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ABSTRACT

KEYWORDS: Synchronous Reluctance Motor; Space Vector Pulse Width Modu-
lation; Motor Drive; Sensorless Control; Extended Kalman Filter;

Flux Weakening

The Synchronous Reluctance motor is a variant of the Synchronous motor that relies on
the principle of magnetic reluctance for generating torque. Due to its cost effective na-
ture and the higher efficiency it offers compared to most conventional motors, it is being
looked at as an alternative for the Induction Motor and Permanent Magnet Synchronous

Motor for Electric Vehicles.

The design of a Synchronous Reluctance Motor drive using the Field Oriented Con-
trol method is discussed in this project. The motivation behind the use of sensorless
control techniques is stated and the applicability of the Extended Kalman Filter for es-
timating the state of the motor is shown. The theory behind flux weakening control of

the motor is also discussed.

Simulation studies are conducted in Simulink to show the working of Field Oriented
Control and sensorless control using Extended Kalman Filter. It is shown that with
proper tuning, the EKF can provide accurate estimates of the motor state variables and

hence be used for sensorless control.

The project concludes with hardware implementation of the Field Oriented Control
method on an actual Synchronous Reluctance Motor and demonstration of the starting,

speed reversal and braking operation of the motor under rated speed and voltage.

il



TABLE OF CONTENTS

ACKNOWLEDGEMENTS
ABSTRACT

LIST OF TABLES

LIST OF FIGURES
ABBREVIATIONS
NOTATION

1 INTRODUCTION
1.1 Relevance of Motor Control . . . . . . ... ... .........
1.2 Synchronous Motors . . . . . ... . ... ... ... ...
1.2.1  Synchronous Reluctance Motor . . . . ... ... ... ..
1.3 Motivationand Scope . . . . . . . ... ..o

1.3.1 Outlineof thereport . . . . .. ... ... .. .......

2 MODELING THE SYSTEM
2.1 MotorModel . ... ... . ... ...
2.2 Field Oriented Control . . . . .. .. .. ... ... ... .....
22.1 Currentcontroller. . . . . . ... ... .. ... ...
222 Speedcontroller . . ... .. ... ... .. .. ... ...
23 PWMitechniques . . . . ... ... .. ... ...
24 State Estimation . . . . . . .. . ... Lo
24.1 Introduction. . . . .. .. .. ...
242 EKFequations . .. ... .. ... ... .. .. .. ...,
243 EKFforSyRM . .. ... .. ... ... ... ...
2.5 Field Weakening operation . . . . . . . ... ... ... ......

2.5.1 Modesofoperation . . . . .. ... ... ... ......

il

ii

vi

viii

ix

~N O W W

=]

11
12
15
17
21
21
22
23
24
25



2.6 Summary

3 PARAMETER ESTIMATION AND SIMULATION STUDIES

3.1 Estimating the Motor Parameters .

3.1.1

Measuring the electrical parameters . . . . . .. ... ...

3.1.2 Measuring the mechanical parameters . . . . . . ... ...

3.1.3 Estimated motor parameters

3.2 Simulations

3.2.1
322

System model

Simulation results . . . .

3.2.2.1 FOC simulation

3.2.2.2  Analysis of the FOC simulation results . . . . . .

3.2.2.3 EKF simulation

3.2.2.4  Analysis of the EKF simulation results and guide-

lines forusingthe EKF . . . .. ... ... ...

4 HARDWARE IMPLEMENTATION

4.1 Hardware setup

4.1.1
4.1.2

Components required . . .

Component description . .

4.12.1 Inverter. . . ..

4.1.2.2  Microcontroller

4.1.2.3  Current sensor .

4.1.2.4 Rotary encoder .

4.1.2.5 Signal conditioningboard . . . . . ... ... ..

4.1.2.6  Autotransformer

4.1.277 Final hardwaresetup . . . . . . . ... ... ...

4.2 Programming the Microcontroller

4.2.1
422

4.2.3
424

Sampling and recording data . . . . . . ... ... ... ..

Reading the sensor data .

42.2.1 Speed estimation

PI Controller

Generating the gate pulses

v

29

30
30
30
32
33
34
34
38
38
43
44

52

54
54
54
55
55
55
55
56
56
58
59
60
60
61
61
62
62



43 Results. . . ..

43.1 Startingoperation . . . . . . . .. ...

43.1.1
43.1.2

With decoupling terms . . . . . . . ... ... ..

Without decoupling terms . . . . . . .. .. ...

432 Speedreversal . ... .. ... ... oL,

43.2.1
4322
4.3.3 Braking
433.1
4332

With decoupling terms . . . . . .. ... ... ..
Without decoupling terms . . . . . .. ... ...
With decoupling terms . . . . . . ... ... ...

Without decoupling terms . . . . . .. ... ...

434 Results with rated current limit . . . . . . . . ... .. ...

43.4.1
4.3.4.2
4343
4.3.4.4

Starting operation . . . . . ... ... ... ...
Speed Reversal . . .. ... ... ........
Braking . .. ... ... ... .. L.

Low speed operation . . . . . . ... .......

4.3.5 Summary and analysis of theresults . . . . . ... ... ..

5 CONCLUSION

5.1 Summaryofthereport . . ... ... ... ... ..........

52 FUTURESCOPE . . . .. ... ... .. . .

A APPENDIX

A.1 Symbolic math code for obtaining motor parameters . . . . . . . . .

A.2 Manufacturer’s testresults . . . . . . . . ... ... ...

A.3 Code repository

63
65
65
66
68
68
70
71
71
73
74
75
76
77
78
80

81
81
83

84
84
85
85



1.2

3.1
32

Al
A2

LIST OF TABLES

Brief Comparison of the major categories of motors[33] . . . . . . .

Motor nameplate details . . . . . . ... ... oL,

Motor parameters . . . . . ... .o e e e e e e e e

No Load Tests
Full Load Tests

vi

30
33

85
85



1.1

2.1
22
2.3
24
2.5
2.6
2.7
2.8

3.1
3.2
33
3.4
3.6
3.5
3.7
3.8
39
3.10
3.11
3.12
3.13
3.14
3.15
3.16

4.1
4.2

LIST OF FIGURES

ABB’s Synchronous Reluctance Motor[I] . . . . . ... ... ...

Rotor axes of the SyRM[21] . . ... ... ... ... .......
Controlloop . . . . . . . . . . .
Current control loops . . . . . . . . . .. ...
Speed controlloop . . . . .. .. ..o
Voltage Source Inverter block diagram[32] . . . . . ... ... ...
Space Vector diagram[20] . . . . . . . .. ... ... .. ... ...
A brief explanation of the working of the Kalman Filter algorithm[26]

Flux weakening modes of operation . . . .. .. ... ... ....

Lgestimation . . . . . . . . . . ..
Mechanical Time constant estimation . . . . . .. ... ... ...
Top-levelmodel . . . . . . . ... ... ... L.
Flow of Control in simulation . . . . . .. ... ... ........
Bode plotof wcontroller . . . . ... ... ... ... ... .. ..
Bodeplots . . . . . . . ..
EKEF state estimatormodel . . . . . . .. ... ... ... ... ..
Operationundernoload . . ... ... ... ... .........
Operation under loading . . . ... ... ... ... ........
Operation under loading . . . . . .. .. ... .. ... ......
EKEF for rated loading - speed and torque estimation . . . . . . . . .
EKEF for rated loading - current and torque estimation . . . . . . . .
EKEF for rated loading - torque estimation and 3-phase currents . . .
EKEF for low speed - speed and torque estimation . . . . ... ...
EKEF for low speed - current and torque estimation . . . . . . . ...

EKEF for low speed - torque estimation and 3 phase currents . . . . .

Analog conditioning circuit . . . . . ... ...

Hardwaresetup . . . . . . . . . . . . . .. ..

vii

11
12
16
17
19
21
26

32
33
34
35
36
37
38
39
41
42
45
46
47
49
50
51

58
59



43
4.4
45
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
421
4.22
4.23

FFT spectrum of direct axis current response at 100Hz bandwidth
Speed response for starting operation without decoupling terms . . .
Current response for starting operation with decoupling terms . . . .
Speed response for starting operation without decoupling terms . . .
Current response for starting operation without decoupling terms . .
Speed response for speed reversal operation with decoupling terms .
Current response for speed reversal operation with decoupling terms
Speed response for speed reversal operation without decoupling terms
Current response for speed reversal operation without decoupling terms
Speed response for braking operation with decoupling terms

Current response for braking operation with decoupling terms

Speed response for braking operation without decoupling terms . . .
Current response for braking operation without decoupling terms . .
Speed response for rated current limit starting operation . . . . . . .
Current response for rated current limit starting operation . . . . . .
Speed response for rated current limit reversal operation . . . . . .
Current response for rated current limit reversal operation . . . . . .
Speed response for rated current limit braking operation . . . . . . .
Current response for rated current limit braking operation . . . . . .
Speed response for rated current limit low speed operation . . . . .

Current response for rated current limit low speed operation

viii

63
65
66
66
67
68
69
70
70
71
72
73
73
75
75
76
77
77
78
79
79



SyRM
EKF
PMSM
IM
FOC
DTC
EV
PWM
SPWM
SVPWM
EPWM
VSI
DSP
CCS
TI
ADC
GPIO
MSB
FFT
EMI

ABBREVIATIONS

Synchronous Reluctance Motor
Extended Kalman Filter

Permanent Magnet Synchronous Motor
Induction Motor

Field Oriented Control

Direct Torque Control

Electric Vehicles

Pulse Width Modulation

Sinusoidal Pulse Width Modulation
Space Vector Pulse Width Modulation
Enhanced Pulse Width Modulation
Voltage Source Inverter

Digital Signal Processor

Code Composer Studio

Texas Instruments

Analog to Digital Converter

General Purpose Input Output

Most Significant Bit

Fast Fourier Transform

Electromagnetic Interference

X



NOTATION

Windage loss coefficient

Mechanical angle of rotor

Electrical angle of rotor

Currents in direct and quadrature axes
Motor current limit

Moment of inertia of rotor

Kalman Gain

Direct and Quadrature axis inductances
Number of pole pairs in the motor
Confidence matrix at k™" time step
Stator coil resistance

Generated torque

Load torque

Time step

Voltages in direct and quadrature axes
Voltages in alpha and beta axes

DC Bus voltage

Voltage space phasor

Inverter voltage limit

Mechanical rotor speed

Electrical rotor speed

Discretized state matrix at k%" time step
Predicted state matrix at k' time step



CHAPTER 1

INTRODUCTION

The electrical motor is an electromechanical device that has led to numerous advance-
ments in the field of engineering and technology. From something as trivial as the
vibration of the cellphone to something as complex as precision cutting tools, motors
are used for a wide range of applications. Enabling conversion of electric energy to
mechanical energy has led to motors being an indispensable device in the advancement
of technology and thus it is no wonder that the Electric motor market was valued at $91
billion as of 2015 and is expected to be valued at $117 billion by 2022 [25]. Amounting
to 40%][ 19] of all electric consumption, motors and generators are indeed the backbone

of the modern society.

1.1 Relevance of Motor Control

With motors becoming an integral part of all industries, it became a necessity to devise
means to control their speed and torque so as to make them suitable for specialized
applications. Various open loop and closed loop control strategies have evolved since
motors first started being used in industries and the goal for each advancement has been

the improvement of performance, precision and efficiency.

In early 20th century, DC motors had been the mainstay for variable-speed applica-
tions due to the ease of controlling them and the AC motors were preferred for constant
speed applications. However with the advancements in semiconductor technology and
improvements in microcomputers, by 1980s[34], the AC motors were also being em-

ployed for variable speed applications.

The earliest and the most basic variable frequency control strategy developed for AC
motors was the V/f control. Given the semiconductor technology at that time, it was not
very difficult to implement and it worked for a wide range of applications. However,

it offered sub-optimal performance in applications involving low speed or demanding



dynamic speed regulation or reversing load requirements. The research in the field of
motor control in the subsequent years led to the introduction of vector control and soon,

AC motors surpassed DC motors in terms of precision, speed range and response.

Vector control opened up several new areas of applications for motors, the most
prominent ones being precision machinery and process automation. Motor control now
involved, not only the motor itself but also the inverter that controlled the voltage input
to the motor, the switching technique, and the microcontroller, which in turn controlled
the inverter. This entire system consisting of the motor, inverter and the microcontroller

is essentially what a ’"Motor Drive’ is.

In the initial stages, vector control relied heavily on sensors, requiring accurate
measurements of rotor position and speed. However, usage of sensors also led to various
practical problems. The sensors required a complex hardware setup and the mechanical
attachment of the sensor to the machine was not easy even in a lab environment. Most
sensors were difficult to use in rough environments and needless to say, they also led to
increased cost of the system. Furthermore, the reliability of the readings was always a

problem and being prone to electromagnetic noise interference only aggravated it.

Although one could use scalar V/f control to get rid of these problems, the de-
mand of high performance would not be met. As a result, research in sensorless control
schemes gained popularity and by the 1990s, sensorless control of AC drives had im-

proved dramatically[29].

However, there was only so much an AC motor could do even when equipped with
vector control. Although it worked flawlessly for the applications it was designed for,
it did not perform as well for power generation and did not have good power density.
Soon, the need to look at different types of motors for more specific applications became

evident.



