

) (3.10)

&
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(3.11)

Where Tr is the frictional torque of the motor and o, = (w/p) is the angular velocity of the
motor where ® is the electrical speed. Unlike Py and Pg., the speed dependent ¥4 is not
controllable by the efficiency optimization algorithm. The output power P,y and efficiency of

the IPMSM drive m are expressed as,

PE = 1:’cu + PFe

(3.13)

(3.14)

(3.15)

(3.16)

In a conventional machine, operation under rated conditions is found to be highly efficient.
This results from a favorable balance between copper and iron losses. However, there are
many applications which require adjustable torque and speed different than the rated ones. A
torque or speed far from the rated operating point causes a significant drop in the efficiency

of IPMSM drive. This is due to the imbalance between iron and copper losses. Copper and
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iron losses are the most fundamental and dominant losses in IPMSM [20]. Because of this, iri
model based efficiency optimization the value of R. is calculated at the rated torque and
speed. First the iron loss Pre is calculated by subtracting Py, Pew and  Poy from the input
power Py, and then equation (3.10) is solved for R.. Usually the rated torque, speed, voltage,
current and other necessary parameters are given in the motor name plates. Some
manufacturers may not provide the rated torque and if that is the case the rated torque of the
IPMSM can be calculated from (3.8). The complete parameter of the IPMSM which is under
consideration for efficiency optimization in this thesis is given in Appendix A. As (3.15)
depicted efficiency can be improved by minimizing Py which is given by (3.13) where the

mechanical loss ¥;: is not controllable, but the electrical loss Py is controllable by means of

current vector control. Based on (3.10-3.14) P, can be calculated as follows:

Pin = Pout + PL
=V,* [, ¥Cos £ (3.17)
PFe:Pin' PM" PCu (318)

then Rc is derived as,

(3.19)

(3.20)
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The variablet,., in the above equations can be eliminated by substituting (3.8) into (3.10) and

(3.11) as shown in (40). Then, in the steady state operations where the speed and the torque

are constant; the electrical loss becomes a function of i,5 T and . The torque generating i,

can be given as

(3.21)

Where, & =(1- g}

3.4 Basics of Efficiency Optimization Principle

In efficiency optimization control the motor’s d-axis current and the air gap flux are
reduced in order to achieve the lowest possible input power for the required torque and speed
of IPMSM drive. The rotor air gap flux is decreased by reducing the magnetizing component
of the stator current as a result of lowering the stator voltage in steps [21]. This ultimately
results in a corresponding increase in the torque producing component of the stator current by
the action of the speed controller so that the developed torque and speed remain constant at
the desired values. As the air gap flux is decreased in steps, the iron core loss decreases as

well. However, due to the rise in the torque component of the stator current, the copper
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(resistive) loss increases [21, 22]. At the operating point where decrease in core loss is offset
by the increase copper loss, the minimum input power level is reached. Any excursion past
this point will cause the controller to return to the previous point. The basic idea is that, if
the last control action indicates a decrease in input power, proceed decreasing in the same
direction with the control magnitude somewhat proportional to the measured input power
change. When efficiency the optimizer changes the motor’s flux, there will be a
corresponding change in the motor’s rotor speed ®, Since the energy optimizer operates
under the implied assumption of constant motor output torque and speed, any deviation from

this premise is detrimental to the system’s performance [20-23] as illustrated in Fig.3.2.
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Fig. 3.2 An illustration of efficiency optimization control principle with d-axis current

decrement.

3.5 The Proposed Efficiency Optimization

Algorithm

43






The optimal operating point d-axis current which provides the minimum electrical

loss can be found by partially differentiating Pg which is a function ofi_;, T,, and © with

respect to i,

i, gesumidng T, ¢ =Constant (3.22)

w8, assuradng T, w s=Constant (3.23)

R

Equating the first derivative to zero insures that i; gives either maximum or minimum motor
loss at that operating point. Moreover, the second derivative of ¥z with respect to i, s
always positive and this insures that i, is the optimal d-axis current which provides minimum
motor loss. Therefore, the efficiency optimization condition is that the first derivative of Pz
with respect toi,s has to be equated to zero. These As a result, the loss minimization

condition is given by,

XY-T2Z=0 (3.24)

Where, X, Y and Z are given by (3.25-27) and T is given by equation (3.8), respectively.

