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ABSTRACT

This thesis studies the mathematical model of Permanent Magnet Synchronous Motor
(PMSM), a general idea of the conventional Direct Torque Control (DTC) method, a
DTC based on duty ratio modulation, Maximum torque per ampere (MTPA) based
duty ratio modulated DTC, and advanced duty ratio modulation scheme combining
previous two methods. Space Vector Modulation (SVM) is used to choose the
inverter's voltage vectors for various time periods. Look-Up Table (LUT) is used to
choose the voltage vectors for various values of torque and flux with various phases.
The two approaches discussed above are then used to simulate the PMSM drive in the
MATLAB® SIMULINK environment. Then the ripples produced in speed and torque
response of DTC with duty ratio modulation, DTC with MTPA based duty ratio
modulation and advanced Duty ratio modulation are compared. It is obvious that
DTC has a specific drawback because of how much torque and current ripple it
possesses. An efficient remedy for this problem is the Advanced Duty Ratio
Modulation Technique. The advanced duty ratio modulated approach is preferred for
greatly lowering the ripple percentage, according to this thesis work. When there are

changes in load, it can also lower the torque ripple.
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Chapter 1

Introduction and Literature Review

Permanent Magnet Synchronous Motor is one that incorporates permanent magnets
within the steel rotor in order to generate a magnetic field that is continuous. This

motor is ideal for a wide range of motion control applications.

Stator windings connected to a 3-Phase AC source generates a rotating magnetic field.
After that, the rotor poles align themselves in synchronous motion with the rotating
magnetic field. The most frequent magnets utilised in these motors are neodymium

magnets.

1.1 History of Permanent Magnets Machines:

The development of DC machines with Permanent Magnet field excitation began in
the 1950s as a result of the availability of contemporary permanent magnets with a
high energy density. DC machines were finally created as a result of the use of
permanent magnets (PMs) to replace electromagnetic poles with windings that
needed a source of electric energy. Similar to this, brush assemblies and slip rings are
not required in synchronous machines because the PM poles in the rotor replace the

conventional electromagnetic field poles [3].

The mechanical commutator was replaced with an electronic commutator in the
form of an inverter with the introduction of power electronic transistors and silicon-
controlled rectifier devices in the late 1950s. PMSMs were developed as a result of
these two advancements. If the mechanical commutator is replaced by an electronic
equivalent, the armature of the dc machine does not need to be on the rotor. As a
result, the machine's armature may be mounted upon the stator, allowing for greater
cooling and higher voltages due to the stator's large clearance room for insulation.

These machines are basic examples of what is known as "an inside out dc machine,"
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in which the field and armature are reversed, moving from the stator to the rotor and

then from the rotor to the stator, respectively [3] [24].

The rotor of PMSM provides a constant magnetic field, but it requires a variable
magnetic field to start, hence these motors need a variable frequency power supply.
Permanent magnet synchronous motors require a driver to function; they cannot

function without one [24].

Since the back EMF of the PMSM is sinusoidal, sinusoidal stator currents are
required to keep the torque constant. PMSM is virtually identical to a wound rotor
synchronous machine, with the two primary distinctions being that the PMSMs often
lack damper windings and rely on a permanent magnet for excitation instead of a field
winding. D-Q mathematical model of PMSM was constructed from Synchronous
Motor model using this theory, by omitting equations of damper winding dynamics
and field current dynamics. This model was first proposed by R. Krishnan and P.
Pillay; in 1988 [1].

1.2 Motivation of Work:

Due to its several advantages Permanent magnet synchronous motor drives are
replacing the traditional Induction motor and dc motor drives and becoming popular

in most of the industries

The main drawback for PMSM is speed control. Since there is only one source — the
AC supply that is on the stator — controlling the AC supply that is on the stator is the
only way to regulate this motor. For this, a complex control system including power

electronics and microcontrollers is required.

In the latter half of the 1950s, technological advancements led to the creation of new
devices that were based on the switching power transistor and silicon-controlled
rectifiers, after this many control techniques were proposed but most common and
popular two techniques are FOC(Field Oriented Control) and DTC(Direct Torque
Control). After comparing between DTC and FOC we can see DTC, unlike FOC, does
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not need the use of a current regulator, coordinate transformation, or a PWM signal
generator. Beside of its simplicity it provides extremely high dynamic torque
response. Furthermore, in compared to FOC, Direct torque controller is less sensitive
to machine parameters. Only stator resistance is required to implement this type of

control [4].

Despite of its many advantages one major drawback of DTC is high torque and
current ripple. In this thesis an advance duty ratio control based DTC technique is
proposed to reduce torque ripple. Prime task of this process is to determine the duty
ratio. The motive of this work is to propose a technique which can reduce the torque
ripple more effectively than the conventionally used technique. Also, a simulation in
MATLAB Simulink platform has been carried out to prove the effectiveness of this

model.

1.3 Literature Review:

Induction motors were being used extensively on many industries due to its
robustness and advancement of AC drive system. Also, the absence of brushes,
commutators, and slip rings makes the motor cheaper and maintenance free. But

major drawback of this machine is lower efficiency and power to weight ratio.

In order to address this issue, PMSM drives were invented in the 1950s. Due to their
many structural and functional characteristics, such as their ability to operate at a
variety of speeds, PMSM are currently replacing IM drives in industries such as
machine positioning, robotics, electric and hybrid cars, aeronautical systems, etc. 1)
greater efficiency compared to IM since it produces less heat 2) lower size results in
increased power density, 3). lower cost of maintenance due to emission of brushes, 4).

higher torque-to-current ratio. 5). higher power factor [3].

But one major challenge for PMSM drives was controlling its speed there was many
techniques to control the speed of AC drives like Variable frequency SCR inverter with
auxiliary current circuit and feedback current transformer [5]. Also, there is a

technique where Pulse Width Modulated Inverters are used to obtain variable
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frequency-variable voltage [6]. But all these techniques were less efficient and de

coupling between flux and electromagnetic torque does not exist in those technique.

In order to get a decoupled control between flux and electromagnetic torque DTC
was first introduced by I. Takahashi and T. Noguchi, in 1986 [7]. The findings of this
paper shows that this control method has outstanding torque response and efficiency
characteristics, proving its validity with a simpler structure. After that a High-
Performance Direct Torque Control method was proposed by I. Takahashi and Y.
Ohmori [8]. In this method the torque response of the system was improved by using
two sets of three-phase inverters. Instantaneous voltage vectors applied by an inverter
give some degree of flexibility in determining the switching modes of a power
converter. High-speed torque control and main flux management are made possible
via the use of this switching flexibility. T. G. Habetler and D. M. Divan followed their
work and proposed a direct torque control scheme using discrete pulse-modulated
inverters [9]. The use of only one current sensor in the DC connection makes this
control mechanism is unique. H. Y. Zhong, H. P. Messinger and M. H. Rashad made
some further improvement in this field and proposed a microcomputer-based direct
primary flux and torque control system [10]. Using a non-zero space voltage vector
and its time breadth, they demonstrated that the main flux amplitude could be
modified, as could the electromagnetic torque amplitude. Over the time many other
DTC techniques were proposed like DTC using space vector modulation, DTC using
PWM inverter [11]-[12]. In 1997 DTC was first investigated on PMSM by L. Zhong, M.
F. Rahman et al. They used mathematics to demonstrate that the increase in
electromagnetic torque in a permanent magnet motor is proportional to the increase
in angle between the stator and rotor flux linkages. As a result, they demonstrated that
the rapid torque response could be achieved by modifying the rotational speed of the
stator flux linkage in the shortest amount of time possible. It is also proved that zero
voltage vectors should not be used, and that the stator flux linkage should always be
moving in proportion to the rotor flux linkage. Both of these findings are supported
by the evidence presented here [13]. The conventional direct torque control does not

require any motor parameter except the stator resistance. Using this flux and
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Electromagnetic torque are estimated and compared with reference value. Also, two
hysteresis controllers are used here the according to the output of these two controller
and position of flux vector an appropriate voltage vector is selected from a switching
table according to the voltage vector the switching state of the inverter is selected. In
1999 [14] L. Zhong, M. F. Rahman et al. implemented their investigation of DTC on a
prototype PMSM which has a standard induction motor stator. They also derived the

switching table specific for an interior PMSM.