1.2 Synchronous Motors

Synchronous Motors are a variety of AC motors in which the rotation of the shaft is
exactly synchronized with the frequency of the supplied current. Unlike the Induction
motor which relies on current induction and hence rotates slightly slower than the input
current frequency, a synchronous motor always rotates at the supply frequency. The
fact that their speed is independent of the load over the operating range makes them
preferable in operations where precise speed or position control is required. One of the
most popular applications of this property is in power generation where the machine
works as a generator rather than a motor. These machines can also work at leading
or unity power factor and thus provide power factor correction. In terms of motoring
applications, synchronous machines are a viable alternative to Induction machines as

they generally provide better performance for low speed applications and actuation.

1.2.1 Synchronous Reluctance Motor

Figure 1.1: ABB’s Synchronous Reluctance Motor|[ ! ]

The Synchronous Reluctance Motor (SyRM) is a variety of the Synchronous motor
that does not have current flowing in the rotor and as the name implies, the torque
in this motor is produced through the phenomenon of magnetic reluctance. In terms of
construction, this motor is similar to the Induction motor. The major difference between

the two being the rotor.



While an induction machine usually has a squirrel cage rotor or a wound rotor,
a synchronous reluctance motor has a cylindrical rotor made of a magnetic material
which makes it capable of producing reluctance torque. From Figure 1.1, one can see
that the rotor shape is quite different from what one usually finds in an Induction motor

and that it does not have any windings.

SyRMs provide high power density at low cost making them ideal for many appli-
cations. Although the Permanent Magnet Synchronous Motor (PMSM) has the highest
power density among all the motors and is typically the best suited for most motoring
applications, it uses rare earth materials. As the name suggests, these elements are rare

(and costly) and thus PMSMs may not be a sustainable option in the long run.

The torque density offered by the SyRM is about %Td of that offered by the PMSM
which makes the SyRM a successful competitor for the PMSM[12]. SyRMs also have
a higher efficiency compared to Induction motors and have better thermal properties[4]

which makes them a strong competitor for the induction machines.

However, there are drawbacks that SyRMs suffer from. The first is the problem of
ripple torque. Since these machines rely on magnetic reluctance for torque generation,
they possess a higher torque ripple compared to the Induction motor and thus may not be
suitable for torque-sensitive applications. Secondly, the construction of the rotor for the
SyRM is rather complicated. As a result these machines are not manufactured as widely
as other AC machines. It has also been observed that they have a poorer efficiency and a
lower power factor compared to Induction Machine drives when operating below rated

conditions[24].

However, with the introduction of FOC and other vector control techniques, these
motors are garnering attention once more. Companies like ABB already have their
eyes on the SyRM technology and offer a complete drive based solution as one of their
products[ 1 8]. They have also successfully demonstrated the advantages of this motor in
the winch mooring system for M/S Gabriella[2]. Therefore, it would not be long before

these motors begin seeing a more frequent industrial and domestic use.



Motor Advantage Disadvantage Typical
Application
Brushed DC Simple speed Maintenance (brushes) Steel mills
Motor control Medium lifespan Paper making
Low initial cost Costly commutator and machines
brushes Automotive
accessories
Brushless Long lifespan Higher initial cost Rigid ("hard")
DC Motor Low maintenance Requires closed-loop disk drives
High efficiency control CD/DVD players
Electric vehicles
RC Vehicles
UAVs
Squirrel Self-starting High starting current Low-performance
Cage Low cost Lower efficiency due to || applications of all
Induction Robust need for magnetization. types
Motor Reliable
Ratings to 1+ MW
Standardized
types.
Wound Synchronous Higher cost Industrial motors
Rotor Syn- speed
chronous Inherently more
Motor efficient than
induction motor
Synchronous || Equivalent to IM Requires a controller Appliances
Reluctance except more Not widely available Electric vehicles
Motor robust, more High cost Textile mills
efficient, runs Aircraft
cooler, smaller applications
footprint
Competes with
PM synchronous
motor without
demagnetization
issues
Permanent High power High cost Machine tools
Magnet density Requires rare earth Industrial drives
Syn- High efficiency elements Electric Vehicles
chronous High power factor Prone to
Motor demagnetization by
overheating

Table 1.2: Brief Comparison of the major categories of motors[33]




1.3 Motivation and Scope

As mentioned in Section §1.2, the SyRM is one of the best choices for Electric Vehicle
(EV) applications. It offers a higher power density and efficiency compared to the

Induction Motor and does not require the rare-earth materials that PMSM requires.

Since their invention, SyRMs have been of considerable academic interest and have
been explored to a great extent by various researchers. The technology is far from dead
as the major conferences still see papers on SyRM and its applications on a regular
basis[6, 17, 10]. In the initial years, the focus of the research was mainly on exploring
the properties of the motor, followed by building suitable drives for it. In recent years,
however, the focus has shifted to designing controllers that also consider the effects of
non-linearities which are usually ignored when modeling the motor[ 3] and improving
the control performance using advanced control techniques[ | 4] or neural networks[15].
In terms of sensorless control, the most common techniques involve either flux ob-
servers or high frequency signal injection[16]. Some studies have also combined the
desirable properties of these two control techniques and introduced hybrid schemes[35]
that work for the entire range of operation. There have also been studies published us-
ing Kalman Filters[23], which are also the estimation tools used in this project, but they

do not appear to be as popular in literature as the former two schemes.

Apart from this, active research is also being carried out on optimizing the rotor
design[28, 27, 22] and developing better manufacturing techniques[36, 9] to reduce
the cost associated with making the rotor. However, discussion of rotor design and

manufacturing techniques is beyond the scope of this project.



1.3.1 Outline of the report

The goal of the project is to explore the control requirements of a synchronous reluc-
tance motor and test the applicability of the extended Kalman Filter as a state estimation

technique for sensorless control.

Chapter 2 presents the mathematical model of the system. Section §2.1 includes
the dynamic equations that govern the electrical and mechanical behavior of the syn-
chronous reluctance motor. This is followed by a discussion of the Field Oriented Con-
trol technique in Section §2.2 which also includes a discussion on the choice of con-
troller gains for the PI controller. Following this, details of the SVPWM technique used
in the inverter operation are presented in Section §2.3. Section §2.4 presents the ap-
proach to state estimation using the Extended Kalman Filter and the chapter concludes

with a discussion on the field weakening operation of the SyRM in Section §2.5.

Chapter 3 presents the motor parameter estimation methods in Section §3.1. Sec-
tion §3.2 presents the approach for building the system model in Simulink, and dis-

cusses the results obtained through the simulation studies.

Chapter 4 involves a discussion of the hardware implementation of the controller.
Section §4.1 presents the details of the hardware setup used for testing the controller.
This includes a brief description of the major components involved in the hardware
implementation. Section §4.2 discusses the programming aspects of the hardware im-
plementation, and includes details of the data capturing and pulse generation processes.
The chapter concludes with the discussion of the results obtained using hardware im-

plementation of the controller, in Section §4.3.



CHAPTER 2

MODELING THE SYSTEM

2.1 Motor Model

For a synchronous motor, it is particularly useful to model the motor in the DQ ref-
erence frame aligned to the rotor. This is because in a synchronous machine, the DQ
frame aligned to the rotor sees the sinusoidal currents flowing in the stator and the sta-
tor voltages as constant quantities and thus it becomes easier to build and analyze the
model. Of course, using the Park and Clarke transformation and their inverses, one can
always transform the relevant quantities - usually voltages and currents - from the DQ

frame to the natural ABC frame and vice-versa.

The model can be derived from scratch by obtaining an expression for the self and
mutual inductances between the stator phases in the natural frame and then transforming

them to the rotor oriented DQ frame. The final model equations are as follows:

Vd Rs —wl id Ld’Ld
= ! +| (2.1)
Vg wLg Ry iq Lgig
The subscript d indicates a component along the d axis, that is, aligned with the axis
of the rotor which has the maximum percentage of iron along it, while a subscript ¢
indicates a component along the ¢ axis, that is, leading the d axis by 90° (electrical).

The ¢ axis has the minimum iron content along it. A graphical representation of the

axes is shown in Figure 2.1

In equation (2.1), v4, v, are the instantaneous voltages. R, is the stator resistance.
Lq, L, are stator inductances, and 4, %, are the instantaneous currents flowing into the

motor. w is the instantaneous electrical speed of the motor.

From the equations, one can see that there are only two voltage components involved

in the model as opposed to 3 (as in the case of a wound field Synchronous motor) or



d-axis
[43]

Figure 2.1: Rotor axes of the SyRM[2 1]

4 (as in the case of a Squirrel Cage Induction motor). A reduced order of the system

essentially adds to the ease of building a controller for the machine.

(0¥ _ Lgig 22)

wq Lqiq
Y4 and 1, are the stator flux components. Note that they are only dependent on
the inductances and the currents flowing in the respective axes. For this project, we
align the D-axis of the DQ frame to the magnetic rotor axis. Due to the geometry of
the machine, it turns out that L, > L,. Of course, since it is only notation, one is free
to adopt any other alignment as well. However, the alignment needs to be consistent

throughout for getting meaningful results.

3 o
Ty = 5P (Lg — Lyg) iqiq (2.3)

7,4 1s the generated electromagnetic torque and p represents the number of pole pairs

of the rotor. Note that this equation is valid only if one uses the power variant Park



transform. In case of the power invariant transform, the constant % would be replaced

by 1.

One can see that the generated torque depends on the difference between the values
Lq and L,. In most literature on this topic, a quantity called saliency ratio, given by
€= %, is defined. It is easy to see that a higher saliency ratio also results in a higher
generated torque if L, is maintained at the same value, and thus, maximization of the
saliency ratio is an important objective in rotor design. While most SyRMs have a
saliency ratio of about 6-8, values as high as 21[5] have been reported for an axially

laminated anisotropic rotor in unsaturated operation.

Another point worth noting is that the generated torque requires both 74 and ¢, to be
non-zero to produce a non-zero value. This essentially means that one cannot force 7,
or i4 to zero for simplifying the machine control as is done with most other motors like
IMs and PMSMs. However, one can hold either i4 or i, at a fixed reference value and

manipulate the other variable to simplify the torque control of the motor.

JWy = Ty — Bwy, — 71, 2.4)

The equation above represents the mechanical characteristics of the motor. J is the
rotational inertia of the shaft and B is the coefficient of friction. 7, is the generated elec-
tromagnetic torque and 7, is the load torque applied on the shaft. w,, is the mechanical

speed of the motor and is related to the electrical speed by w = pw,,.

Finally, note that the model does not make any assumptions about the waveforms or

the magnitudes of the stator voltages and currents.

10



2.2 Field Oriented Control

The goal of most motor drives is to ensure that the motor speed is maintained at a
user-defined set-point and does not deviate from the set-point under the rated operating

conditions.

There are various techniques discussed in literature that achieve this goal. The most
common ones are Direct Torque Control (DTC) and Field Oriented Control (FOC).
DTC involves estimation of the generated torque and stator flux, and comparison of
these quantities with their reference values so as to generate a voltage vector that re-
duces the error between the estimates and the references. On the other hand, FOC
involves resolving the machine currents into a Field component and an armature com-

ponent and thus implementing a control method similar to that of the DC machine.

For a SyRM, since torque ripple is already a concern, DTC may not be the best so-
lution as it generates a significant torque ripple by design. Instead, the FOC approach is
more suited for this machine as it results in simpler equations and is easier to implement

using PI controllers.

As required by the FOC method, the dg model used so far resolves current into two
components - ¢4 and ¢, - which are independent of each other and can be assumed to
be governing the field and torque respectively. Note that 7; governing field is just the
convention used for the purpose of this project. One is free to assign ¢, as the field

current as well.

Reference——————> + N Contraller Inverter

h

Feedback

A

'Y

Sensor System

Figure 2.2: Control loop

Figure 2.2 shows a system level diagram of the FOC control loop. The controller
used is a PI controller. The inverter can be modeled as a delay of magnitude equaling

the switching time period of the inverter. The system response can be determined using

11



the machine equations in Section §2.1. The sensor can also be modeled as a lag element

but is usually treated as a unity gain to simplify the controller design and analysis.