X=P? {R.Rioat®* L (Ra+ Re) (Laiod+ Wa)} (3.25)
Y={wy.+(1-p)Lqicg }‘ (3.26)
Z={R, R + (Rat Re)( @ p Ly )’ }(1- p) Ly (3.27)

For given torque T, and speed ® the optimal d-axis current .4 is derived from (3.24) as

shown below.
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(3.28)

A () kb w2

B=3{{w" L3R, + R 1o

x

s+ et Laet(R

ki

Substituting (3.29) in (3.28) gives us the General optimal d-axis for IPMSM as:
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(3.30)

If the motor under consideration is nonsalient SMPMSM i.e. (i, # L;) then the Z term in
(3.24) becomes 0, the Y term becomes & and then the condition X=0 will give the
simplified optimal d-axis current i.; as shown in (3.31). In this case the optimal current 4 is

independent of the torque and easier to calculate.

(3.31)

In the same way by equating y,=0 the optimal d-axis current for SynRM can also be found.

3.6 Complete IPMSM Drive with Efficiency
Optimization Algorithm

The block diagram of the proposed loss model based efficiency optimization of IPMSM
drive is shown in Fig.3 and the details of each block are given in Appendix B. In this
proposed vector controlled IPMSM drive, the speed controller is implemented using a
classical proportion and integral (PI) controller in order to take the advantages of its
simplicity and faster response [21]. The speed error is produced by comparing the actual

speed with the command speed. The actual speed is measured, utilizing an optical encoder
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mounted on the rotor shaft of the IPMSM. The PI controller has speed error as its input and
the command current, ig* as its output. The PI speed controller is given by (2.28) and (2.29)

in chapter 2.

Fig.3.3 Block diagram of the proposed loss model based efficiency optimization of IPMSM
drive.
The output of the loss minimization algorithm block is ig*. The command phase currents i,*,
1,* and i.* are generated from i* and ig* using the inverse parks transformation. The
hysteresis controller compares the actual phase currents with corresponding command
currents to generate PWM logic signals. These signals trigger the IGBT gates of the inverter
in order to supply the IPMSM with appropriate voltage and frequency. The complete closed
loop vector controlled IPMSM drive with the proposed loss minimization algorithm is
simulated using Matlab/Simulink [32] according to Fig.3.3 and the Simulink block diagram is

shown in Appendix B.3.
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3.7 Simulation Results

The complete closed loop vector controlled IPMSM drive with the proposed loss
minimization algorithm is simulated using Matlab/Simulink [32] according to Fig.3.3.The
proposed loss minimization control algorithm is tested under different operating conditions
such as sudden change in command speed, load and parameter variations, extra and some
results are presented below. Figs. 3.4 and 3.5 show the simulated responses of IPMSM drive
with proposed loss minimization and 14=0 control, respectively in order to see the responses
for a step increase in speed and load conditions. Initially, a step input of speed from zero to
100 rad/s with a load of 10 Nm is applied and then at t=0.5 s the load 1s increased from 10
Nm to 19 Nm. Again at t= 0.6 s, the command speed is increased from 100 rad/s to 180rad/s
while a constant load of 19 Nm is applied. Fig.3(a) shows the speed response of the IPMSM
drive with the proposed loss minimization controller and Fig.3(b) shows the speed response
with the conventional i;=0 control. It is seen from Fig.3(a) that the actual motor speed
follows the command speed smoothly without any overshoot/undershoot and steady-state
error for the proposed loss minimization algorithm. Whereas, for the conventional 1,=0
control the speed response suffers from overshoot/undershoot and exhibits slight steady-state
error, which is not acceptable for high performance drive applications. The increase in load at
t=0.5 s can be seen from the increase in torque and i, from (Figs. 4(b) and 5(b)). The speed
response for the proposed control is almost insensitive whereas, for the conventional i14=0
control there is dip in the speed response when the load is increased. For the proposed
control, d-axis current is adjusted with the changing load condition to optimize the efficiency,
which can be seen from Figs.3(c) and 3(d). Whereas, for the conventional control as 143-0

always remains zero, the efficiency drops with the step change in command speed which can
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be seen from Figs.3.4(c) and 3.4(d). It is found from Figs.3.4(d) and 3.5(d), that an efﬁcienC);
improvement of about 4% can be achieved with the proposed loss minimization algorithm as
compared to the conventional 14=0 control technique.