Out of few drawbacks one of the major drawbacks in DTC of PMSM is torque ripple.
In order to solve this problem several techniques were proposed. In [15] a sensor-less
technique is proposed. Also, in several studies Space Vector Modulation (SVM) [16] is
used to generate continuous voltage vectors that can correctly and moderately modify
torque and flux. However, rotary co-ordinate transformation is required in SVM-

based DTC schemes, which is more computationally complex than standard DTC.

Another process to reduce torque ripple in DTC is using multi-level inverter [17]. An
asymmetric cascaded multilayer inverter generates the voltage vector without the
requirement for modulation or filtering. Here the torque ripple is minimized due to
higher output quality of the inverter but. Cost of hardware is very much high for this

process.[18].

Another method is duty cycle control, which is used in traditional DTC in order to
reduce the torque ripple. In traditional DTC a voltage vector is applied for the whole
period of time which results the torque and flux value to increase over the reference
value and which ultimately causes torque ripple. Each sample period in this approach
uses both an active vector and a zero vector. Duty cycle control was first proposed by
Pengcheng Zhu, Yong Kang and Jian Chen in 2003 [19]. First it was implemented in
Induction motor. Prime task for this method is to determine the duty ratio. Later D. -
H. Lee, Y. -J. An and E. -C. Nho proposed a method for determining the duty ratio for
PMSM drive [20]. In this method duty ratio is determined by the torque error and
torque bandwidth. But the major drawback of this method is the torque ripple is

dependent on hysteresis band. With the increase and decrease of hysteresis band the
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torque ripple is also increased or decreased. In order to make it independent from
torque hysteresis band a new method was proposed by I. R. Akhil and C. K.
Vijayakumari [34]. Here the duty ratio is established only on the basis of torque error.
So, here the ripple content can be reduced independent of the bandwidth of torque

hysteresis controller.

Using the MTPA equation from [22], a relationship between torque and flux has been
developed in this article. The torque is then determined by converting the estimated
flux using that equation. After that comparing with reference torque, the torque error
has been generated and the duty ratio have been calculated using that torque error.
Now on time t;, for duty ratio control is calculated by taking average of on times of
conventional DTC and MTPA based DTC. This method gives a considerable

reduction in torque ripple.

All of the simulations are carried out in MATLAB Simulink and contrasted with
alternative approaches using identical conditions. Here are the data, which

demonstrate a notable decrease in torque ripple.

1.4 Organization of Thesis

The thesis is structured as follows:

e Chapter 1 Contains the basic idea behind the thesis work. A brief history of
permanent magnet machines, my inspiration for this work, a study of the
literature on the subject, as well as a discussion of its limitations, are all
included.

e Chapter 2 contains detailed information about PMSM. Stator and rotor
construction, working principle and complete mathematical model of PMSM is
discussed here.

e Chapter 3 consists of detailed information regarding voltage source inverter.
Also, the power devices used in voltage source inverter, VSI topology and the

switching states of the inverter is discussed here.
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In chapter 4 In-depth discussion is given on direct torque control. Following a
brief introduction to DTC, the fundamentals of DTC and control topology are
covered in this article. Following that, a schematic diagram for traditional DTC
is displayed and discussed.

Chapter 5 addresses the use of duty ratio modulation. The purpose of
employing this strategy and its use are then explored. Then, this section also
describes the process for computing the duty ratio. Finally, here is a schematic
diagram employing this methodology that is presented and discussed.

In chapter 6 maximum torque per ampere control is discussed here basis
principal for MTPA is discussed. Then a relationship between torque and flux
is established using MTPA.

Chapter 7 contains the proposed method which is used in this work. Also, a
schematic diagram of proposed method is shown and discussed here.

Chapter 8 is the most important chapter where responses the responses
obtained from MATLAB for all the important parameters for all cases has been
shown. Then the responses are compared with each other and the ripple
percentages, observations from the results are discussed.

Chapter 9 is the thesis's conclusion. Here, I outline my contributions to the

project and any potential future implications of my work.
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Chapter 2

Permanent Magnet Synchronous Motor

2.1 Introduction

The Permanent Magnet Synchronous Motor (PMSM) is a type of Synchronous motor
in which permanent magnets are used to energise the rotor field. It is brushless with
very high reliability and efficiency. Permanent magnets are utilised to produce a
spinning magnetic field rather than winding for the rotor. This kind of motor does not
need a DC source to power the rotor. Because there is no DC supply, these motors are
simple and inexpensive. As a general principle, it is an AC-synchronous motor with a
sinusoidal back EMF waveform that is powered by permanent magnets. In order to
create torque at zero speed, the PMSM relies on the permanent magnets. A digitally

controlled inverter is required for this motor to perform at its peak efficiency [23] [2].

2.2 Construction Of PMSM

The stator and rotor are the two primary components of PMSM. The armature
winding of the motor is done by the stator, which is the part that doesn't move. The
field winding is done by the rotor. The armature winding is the main winding because
it induces EMF in the motor. The field winding is carried by the rotor the main field
flux is induced in the rotor through permanent magnets. Material with excellent
permeability and coercivity is used in the construction of these Permanent Magnets

These materials are Samarium-Cobalt and Neodium-Iron-Boron.[2][25].

2.2.1 Rotor Construction:

As discussed earlier the rotor of PMSM is made of permanent magnet and rare earth
material with high coercive force is used as permanent magnets. According to the

shape design of the rotor the rotors are specified into two types [26]:
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1. Salient pole rotor
2. non-salient pole rotor.

The non-salient pole rotors are cylindrical in shape. For this type of rotor there is a
uniform air gap between stator and rotor. Due to this uniform air gap the direct and

quadrature axis inductances of this type of rotor are equal L; = L, [26].

The Salient pole type rotors do not have a uniform air gap between stator and rotor.
So, for this kind of rotor the direct and quadrature axis inductances are not equal L; #

L4[26].

Stutor slots with
rotting field
winding

Excitation
winding

Stator Stator

Cylindrical rotor Salient-pole rotor

Fig 2.1 : Comparison between cylindrical rotor and Salient pole Synchronous

machine

According to the arrangement of the permanent magnet in the rotor there several
type of rotor. Here, we talk about some of the most common arrangements and how

they affect the airgap flux density, winding inductances, and reluctance torque.

23



1. Surface-Mounted PMSM: In this type of set-up, the magnets are attached to the
surface of the rotor laminations on the outer edge. This kind of arrangement doesn't
get interrupted by anything else, like rotor lamination. It has the maximum air gap
flux density because it confronts the air gap directly. However, this kind of design has
several drawbacks. This kind of configuration has a poor level of structural integrity
and mechanical toughness. In practical PMs are buried into the rotor laminations
using Kavaler tape. So that it can provide some mechanical strength. Also, the
magnets are bound to the rotor. So, it reinforces the mechanical strength of the rotor.
These arrangements are not preferred for high-speed applications. The difference in
reluctance between the direct and quadrature axes in this machine is very small
because it is built like a non-salient pole. The variation between the quadrature and

direct axes inductances is less than 10% [3] [24].

2. Surface-Inset PMSM: In this kind of set-up, the magnets are put in the grooves
around the outside of the rotor laminations. Because of this, it gives the rotor a smooth,
round surface. This set-up is much more mechanically stable than the last one. The
magnets are fully and mechanically embedded in the rotor which gives it mechanical
strength from flying out. In this machine, the difference between the inductances of

the quadrature and direct axes can be as high as 2-2.5 [3] [24].