2.2.1 Current controller

The controller design method for the currents 74 and ¢, is similar. In both cases, a PI con-
troller is used in order to achieve the set-point and the design aspect involves choosing
the Kp and K; parameters of the controller. To determine these quantities, it is worth
looking at the closed loop transfer function of the currents. With the understanding that
the two controllers - 74 and 7, - will have similar transfer functions and responses, the
analysis is carried out for ¢4 controller alone and then extended to the 7, controller. The

block diagrams for the two controllers are shown in Figure 2.3

I ret l weLgly,

+ _
—|®|—p sKp+K; _p(;{)'_
5

17 Controller -

Iq

1
Ro+sly

(a) D-axis Current control loop

|
I, ref l wffffd

+ +
H@@I—b SKp+K; —Héél—
S

14 Controller

Vq

1
Ro+sL, <

(b) Q-axis Current control loop

Figure 2.3: Current control loops

The closed loop transfer function for i,4, given by Ip(s) as shown in equation (2.5).
For arriving at the transfer function, it is assumed that the inverter and sensor transfer

functions are simply unit gains. This is not true in general but is a reasonable assumption

12



if the bandwidth of the controller is at least one decade smaller than the bandwidths of
the sensor and inverter. A simplified representation of the 7, control loop is shown in

Figure 2.3a

SKP+K[ 1
G(s) —

() S XsLdJrRs
G(S) SKp—l—KI

(2.5)
Ip(s)

T 1+G(s)  s(sLq+ R.) +sK, + K,

If one chooses K, and K; such that f(—’; = }L%—ds, it is easy to see that the transfer
function in equation (2.5) reduces to a first order system. One can then tune K p(or K7)

to achieve the appropriate bandwidth as shown in equation (2.6)

1 1
T = - = Kp=fia*La
1 + ﬂ 1 + SK_Z (26)
Kp Ly
K, R, 1= fia *

The drawback of this approach is that it assumes that L; and R, would be constant
throughout the operation. This need not be true as heating of the stator and the saturation

of the stator field can change these quantities, albeit not significantly.

Another possible approach to choose the K'p and K values is to employ the proper-
ties of a second order transfer function and set ¢ to a value of \/Li to achieve a critically
damped response. The bandwidth of a critically damped system is equal to its natural
frequency w, and is chosen to be at least one decade lower than the switching fre-
quency of the inverter. Comparing the coefficients of the transfer function obtained in
equation (2.5) with the standard form of a 2"¢ order system, one can obtain K p and K;

as shown in equation (2.7)

K
L—I:wg — K]ZdefL
Kp+ R ’ @7
~E = 2, = Vaw, = Kp = (V2uuLa— R,)
d

One can notice that the numerator of the closed loop transfer function does not
conform to the standard form of a second order system. However, from the properties
of the Laplace transform, it isn’t difficult to see that it is the scaled derivative of the

time response of the standard form of the second order system. The scaling factor being

13



equal to lz—d”

The equations leading to this result are shown in equation (2.8).

Ky 2 9
S I, + w;, B S I, Wi

824+ 2wps +w? 82 4 2Cw,s + w2 T + 2Cwns + w?

o ( i ) = 2(t) (2.8)

$2 + 2Cwps + w?

c (%x(t)) — $X(s) — 2(0) —> [L(—: <%x(t)> +2(t)

Due to the additional time derivative term introduced in the time response of the
system, which was not accounted for in deriving the equations in equation (2.6), the Kp

and K; values may need to be recomputed if the system does not respond as intended.

Once the Kp and K values have been set, the decoupling terms are added to the
output of 7, controller to make the ¢, response independent of ¢,. The final expression
after the addition of the decoupling terms gives the input voltage v; which is supplied

to the motor.

The PI controller parameters for the Q-axis current loop can be obtained in the same
way as the parameters of the 74 loop. The difference being that the L, value would need
to be replaced with L, and the decoupling term would be different. The resultant output
of the controller would be the v, voltage that is fed into the motor. For completeness,
the controller gain equations for the Q-axis controller are shown in equation (2.9) and

equation (2.10) for the pole-zero cancellation and second order approach respectively.

1 1
s L, = Kp = fig*Lq
1+qu ].‘I’SE (29)
K[ - Rs I — Jiq ]
K
L—Izwg — K; = Lw?
q
(2.10)
K s
%R ZQCUJn:ﬂwn - KP: (\/ﬁwnLq_R8>

q
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2.2.2 Speed controller

For speed control, two loops are required. An outer loop for speed control, the output of
which is analogous to the motor’s generated electromagnetic torque, and an inner loop

for current control, which essentially controls the value of .

The open loop transfer function for the speed controller with the PI controller is as
shown in equation (2.11). The I,(s) term in the transfer function corresponds to the

closed loop transfer function of I, controller.

Ky (14 552) .
Gu(s) = . X 5 (1+s2) x I,(s) (2.11)

Employing the fact that the mechanical time constant of the motor is significantly
larger than the electrical time constant, one can treat the /,(s) term as a unity gain
if the bandwidth chosen for the speed controller is at least a decade smaller than the
bandwidth of the current controller. The closed loop transfer function obtained after

treating /,(s) as unity gain is as shown in equation (2.12).

Gu(s) sKp+ K;
1+ Gu(s) s(sJ+ B)+sK,+ K

w(s) = (2.12)

Unlike the case with the current controllers, the B and J parameters generally do
not vary during the operation of the motor and hence one can equate the ratio of the
Kp and K terms with the values of .J and B to obtain a first order transfer function of
required bandwidth( f,,). The equations leading to K p and K values in this case are as

shown in equation (2.13).

1 1
5 = :>KP:fw*J
1+f_w 1+8Kip (2.13)
Ko i
K[ B I — Jw

Of course, one can still follow the second order transfer function approach described
in 2.2.1. Since the form of the transfer function in equation (2.12) is similar to equa-
tion (2.5), one can replace Ly with J and R, with B to arrive at the gains as shown in

equation (2.14)
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K
Lo = K;=Juw?

ST (2.14)

Kp+ B
dpt 5 2Cw, = Vow, = Kp= (\/§wnJ—B>

J

The output of the outer loop of the speed controller is interpreted as generated
torque. From equation (2.3), it is easy to see that one can scale this value to obtain
the reference for the 7, controller. Although the load torque is not usually known, if
one can estimate or measure it, the load torque itself can be added as a feed-forward
term to the output of the speed controller before scaling. The advantage offered by ad-
dition of the feed-forward term is that it improves the transient response of the system
by accounting for the known ’disturbances’ and hence aiding the PI controller. The out-
put of the speed controller thus obtained is then used as the reference for the inner PI
controller. Figure 2.4 shows a simplified representation of the speed control loop along

with the addition of the feed-forward term.

77 estimate
) ref L
sKp+K; 0‘
s >
o Controller
o 1, ref
|
B+sJ Ip(s)

Figure 2.4: Speed control loop

While implementing the PI controller in simulation or in hardware, one also needs

to account for the saturation of values. This will be discussed in 3.2.2.
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2.3 PWM techniques

Now that the model is established, the next important part involves sending the pulses
to generate the required voltages at the machine terminals. This is usually done with

the help of a 3-phase voltage source inverter (VSI).

A 3-phase VSI consists of a DC source (called the DC bus) which is usually a capac-
itor and 6 electrical switches which usually employ IGBTs. IGBTs are preferred over
other switches due to the fact that they have the lowest losses among all the switches
that operate in the range required for most motor drives - which is a voltage between

600V and 1200V and a current of 10-20A.

DCLNK 4, NVERTER
T Ty 1
B SA—”:} sa{[:} Sc{i}
: E C= 11
. sﬂ[} ss{ﬁ} sc'ﬂ;}

LOAD

Uan Vx| U_-::ﬂ

Figure 2.5: Voltage Source Inverter block diagram[32]

The basic principle behind Pulse-width modulation is to use a rectangular pulse
whose width can be adjusted (modulated) resulting in the variation of the average value
of the output. For a motor drive application, the requirement is to generate a sinusoidal
waveform with little to no harmonics and which maximizes the utilization of the DC

bus voltage.

Mainly two PWM techniques are used in drives: SPWM (Sinusoidal Pulse Width
Modulation) and SVPWM (Space Vector Pulse Width Modulation). Of course, spe-

cialized techniques[3 1, 8, 11] exist which are slight modifications of the above two but
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those would not be discussed here.

In SPWM, the reference input is compared with a sawtooth waveform. When the
reference value is higher than the value of the sawtooth, the switch is turned ON whereas
when the reference value is lower than the value of the sawtooth, the switch is turned
OFF. In a 3-phase inverter with 6 switches, the two switches on a given leg have com-
plementary operation and thus when one switch is turned OFF, the other is ON and vice
versa. As a result, the pole voltage (that is, the voltage at the midpoint of the leg w.r.t.

Vie )
the voltage at the midpoint of the DC bus) varies between +7d (when the top switch

Ve
is ON for the full period of the sawtooth) to — ;

(when the bottom switch is ON for

the full period of the sawtooth).

If the reference voltage, scaled to lie between -1 and 1 is given by V,.; and the

sawtooth varies between -1 and 1, the pole voltage at a given leg can be obtained by:

Vdc

‘/pole = V;“ef X 9

(2.15)

The quantity of interest for the motor drive is the phase voltage that appears at the

terminals of the motor and it can be shown that this voltage has the value shown below

V;Ln = ‘/aref% - V;)ref% - V::ref%
Vin = ‘/E)ref% - Vzlref% - ‘/cref% (2.16)

V. V. |2
‘/cn = ‘/cref% - ‘/bref% - Varef%

One can see that in the SPWM technique the maximum magnitude of voltage that
can appear at any phase is %rd of the DC bus voltage. Can one do better? As it turns

out, it is indeed possible to increase the voltage by using the SVPWM technique.

For the 3 phases in a 6-pulse VSI, there are 8 possible switch configurations. The

table below shows the voltage vectors associated with each of the switch configurations.
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Voltage vector Vb Vie Vea Vi Vin Vi Vs
{A, B, C}

5={0, 0, 0} 0 0 0 0 0 0 0
Vi={1,0,0} Ve | 0 | =V | Bae | Ve | _Va ,Vg%&m°
V=1, 1.0} 0 | Vi [Vao| B | e |l favien
V5={0, 1, 0} Ve | Ve 0 — Vgc 2‘§dc _ Vgc \/gvdcejmm
Vi=(0, 1. 1) V| 0 | Ve | M| e | e | hen
V5={0,0, 1} 0 Ve | Vi _Vézc _Véic 2‘gdc \/gvdce—jwoo
Ve={1,0, 1) Vi |=Va| 0 | Yo || Ve | [2y e
Ve={1,1, 1} 0 0 0 0 0 0 0

Note that the magnitude of the voltage vectors in the 0 frame is obtained from

the power invariant Clarke transform.

One can see that the Clarke-transformed oo — 3 components of the voltages result in

Figure 2.6.

V3(010) V(110)

7>~ Vet max

V4(011) V4(100)
Vo(000)  (t4/Ts)Vy

Vz(111)

Vs5(001) Vs(101)

Figure 2.6: Space Vector diagram[20)]

The possible space vectors form the vertices of a hexagon and that any voltage of
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a magnitude equal to the radius of the in-circle of this hexagon can be obtained by a

superposition of the 6 possible space vectors.

Note that the maximum voltage magnitude obtainable in this technique is higher
than that obtained using SPWM. However, SVPWM also requires a more sophisticated

switching algorithm.

To generate a given space vector, one requires appropriate timing of the zero-vector
as well as 2 of the 6 voltage vectors than enclose the given space vector. The formula

to obtain the timing is as shown below.

Let T be the switching period of the inverter, 77 and 75 the duration for which
voltage vectors V_{ and 72 are generated respectively, and 7{, being the duration for

which the zero vector is generated.

If 7 is the space vector to be generated, we have the following equations:

V VT + VT

Ts=To+T1 + 15

(2.17)

Once the switching durations for the voltage vectors are obtained, one can generate

the given voltage vector 7
However, in practice, the voltages aren’t generated one after the other for the entire
. ) Ti T
duration. Rather, the zero vector (1)) is generated for ZO’ followed by Vi for ?1 and 72

T ) . Tq .
for ?2 and then zero vector (V7) again for a duration of ZO' The same cycle is repeated
in reverse. As a result, one can reduce the magnitude of the harmonics generated while

generating the given voltage vector.

Due to the various advantages[30] offered by the SVPWM technique over SPWM,

the former is employed for generating the voltages in this project.
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2.4 State Estimation

2.4.1 Introduction

In control theory, a state observer (or estimator) is a system that provides an estimate
of the internal state of a given real system, from measurements of the input and output
of the real system. For motor drives, the state observer is particularly useful for imple-
menting sensorless control as it provides accurate estimates of quantities that are not

directly measured using sensors.

Various techniques exist for state estimation ranging from something as simple as
ordinary least squares to algorithms like Particle filters. For this particular application,

the Extended Kalman Filter (EKF) method is employed for estimating the state.

The basic algorithm of a Kalman filter involves two steps. The first step, called the
prediction step, as the name suggests, involves prediction of the next state. This usually
involves building a mathematical model of the dynamics of the system and substituting
values of the current state to obtain the prediction for the next state. The second step is
called the correction step and involves updation of the state estimate obtained from the
prediction step based on actual measurements obtained from the system. This step re-
quires a measurement model, which relates the state of the system to the measurements,
using mathematical equations. The estimate thus obtained at the end of these two steps

is then used as the input for the next time step and the process is repeated.

Prior knowledge . P 1jk1 —:Eadslec:lg:esgt;p
of state Xh—1]k—1 physical model

. A |

Next timestep l?k\k—l

k+—k+1 Xk|k—1
Pk Update step Measurements
X[k <—Compare prediction -— y
to measurements k .

{

Output estimate
of state

Figure 2.7: A brief explanation of the working of the Kalman Filter algorithm[26]
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Since their introduction in early 1960s, Kalman filters have been known to work
remarkably well in most applications and a lot of research has been conducted in mak-
ing minor improvements to the original Kalman Filter, which mainly involved a linear
model of the system. One such improvement is the EKF, which takes away the lin-
earity constraint on the system model and introduces a way to make the Kalman Filter

algorithm applicable for non-linear systems.