The change in parameter, particularly, the change in the value of Ly is a common
phenomenon for IPMSM drives due to magnetic saturation. In order to see the responses of
the proposed loss minimization algorithm with parameter variation; some simulation results
are presented in (Figs.3.6 (a)-(d)). The value of L, is decreased by 50% at t=0.5 s while the
motor was running at rated speed of (183 rad/s) and rated load (19 Nm) conditions. It is clear
from Fig. 3.6(a) the speed response is insensitive to the parameter change even if the value of
Lq 1s decreased by 50% at t=0.5 s. Figs.3.6(b) and 3.6(c) show the corresponding variations
in d and q axes currents, respectively. As shown in Fig.3.6(b) there is negligible variation in
1q for the applied parameter change which signifies the robustness of the proposed algorithm
with less torque ripple and good speed response. It can be seen from Fig.3.6(c) that as L is
decreased at t=0.5s the value of 14 is increased to compensate for the required torque demand
by increasing the reluctance torque, while iy is kept constant. This exhibits again the
robustness of the drive. It is also found from Fig.3.6 (d) that the proposed controller can
maintain the efficiency almost at its original level despite the variation in parameter. Figs.3.7
(a) and (b) show the total losses variations with proposed loss minimization algorithm and
id=0 control, respectively, then as the parameter Ly ;s decreased by 50% at t=0.5s while the
motor was running at rated speed of 183 rad/s and at a rated load of 19Nm. Fig 3.7 depicted
that the proposed loss minimization algorithm reduces the total motor loss significantly as
compared to the conventional 14=0 technique. Therefore the proposed loss minimization
based controller is found to be robust while maintaining the efficiency at its optimal level

against different operating conditions such as sudden load change, step change of speed, and
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parameter variations. Fig.3.8 shows speed, efficiency, total loss and current responses for

IPSM drive with the proposed loss minimization algorithm
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d-axis current respoc for 50% load change
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Fig. 3.4 Simulated responses of the proposed loss minimization based [IPMSM drive; (a)

speed, (b) 14, (c) 14 and (d) efficiency.
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id=0 cument responce for sudden load change
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Fig.3.6 Simulated responses of IPMSM drive with parameter change for proposed loss

minimization algorithm: (a) speed, (b)ig, (c) 1a and (d) efficiency.
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Total loss vs Lq change with loss minimization
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Fig.3.7 Simulated total loss for IPMSM drive while parameter Ly changes: (a) proposed loss
minimization algorithm (b) 14=0.
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responces for parameter change (Lg increase by 50%)
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Fig.3.8 Simulated speed, efficiency, total loss and currents responses for IPSM drive with the
proposed loss minimization algorithm.
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Chapter 4

4.1 Experimental Implementation

After the performance of the IPMSM drive had been tested extensively in simulation,
the results of the proposed drive were found to be satisfactory to be implemented in real time.
The proposed loss minimization algorithm is implemented and the experimental results
coincide with the simulation result as expected and some sample experimental results are
presented. During the real time implementation the following assumption is taken into
consideration in order to determine some motor parameters which were not available due to
lack of accurate torque and voltage sensor and their driver circuitries compatible with the
available DS1104 real time interface tool. All the experimental results are at steady state
condition. First the motor is allowed to run at a certain command speed until it reaches steady
state and then the stator phase voltage is measured. Once the stator phase voltage for that
particular speed and load condition is found, it is feed back to the efficiency optimization
algorithm as a real time feed back because the efficiency optimization algorithm requires a
real time feedback of the developed torque and stator phase voltage in order to optimize the
motor drive. Since a continuous real time T, and V, are not available at the moment of the

experiment the transient responses of the IPMSM can’t be captured and presented.
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4.2 Experimental Set up

In order to implement the control scheme in real time the DSP board DS1104 is used
[33]. The DS1104 board is mainly based on a Texas Instrument MPC8240 64-bit floating
point digital signal processor. The DSP is supplemented by a set of on-board peripherals used
in digital control systems including analog to digital (A/D), digital to analog (D/A) converters
and incremental encoder interfaces. Also, it is equipped with a TI TMS320F240 16-bit micro
controller DSP that acts as a slave processor and provides the necessary digital I/O ports and

powerful timer functions such as input capture, output capture and PWM signal generation.

VSI Inverter

=
|
|

O

Hall-effect
ﬂ Current Sensork

Encoder

Base Drive

i

Digital 1/0 Subsystem

Oscilloscipe |« D/A A/D
DSP
PC  le—>| RS2322 Encoder |
Interface

dSPACE DS 1104 Board

Fig 4.1 Block diagram of the hardware schematic of the VSI-fed IPMSM drive.
The block diagram of the hardware schematic is shown in Fig. 4.1. The actual motor currents

are measured by the two Hall-effect sensors and then fed back to the DSP board through the
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A/D channel. Once the two phase currents are received through the A/D channel and scaled
to their real time value the third phase current will be calculated in software. Rotor position is
sensed by an optical incremental encoder mounted at the rotor shaft and is fed back to the
DSP board through the encoder interface. The outputs of the DSP board are six PWM signals
that are sent directly to the base drive circuit of the inverter. In order to implement the
efficiency optimization algorithm, a real-time Simulink model for the complete dnive system
is developed. Then the model is downloaded to the DSP board using the Control Desk
software. After initializing all the required variables, the speed is calculated from the present
and past samples of the rotor position angle. Then using the values of the measured currents,
speed, speed errors, and the output from efficiency optimization algorithm and some motor
parameters, the command currents are generated from the current controller block and feed to
hysteresis band to generate the PWM signals. The block diagrams for real time

implementation of the complete drive are shown in Appendix B.4 and 5.