3. Interior PMSM: In this type of setup, the magnets are placed in the middle of the
rotor laminations in either a radial or circumferential direction. This design is strong
in terms of mechanics, so it can be used for high-speed applications. This set-up is
harder to make than magnet rotors that are surface mounted or set inside a housing,.
Note that the ratio between the inductances of the quadrature and direct axes is
between 3 and 1. But there have been claims that other interior PM rotor

configurations have a much higher ratio [24].

In this kind of set-up, sometimes some steel is taken out of the rotor to make big air
gaps between the magnets in the rotor. This is done to stop flux from moving from
one PM to the next on the upper rotor surface. The flux will move from one magnet to

the next one in the rotor, bypassing the structure of the stator. This means that there
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will be less mutual flux linkages. The weight of the rotor also becomes less which gives

lowest rotor inertia. So, it provides higher acceleration rates.

Another type of inset rotor is the circumferential inset PM rotor. It requires a large
volume of the PMs. So, this setup can only be used with low-cost, low-energy magnets
like ferrites, since high-energy magnets are expensive. In this setup, the air gap flux
density can be made higher because the cross-sectional area of the magnets is much
bigger than the surface area of the rotor that carries the flux from a magnet to the
stator. Because of the higher air gap flux density, this setup is very desirable from the
viewpoint of better efficiency and relatively small stator excitation for same power

output [3] [24].

2.2.2 Stator Construction:

The stator is constructed with two parts at the out most surface there is an outer
frame. This has a core with windings inside of it. Windings with two or three phases

are the most prevalent.

The two kinds of permanent magnet synchronous motors are distinguished by the

stator design:

1. PMSM with a distributed winding

2. PMSM with a concentrated winding [26].

1. Distributed winding: In this type of windings the number of slots per pole and

phaseQ=2,3, ..., k

2. Concentrated winding: The number of slots per pole and phase Q = 1 in this type
of winding. The slots on this stator are uniformly spaced all the way around its
circumference. These windings are made up of two coils that can be linked either in
parallel or in series. The main problem with these windings is that you can't change

the shape of the EMF curve [25][26].
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Fig2.2  (a) Distributed windings. (b) Concentrated windings.

2.3 Working Principle of PMSM

The Working Principle of PMSM is based on the interaction of the rotating magnetic
field generated through 3 phase ac supply in stator and the constant magnetic field of

the rotor generated via permanent magnet.

The rotating magnetic field in air gap via stator is generated in the same way like in
a 3-phase induction motor. The generated rotating magnetic field revolve in
synchronous speed and it can be calculated by, Ny = 120 * f /P this equation here f

denotes frequency of supply and P denotes number of poles.

By joining the windings of the stator with one another phasor groups are created and
by joining theses phasor groups to gather different connections like a star, Delta,
double and single phases are formed. The windings are wound shortly with each other

to reduce harmonic voltages.

The permanent magnets used as the rotor creates constant magnetic flux. When the
constant magnetic field of rotor locks with the rotating magnetic field in the air gap
generated by stator the rotor starts to rotate in synchronous speed. The rotor rotates
in synchronous speed regardless of the applied load torque. When the applied load
torque crosses the maximum limit, the rotor become standstill [2][25][26].
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2.4 Mathematical Modelling of PMSM

Here, Complete mathematical model of the motor is derived for proper simulation

and analysis of the system. For ease of calculation the motor axis has been developed

using d-q rotor reference frame theory [1]. The rotor reference frame makes an angle

0, with the fixed stator axis at any time instance t. The stator MMF makes an angle

a with the rotor d-axis, and at any time t, the stator MMF spins at the very same speed

as the rotor axis [3].

There are some assumptions made in the process:

1) Eddy current and hysteresis losses are insignificant.

2) The Induced EMF is sinusoidal in nature;

3) Saturation isn't taken into account, but parameter changes can do that;

4) No field current dynamics.

2.4.1 Three phase to two phase transformations (ABC to DQ):

It can be done by changing the voltages and currents of the three phases ABC to af

axis variables by using the Clarke transformation. fup = Kj.fap . After that to

transform it from af to d-q Clarke transformation is used. ,fyq = K;.fap =

Ky. K1 fape = K. fapc- D-Q Modeling of the system is used to study the motor in both

the steady state and the transient state [28].

—_

ke
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NIRr O

1
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_v_ii ”,_(2,1)and,K2=[COSQ —sin6 0]
J

sin@ cosf O - (2.2)

2

N|+-xm|<| |
Wk

1
2

Hence, K can be calculated as,
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, |cos(8) cos(6 — 2—”) cos(8 + Z—H)
K==:. 2 2ol @3
3 |sin(8) sin(0 — ?) sin(6 + ?)
cos(0) sin(60)

2n : 2m
Consequently, K~ = cos(8 — ?) sin(6 — ?) e (2.4)
cos(8 + 2?”) sin(6 + 2?71)

Three phase voltages (v,, vy, V) of the inverter are converted to D — Q axis voltages

(va,vq) by using Park transformation shown below [3][1]:

2m 21
Uq o |cos(8) cos(6 — ?) cos(6 + ?) v,
sin(f) sin(6 — ?) sin(6 + ?)

The inverse Park transform, as stated below, is used to derive abc variables from d, q

variables [3].

[ cos(6) sm(@)

Vg | 2T _

[Ub] _ |cos(9 — ?) sin(6 — [ ]

Ue | 2T 27'[ |
lcos(@ + ?) sin(0 + —)

2.4.2 Motor modelling:

The equivalent circuit model based on d- and g-coordinates is used to model PMSMs.
A conceptual cross-sectional image of a 3-phase, 2-pole interior PMSM is shown in
Fig. 2.4, along with two reference frames. We assume that the permanent magnet rotor

generates magnetic flux in the direction of the d-axis ¥,.

Along the a-phase, b-phase, and c-phase axes of the stator, the components of this
rotor flux are, W, cos(8),¥, cos(6 — 2?n)and Y, cos(0 + 2?”) respectively. Thus, phase

flux linkages can be expressed as [3]:
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W, =Lgu-ig+ Lap-ip + Lge-ip + Pr.cos(8) ... (2.5)
Wy = Lyg. i + Lpp-ip + Lpc. ic + Pr.cos(8 —Z) ...(2.6)

W, = Leg-iq + Loy iy + Lec-ic + Wrocos(@+2) .. (2.7)

Here,Lyy is the self-inductance of the k-th phase and L;; is the mutual inductance of

i-th phase due to j-th phase.

Due to the balanced mode of PMSM with symmetrical alignments of the inductances,

we can consider,
Ly, =L for k=a,borc
Lij =Ly forall iandj.