2.4.2 EKF equations

The prediction and correction equations of the EKF for a general system are as follows

Prediction step:

ﬂA?kH\k =f (C&Mk;uk) (2.18)
Py = APy AL + Qi (2.19)
of ) ) .
where 1 = f (xr, ug), Ay = Er and Q). is the model covariance matrix
T

Tk |k Uk
of appropriate size. f(xy,uy) is obtained by discretizing the equations of a continuous

time system. The P matrix corresponds to estimation covariance and the smaller the
determinant of this matrix, the better the quality of estimate. In general, the prediction

step increases the covariance of the P matrix and the measurement step reduces it.

Correction step:

Y1 =h (Cﬁkﬂ\k, Uk;) (2.20)
Sk = Cv Pk CL + Ry, (2.21)
Ky = P, CI'S; ! (2.22)
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i1kt = Tk + Kk (Yrs1 — Y1) (2.23)

Pk+1‘k+1 — (I - Kka) Pk+1|k (2.24)
oh ) )
where y, = h(xg, ug), Cy = . and R, is the measurement covariance
T
Lr41|k Uk

matrix. As before, h(zy, uy) is obtained by discretizing the model (if required). How-

ever, in most cases, the continuous time equations can be used as is for h.

The above equations do not make any assumptions about the model or the states and
thus, the implementation of the EKF for the same physical system can vary depending

on the states and measurements chosen by the designer.

2.4.3 EKF for SyRM

For this project, a 5x2 EKF model was used with the state and measurement variables

as listed below

T

T = |:de iqk Wiy, Qk TLk]
T
Y. = [Zak lgk]

T
Uy = [vdk qu]

B vdkfRSikorpwmkiquq .
( Lq T +ia,

qu—Rsiqk—pwmkidde .
» Ts + g,

1.5p(La—Lq)id, iq;, —Bwm, —TL
< b T + W,

jjspwm;C + 9k

Lr+1 =

TLk
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COS(Qk)idk — s1n(9k)zqk

Y =
sin(0)iq, + cos(bk)iq,
o Tk T 000
A —I+T, 1.5p(LdJ—Lq)iqk 1.5p(LdJ—Lq)idk S|
0 0 p 0 0
0 0 0 0 O

C cos(@k) —sin(@k) 0 —Siﬂ(&k)idk — COS(Gk)iqk 0
k =
sin(f) cos(x) 0  cos(by)ig, — sin(fy)ig O

Ry, and )y, are diagonal matrices of appropriate dimensions which need to be tuned
appropriately depending on the motor parameters. 7 is the time step. This EKF model

estimates 5 variables with the measurements of only 2.

In the equations above, i, and i3, the measured currents are obtained by performing

a Clarke’s transform on ¢, ¢, and 7. .

2.5 Field Weakening operation

In variable frequency drives, field weakening performance is of great interest as it offers
higher speeds without the requirement of a higher inverter rating. The downside to it,
however, is that the maximum torque that can be produced at higher speeds is lower than
the rated torque of the machine. Similar to the operation of a DC motor, where reduction
in field current leads to an increase in speed, even in the case of SyRM, reduction in
the direct (or quadrature) axis reference enables the motor to achieve speeds beyond the

rated speed.
Before moving further, the system limits are defined mathematically.
vi v < V7 (2.25)

The equation above corresponds to the inverter limits and V; in this case is the
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maximum voltage obtainable from the inverter. When using SVPWM and the power

Ve

variant transforms, V, =

&

ig+is < I? (2.26)

The equation above represents the motor limits and puts an upper limit on the mag-
nitude of current that can be supplied to the motor. This value is also equal to the
rated current of the motor. However, for short intervals, typically representative of the
controller bandwidths, the current supplied to the motor can exceed the rated current

without actually damaging the motor.

Of course, the machine equations listed in Section §2.1 still hold and govern the

value of the reference current for speeds beyond the rated speed.

2.5.1 Modes of operation

From equation (2.1), assuming steady state and negligible resistive drop, results in the

following

Vg = P Lglq, Vg = Dwm Latq

and substituting these values in equation (2.25) gives

prwl, Li? + p*wl Liis < V7 (2.27)
In the equations above, w,, corresponds to the instantaneous mechanical speed of

the motor.

It is easy to see that while equation (2.26) is the equation of a region enclosed in
a circle, equation (2.27) is the equation of a region enclosed in an ellipse whose major

and minor axes vary with speed.

Note that as the speed rises, the current limit circle remains unchanged while the
area under the voltage limit circle shrinks. As a result, three distinct modes of operation

can be identified as shown in Figure 2.8.
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Figure 2.8: Flux weakening modes of operation

Mode 1 - Maximum Torque mode [0 < |w,,| < Wyatea]l In this mode, both, the
motor as well as the inverter operate within their rated conditions and the reference
field current is set to its rated value which was obtained using the MATLAB code in
Section §A.1. The motor speed is within its rated value and the rated torque can be
generated at all speeds in this range. This is also the region in which the motor can
generate the rated output power. The desired d-axis current in this region is constant

and is the same as the rated current for that axis.

Iddesired = Idrated (2'28)

Tmaxz = Trated (229)
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Mode 2 - Current limit mode [wW,4eq < |win| < Weaimie]l As the speed rises beyond
the rated speed, the ellipse corresponding to the voltage limit starts contracting in size.
The operating point, therefore, is obtained from the intersection of the current limit
circle and the voltage limit ellipse. Since the operating point is dependent on the speed,
the desired d-axis current is also a function of the reference speed in this mode. Since
the motor is no longer operating at the rated condition, the maximum torque that can be

obtained is also a function of the reference speed.

The operating point can be derived as follows

2 2 7122 2 27122 _ 172
p mequ +p medld - ‘/;

2 2 72
Uy +ig = I

Pl (L3 — L2) i3 = V2 —p*wl L2172

m*~qTs

VQ _ p2w2 LQIQ

— ]d esire = > T (2‘30)
e\ e, (LG - L)
3 2 2

Tmaz = §p(Ld - Lq)[ddesi'rsd X [8 - [ddesired (2'31)

Note that in the expressions above, w,, is the instantaneous mechanical speed. Also
note that I, . . does not exhibit a discontinuity when the mode of operation changes

at Wrated-

As the speed continues to increase, the voltage limit ellipse shrinks and at some
point, it becomes completely enclosed in the current limit circle. The speed at which

this happens is denoted by w,;;i: and at this speed, the mode of operation changes.
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Mode 3 - Inverter limit mode [wimi: < |w| < Wpniimiz]  In this mode, the voltage
limit ellipse is completely enclosed within the current limit circle. The operating point
in this region is obtained by finding the point where the voltage limit ellipse and the
torque curve are tangential to each other. This also means that for a given speed, the

torque is generated with the minimum current.
It can be shown that the condition mentioned above corresponds to Lgiq = Ly,

Substituting this in the equation for the voltage limit gives

2p°w? L3ia = V72

Vi
= I

= 2.32
ddeszred \/Epmed ( )

As before, the maximum possible torque can be found from equation (2.31)

Noting that the quantity /;, . . should be continuous even when the mode changes,
we can obtain w.;,;+ by equating the reference current equation for mode 2 and mode

3 and solving for weimt

V; V2 - pzwclzmzt[%[g
\/ipwclimit[/d p wclimit (L?l - LS)

‘/;2 V2 p wclzmzt L2 I2

202 (L3—1L2)

v, [(Li+L2)

climit = 2.33
Welimit pLqufs B ( )

As the reference speed of the motor increases, the torque producing capability of
the motor goes down. At the same time, the windage losses of the motor grow. Thus,

at a particular speed, say wyimit, the generated torque will no longer be capable of
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overcoming the mechanical losses and the motor would be unable to accelerate further.
It is also possible that the value of w,,,;imi: can be smaller than w;,,i, in wWhich case,
the motor would never enter the 3"¢ mode of operation. In practice, the value of wWimit
would be lower than the one calculated theoretically due to the saturation of the motor,
resistive losses which were neglected while arriving at the equations above, and inverter

losses.

2.6 Summary

This chapter presents the theory behind the design of the SyRM motor drive.

Section §2.1 introduces the motor model and the relevant electrical and mechanical

equations that govern the motor operation.

Section §2.2 involves a discussion of the motor control loop. The closed loop trans-

fer function equations are presented and the PI controller parameters are derived.

Section §2.3 focuses on the PWM techniques used for voltage generation and intro-

duces the theory behind the SVPWM technique.

Section §2.4 presents the Extended Kalman Filter technique and discusses the way

it can be used for sensorless control of the SyRM.

Section §2.5 discusses the field weakening operation of the SyRM and presents the

equations involved in each region of operation.

With the theory of the SyRM drive presented, Chapter 3 delves into the simulation

studies performed on the SyRM.
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CHAPTER 3

PARAMETER ESTIMATION AND SIMULATION
STUDIES

3.1 Estimating the Motor Parameters

The main component of this project, the motor, was manufactured by Mark Elektriks.

The nameplate details of the motor are listed in Table 3.1

’ Parameter \ Value ‘

Rated power 2KW
Rated speed 1500rpm
Rated Voltage 415V
Rated Current 7.32A
Number of poles 4
Frame 1328

Table 3.1: Motor nameplate details

The motor supports star and delta connections and the results in this report were

obtained from the star connected configuration.

Unfortunately, the motor nameplate data does not provide information about the
internal parameters of the motor which are crucial for ensuring that the control loop
works well. These parameters include the stator resistance I?, the inductances L, and

L, the moment of inertia J and the windage coefficient B

3.1.1 Measuring the electrical parameters

The electrical parameters of the motor include R, Ly and L,.



R can be measured using a multimeter. Since this motor supports both star and
delta connections, 6 terminals are available for measurements. R can be obtained by

measuring resistance between any two terminals corresponding to the same phase.

Inductance measurement can be done using an LCR meter or by plotting the rise or
fall of the current on supplying a step input. Using an LCR meter, one can measure the
inductance between two phases for various angles and by obtaining the maximum and
minimum values of the inductance readings, one can estimate the values of Ly and L,
respectively. In fact, L; = % and L, = w In the case of this machine, how-
ever, using the LCR meter led to unreliable results as the difference between maximum
and minimum values was negligible - suggesting that Ly = L,.

The current rise method involves exciting the motor phases with a DC supply and
fitting a curve of the form Io(1 — e’%) to estimate the inductance of the resulting
circuit. On exciting the motor with a DC voltage, the rotor orients itself in the direction
of the magnetic field. As a result, the equivalent inductance seen by the voltage source
terminals is equal to L, and as long as the rotor position does not change, the time
constant is determined by the ratio of L, and the equivalent resistance. In this case,
the current rise test was performed by shorting the B and C phases of the motor and
applying a DC voltage between the A and B phases. The equivalent resistance of this
configuration was %RS The current rise was plotted on an oscilloscope and the induc-

tance was obtained by using the cffool utility in MATLAB. The results of this exercise

are shown in Figure 3.1.

For measuring L, using this method, one needs to clamp the rotor at a position
that 1s electrically 90° away from the L, position. However, due to the absence of a
clamping mechanism in the workspace, L, was estimated from the motor equations

using the rated operation test data supplied by the manufacturer [See Section §A.2].

The power invariant Park transform was used for transforming the abc reference
frame variables to the dq0 reference frame and solving equation (3.1) using MATLAB’s

symbolic solver, the value of L, was obtained.
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Inductance Measurement
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Figure 3.1: L, estimation

Ud_rated == Rsid_rated - we_ratequiq_rated
vq_rated = Rqu_rated + we_ratedeZd_rated

2 (3.1)

2 2 _
UqJ“ated + ,UdJ’ated - ngnej‘ms

-2 -2 _ 2
Zq_rated + Zd_rated - 3Iline_rms

vq_ratediq_rated + Ud_ratedid_rated == Prated

3.1.2 Measuring the mechanical parameters

The mechanical parameters of the motor are B and J .

With the electrical parameters derived, the windage loss coefficient B was estimated

using the solution of equation (3.1) in equation (3.2).

Trated = p(Ld - Lq)id_ratediq_rated - Bwe_rated (32)

The value of the rotor’s moment of inertia, J was estimated by first finding out the

mechanical time constant of the motor and then substituting the value of B in it. The
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mechanical time constant was obtained by plotting the rotor speed as a function of time
and fitting an exponential decay curve to it using MATLAB’s cftool utility. The result

of the curve fitting exercise is shown in Figure 3.2

Mechanical Time Constant estimation
T

180 T T T T T T T
General model Exp1:
160k " f(x) = a*exp(b*x) i
Coefficients (with 95% confidence bounds):
— a= 158.4 (158.1,158.7)
b= -0.04343 (-0.04355, -0.04331)
140 Q== -
Goodness of fit:
. SSE: 526.9
120 R-square: 0.9993 —
Adjusted R-square: 0.9993
0 . RMSE: 1.029
o .
© 100
£
3
3 80
w
60
40
20
* Measured speed
= Curve fit
O 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Time in s

Figure 3.2: Mechanical Time constant estimation

3.1.3 Estimated motor parameters

The parameters obtained from the exercise carried out in 3.1.1 and 3.1.2 are listed in

Table 3.2
| Parameter | Value \
R, 1.3Q)
Ly 0.713 H
L, 0.09 H
B 0.00675 Nms
B
b 0.04343 s~ 1
J 0.1554kgm?