4.3 Experimental Results

As shown in chapter 3 the proposed loss minimization control algorithm for IPMSM
drive tested in simulation under different operating conditions such as sudden change in
command speed, load and parameter respectively in order to evaluate its performance.
Whereas, in this chapter the complete drive has been tested in real time experiment based on

DS1104 digital signal processing board and sample results are presented below.
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Fig.4.4 Real time responses IPMSM drive with 1d=0 control technique. (a) speed and (b)

Figures 4.3 and 4.4 show the real time experimental responses of IPMSM drive with
proposed loss minimization and with 1d=0 control technique, respectively. For the purpose of

analyzing the responses for a given speed command and load conditions a step input of 75



rad/s speed command and a load of 19 Nm are applied as shown in Fig.4.3 (a) and the speeci
command is increased to 100 rad/s while the same constant load of 19 Nm is maintained as
shown in Fig.4.3 (b). It can be seen from Fig.4.3 (a) that the actual motor speed follows the
command speed smoothly without any steady-state error for the proposed loss minimization
algorithm. Fig. 4.3(b) shows 93% efficiency for a speed command of 100rad/s as expected
based on the previous simulation result. Figs.4.3(c)-(e) show the optimized 14, 14 and Py
respectively, and they are in agreement with the simulation results found from the previous
chapter. Fig.4.4 (a) shows a 100rad/s rotor speed and the un-optimized iy current which is
always zero because of the i4=0 control technique and Fig.4.4 (b) shows the efficiency which
is less than 90% at average and the efficiency has with lots of fluctuations in the real time
response than the simulation one. Due to the time limitation the complete experimental
testing was not done. However the available experimental results still verify the simulation
that the proposed los minimization can improve the efficiency as compared to the

conventional id=0 control technique.
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Chapter 5

Conclusion

5.1 Conclusion

In this thesis a model based efficiency optimization control algorithm for vector-
controlled IPMSM drive has been developed, simulated and implemented in real time. The
developed efficiency optimization control algorithm determines the optimal d-axis current of
the drive for a given speed and torque command, it is as fast as the vector-control and it ha;
no torque ripple. All the real time responses are in conformity with the simulation results and
the IPMSM drive efficiency is satisfactorily optimized in real time too. This efficiency
optimization algorithm can also be used for surface mounted PM motor (£, = 1.;) and for

e

synchronous reluctance motor (x¢, # ). The performance of the proposed optimization

algorithm has been tested extensively both in simulation and real time experiment at different
operating conditions such as sudden load change, command speed change and parameter
change, etc. The proposed algorithm has alsoybeen compared with the conventional ig=0
control scheme. The proposed efficiency optimization control algorithm showed significant
improvement in efficiency as compared to the conventional 14=0 control scheme. Thus, the
proposed loss minimization algorithm has been found to be robust and efficient for high

performance motor drive applications.
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5.2 Future Scope

More research studies are being reported using the speed sensorless approach.
Implementing speed sensorless will eliminate the need for an encoder as well as any
difficulties associated with it. In addition to that it will be a good practice to apply the fuzzy
logic controller instead of the conventional PI controller in order to exploit the outstanding
advantage of fuzzy logic controller’s ability of handling nonlinearity. Another technique
which should be employed is the field weakening technique for wide speed range operation.
In this work the efficiency optimizer is compared against the conventional iy = 0 technique,
which allows the motor to be controlled up to the rated speed. For control beyond rated
speed, the field weakening technique must be used to calculate the command d-axis current
and the performance of the proposed efficiency optimizer needs to be investigated for further
robustness. Another point that worth mentioning is that as it is explained in many literatures
the search efficiency optimization technique is more advantageous than the model based
technique 1n handling the inherent parameter variation of IPMSM but can’t be implemented
alone because of its disadvantages like excessive torque ripple and very sluggish response
therefore combining both the search optimization technique for steady state operation and
the model based technique for the transition part could be an interesting research area for the

future.

Appendix A
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Appendix A.1 IPMSM Parameters

Number of poles 6

R, 0.2420hm
Ly 6.42mH
Ya 0.24Wb
Lq 5.06mH
Rc 7.50hm
f rated 87.5Hz
I 14.2A
V, 183

Te 19.1Nm
Tmech 0.001
Pmted 5hp
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Appendix B

Simulink block diagrams and details of different efficiency
optimization algorithm subsystems.
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Appendix B.1 The loss minimization Simulink model.
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Appendix B.2 Loss minimization Simulink model.
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Appendix B.5 Experimental setup of the proposed efficiency optimizer of IPMSM drive
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