So, in balanced condition, the sum of the stator currents equal to zero, i.e. ig + i} +

iCZOI

Due to these the simplified phase flux linkage equations provide the following

results:

bs-axis

g-axis

cs-axis

Fig 2.3 Motor Axis Diagram 29



W, =(L—Lp).ig+ ¥.cos0) ... (2.8)
Wy = (L= Ly).ip + ¥rocos (6 -2)  _.2.9)
. 2T
W, = (L= Lp)-ic + ¥y.cos (6 +2) .. (2.10)

The stator phase voltages in balanced mode may now be expressed as,

dw,

Vo = Rsig +—% . (2.10)
. av

v, = Rg.ip + d—t” e (2.12)
. ay,

Ve =Reic+—F .. (2.13)

If we consider, [ fupcl = [fa fofe]", then the above set of equations can be written as,

. d
[vabc] = Rs' 13><3' [labc] + E [ lpabc ] (2- 14)
and essentially the expression of [ W, | is as,

[lpabc] =(L- Lm)- I33. [iabc] + ¥ [Acs] - (2.15)
where we have, [A.s] =

Now the transformation of [Wg, | to [ Wy, Jreference frame is done,

[Wag] = @ = Lop). Loz [iag] + @ [2] . (2.16)

And, to frame [vdq] can be written as,
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[vaq] = Rs-Izxa-[iag] + K. 5 K [Waq ] .. 2.17)

Following fundamental calculus on matrix- expressions we get,
d d d
— Ky =[—K_1]. Yyl + KL — ¥

Hence, K. % K1 Waq s expressed as,

d d d
Koo K Wag] = K| K| [Wag] + = [Wa

Following simple calculations we have,

d 0 —-174d9 0 -1
— K1 = —
K'[dtK ] [1 0]'dt [1 0]"“5
Following fundamental calculus on matrix- expressions we get,

d d d
E1<-1[9qu] = [EK*] |Waq] + K™ [Waq]

a ., _
Hence, K. = K Waq | is expressed as,

d d d
K.al(‘l[‘}’dq] =K. [EK*] |Waq] + T [Pa,]

Following simple calculations we have,

d _11 d6 _
K'[EK_l]:[(l) 01]'52[(1) 01]"“5

Finally, the expression of [vg,| becomes,
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[Vaq] = - Iaxa- [iaq] +(L—Lm)-12x2-%[idq] + [(1) _01].(»5. [Waq] - 2.18)

[Wag] = @ = L) Loz [iag] + @ [(1’] . (2.19)

this implies,

0 -1 [ _(L_Lm)'ws'iq ]
LW |Wagl = . (2.20
[1 0] w5 [Paq (L= L) ws iy + ws. ¥, 2.20)
And finally substituting this in the expression
[vdq]we get,
vy = Roig — (L= Lyp)- 0. i + (L= M).Z2 __2.21)
Vg =Rig + (L— L) wgig + L - M52+, ¥, @2

of

We are considering the balanced mode, and so we may consider, (L — L,,) = Lg = Lq

and this reveals the expression of v4 and v as,

dig

—4 (2.2

vd == RS' id - Lq. iq.(l)s + Ld'

, , di
Vg = Rylg + La.lq. w5 + Lo =2 + 0. Wy .. (2.24)
To define the flux linkage of the transformed axes, we follow,

— _(L - Lm)- 5o L
[(1) 01] 5. g = [(L = Lin). ws. idajr ;q qfr]
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g R, q .
2 | Gow,
Ld' lg- @ —
—_ +/"'\ _—
" -/
(b)
¥ L.t
L. . _ qal _ q"q
Which implies, [‘qu] = [liud] = [Ld- i+ e (2.25)

Therefore, following equation (3) the dynamic equivalent circuit of PMSM in d-q

frame can be depicted as,

2.4.3 Electromagnetic Torque Equation:

We ignore the magnetic field saturation situation, as well as losses owing to eddy
currents and hysteresis, in order to suggest power invariant transformation. And we

obtain,

3 . .
Pi = Poyut = E (Uq. lq + Ud. ld) (2 26)

Substituting the values of v, and v, we get,

Fig:2.4 (a) D-axis circuit and (b) Q-axis circuit
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3 . .
Pout =5 (Wa-ig = Yg-la) w5 - (2.27)

Therefore, the total electrical torque is expressed as,

T, = (Pole Pair)." = P 2. (Wg.ig — Wg.ig) .. (2.28)

Substituting the values of ¢, and ¢, we get,
3 .. .
To=P.S.({La = Lol i ig + Wrig) . (2.29)

2.4.4 Mechanical system model:

The system's load torque, accelerating torque, and damping torque balance the

electromagnetic torque, which may be expressed as [22] [27]:
d
T, =T, + B.w, +].awr ... (2.30)

Where, T}, is the load torque, B is the damping coefficient and J is the moment of

inertia.
ws; = (Pole Pair). w,

2.4.5 Final modelling equation:

For the purpose of dynamic simulation, the equations can be re arranged to give first

order nonlinear differential equations in terms of variables as [22],[27]:

d . . .

—la= (Vg — Rs.lg + ws. Lg.ig)/Lg ... (2.31)

d . . .

il = (Vg — Rs.lg — ws. Ly ig — wsWr) /Ly ... (2.32)
i _ (Te-T,— B.wy)

R =T L2
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w, = f(T‘TL]—‘B‘”) o (2.34)

a
59 =w, ...(2.35
Combining the set of equations, we can develop a complete states space dynamic

model of PMSM in d-q reference frame.

T
Vg —M L
Vabc Vabc Vd :d Id Iy
a  |Va T, T, w, Speed
Iy
I oI
e > Iq 1 | 1 - ),
Lwg
1
S — P

Fig 2.5 Simulink Based Model of PMSM
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Chapter 3

Voltage Source Inverter

3.1 Introduction

The standard power electronic inverter modules are the subsystem that allowed the
widespread usage of permanent magnet (PM) drives practicable. Inversion is the
process of converting dc to alternating current power, and it is the inverter that
generates the variable frequency from the dc source that is utilized to drive a

permanent magnet synchronous motor at a variable speed [3].

For the process of DTC, a three-phase voltage source inverter with 180-degree

conduction mode is used here.

3.2 Power devices used in VSI

Voltage, current, power, and frequency control have all become more affordable since
the invention of semiconductor power switches. Some power electronic devices those

are used as active switches in VSI are:

Diode

e Thyristor or silicon-controlled rectifier (SCR)

e Gate Turn off Thyristor (GTO)

Bipolar junction transistor (BJT)

Power MOSFET

¢ Insulated Gate Bipolar Junction Transistor (IGBT)

These power electronic devices are generally used as switch of VSL

3.3 VSITopology

The usage of three-phase bridge inverters for general-purpose ac supply and ac motor

drives is very common. The voltage source inverter (VSI) is generally utilized in the
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DTC. VSI may be two-level or multi-level inverter, but this work will concern on the
two-level type as it is the most common type. In figure 3.1 the basic topology of the
inverter is shown. Figure 3.2 Explains how square wave, or six-step, mode of
operation generates the output voltage waves. To create the three-phase voltage
waves, the circuit consists of three half-bridges that are phase-shifted by an angle

of 2/3 [30].

P
. Motor Load
lia i R e i 3
g-l@ Sa_l@ 55_| — i R L e
a E'Ur :E E
A — R L .4
. b =AMN—YN—(R0)4 1
Vd{ T VaN . :. E
o e i o, |
UbN —> :: R L [ E
5. 5 5. W)
N

Figure 3.1 Topology of Voltage source inverter
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The six switches are divided into two groups. The top three switches (S1, S3, and S5)
make up the positive group, and the bottom three switches make up the negative
group (i.e., S4, S6, S2). Six of the eight possible switching states (1-6) are active and
produce non-zero ac output voltages. The other two states have no voltage (0 and 7)

[30].

2

2 2

Figure 3.2 Phase voltages for 180-degree conduction mode
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State S, S S¢ Vector
0 0 0 0 Vo
1 1 0 0 A
2 1 1 0 v,
3 0 1 0 Vs
4 0 1 1 V,
5 0 0 1 Ve
6 1 0 1 A
7 1 1 1 v,

Table 3.1 Switching state of 3-phase Voltage source inverter
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4 Switching States of VSI

The three phase stator voltages of the motor V,, Vp and V. are decided by the states of
the 3 switches S,, Sz and S,.. If S, is 1 that means V, is connected to +ve terminal of DC
supply and if S4 is 0 that means V, is connected to -ve terminal of DC supply. The same
cases are for Vg and V. . For example, if (S,, Sp, S¢) = (1,0,0) then V, is connected to the
+ve terminal of the battery and both of V3 and V. are connected to the -ve terminal.