Table 3.2: Motor parameters

The MATLAB solver also computed the value of 7, at rated operation - 0.876A -

and this value of i; was used as the fixed reference for the Ip controller.
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From the estimated parameters, one can see that the saliency ratio of the motor is
close to 8. The values of the rotor inertia and the mechanical time constant, however,
are on the higher side and even physically, one can see that the motor is extremely bulky

for its rating.

3.2 Simulations

Before implementing the drive on an actual SyRM, the operation of drive is simulated

in Simulink to verify its functionality.

3.2.1 System model

The system model and its components are as shown in Figure 3.3

Gating pulses
Generation > Inverter » :AAS{E
(SVPWM)
F
I, 1y, I
V , V a1 Ty A
@ vp Wy , Oy
Controller [*®

Figure 3.3: Top-level model

Simulink provides a module for simulating the PMSM. Noting that the SyRM equa-
tions are the same PMSM’s when the magnet linked flux is set to 0, the PMSM module

is used to simulate the SyRM response.

The inverter control block is responsible for generation of the gating pulses with the
reference voltage as the input. Simulink provides a module for simulating the inverter

response with the gating signals as input and this module is used to power the motor.

The controller block handles the control logic which takes in the stator currents,
electrical angle, mechanical speed, reference speed and reference current 7, as the input

and generates the reference voltages which are then fed into the limit and transform
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Figure 3.4: Flow of Control in simulation

block and finally into the SVPWM generator. The SVPWM generator takes in the
«a — [ transformed voltage and produced the gating pulses that drive the inverter and
the motor. The sensors capture the stator currents, electrical angle and the mechanical
speed and feed it into the controller, thus closing the loop. Figure 3.4 depicts the flow

of control graphically.

The ¢4 and 7, controllers, as explained in 2.2.1, consist of a PI controller followed by
addition of the decoupling term. Saturation was enabled in the PI block to ensure that
the integrator does not attain absurd values and the saturation limits were set to be equal
to the maximum voltage that the inverter could generate. The PI gains were chosen
using the second order design method and the natural frequency was set to 100Hz,

which was about 2 decades away from the 10kHz operating frequency of the inverter.

The bode plots of the closed loop controllers thus obtained are shown in Figure 3.5.

From the plots one can see that the controllers have a similar magnitude and phase
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response.

The limiting factor in choosing the bandwidth of the speed controller is the mechan-
ical time constant. For the SyRM in the lab, the mechanical time constant is about 25s.
This value is rather large and hints that the motor would have a sluggish response. Since
the motor would take a long time to settle at its value, using a high bandwidth would
only lead the controller into saturation. Therefore, a bandwidth of 0.2Hz was chosen

and the PI gains were computed using the pole zero cancellation approach.

The resultant bode plot is shown in Figure 3.6. As expected, the -3dB bandwidth
in the plot corresponds to the frequency of just over 1 rad/s. The downside of this low
bandwidth is that the controller has a settling time of 3.11s for reaching 90% of its final
value. This is extremely slow for a controller but with the given mechanical parameters,
it’s much better than what the performance would be like without the controller.
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Figure 3.6: Bode plot of w controller

The feed-forward load torque term was only added to the output when the EKF
was used for state estimation, as it involved estimation of the load torque. For the

simulations that involved FOC using sensors, the feed-forward term was not added.

Simulink contains a module to generate the SVPWM gating pulses from the V,, and
Vi3 components with the requirement being that the reference voltage magnitude is less
than 1. The reference signal generated in the controller block (in dq0 reference frame)

was converted to a0 reference frame and then scaled down so as to meet the magnitude
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requirement.

For sensorless control, the states were estimated by the EKF which was imple-

mented as shown below.

I,
Vi, Vy a by
[ Unit | Estimates
Predictor > Dela *  Corrector — >
Xp, Pp 1_YJ idy ig, Wm, e, 7L

Y

Xe Py

Figure 3.7: EKF state estimator model

3.2.2 Simulation results

3.2.2.1 FOC simulation

The FOC simulations were performed using a discrete solver of step time le™>s. Two
separate simulations were performed, one for demonstrating the motor starting, speed
reversal and braking operation at no load condition, and the other for demonstrating the

behavior under loading.

No Load simulation For the purpose of the no-load simulation, the load torque was
kept at O at all times and the speed reference was given to be positive rated speed
followed by negative rated speed and then 0. These references would facilitate the
demonstration of the starting, speed reversal and braking operations of the motor. The

simulation results are shown in Figure 3.9.
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Figure 3.8: Operation under no load

During the starting operation, the rotor speed has a linear rise and the 7, current
reference is held constant. This is due to the fact that the speed controller output is
in saturation and the rated torque is being generated by the machine. There is a sharp
peak in the 3 phase current waveform as soon as the motor starts which exceeds the
current limit of the motor. However, the effect of this overshoot are only temporary and
the current soon attains a value within the rated limit. As the error in speed decreases,
the speed control gets out of the saturation and enters the control region. At that point,
the ¢, current starts falling and the rise in rotor speed is no longer linear. Even the

magnitude of the 3 phase currents starts falling at the same rate as 7,. Once the speed
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comes very close to the set-point, the value of ¢, becomes almost constant and just
enough torque is produced to overcome the windage losses. Due to the low bandwidth
of the speed controller, the speed does not immediately settle down to the set-point and
takes a considerably long duration(over 20s) to settle down at the reference. During this

process, the value of 7; remains unperturbed from its reference.

At 4s, there is a step change in the speed reference and a corresponding step change
in the i, value. Once again, there is a sharp peak observed in the 3 phase stator currents
which overshoots the ratings. One can notice that the 7, magnitude briefly overshoots
the rated limit and that the 74 value also shows a change at that point. This is because
the step change in speed temporarily sends the inverter into saturation and the limiter
action affects the voltage generation process in such a way that both ¢; and 7, are no
longer in the control ranges of their respective controllers. At about 6s, one can see that
the 3 phase currents switch the sequence from a,b,c(or R,G,B in this case) to a,c,b(or
R,B,G in this case). This change is observed because the motor reverses the direction

of rotation at that point.

After this, until close to 8s, the negative rated torque is generated and the machine
reverses its speed completely. Near 8s, once the speed error makes the controller enter
the control region, the i, value begins to rise and the magnitude of speed, which has
overshot the reference, begins to fall. However, the rate at which the magnitude of
speed decreases is extremely low due to the low bandwidth of the controller and hence

the speed does not achieve its reference within the simulation duration.

At 12, a phenomenon similar to what was observed at 4s is observed. The value
of i, changes abruptly and ¢; as well shows a visible change. Similarly, the 3 phase

currents also display the sharp peak. This, again, is due to the action of the limiter.

As was seen during the starting and reversal operations, the speed rises linearly
until it enters the control region and thereafter the 7, value begins to fall and the change
in speed is no longer linear. Again, similar to the previous cases, the speed does not
achieve the set-point, however, it can be seen that the error between the actual speed
and the reference is indeed getting smaller over time and based on the step response of

the controller, would go close to 0 in about 20s.
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Figure 3.9: Operation under loading

A step load was applied to the motor at 2.5s for a duration of 2.5s

and the speed and current responses for the motor were plotted. The results are as shown

in Figure 3.9 and Figure 3.10.

From Figure 3.9b one can see that the speed rise is almost linear until 1.5s. This is

a result of the PI controller for speed being in saturation. The speed error being high,

the entire rated torque is demanded by the speed controller and hence the speed rises

linearly. At about 2s, the speed falls in the control range and the rise is no longer linear.

At 2.5s, the step load is applied and as a result, the speed begins to fall. Although

the speed does rise again to achieve the set-point, the time taken for rising is rather
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Figure 3.10: Operation under loading

high(above 20s) and hence not observable in this simulation result. At 5s, once the
torque is set to zero, the speed rises again and overshoots the set-point at about 5.5s.
Once again, the speed shows a slow fall and gets closer to the set-point, however, due
to the high settling time, the fall of speed and achievement of the set-point was not

demonstrated in this simulation.

The current response in Figure 3.9c shows that the value of i, is always at its set-
point and remains unaffected by the step changes in torque. The i, waveform on the
other hand is closely linked to the speed waveform due to the fact that it governs the
torque being generated by the motor. One can see that i, is almost constant in the region
where the speed has a linear rise and as explained earlier, this is because the reference
current in that region is equal to the rated current of the motor. As the speed enters the
control region, the 7, value starts falling. However, the fall is cut short by the loading
that occurs at 2.5s. The current then begins to rise and at 4s, achieves the rated value
again. Although the motor is producing the rated torque at that point, the total load that
the generated torque needs to counter is so high that the speed rises extremely slowly.

At 5s, once the load is removed, the current starts falling again as there is no longer a
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need to produce the rated torque. Even after the set-point is overshot, the current keeps
falling and settles at about the same reference value as ¢4. Although the load torque on
the motor is 0, the motor still faces a torque due to windage and hence the value of i,

does not go down to O but rather settles at a finite non-zero value in the steady state.

Comparing the results of Figure 3.8c and Figure 3.10b one can see that the latter
does not see any sharp peaks after the initial peak seen during the starting of the motor.
From this, one can conclude that it is only the step changes in the speed reference, and
not the loading, that causes the sharp peaks to occur in the current waveform. One
can, therefore, provide a gradually rising(or falling) speed input to the motor in order to

eliminate the presence of these peaks.

3.2.2.2 Analysis of the FOC simulation results

* The low bandwidth of the controller and the high mechanical time constant of the
motor result in the motor speed not settling to its set-point within the duration
of the simulation. From the step response of the controller, the expected settling
time to achieve the reference is in the order of 10s of seconds.

* The transient speed response of the motor is limited by the torque generation
capability. As a result, the speed waveform during step changes in input is a
straight line. Further, the value of 7, also remains constant in this region.

* The effective control range of the speed controller is limited to about 30 rad/s
around the set-point. Beyond this range, the speed controller remains saturated.

* Despite the currents being decoupled using the decoupling terms, the responses
of iq and ¢, still showed hints of interdependence in certain conditions. The main
cause for this was the voltage limiter action which causes the voltage inputs cor-
responding to the two currents to be interdependent. However, in regions where
the voltage is well within limits, 7,4 and ¢, responses can be seen to be completely
decoupled.

* During loading, the motor shows a deceleration of speed and the rate at which the
speed rises thereafter is low.

* The 3-phase waveform shows sharp peaks that exceed the current rating of the
motor when a step change is applied to the speed reference. Since the duration
of these peaks is in the order of milliseconds, one may choose to ignore them
as they would not damage the motor. One may also provide a gradually varying
reference to the motor instead of a step reference to overcome this problem.

The FOC operation, although greatly limited by the mechanical time constant, sup-

ports the theory presented in Section §2.2.
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3.2.2.3 EKF simulation

The EKF simulations were performed for two different set of tuned parameters in or-
der to demonstrate the trade off between the estimation accuracy among the estimated

states, and the importance of proper tuning.

Loading at rated speed For the first simulation, the EKF parameters were tuned so
as to achieve a good high speed performance and the EKF was subjected to a step load
at 2.5s for a duration of 2.5s. This is an exact replication of the FOC simulation in

3.2.2.1, except that it also considers the effect of estimated torque

The tuned parameters are as follows:

10 0 0 0
01 0 0 0
Q=100 001 0 0
00 0 0.001 0
00 0 0 3
05 0

R =
0 0.5

It is possible to further tune these values in order to obtain a better performance but
the values used above provided the best response among the several values tried by the
author. In general, one would require a grid search to narrow down on the parameters

that provide the best results.

Figure 3.11, Figure 3.12 and Figure 3.13 demonstrate the responses obtained on

running the EKF in simulations.

Comparing the response obtained in Figure 3.11a with Figure 3.9b, one can see that
the addition of the torque estimate has significantly improved the motor performance
under loading. While the FOC case showed a dip in speed that would have taken over
20s to overcome, the EKF manages to maintain the set-point throughout the duration
of the loading. Once the load is removed, the FOC case showed a positive deviation

from the set-point which would have taken 10s of seconds to overcome. On the other
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Figure 3.13: EKF for rated loading - torque estimation and 3-phase currents

hand, the rate of fall in rotor speed is comparatively faster in the EKF simulation. The
reason for this, however, is the erroneous overestimation of the load torque which in

turn causes the motor decelerate faster than it would without the estimate.

Figure 3.11b shows the torque estimated by the EKF as compared to the actual
torque. One can see that the torque estimates until about 2s are terrible. The estimated
value is bout SNm while the actual torque is 0. Despite this, the speed response is
unaffected. The reason for this can be seen from Figure 3.12b. The i, estimation also
has an error during the same period and the two errors cancel out each other, thus giving
the same speed response as one would get from a sensored controller. Even during the
loaded condition, that is, between 2.5s and Ss, the torque estimates as well as the iy
estimates are both error prone and based on the speed response, the two errors appear to
cancel each other out. The final 2.5s show much better estimation in terms of both ¢, as
well as the load torque. However, even that comes with a price. Figure 3.11c shows that
although the torque estimate is a lot more accurate in the last 2.5s, the angle estimation

has a high error.