The resultant voltage vector (V;,) can be calculated as [29]:

Resultant Vector (V2) ,
[V2| = Vd

Vd
Figure 3.3 The Resultant Voltage Vector of the Switching Status (1, 0, 0)

V) = %VD +§VD.cos 60 +§VD.cos 60=V, ...(31

For the switching status (1, 1, 0), both of V, and Vj are connected to the +ve terminal
of Vp and VC is connected to the -ve terminal. The resultant voltage vector has a
magnitude of Vd and 60° apart from the reference (phase a). The resultant voltage
vector (V2) can be calculated as [29]:

Vy = 2Vp260° + 2V +2Vp£120° = Vp260° ... (3.2)
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Therefore, there are eight voltage vectors, six are non-zero voltage vectors (active
voltage vectors): V; (100), V, (110), V3 (010), V,(011), V5 (001), and Vg (101) and two
zero voltage vectors V (000) and V; (111).

Vy(011) V1(100)
B — - a6 _.-._.}
V0=V?=U D
V(00 1) Ve(101)

Figure 3.4 Inverter Eight Voltage Vectors in D-Q plane

A method known as space vector pulse width modulation can be used to combine
the non-zero voltage vectors and the zero voltage vectors to produce additional
voltage vectors that are different from these eight vectors (SV-PWM). The average of
the needed voltage vector in SV-PWM should match the average of the voltage the

inverter produces.

The needed voltage vector is created by applying two non-zero voltage vectors for
times T1 and T2, respectively, and a zero-voltage vector for time T0, where the total
of these times T1, T2, and TO equals the sampling time Ts. We may derive the times
T1 and T2 by equating the "Volt. Sec." in both the D- and Q-planes. TO is obtained by
subtracting T1 and T2 from Ts.
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Chapter 4

Traditional Direct Torque control (DTC)
Method

4.1 Introduction

Basic idea of conventional DTC is to select the stator voltage vectors directly based
on differences between reference and actual torque and flux values. Without the need
for coordinate transformation, torque and flux are immediately regulated and
resolved using nonlinear transformations on hysteresis controllers. The motor, a
three-phase voltage source inverter, and a speed controller to produce the torque
command are included in this power supply circuit. The standard DTC system is a

closed loop control scheme. [31].

The DTC controller is comprised of a sector selection block, stator flux estimate
blocks, 2 different hysteresis controllers (Flux and torque). The DTC controller sends

gating pulses to the inverter.

The DTC system does not need coordinate transformation, because all control actions
are performed in a stationary frame of reference. As a result, this system is not as
susceptible to parameter fluctuations as other control techniques. There is also no
feedback current control loop, thus control operations are not delayed as they are with
current controllers. Also, there is no PI controller, rotor speed or position sensor, or
pulse width modulator. So, it is a sensor-less control system because it doesn't need a
mechanical sensor on the shaft to run the motor. To close the loop, on-line torque and
flux estimators are utilised. Here, hysteresis comparators are used to directly regulate

the torque and stator flux [32].
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Figure 4.1 Schematic diagram of Conventional Direct Torque Control

The interaction of stator and rotor fields produces the governing equation for torque
in this design. Torque and stator flux linkage are calculated using motor terminal data
such as stator voltages and current. The hysteresis control of stator flux and torque
selects an appropriate voltage vector for VSI switching from among six nonzero

voltage vectors and two zero voltage vectors.

This control approach entails a comparative control of the torque and stator flux. It
is more commonly used in regulating electrical machines since it is a simple and urable
approach. Because the stator current and voltage are regulated indirectly, no current

feedback loops are necessary. The block diagram of conventional DTC is given below

4.2 Working Principal of DTC

In PMSM stator flux can be calculated using the equation below :

Ys= [ (vs —Rs.ig)dt .41

Here vs; and i; denotes stator voltage and current respectively and R denotes the

resistance of the stator windings.

The stator flux may be characterised as the time integration of the stator voltage,
ignoring the stator resistance voltage drop. As the motor is powered by a 3- Phase
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voltage supply the motor flux will build up in the direction of the voltage vector. The
stator voltage vector may be any of the six non-zero vectors in Fig 4.2 or zero at any

time if the inverter is operated in a certain switching mode.

q-axis

Vi A

Vs

Figure 4.2 Voltage vectors and the six sectors for stator flux

So, in motoring mode an angle is created between the stator flux and rotor magnetic

flux this angle is called load angle 6.

Now if we divide the stator flux vector in d-q components we can write:
Y5 = |Y®|cosé .. (4.2)
Yy = [Y°®|sinéd .. (4.3)

So, equation (2.16) can be re written as,

. S 5—

ig = m . (4'4)
Lg

. |Y°|siné

lq = T .. (4.5)
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According to (2.29), (4.4), (4.5) we can say,

3 |yS| sin & [YS] cos -y, |P5]|siné
To=-P [l/)r. I + (Lg — Ly)- PR e (4.6)

Now, For an SPM (Surface Mounted Machine) with a consistent air gap L, = Lg =

Ls. So, equation (4.6) becomes

T, =

N W

P :

.L—.|l/)5|.l/JT.Sll’l5 e (47)
q

Torque increment equation can be written as

AT, =

N W

.Li.l/)rllpSIAc?. sinAd§ ... (4.8)
q

From (4.7) and (4.8), we can see that the electromagnetic torque in a PMSM depends

on the load angle (8) and the strength of the stator flux (*). As a result, stator flux

Figure 4.3 Stator and rotor fluxin & — 8 and d-q reference frame
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may be used to adjust load angle as much as necessary to provide quick torque
response. By selecting the proper switching of the inverter, we can adjust the stator
flux a magnitude and the load angle [33]. In figure 4.3 a representation of stator and
rotor flux in afy and D-Q reference frame is shown.

4.3 Controller of DTC

A voltage vector is selected in DTC depending on the magnitude of the torque error,
flux error, and the position of the sector in question. In this method, the active vector

and the zero vector are employed at the same time in each sampling period.

4.3.1 Flux and sector estimator

We require the coordinate transformation in this torque control system as the currents
from the three-phase motor are sampled. Three phase voltages (v, vy, v,) and
currents (ig, ip, i) of the inverter are converted to af axis voltages (v,,vg) and currents
(iasig) by using Clarke transformation shown below. The relationship is demonstrated

by the (4.9) and (4.10) functions.

i 1 —0.5 —0.57[l]
[."‘]:[O V3 _ﬁ] ip| ....(49)
2 2 11,

[va [1 —0.5 —0.5] [Ua'
= V3 V3[|Vp| ....(410)
g 0 2 2 Ue |

A PMSM's stator flux linkage may be described in a stationary reference frame.

According to Equation (2.11) :

. ay.
ve = Rg.ig + dts o (410)
ay. .
dts =v, — Rs.ig  ....(412)
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Y, = [(vs — Rg.ig) dt ....(4.13)
It can be represented in a-p axis using following equations:
Vs = [(Vg — Rs-ig)dt  ....(414)

Y5 = [(vp — Rs.ig)dt ... (415)

Sector Angle
1 [-30, 30]
2 [30, 90]
3 [90, 150]
4 [150, 210]
5 [210, 270]
6 [270, 330]

Table 4.1 Sector selection table

Now, the stator flux can be calculated using 5 and 1/);.

S| = J(lpz)z @ @16

The angle between two components of stator flux vector is defined using the following

equation:
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a =25 = tan‘l(%) ... (4.17)

According to the angle & the sector of the flux vector is estimated using the following

table

4.3.2 Torque Estimation:

According to equation (2.28) the Electromagnetic torque can be estimated in af axis.

T, ==.P.(Yi.ip — Wfla) .. (418)

4.3.3 Torque and Flux hysteresis controller

Two hysteresis controllers are required for DTC of an PMS motor. PMSM drive
performance gets affected by the ripple in torque and flux, the current harmonics, and
the switching speed of power electronics devices. Torque hysteresis bands minimize
torque ripple, whereas flux hysteresis bands reduce current distortion. Every
sampling time, the inverter's switching status is updated. The inverter state remains
fixed until the hysteresis controller output states change within a sampling interval. If
the hysteresis band remains constant, the switching frequency is entirely determined

by the rate of change of torque and flux.

4.3.3.1 Flux Hysteresis Controller

By comparing the flux reference point with the estimated flux (Y,.r — ¥° = e,r) the
flux error is calculated. If this error exceeds the hysteresis band limit, the flux
controller output is high "1." If the mistake is inside the hysteresis range, the output is
alow "0," as shown in Figure (4.4). If the output is high, it indicates that a flux increase

is necessary, whereas a low output indicates that a flux drop is required. The flux

controller's bandwidth is 2Hy, [21].
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The output signal of hysteresis flux controller is defined as given below:

1, lps < lpref - Hl/)

.. (4.20
0, lzbs < lzbref + Hl/) ( )

s = |

r 3
-
v

w ref

v

- i
Ld —

F 3

N @ X g d'-PS (Flux Status)
w
|

s Hy Hy 1pbrnfzf — ¥ = Yoy

2H,, |
Figure 4.4 The Flux Comparator

4.3.3.2 Torque Hysteresis Controller

The torque error is calculated by comparing the torque reference point with the
estimated torque (Trof — T, = T¢py). It is necessary to either raise, reduce, or keep
the torque constant. Therefore, as illustrated in Figure (4.5), a three-level comparator
is appropriate for torque demands. The torque status may be equal to "1" which
indicates that an increase in torque is required; "-1" which indicates that a drop in
torque is required; or "0" which indicates that no change in torque is necessary. The

torque comparator's band width is 2Hy. [21].
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The output signal of hysteresis torque controller is defined as given below:

.I|rt=_'J|r

| Tesl

4.3.4 Switching table

T, < Tref — Hrp
T, = Tref
T, < Tref + Hy

+1

A

Y

2H;

... (421)

Figure 4.5 The Torque Comparator

The necessary stator flux can be imposed by selecting the best Voltage Source Inverter

state. The stator voltage directly impresses the stator flux according to the following

equation if the ohmic drops are disregarded for simplicity.

or,

d¥,
dt s
AY, = v, At

... (422)
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The stator flux modulus and torque may be independently controlled by modifying
the radial and tangential components of the stator flux-linkage space vector at its
point. There is a straight correlation between the two components of the same voltage
space vector (R s = 0). There are many possible dynamic stator flow locations shown

in Figure (4.6), each with their own set of VSI states. The discontinuous line denotes

V3 (010) V2(110)

V3 (FD.II)
V2@
vaory - \/ - vs@pip¥ |¥ V6@FLID)
V1 (100)

V5 (001)

V6 (101)
six sectors of the possible global location.

Figure 4.6 Different potential switching voltage vectors and the location of the stator

flux vector.

Figure 4.6 shows how the general Table 4.2 can be written. Table 4.2 demonstrates that
the states 1}, and V3, which, depending on where the stator flux is, can both increase
(first 30 degrees) and decrease (second 30 degrees) torque in the same sector, are not

properly considered when calculating torque.
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VOLTAGE VECTOR INCREASE DECREASE

Stator Flux Voo Vi1, Vet Va2 Vs Voo

Torque Vit Virz Vi—2,Vn-1

TABLE 4.2 General Selection Table for Direct Torque Control, (n = sector)

Below is a DTC traditional lookup table:

Sector(N)
dy dT, N= N=2 N=3 N= N=5 N=
1 V, Vs A Vs Ve Vi
1 0 v, Vo v, Vo V; Vo
-1 Ve Vi V, V3 Va Vg
1 /A A Vs Vs Vi V2
0 0 Vo V; Vo vy Vo Vz
-1 Vs Ve 4 Vs Vs Vs

Table 4.3 Voltage Vector Selection Table for Direct Torque Control

Sectors S1 through S6 make up the stator flux space vector. There are only two
possible values for the stator flux modulus error following the hysteresis block (Figure

4.4). Three alternative values can be assigned to the torque error following the
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hysteresis block (Figure 4.5). When the torque error is within the specified hysteresis

limits, the zero voltage vectors VO and V7 are chosen and must not vary [35].

4.4 DTC Schematic:

Figure 4.5 depicts a potential Direct Torque Control scheme. As seen, there are two
distinct loops that correlate to the stator flux's magnitudes plus torque. The reference
value of torque is calculated using a PI controller. The input of the PI controller is
speed error and output are torque reference. The error values are delivered to the two-
level and three-level hysteresis blocks, respectively, based on comparisons between

the reference and actual values for the flux stator modulus and torque. As inputs to

the look up table are the outputs of the stator flux error and torque error hysteresis
blocks, as well as the location of the stator flux (see table 4.3). The flux position of the
stator is divided into six discrete sectors. The stator flux modulus and torque errors
tend to be restricted inside their respective hysteresis bands, as seen in Figure 4.7.
Figure 4.8 diagram shows how to do the DTC flux and torque calculations using two

distinct phase currents and the PMSM input voltage [35].

Qs4
Selected by | | 7, S
Hysteresis 3 £
e v, -.

Vi Vi

ds

Vs Ve

< >
Hysteresis band

Figure 4.7 Potential stator flux vector paths with DTC inside the hysteresis band
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Figure 4.8 Schematic Diagram Of DTC
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Chapter 5

Duty Ratio Modulation Scheme

5.1 Preliminary Idea

The standard DTC motor drive has flux and torque ripples as none of the inverter
vectors can give the right changes in both torque and stator flux. However, the ripples
in the electromagnetic torque and stator flux may be decreased utilising several ways.
Some of these strategies require high switching frequencies or a change in the
topology of the inverter. However, it is possible to use systems that don't need any of

these strategies, like duty ratio control.

5.2 Purpose of use

High the switching frequency is beneficial for DTC PMSM drive as it decreases the
harmonic content of stator currents and also leads to reduced torque ripple. But, using
a high switching frequency will result in an increase in switching losses which leads
to a reduction of efficiency. It will also raise the stress on the inverter's semiconductor
components. Beside this, a fast processor is necessary when the switching frequency
is high since the control processing time becomes shorter. This raises the cost. Also, it
is feasible to employ more switches when the inverter topology is modified, however
this would raise also the prices. So, to counter those draw backs duty ratio control

strategy is used which does not require inverter which has higher number of switches.

5.3 Application

As the electromagnetic torque and stator current exceed their reference values early
in the cycle when a voltage vector is used in a typical DTC PMSM drive, a
considerable torque ripple is produced throughout the cycle. The zero switching
vectors are then applied to lower the electromagnetic torque to the reference value,

which is followed by switching cycles. The proposed procedure includes applying
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the specified active states to the inverter for only long enough to obtain the torque

and flux reference values. When switching is complete, a null state is chosen that

P Active Vector Applied :
E_ For Full Sampling D
= Period. ; A
= \ ;
i T
C B :
T; : . S
; T —-= - Zero Vector Applied
er —pp : € g ' after i
-, — SO rOL S—
To A : :
- i Timef(s)
it =d.T, Pt =T — 1L :
- >
: T's=Sampling Time (one control cycle)
E.T. (K +1).T

Figure 5.1 Duty Ratio Modulation

will not nearly modify the torque or flux. As a result, each time a switch is made, a
duty ratio must be calculated. It is feasible to apply any voltage to the motor by

changing the duty ratio between its extreme extremes [35].

5.4 Duty ratio calculation

The prime task for duty ratio modulation is to define the duty ratio. Total Sampling
period of voltage vector is divided into two parts. The duration of active voltage vector
switching t; and the switching time of zero voltage vector t,. The duty ratio
calculation block is used to compute these. The torque error AT,, has a direct
correlation with the on time ;. The on time is calculated using the following equation

[20].