The currents in Figure 3.13b show that the 3-phase currents occasionally exceed
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the current limit of the motor and that these instants correspond to the instants when
both the torque and current estimates of the motor have a large error. Unlike the case
with FOC, the duration for which these currents exceed their limits is not as short and
hence one would require a finer tuning of the EKF to ensure that the estimates are more

accurate.

Although the errors in the estimates of load torque, 7, and angle are interrelated
and in each 2.5s period, at least one of them has significant error, ¢, and rotor speed

estimates are almost completely error free.

Low speed operation In most sensorless control approaches, accurate estimation of
low speeds is a hard nut to crack. Therefore, for the second demonstration, the hyper-
parameters (Q and R) were tuned such that the low speed performance was improved.
Once more, the hyper-parameters used here have not been claimed to be optimal. How-

ever, among all the values that the author has tried, these gave the best results.

The hyper-parameters used for this simulation are as mentioned below:

02 0 0 0 0
0 5 0 0 0
Q=] 0 0 0009 0 0
0 0 0 0001 0
0 0 0 0 1
05 0
R =
0 0.5

For the simulations, a reference speed of 1Hz, that is 27 rad/s was given to the motor

and a step load was applied at 1.5s.
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Figure 3.14: EKF for low speed - speed and torque estimation
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Figure 3.16: EKF for low speed - torque estimation and 3 phase currents

The results in Figure 3.14, Figure 3.15 and Figure 3.16 show that the EKF is rea-

sonable for sensorless operation even at low speeds.

Figure 3.14a shows that in the first 1.5s of operation under no load, the speed es-
timate is reasonably accurate although after the application of the step load, there is a
significant drop in the speed after which one can see oscillations about the set-point in

the estimate as well as the actual speed.

As seen in 3.2.2.3, the errors in estimation of load torque, angle and ¢, are interre-
lated. Although in the first 1.5s all the estimates are reasonably accurate, the next 1.5s
where the load is applied show that while the load torque and the d-axis current are be-
ing underestimated, the angle is being overestimated. Also, these errors seem to cancel
out each other and as a result the speed and 7, responses have a much higher accuracy

in comparison.

Being a low speed case, Figure 3.16b shows that despite the error in the estimates,
the current limit is no longer a concern as the motor operates well within its rated current

limit even under a load of 10Nm.
It is worth noting here that the load torque estimate takes about 0.2s to achieve a
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stable value after the application of step load and it is in this period that the angle and i,
estimates have high errors. Even the speed estimate which appears to be largely inde-
pendent of the errors in the angle, torque and ¢4, becomes error prone in this duration.
On the other hand, 7, has perfect estimates for the entirety of the operation and although
the actual value of 7, shows a step change on the application of load, the accuracy of

estimates remains completely unaffected.

3.2.2.4 Analysis of the EKF simulation results and guidelines for using the EKF

* The results obtained in the simulations indicate that with proper tuning, the EKF
can be used for achieving position sensorless control of the SyRM. Although
the EKF parameters were not fine-tuned, the EKF estimates were still reasonable
and the end result, that is the speed reference, was still achieved without much
deviation from the ’sensored’ FOC response.

* The speed response under the load case with the EKF was significantly better
than the speed response achieved in the FOC. This is mainly due to the fact that
the load torque was added as a feed-forward term and no longer considered a
disturbance. However, the downside to using the EKF is that without proper
tuning, the estimates may not be accurate and one may overshoot the rated limits
of the motor.

* Tuning of the hyper-parameters has a major impact on the accuracy of the esti-
mates. Unfortunately, there are no strict rules for determining the value for the
parameters and a grid search is usually the best way to narrow down on the values
which give the best results

* The accuracy of estimation of one state variable is generally not independent of
the other state variables. As a result, even a slight change in the hyper-parameter
value of one of the variables can affect the accuracy of the entire simulation.

» At lower speeds or standstill condition, adding a high frequency voltage signal to
the input is recommended to improve the accuracy of estimates[7]. However, due
to time constraints, this method was not tested in the simulations.

* The EKF is prone to numerical instabilities. Care needs to be taken while imple-
menting the algorithm on fixed point or limited precision systems. In particular,
the matrix inversion operation in the correction step needs to be handled carefully.

* The EKF estimates improve if the sampling time interval is reduced. This is
because the filter can undergo more iterations between successive inputs to the
motor and hence can converge to the true value faster. However, as the algorithm
involves numerous matrix multiplication operations, one is constrained by the
hardware resources and processor clock speed. On an intel 15 processor, a single
iteration of the EKF required 3 x 10~5s without optimization.

* The TT F28335 board used for the tests demonstrated in this report required
0.16ms for the execution of a single iteration of the EKF algorithm when an
optimization level of 2 was used. To be able to support the switching frequency
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of the inverter, an iteration of the EKF must complete in the duration between
successive pulses.

* Increasing the number of measurement variables improves the accuracy of the
estimates as long as they are independent of each other. However, adding more
measurement variables also makes the algorithm more computationally expensive
and there is a trade off between these values.

With the simulations supporting the theory, the next step is to confirm the results of

the simulation on the actual motor. This is covered in Chapter 4
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CHAPTER 4

HARDWARE IMPLEMENTATION

4.1 Hardware setup

4.1.1 Components required

Testing out the actual motor requires more than just the motor itself. The drive system,
as explained in Section §1.1, consists of a microcontroller, an inverter, sensors, and the

motor itself.

Apart from this, for running tests on the motor at voltages lower than the rated volt-
age, an auto-transformer is also required. When testing the drive, it is usually preferable
to test with low voltages before implementing the control loop at rated voltage. This
is because failure of the control loop at higher voltages can damage both, the motor as
well as the inverter, and during the testing phase, this could lead to considerable loss of

time and money.

A signal conditioning board, which is often considered to be a part of the controller,
is also required for operating the drive. This board is used for level shifting the inverter
PWM signals, filtering out the sensor readings, and providing trip protection in case of

overloading of the motor.

On the mechanical side, a coupling between the motor shaft and the encoder shaft
is required along with a mechanical assembly on which the encoder is mounted so as to
align its axis with the motor shaft. Although this task seems trivial, it is quite crucial to
align the axes perfectly in order to prevent damage to the encoder during the operation

and to ensure that the sensor readings are reliable.



4.1.2 Component description

4.1.2.1 Inverter

The inverter used for this project was manufactured by Semikron and supports a 600V
DC bus with a 75A current rating. It can accept upto 415 V of 3phase AC input at the
rectifier. The inverter also has ports for giving supply to a cooling fan contained within
the housing. The gating signals to the inverter are required to be 15V and apart from
the gating signal inputs for the 3 phases of the motor, the inverter also supports gating
pulses to regulate the DC bus voltage that is obtained as the output of the rectifier. The
rectifier output and the inverter DC bus input terminals are available as external ports.
For this application, however, the two terminals were shorted using wires as the rectifier

output is also required to be the input for the inverter DC bus.

4.1.2.2 Microcontroller

TI’s TMS320F28335 peripheral explorer DSP was the used as the microcontroller for

this project. The salient features of the board are as follows:

* QOperating voltage of 5V with support for 3.3V I/O

Clock rate of 150MHz

* Supports single precision floating point operations

64 GPIO pins which include 10 pins specialized for generation of PWM signals.

12-bit, 16 channel ADC with 80ns conversion rate capable of reading voltages
between 0 and 3V

The programs were loaded onto the board’s ROM via a USB cable which also pow-
ered the board. TI’s Code Composer Studio (CCS) software was used to write, debug

and load the programs onto the microcontroller.

4.1.2.3 Current sensor

On the sensor side, the current sensing was done using the LA25-NP sensor. It is a

Hall effect based sensor and has a conversion ratio of 1:1000. That is, it generates
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a signal of 1mA if the current in the wire is 1A. Two of these sensors were used for
current measurement. This was because the motor being star connected, the sum of the
currents is guaranteed to be zero and hence, measuring the currents in any two phases
also provides information about the current in the third phase. The outputs of the sensor
are fed into the signal conditioning board which further processes these readings before

passing them on to the microcontroller.

4.1.2.4 Rotary encoder

The EP50 S8-1024-3F-N-5 rotary encoder was used for measuring the angles. It is
an absolute angle encoder which outputs a value in 10 bit gray code and operates at a
voltage of 5V. The encoder is NPN transistor based and thus the sensor outputs need to
be pulled up via an external resistor before being read. The sensor supports a maximum
current of 32mA and therefore resistors of 1k(2 were used for pull up.The encoder
output consists of 10 wires, each containing the information of one of the 10 bits, and
2 wires corresponding to ground and 5V respectively. Being a 10-bit output sensor,
the resolution it offers is of 0.703° 4+ 15" which is sufficient to accurately control the
motor. The gray coded sensor readings are read into the microcontroller by configuring
the GPIO pins as inputs. The gray code data thus read is converted to binary code,

normalized between O and 1, and then converted into radians.

4.1.2.5 Signal conditioning board

The signal conditioning board is an important sub-component of the drive that is often
not talked about much when discussing the theoretical aspects. The board carries out 3
major tasks - level shifting the PWM, tripping the inverter in case of overloading, and

conditioning the sensor signals.

The PWM pulses generated by the F28335 microcontroller have levels of OV and
5V. The inverter gating pulses on the other hand are required to be at OV or 15V levels.
The signal conditioning board enables the conversion of 5V level PWM signal to a
15V level PWM signal. It is achieved using the CD4504B hex voltage level-shifter IC
present on the board. These level shifted signals are then fed into the inverter as the

gating pulses.
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The overload protection involves using a comparator to check if the measured cur-
rent is within the thresholds set by the user and using the comparator output to set the
enable signal of the PWM being fed into the inverter. If the measured current exceeds
the thresholds, the enable signal is turned off and consequently the generation of level

shifted PWM signals is terminated.

Since the current sensor’s output is a current signal, it is necessary to convert the
signal into an equivalent voltage before being used further. This conversion is done
by passing the current to the ground through one of the on-board resistors. The signal
conditioning board used in this project provides the user the option to pass the current
through a 30012 resistor or a 3k(2 resistor. In this case, choosing the 30052 resistor is
preferred. The reason being, the motor is rated for a peak AC current of 7.32/2A, that
is, 10.35A. This current, on being sensed by the LA25-NP would generate a current
signal of 10.35mA peak. Since the board is powered by a +15/-15V supply, using a
3k resistor would mean that the peak voltage sensed is beyond 15V and thus, further
operations on the signal would become meaningless. The 300¢ resistor on the other
hand would lead to a peak voltage that is within 4V and thus easy to handle on the
board.

The thresholds for the tripping of the inverter are set by adjusting the resistances of
the on-board potentiometers. There are two potentiometers for each signal input which
correspond to the positive peak and the negative peak. An LM339 quad differential
comparator is used to compare the signal voltage with the thresholds. The output of this
comparison operation is passed on as an ENABLE signal to the HEF4081B quad 2-input
AND gate IC which performs an AND operation of the PWM signal and the ENABLE
signal. If the voltage corresponding to the sensed current is beyond the threshold set by
the user, a 0 is passed to the ENABLE and the PWMs are effectively turned OFF. On
the other hand, if the voltage is within the thresholds, the ENABLE has logic level 1

and PWM pulses are passed on to the inverter.

The final operation that the signal conditioning board enables is the analog condi-
tioning of the voltage signal corresponding to the sensed current (referred to as sensor
voltage henceforth). Since the voltage obtained across the 300(2 resistor is just a scaled
version of the actual current passing through the motor, it can be expected to vary be-

tween +3.135V (300€2 x 10.35mA) and -3.135V when operating at the rated condition.
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Unfortunately, the ADC on the F28335 only supports voltages between 0 and 3V. The
analog circuitry on the signal conditioning board scales down the sensor voltage and
adds a DC offset of 1.5V to it so as to make the resultant voltage vary between 0 and
3V. The circuit which enables this operation is shown in Figure 4.1. Note that the scaled

down sensor voltage is also filtered before finally being made available for being read

by the ADC.

1500pF

30K

——AAM—]

100K

.

Output

100K

300 30K 1500pF _ _ 30K

-

Figure 4.1: Analog conditioning circuit

4.1.2.6 Autotransformer

Two different autotransformers were used during different phases of testing the con-
troller. The first few tests were carried out using a single phase autotransformer rated
for 380V and 50A that was supplied from the mains with a phase-to-neutral supply. The
output of this was fed into the rectifier and provided a DC bus voltage upto 320V. In the
second stage of testing, a 3 phase autotransformer was used which was rated for 380V
and 30A. In general, one can just stick to the 3 phase autotransformer and keep the
voltage at sufficiently low levels during initial phases, raising it upto the rated voltage

only when the controller is tested to work at lower voltages (100V or lower).
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4.1.2.7 Final hardware setup

The block diagram of the complete hardware setup is as shown below

Mains supply Autotransformer

)

Current |<7 nverter

sensor

Y
PWM Signals

Signal
Encoder conditioning

board «——

I DC Voltage
supply

Microcontroller [€—

t

Figure 4.2: Hardware setup

Shielded cables were used for reading the outputs of the current sensor as well as
for feeding the conditioned readings to the ADC. This was done to avoid corruption of
the signal due to external interference. A connection was also made from the ground
of the signal conditioning board to the ground of the microcontroller ADC in order to

prevent problems associated with the DC offset.

In case of the rotary encoder, since the readings were digital, using jumper wires

for making the connections and mounting the circuit for pull-up on a breadboard was
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sufficient. It is recommended to use wires as short as possible for the connections of
the encoder in order to ensure minimum latency. In this case, since the frequency of
recording the encoder readings was 100Hz, which is sufficiently low, the length of the

wires used did not affect the readings much.

4.2 Programming the Microcontroller

The flow of control in the microcontroller program is the same as the Simulink model
described in 3.2.1. The Control Suite libraries provided by TI have utilities which im-
plement the CLARKE and PARK transform and their inverses, PI controllers, SVPWM
and PWM generators, ADC measurements, etc. These utilities were used to imple-
ment the control loop in the microcontroller. It is worth noting that the transforms in

MATLAB as well as in Control Suite are power variant.

The major steps involved in the microcontroller implementation are as follows.

4.2.1 Sampling and recording data

The micrcontroller implements timed interrupts using the EPWM modules. The skele-
ton code for the EPWM interrupts was used for this purpose. The interrupt rate was
chosen to be 10kHz, which coincides with the PWM frequency. Counters of the un-

signed int data type were used to keep track of time for time-based control.

The microcontroller had enough memory to support the storage of 1000 floating
point data samples. Therefore, the measured data was recorded at 50Hz with 200 data
samples allocated to the measurements of i, %y, ¢4, 74, and w,,. As a result, the data
over a period of 4s could be gathered. Note that the low sampling rate was unable to
effectively capture the harmonics in currents. These were captured separately, that is, by
ignoring all the measurements, and allocating the entire memory used for measurements

to a single array instead. The data was then captured at 1kHz for a time interval of 0.1s

60



4.2.2 Reading the sensor data

The current sensor data is read from the ADC while the angle data is read from the

GPIO pins on the microcontroller.

The ADC readings are prone to noise and hence one must be careful when interfac-
ing the signal conditioning board with the microcontroller. The use of shielded cables
is recommended while connecting the outputs of the signal conditioning board to the
ADC. Care must also be taken when connecting the GND of the signal conditioning

board and the GND of the ADCs as it is one of the major sources of noise.

The encoder output is in gray code and the data read by the microcontroller is con-
verted into binary code using standard conversion algorithms. The binary coded data is

then converted into an angle value in radian and used for the transforms.

4.2.2.1 Speed estimation

While the encoder gives accurate angle data, the speed estimation from the angle data is
not as easy. The obvious method of estimating speed would be to use discrete differen-
tiation. However, the results obtained from this method are extremely noisy and require
low pass filtering in order to suppress the high frequency noise that the discrete differ-
entiators are prone to. The other method is to measure the time between successive bit
flips for a GPIO pin and using the angle information to obtain the speed. E.g. the 5th
most significant bit flips on traversing an angle of 3. Thus, the speed can be obtained
by A7 where AT is the time taken between successive bit flips. Since the signals are
sampled at 10k H z, one can use a counter to keep track of the time and obtain the speed
estimate. Although the noise present in this method is lower than using the differentia-
tor, the trade off is its update rate. The speed estimate is only updated after a particular
angle - dependent on which bit is being tracked - has been traversed by the rotor, and
hence, if the speed is low, the controller performance would be limited by the speed
estimation itself. Unfortunately, blindly using the LSBs does not help the cause either
as the high speed performance suffers when using these bits - in this case the angle is
traversed before the counter updates - thus leading to absurd or wrong values. It was
observed that the 5 or 6'* MSB provided the best speed estimates for a wide operation

range. For this project, the 6" MSB was tracked.
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4.2.3 PI Controller

The current and the angle readings are passed on to the CLARKE and PARK transform
modules to obtain the values of ¢; and i,. These values, along with the speed estimate
are then used as the feedback terms for the PI controller. Since the PI controller utility
implements a discrete time PI controller, the K; value needs to be scaled appropriately

depending on the sampling time used.

Since the Simulink model does not account for effects like saturation and inaccu-
racies in the estimation of motor parameters, one may need to tune the PI controller

bandwidths and the gain values in order to achieve a reasonable performance.

In the case of this motor, it was observed that the decoupling terms caused high
frequency spikes in the current waveforms which in turn caused the signal conditioning
board to trip the inverter. One way to get around this problem was to ignore the decou-
pling terms altogether. The other way was to use the reference values of currents and
speed instead of the measured values in order to generate the decoupling terms. These

approaches are compared in Section §4.3.

4.2.4 Generating the gate pulses

The pulse generation process is simplified a great deal by the utilities provided in Con-
trol Suite. The v, and v, values obtained as the outputs of the PI controllers are scaled
and converted to v, and v using the inverse Clarke transform (/CLARKE) utility. These
values are then scaled and fed into the SVPWM generator utility, the output of which
gives the duration of the pulses for the PWM signals to be supplied to the motor. These
pulse durations are then passed on to the PWM module which generates the gating

signals that are finally passed on to the signal conditioning board.

Note that the inputs to the SVPWM module are expected to lie between -1 and
1. For ensuring that the module functions properly, one also needs to ensure that the
magnitude of the voltage, that is, , /v2 + v% does not exceed 1. To ensure this, the v,
and v, values are scaled such that the angle between them is preserved and the overall
magnitude is suppressed so as to not exceed 1. This method was used as it is similar to

the way MATLAB handles over voltages while generating the SVPWM pulses.
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The scaling factor is equal to ﬁ\/gc and is dependent on the DC bus voltage. As
a result, the DC bus voltage needs to be measured and declared as a constant in the

microcontroller program.

4.3 Results

The FOC algorithm was implemented on the SyRM. In the simulations carried out in
Section §3.2, the bandwidths were set at 100Hz for the current controller and 0.2Hz for
the speed controller. For the hardware implementation, however, the bandwidths had
to be recomputed. The Simulink model used for the simulations turned out to be an
insufficient representation of the motor dynamics. Factors like inaccuracies in parame-
ter estimation, saturation not being accounted for, friction torque not being considered,
inductances being assumed constant, and harmonics introduced by rectifier among oth-
ers led to a significant difference between the simulations and the results obtained on

hardware.

Another of the causes for this discrepancy between the hardware implementation
and the simulations was found to be the presence of a peak near 250 Hz frequency in
the spectrum of the d-axis currents when the current controller was tuned for 100Hz

bandwidth.
The FFT spectrum of the 7,4 current response is as shown in Figure 4.3.
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Figure 4.3: FFT spectrum of direct axis current response at 100Hz bandwidth
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It was also observed that increasing the reference 7,4 current to 1.68A resulted in a

better response in hardware.

After running a number of tests and some manual tuning, the controller gains that
were finally arrived at gave reasonable results in the tests run on the actual motor but
failed to follow the reference when used in simulations. Thus, a clear discrepancy exists
between the actual motor and the model, addressing which would need a reasonable

amount of time.

An additional note was that while computing the decoupling terms the actual mea-
sured currents were not added and rather the reference values were used along with the
measured speed. This was done because adding the actual currents amplified the noise
in the system and also caused the inverter to trip almost immediately after the motor
started. Further, for the purpose of comparing the two responses, the output of the w,,
controller was saturated so as to limit ¢, ,.; to within 4 A. This, again, was done to

ensure that the inverter does not trip during operation.

Due to the absence of a loading mechanism, the values of rotor speed, i, and i, were
recorded at S0Hz sampling frequency for the starting, reversal and braking operation, at
rated speed and voltage, and no load condition. The motor response was also compared
for the cases when the decoupling terms were added to the PI controller outputs and

when they weren’t.
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4.3.1 Starting operation

In the first test, the starting operation of the motor was compared with and without the

presence of the decoupling terms.

4.3.1.1 With decoupling terms
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Figure 4.4: Speed response for starting operation without decoupling terms

As seen in Figure 4.4, the motor speed reaches the set-point at 1.56s which is less than
the time it took for reaching the set-point in simulations. This is despite the current
in the quadrature axis is being limited to about half of its rated value. The cause for
this is not completely clear but could be a result of an inaccurate estimation of the
mechanical parameters. It is also worth observing that the speed rise occurs in a linear
manner, much like what was observed in simulations, due to the constraints on the

torque generation.

One can also see that on reaching the set-point, the rotor speed takes the values
of 163.625 rad/s and 151.038 rad/s. This is mainly because of the way the speed is
estimated - tracking the number of 10kHz pulses between successive bit flips of the 6"

MSB. Therefore, the resolution of speed estimation is limited.
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Figure 4.5: Current response for starting operation with decoupling terms

The current response in Figure 4.5 shows that the ¢4 and 7, values stay stable at
1.68A and 2.5A respectively until the set-point is achieved and thereafter, have large
oscillations. While ¢, oscillation are about OA, the oscillations of ¢; consist of high
frequency peaks superposed onto the 1.68A reference that the current follows. These

oscillations are likely a result of the speed estimate not obtaining the set-point.

4.3.1.2 Without decoupling terms
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Figure 4.6: Speed response for starting operation without decoupling terms
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In the case of the decoupling terms being neglected, Figure 4.6 shows that the rotor
speed achieves the set-point before 1.5s, as opposed to 1.56s as seen in 4.3.1.1. This
difference, however, is small enough to be attributed to the noise in the system. Apart
from this, no significant difference is observed between the speed response of the two

casces.
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Figure 4.7: Current response for starting operation without decoupling terms

While the response before achieving set-point is similar for both the cases, it is easy
to see from Figure 4.7 that the magnitude of oscillations in the current waveform are

much smaller when the decoupling terms are not used.

The 7, values oscillated between 3A and -5A in the case of decoupling while in this
case the oscillations are between 3A and -3A. The most significant difference, however,
is in the 74 response. In the results obtained in 4.3.1.1, the current contained high
frequency peaks with magnitude as high as 10A while in this case, the peaks are absent

and the current itself does not deviate from the set-point by more than 4A.

The reason for the decoupled controller operation containing high frequency har-
monics can be attributed to the fact that the vy and v, values have terms that are added
onto the low pass filtered outputs of the PI controllers. As a result, the actual voltage
that gets applied to the motor does not suppress the 250Hz frequencies observed in

Figure 4.3 which in turn ends up amplifying the current.
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4.3.2 Speed reversal

4.3.2.1 With decoupling terms
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Figure 4.8: Speed response for speed reversal operation with decoupling terms

Figure 4.8 shows that the speed reversal happens in 2.6s. One can see that the speed
response is largely a straight line except when the speed is near O rad/s. This can be
attributed to the way the speed is estimated. Since the sign of the speed is determined
based on the angle information as well as the past speed information, the speed esti-
mation at low speeds is not as accurate as it is in the high speed region and is prone to

errors in sign.
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Figure 4.9: Current response for speed reversal operation with decoupling terms

The current response observed in Figure 4.9 is not very different from what was
observed in the motor starting case. Both the current waveforms have large oscillations
when the motor is at the set-point while the values taken by the currents are constant
at 1.68A and about -2.6A for 7, and i, respectively when the speed is in transition. As
before, the high frequency oscillations can be attributed to the fact that the 250Hz peak

in the current response is not completely suppressed when the decoupling terms are

added.
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4.3.2.2 Without decoupling terms
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Figure 4.10: Speed response for speed reversal operation without decoupling terms

Similar to the starting case, the speed response without decoupling as seen in Fig-
ure 4.10 is not any different from the one seen in 4.3.2.1. As seen in 4.3.2.1, the speed
estimate in the near-zero speed region seems to have a sign error that can be attributed

to the estimation technique used.
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Figure 4.11: Current response for speed reversal operation without decoupling terms
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Figure 4.11 shows that much like the observation during the motor starting case, the
removal of decoupling terms suppresses the oscillations in the current waveforms. The
value of i, oscillates about OA when the speed is at the set-point while it obtains the
value of -2.6A when the speed is in transition. The 7; waveform closely follows the
reference of 1.68A and the magnitude of oscillations is much smaller compared to the

results obtained in 4.3.2.1.