Ymr . when AT, <Ty
ty =4 ™ ...(5.1)
T, ; when AT, > Ty
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Off time, to = TS - tk'

While maintaining the simplicity of traditional DTC, this method can significantly
reduce torque ripple while maintaining a constant switching frequency. This is the

main advantage of this duty ratio control method.

The switching signal comparison between the traditional method and the suggested
one is shown in Fig. 5.2. In the traditional approach, each sampling period only uses
one switching vector. However, as depicted in Fig. 5.1 (a), the proposed method makes
use of the effective voltage vector and zero-vector 5.1 (b). The torque waveform in the

suggested control scheme is shown in Fig. 5.1 (c). Effective voltage vector and zero-

Va Vi Ve, v, Ve Vo
S - PR - I-- >
5, a & T.—t; |
- - I
Sy Sp I
s, T, T, s, T, T,

(a) Conventional DTC (b) Proposed method

T+Ty

Lo iy Toniksn

T

m

s SO IR t Lierme s
k] 0 | |t

B

o
(¢) Torque waveform of the proposed case

vector are provided during a sampling period for comparison with the traditional

DTC [20].

Figure 5.2 The comparisons of switching signals and torque waveform
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Figure 5.3 Duty Ratio Modulated Direct Torque Control

PMSM

Figure 5.2 demonstrates the Modified DTC of PMSM block diagram. The only

difference between this method and conventional DTC is the addition of a block for

duty ratio calculation. Only the voltage vector is determined by the switching table.

The voltage vector and switching time are used to create the final switching pulses.

The on time t; is calculated by the duty ratio calculation block. Then switching pulses

are generated using the on time. A PWM block is used in order to modulate the voltage

vector which is coming from Voltage Vector selection Table [34].
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Chapter 6

Maximum Torque Per Ampere Control

6.1 Basic Idea Of MTPA

Maximizing torque while using the least amount of stator current is the purpose of
MTPA control techniques. Overall system efficiency rises due to reducing copper loss

in this way —at least while copper loss is noticeable. [36].

6.1.1 Field Weakening Control Mode

The stator voltages, rated current, and back emf regulate the maximum speed of a
motor when vector control is used to operate it at rated flux. This is referred to as the
base speed. Beyond this speed, the machine's operation becomes complex because the
back emf exceeds the supply voltage. However, if the D-axis stator current (1) is set
to a negative value, the rotor flux linkage is reduced, allowing the motor to run faster

than the base speed. This is known as field-weakening control of the motor [37].

Field weakening
A I Control

Stator
Voltages

Torque

Stator current / \
/ Rotor Flux

t
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Speed Of the Rotor———p Base Speed

Figure 6.1 Field Weakening Control Plot
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The reference d-axis current (I;) in the field-weakening control also, restricts the
reference g-axis current (I;), and hence the torque output, depending on the connected
load and rated current of the machine. As a result, the motor functions in the constant
torque region until it reaches the base speed. As shown in Figure 6.1, it functions in

the constant power region with a restricted torque above the base speed [37].

6.1.2 MTPA

The saliency in the magnetic circuit of the rotor leads in a higher L, /L, ratio for the
inner PMSMs (greater than 1). This results in rotor reluctance torque (in addition to
the existing electromagnetic torque). As a result, you can operate the machine at an

optimal combination of iy and i, to generate more torque for the same stator current,

iy = \/(id)z +(i)" .61

Because the stator current losses are reduced, the machine becomes more efficient.

Maximum Torque Per Ampere (MTPA) is the name of the algorithm which is used to

iq A T,
T, T,>T,

Current
Limited
Circle

lg

Field
Voltage Limited Weakening
Eclipse Region
wp > Wy
Figure 6.2 MTPA Curve
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create the reference "i;" and "i," currents for the machine's maximum torque output

[38]..

6.2 Control Action

The d-q currents are specifically specified when employing the maximum torque per

ampere (MTPA) control method by,
iamrpa = fa(T™) and ig yrpa=fq(T*) ....(6.2)
The optimal current iy yyrps and ig yrpa is function of optimal torque T™.
D-Q axis flux vector can be obtained by equation (2.28)
Yy = Lq. 1 ... (6.3)
Vyg=Lg.ig+ ¥, ..(64

Because of this, an indirect technique to calculate the stator flux amplitude s* relative

to dq currents iy yrpa, and iy yrpa Dy,

* : 2 .
Vs = \/(Ld- lamrpa T qu) + (Lq- lq,MTpA)Z .... (6.5)

The d-q axis currents in MTPA control are often determined from a LUT or by
calculating a series of equations online. The d-axis current is forced to zero in this

thesis in order to achieve MTPA.

If, ig yrpa = O then equation (6.1) becomes,

ImTPA = lgMTPA ... (6.6)
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Also,

. 2.T*
lMTPA = 3P, (67)

In equation (6.5) if we put ig prpa = 0. It becomes,

W= (¥)?+ (Lg-igmrpa)? ... (6.8)

Now, from equation (6.6), (6.7), (6.8) we can establish a relationship between torque

and flux by following equation,

w; =\/‘I’r2+Lq2( 2 )2 e (69)

3.P.Y¥,

Using this equation, we can establish a relationship between flux and torque.
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Chapter 7

Advanced Duty ratio Modulation Scheme

7.1 Basic Principle

In any control scheme inclusion of more number of variable parameters with specified
limit provide better controllability upon desired parameter. View of this fact, in this
thesis combination of Duty Ratio Modulated DTC and MTPA approach are used to
develop an advanced technique to get better torque response. Using the MTPA
equation torque is calculated by converting the estimated flux. A new torque error is
generated by comparing this MTPA calculated torque with the reference torque, and
it is used to calculate the duty ratio. Now, in advanced scheme duty ratio or on time
is calculated by taking Average of conventional DTC on time and MTPA calculated
on time. The torque ripple is significantly reduced using this technique comparing the

parent methods.

7.2 Proposed Method

Duty ratio calculation in traditional Duty Ratio Modulation Scheme :

On time or active voltage vector switching time as per equation (5.1)

AT,
—T; when AT, <Ty . .
tin =4 Tn T, = Sampling period
T, ; when AT, > Ty

The torque error ( T,y ) is calculated by comparing estimated torque and the reference

torque (output of PI controller).

ATy = Tyop — Toge .. (7.)
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Duty ratio calculation using MTPA based Duty Ratio Modulation Scheme :

In this method the estimated torque is calculated using MTPA equation and then it

is compared with the reference torque (output of PI controller). In order to achieve a

new value of AT,

From equation (6.9),

* 2 2 ZT* 2
Ys= |+l <3PSU)
P,

So,

3P.Y, 2
Tew =~ % \/|(tp 22| I )
q
Using the above equation, the estimate flux is converted into corresponding torque
and using this newly calculated torque we can calculate the new value of torque error.
ATwew = Trer — Thew e (7.3)

Now, using this new torque error value the new duty ratio is calculated.

ATI‘L@W

Ts; when AT, <Ty
tr, =4 T . (7.4)
T, ; when AT,en, > Ty

T, = Sampling period
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Duty ratio calculation using proposed Advanced Duty Ratio Modulation

Scheme :

In this thesis duty ratio or on time ¢ is calculated by taking average of on times

of previous two methods as below and the limiting condition is based on A T,

b T+ b

2T, T ; when AT, <Ty

tk =
\ T, ; when AT, > Ty

The torque error (AT, ) is calculated by comparing estimated torque and the
reference torque (output of PI controller).

AT, = ref — Test

By using this method, a significant reduction in torque ripple can be observed

compared to all other methods discussed previously.

Inverter Pulse

Normal Torque Generator
etror Conventional Duty bia
 —
Ratio Calculation
»  Advanced Duty Lk
» Ratio Calculation
MTPA based Duty
—..
. . tk
MTPA calculated Ratio Calculation 2

Torque error

Figure 7.1 Schematic diagram of advanced duty ratio calculation

65



Chapter 3

Results and Discussion

8.1 Simulation

Four types of simulation models have been tested and compared in this paper. At first

a model for conventional DTC is simulated in MATLAB Simulink. Then it is modified

with duty ratio modulation technique and the result of them is compared. After this

the duty ratio modulated DTC is again modified now the torque for torque error

calculated by converting the estimated flux using MTPA equation. And finally a

model comprised of combination of conventional DTC and MTPA DTC has been

simulated. The results from each Simulation are obtained from MATLAB Simulink

and provided here. At first the motor parameter used for simulation is provided here:

Parameters Values Unit
Permanent Magnet Flux (¥,) 0.175 Weber (Wb)
Stator Resistance (Ry) 2.875 Ohm (Q)
No. of Pole Pairs (P) 2
Moment of Inertia (J) 0.0008 Kg-m?
Friction Factor (B) 0.0001 Nm-s
Q-axis Inductance (L,) 0.0085 Henry (H)
D-axis Inductance (Ly) 0.0085 Henry (H)

Table 8.1 Parameters of PMSM
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8.1.1 Block Diagrams Developed in Simulink
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Figure 8.1 Simulink Block Diagram for conventional DTC of PMSM

A Simulink block diagram for DTC is displayed in Figure 8.1. Here, the sector, flux,
and torque are estimated using an estimation block. The error is then calculated after
comparing the estimated values to their reference values. Here, the torque and stator
flux are controlled directly using hysteresis comparators. The appropriate switching
voltage vector is then chosen from the vector selection table using the output values

of the hysteresis controllers and the estimated sector.

Figure 8.2's block diagram is fairly reminiscent of a normal DTC, but it also includes
an additional block for calculating duty ratio and a PWM block for modulating

switching pulses.
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In this block diagram in Figure 8.3 on time ¢, for duty ratio control is calculated by

taking average of on times of conventional DTC and MTPA based DTC.

8.2 Results

8.2.1 Speed Response

Speed vs Time
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Figure 8.4 Simulation Result of Speed Response of Conventional-DTC
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Figure 8.5 Simulation Result of Speed Response of Duty Ratio Modulated DTC
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Figure 8.6 Simulation Result of Speed Response of MTPA based Duty Ratio
Modulated DTC

Speed vs Time
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Figure 8.7 Simulation Result of Speed Response of Advanced Duty Ratio
Modulated DTC
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8.2.2 Torque Response

Torque vs Time
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Figure 8.9 Simulation Result of Torque Response of Duty Ratio Modulated DTC
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Figure 8.10 Simulation Result of Torque Response of MTPA based Duty Ratio
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Figure 8.11 Simulation Result of Torque Response of Advanced Duty Ratio Modulated DTC

72



8.2.3 Observation

Speed- The steady state speed is achieved quickly in Duty Ratio Modulated -DTC
compared to Modified Duty Ratio Modulated-DTC. But in the Modified Duty Ratio
Modulated-DTC, the ripple is lesser than in Duty Ratio Modulated -DTC.

Torque- The torque ripple in conventional DTC is fairly high. Again, we can
significantly lessen the torque ripple by applying duty ratio modulation and MTPA
based duty ratio modulation. However, by employing the Advanced Duty Ratio

Control approach by which we can reduce the torque ripple even further.

8.3 Comparison of the results and discussion

Ripple Conventio | Duty Ratio | MTPA based | Advanced
Percentage (%) nal- Modulated - | Duty Ratio | Duty Ratio
DTC DTC Modulated - | Modulated -
DTC DTC
Speed 0.4266 0.5121 0.2456 0.1522
(Ref- 300 RPM)
Torque 23.63 15.54 9.086 1.025
(Ref-1 N-m)

Table 8.2 Ripple Percentages of the Response of Different Parameters

We can make the following decisions by looking at the ripple percentages listed in the

previous table:

In the case of Conventional DTC, the speed ripple is 0.4266% but the ripple
percentage gets little bit of higher (0.5221%) in case of Duty ratio modulated DTC but
for Modified method ripple percentage is quite low which is 0.2456%.Lastly in
Advanced scheme speed ripple is lowest 0.1522%. The proposed technique has the
best speed response of all the situations examined here, therefore even though our

purpose was to reduce torque ripple, it has also succeeded in doing so.

73




In the instance of torque ripple, it is evident that the Advanced approach that is here
proposed has a relatively low level of torque ripple. About 1.025% of it. However, it
is 9.086% for MTPA based duty ratio modulation, 15.54% for DTC with duty ratio
modulation and 23.63% for conventional DTC. Therefore, using Advanced Duty Ratio

Modulated-DTC will help us reach our aim since the torque ripple will be at its lowest.

The reactions to each of the four scenarios are shown here and contrasted. The ripple
percentages are included in the tables for each parameter. The suggested method in
this case has the smallest speed and torque ripples. Overall, compared to the other
approaches listed here, the Advanced Duty Ratio Modulated-DTC method for

managing PMSM is far more effective.
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Chapter 9

CONCLUSION

9.1 Contributions to the work

At first, a literature survey related to the research area has been done and various
vector control techniques for speed control of PMSM has been compared and

evaluated.

So far as speed control is concerned in electric drives, PMSM is one of the most
effective machines. So, it is used as this project's work plant. Also, PMSM has been
studied with all the dynamic machine equations and necessary diagrams during this

project.

Three-Phase Voltage Source Inverter has been utilised to drive the PMSM, as PMSM
is not a self-starting machine. The theory of the Three-Phase Voltage Source Inverter

with the necessary circuit model has been studied.

After completing research on various speed control methods, it was discovered that
DTC is the best method for controlling PMSM speed. In order to employ the DTC
technique for this project, the theory of Direct Torque Control has been thoroughly

examined using key equations, necessary tables, and pertinent illustrations.

Torque ripple is a major downside with DTC, though. Several methods are employed
to lessen this wave. Duty ratio modulation is one of the most widely used methods. It
is fairly simple to implement and dramatically lessens torque ripple. In light of this,
the approaches for duty ratio modulation have been examined and discussed, along
with all relevant calculations and figures. It was then incorporated into the system to

lessen the ripples.
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The Duty Ratio Modulated DTC is once again enhanced for high performance
applications to obtain comparatively less torque and flux ripple. In this thesis
Conventional Duty ratio modulated DTC is combined with MTPA based Duty ratio
modulated DTC scheme to obtain an advanced Duty ratio Modulated scheme to
reduce the torque ripple more. For this purpose the advanced technique along with
MTPA technique was studied with all necessary formulas and implemented in this

work.

The response of the entire system have successfully been simulated in MATLAB
programme. Among all other existing schemes, it has been discovered that the
Advanced Duty Ratio Modulation Technique produces the greatest outcomes i.e.

lowest torque ripple.

9.2 Scopes of the future work

e This controller is robust enough so it can be used in practical
work effectively.

e Due to the simple and cost effective structure of the proposed
controller in this thesis it can be implemented in hardware easily
without using any expensive controller for further studies.

e Due to flexibility of this model, any other advanced controller
can be attached along with this controller in order to reduce
torque ripple further

e Response obtained using other existing controller can be

compared with my work for further studies.
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Speed controller gain :

Appendix

K;

K,

Upper and lower limit of Torque and flux Hysteresis controller :

+Ty; Ty 0.2; -0.2
+¥y; Yy 0.02; -0.02
Other Parameters :
DC Voltage (V4 300V
Torque Limiter (T ;i) 30 N-m
Sample time (T') 12.5us
Starting load torque (T}) 1 N-m
Load torque after 0.5 second (T}) 2 N-m
Flux Reference (W,.s) 0.4 Wb
Reference speed (w;.f) 300 RPM
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