4.3.3 Braking

4.3.3.1 With decoupling terms
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Figure 4.12: Speed response for braking operation with decoupling terms

Figure 4.12 shows that the braking operation occurs in 0.9s. However, it can be seen
that despite the set-point being at 0, the recorded speed does not stay constant at 0
rad/s. This is due to the way speed is estimated, that is, with the flipping of the 6"
MSB. Obviously, to update the speed estimate, the rotor needs to have moved by a
certain angle. And as a result, the speed oscillates about O instead of settling at that
value. Recalling the results of 4.3.1, one can see that the time taken for braking is
considerably lower than the starting time despite the step change in speed being the
same in both cases. This difference can be attributed to the differences in the i4 and 7,

waveforms in the two cases. During the starting operation, both ¢, and 7, were initially
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at 0 and a finite amount of time was required for these values to obtain their set-points.
In the braking operation, however, the i; value was already at the set-point and the 7,
value was oscillating about 0. This, along with the minor difference in the windage
loss due to the cooling fan of the motor, and the friction aiding the braking, caused the

braking operation to conclude faster than the starting operation.
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Figure 4.13: Current response for braking operation with decoupling terms

Similar to the results obtained in 4.3.1 and 4.3.2, the currents, as shown in Fig-
ure 4.13 oscillate when they are at the set-point of —507 rad/s. However, when the
set-point of 0 rad/s is reached, the oscillations in 7; die down almost completely while
14 value continues to oscillate about OA. The reason for this is that the decoupling terms
themselves have a very low magnitude when the speed magnitude is small and hence

resonant frequencies in the control loop do not affect the current response.
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4.3.3.2 Without decoupling terms
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Figure 4.14: Speed response for braking operation without decoupling terms

The braking operation in the no decoupling case takes 1.2s to complete as shown in
Figure 4.14 while the results in 4.3.3.1 required 0.9s. This can be attributed to the dif-
ference in current waveforms between the two cases. In the results obtained in 4.3.3.1,
the currents are slightly on the higher side due to the disturbances in the system and
hence the torque generated is higher. As a result, the set-point is achieved faster. Apart

from this, however, there are no major differences between the two cases.
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Figure 4.15: Current response for braking operation without decoupling terms
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Once again, it can be seen from Figure 4.15 that the oscillations in the currents are
much smaller in the case when decoupling terms are not added, when the speed is at
its rated value. Further, as mentioned above, the magnitude of currents is slightly lower
during the transition duration and as a result the braking operation takes longer com-
pared to the results obtained in 4.3.3.1. One can also see that the waveforms obtained
during the near O speed operation are very similar to the ones obtained in 4.3.3.1. The
explanation for this similarity is that the magnitude of the decoupling terms is so small

that there isn’t any observable difference between the two cases.

4.3.4 Results with rated current limit

From the results obtained in 4.3.1, 4.3.2 and 4.3.3, it is easy to conclude that not using
the decoupling terms results in a better current response in terms of noise and harmonic

content.

The testing in 4.3.1, 4.3.2 and 4.3.3, however, involved limiting the i, ,.; value
to within +£4A and hence did not provide an accurate depiction of what the motor is
actually capable of. Therefore, tests were conducted after resetting PI saturation limit

to the rated value.

In the following results, the quantities ¢, and 7, were not measured and the measure-

ments were recorded at 100Hz for a period of 3s.

74



4.3.4.1 Starting operation
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Figure 4.16: Speed response for rated current limit starting operation

Contrary to the simulations in 3.2.2, Figure 4.16 shows that the speed achieves the
set-point within 0.8s. Additionally, much like the results in 4.3.1, the speed does not
settle at the reference but instead oscillates about the set-point due to the way estimation
takes place. The sharp peak in speed at about 0.2s, is likely the result of the encoder bit

switching signs due to electromagnetic interference (EMI).
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Figure 4.17: Current response for rated current limit starting operation
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As can be seen in Figure 4.17, the ¢, value follows the reference as expected while
14 obtains a value of about 8.5A until the set-point is achieved, following which it os-
cillates between -10A and 10A. The inverter trip limit was set to 12A which is slightly

higher than the peak of the rated current (10.6A) , to account for these oscillations in i,,.

4.3.4.2 Speed Reversal
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Figure 4.18: Speed response for rated current limit reversal operation

The speed reversal operation with the rated current limit, as shown in Figure 4.18 com-
pletes in 1.6s. The peaks in the waveform are likely due to EMI from the motor supply

which introduces noise in the encoder reading and causes the bit to flip erroneously.
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Current response
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Figure 4.19: Current response for rated current limit reversal operation

Much like in 4.3.4.1, Figure 4.19 shows that the ¢, value follows the reference while

14 achieves -8.5A during speed transition and oscillates about OA on achieving set-point.

4.3.4.3 Braking
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Figure 4.20: Speed response for rated current limit braking operation

As seen in the results obtained in 4.3.3, Figure 4.20 shows that the braking operation

concludes faster than the starting operation due to the various factors mentioned earlier.
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Further, the rotor does not settle at 0 rad/s due to the way speed is being estimated.
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Figure 4.21: Current response for rated current limit braking operation

Much like the earlier cases, Figure 4.21 shows that the i, current oscillates about

OA when the speed is at set-point while it takes the value of 8.5A when the speed is in

transition.

4.3.44 Low speed operation

. . h
For testing the low speed operation of the motor, the speed reference was set to 1—10t

of the rated value for starting and the measurements were recorded for 2s after motor
achieved set-point. For estimating speed for the low speed case, the 5* MSB was

tracked as it was found to give better results for lower speeds.
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Figure 4.22: Speed response for rated current limit low speed operation

From Figure 4.22, one can see that the motor follows the reference speed quite
closely. However, due to the resolution at which the speed is sensed, the motor does
not rotate smoothly at the reference speed and one can see that the rotor jerks at regular

intervals.
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Figure 4.23: Current response for rated current limit low speed operation

The current response, as shown in Figure 4.23 is not very different from the earlier
cases. The i4 value follows the reference while the 7, value oscillates about the OA mark

after the set-point is achieved. It is worth noting that the magnitude of oscillations is
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lower in the case of low speed operation due to the fact that the speed estimation has
a better resolution and that the achieved speed does not deviate from the set-point by a

large margin.

4.3.5 Summary and analysis of the results

* The motor model used in simulations does not accurately model the actual motor.
As a result, there is a considerable difference in the performance obtained in the
simulations and on the actual motor.

* The speed estimation in hardware is not as straightforward as it appears to be and
depending on the way the speed is estimated the controller performance can vary.

* Due to the limited resolution offered by the speed estimation method, the speed
never stayed constant on reaching the set-point and instead oscillated about the
set-point value.

* Although setting the bandwidths of the controllers to high values is recommended
to ensure that the controller responds to abrupt changes quickly, it may lead to
unexpected behavior if the controller isn’t tuned well. Further, high bandwidth
also worsens the acoustic performance of the motor.

* The braking operation on hardware occurred faster than starting due to factors like
the motor being already energized, the cooling fan windage loss being different
depending on the direction of rotation, and most importantly, friction aiding the
process.

* From the results obtained, one can also conclude that addition of the decoupling
terms does more harm than good to the current response of the controller. The
main culprit behind this, however, was the resonant frequency of 250Hz.

* Due to the errors associated with the speed estimation, the low speed performance
of this motor is significantly worse than its rated performance. A smarter speed
estimation technique involving filter can also improve the low speed performance,
however, due to lack of time, such techniques were not experimented with.

* There were differences observed between the simulations and the hardware im-
plementation which can be attributed to the inaccuracies in the parameter esti-
mates, friction being neglected, saturation not being accounted for, and resolution
of speed estimation. However, overall, one can conclude that the FOC method
itself works as intended and achieves its control objective in the hardware imple-
mentation.
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CHAPTER 5

CONCLUSION

5.1 Summary of the report

An overview of the design aspects of a SyRM drive were covered in this report.

The report began with a discussion of the history of motor drives and the motiva-
tion behind using the SyRM. It was stated that the SyRM offers advantages over the

induction motor in terms of efficiency and over the PMSM in terms of cost.

The theoretical aspects of the SyRM modeling were discussed. The SyRM has a
very simple model compared to the induction motor and the synchronous motor and
thus, in theory, it is easier to design a controller for this machine. The FOC method
for designing the controller for the SyRM was discussed with the motivation behind
using it being that it allows control of the two axes currents independent of each other
and is in a way similar to the DC motor drive. The SVPWM technique was explained
and the equations involved in the pulse generation were stated. The theory of the EKF
was stated and the way it can be used for state estimation in SYyRM was demonstrated.
The Field Weakening control of the SyRM was mentioned along with an insight into
the different modes of operation and the equations governing the choice of direct axis

current reference for these modes.

The working of FOC was shown using MATLAB simulations and the results showed
that the transient performance of the motor was limited by the rated torque - which in
turn is dependent on the rated current of the motor, and the mechanical parameters.
The simulation results also showed that voltage limit enforced by the inverter created a
dependence between the decoupled currents when operating at the inverter limit. The
sensorless control employing the EKF was simulated and even with limited tuning, rea-
sonable results were obtained. The rated performance of the EKF was shown to be
better than the FOC counterpart due to the added advantage of load torque estimation

that the EKF offers. The low speed performance of the EKF was analyzed and it was



observed that with proper tuning, the EKF can be used effectively even for low speeds.
The numerical and computational issues of implementing the SyRM on the microcon-
troller were discussed and some guidelines were given for choosing the size of the

measurement vector and the sampling interval.

In the final chapter, the hardware implementation details of the controller were given
and the importance of the auxiliary components like the rotary encoders, the sensors,
the signal conditioning board and the autotransformer was discussed. The working
of the signal conditioning board was mentioned in detail with stress upon the level
shifting, inverter tripping and analog conditioning operations. The major steps involved
in programming the microcontroller were mentioned with particular stress upon the way

the PI controller was implemented and the speed estimation method.

During the testing of the FOC on the actual motor, it was noted that a discrepancy
exists between the motor model used in Simulink and the actual motor. The controller
parameters used for the Simulink failed to make the actual motor run. Similarly the
controller parameters obtained after manually tuning the motor did not produce a rea-
sonable response on the Simulink system. The no load tests on the motor at rated speed
and voltage carried out by suppressing the current limits showed that not adding the de-
coupling terms in the current controllers resulted in a better current response compared
to adding them. Finally, the starting, speed reversal, braking, and low speed operation
of the motor in the no load condition and at rated speed using the FOC method were

demonstrated with the current limits set to the rated values.

Despite the discrepancy between the motor model in Simulink and the actual motor,

the FOC method was shown to work on the actual motor.
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5.2 FUTURE SCOPE

Although the project covers a number of aspects related to the design of a SyRM drive,
the insufficiency of time and resources allows for a lot of this work to be carried forward

and improved upon.

* The theory behind the Field Weakening method was discussed however the sim-
ulations or hardware implementation of the field weakening control were not
demonstrated in this project. Although the equations make the control appear
trivial to implement, one faces a lot of unexpected results during the actual im-
plementation due to the saturation not being accounted for, or not being dealt with
as required.

* The EKF results were suboptimal due to insufficient tuning. One can do a grid
search on the tuning parameters and obtain a set of parameters that work best for
the motor. One can also try out the High Frequency voltage superposition method
to improve the accuracy of the estimates at low speeds.

* Hardware implementation of the EKF, which was not covered in this project, is
also a challenging problem and one needs to spend time to achieve the intended
accuracy as well as latency when implementing this on hardware.

* The differences between the simulation model and the actual model led to a sig-
nificant difference between the results obtained in the two cases. The cause be-
hind this can be investigated thoroughly and guidelines can be established to im-
prove the accuracy of the modeling process.

* In terms of research potential, the sensorless techniques for the SyRM have still
not been fully explored and while the EKF appears to be a promising alternative,
a proper comparison between the sensorless control methods for SyRM has - to
the best of the author’s knowledge - not appeared in any of the journals.

* Rotor design and manufacture of the SyRM remains a major research area. The
motor used for this project was not well designed and hence was quite bulky for its
power rating. However, if one can obtain a high saliency ratio while designing the
rotor, the motor size can be reduced a great deal and introducing manufacturing
techniques that can make the production of rotors easier would greatly boost the
commercial prospects of the SyRMs.
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APPENDIX A

APPENDIX

A.1 Symbolic math code for obtaining motor parame-

p:

wr =

weE

Vs

Is =

pf
Pin
T =
rs =

Ld =

syms

eql
eq2
eq3
eq4
eq>S
eq6
eq7

sol

ters

2; Ypole pairs
50 pi;

p*Wr;
415;
7.32x%sqrt(3);
0.452;

= 2375;

2000/ wr;
1.3;
0.713;

vd vq id iq Lq B

= (vd == rs*id — wexLqgx*iq);

= (vq == rsx*xiq + wexLdxid);

= (T == p*(Ld—Lq)*id=*iq — Bsxwr);
= (vd*id + vq#iq == VsxIsxpf);

= (vd"2 + vq”*2 == Vs"2);

= (1d"2 + iq”"2 == Is”"2);

= (Lg>0);

= solve([eql, eq2, eq3, eq4, eqS,
iq Lq B], ’Real’, true);

eq6,eq7],

[vd vq id
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disp (vpa(sol
disp (vpa(sol
disp (vpa(sol.
disp (vpa(sol.
disp (vpa(sol
disp (vpa(sol

.vd));
vq));
id));
iq));
Lq));
B));

A.2 Manufacturer’s test results

Voltage (V) | Current (A) | Power (W) PF. Speed (RPM)
415 (\) 4.325 228 0.0726 1500
230 (L) 7.523 310 0.0982 1500
Table A.1: No Load Tests
Voltage (V) | Current (A) | Power (W) | PFE | Speed (RPM) | Torque (Kgm)
415 (M) 7.31 2375 0.452 1500 1.30
230 (D) 12.887 2400 0.448 1500 1.32

Table A.2: Full Load Tests

A.3 Code repository

https://github.com/SAM10795/DDP_SyRM
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