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ABSTRACT

MODEL PREDICTIVE TORQUE CONTROL OF AN INDUCTION
MOTOR ENHANCED WITH AN INTER-TURN SHORT CIRCUIT FAULT
DETECTION FEATURE

Sahin, flker
Doctor of Philosophy, Electrical and Electronic Engineering
Supervisor : Assoc. Prof. Dr. Ozan Keysan
Co-Supervisor: Prof. Dr. Biilent Ertan

September 2021, 174 pages

Model predictive control (MPC) is a popular research topic in modern power
electronics and it has been applied to a large variety of power converters and electric
drives. The reason behind this interest in MPC is the advantages that it offers:
intuitive and flexible algorithm, fast dynamic response, ease of handling converter
nonlinearities, and system constraints, to name a few. In this thesis, MPC is applied
to the torque control of an induction motor (IM). Involving both the theoretical
foundation, computer simulations and experimental implementation, MPC of IM has
been thoroughly documented. Detailed laboratory results suggest a good motor drive
performance. Further issues regarding MPC, such as weighting factor tuning,

computation time, and the dynamically varied weighting factor, are also examined.

A novel algorithm that runs as an add-on to the predictive controller is developed to
detect and locate inter-turn short circuit (ITSC) faults for the IM. ITSC faults are a
severe fault type that needs quick identification or else it leads to the complete

malfunctioning of the machine. It is observed that an effective controller inherently



tries to compensate for the fault’s corrupting influence, hence covers the fault
signatures. Therefore, it is vital to address any fault detection technique in
conjunction with the main controller, for a closed-loop controlled system. The basic
principle utilized for fault detection is to observe the controller’s outputs for any
unexpected unbalance. The effectiveness of the proposed fault detection algorithm
is verified with laborious experimental data. The fault and the drive system’s
interaction is examined with various aspects, such as the fault’s effect on the cost
function, current prediction error, and high-frequency impedance of the machine.
Additionally, a new simulation model for the IM with ITSC fault is developed, the

effectiveness of which is also verified through experimental results.

Keywords: Model Predictive Control, Fault Detection, Inter-Turn Short Circuit,
Motor Drive, Induction Motor.
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0z

ASENKRON MOTORLARIN SARGI ARASI KISA DEVRE ARIZASI
TESPIiT OZELLIGi iLE ZENGINLESTIRILMIiS MODEL ONGORULU
MOMENT DENETIMI

Sahin, flker
Doktora, Elektrik ve Elektronik Miihendisligi
Tez Yoneticisi: Assoc. Prof. Dr. Ozan Keysan
Ortak Tez Yoneticisi: Prof. Dr. Biilent Ertan

Eyliil 2021, 174 sayfa

Modern gii¢ elektronigi arastirma alanlari igerisinde, model Ongoriilii denetim
(MOD) yéntemi 6nemli bir yer edinmis ve ¢ok sayida giic doniistiiriiciisii ve
elektrikli motor siiriicii uygulamalarinda kullanilmigtir. Bu ilginin arkasinda yatan
sebepler MOD yénteminin sundugu esnek ve anlasilir denetimci yapisi, iistiin
dinamik basarimi, doniistiiriicii dogrusal olmamaligimin ve sistem kisitlarinin
kolayca yonetilebilmesi gibi getirilerdir. Bu tezde, MOD yéntemi bir asenkron
makinanin moment denetimine uygulanmistir. MOD yontemine iliskin, teorik
temelleri, bilgisayar benzetim ¢alismalarin1 ve deneysel uygulamayi icerecek sekilde
kapsamli bir inceleme gergeklestirilmistir. Elde edilen detayli laboratuvar verileri,
iyi bir motor siiriicii basarimi elde edildigini gostermektedir. MOD y&ntemine iliskin
agirlik katsayisi ayarlama, islem yiikii, ve agirlik katsayisinin dinamik degistirilmesi

gibi konular da incelenmistir.

MOD yontemine ilave bir eklenti olarak ¢alisan, sargi arasi kisa devre (SAKD)
arizalarini saptayan ve yerini tayin eden yeni bir algoritma gelistirilmistir. SAKD

arizlar1 kisa silirede saptanmasi gereken, aksi takdirde makinenin tamamen
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bozulmasia yol acacak ciddi bir ariza tipidir. Etkin bir kontrolciiniin, olusan
arizanin sisteme olan bozucu etkilerini telafi etmeye ¢alistigl, dolayisiyla arizaya
iliskin ipuglarinin kapatildigi gézlemlenmistir. Bu yiizden, kapali devre denetimi
saglanan sistemler i¢in Onerilen ariza tespit algoritmalarinin ana denetci ile birlikte
degerlendirilmesi elzemdir. Ariza tespiti i¢in benimsenen temel prensip, denetimci
ciktilarinda herhangi bir beklenmeyen dengesizligin saptanmasidir. Gelistirilen
yontemin ariza tespiti konusundaki yetkinligi detayli laboratuvar ¢alismalari ile
gosterilmistir. Ariza ve sistem arasindaki, maliyet fonksiyonuna olan etki, akim
tahmin hatasina olan etki, ve makinenin yiiksek frekans empedansina olan etki gibi
konular da incelenmistir. Ek olarak, SAKD arizas1 olan bir asenkron makinenin
bilgisayar benzetiminin yapilabilmesini saglayacak yeni bir benzetim model

gelistirilip, etkinligi deneysel olarak gosterilmistir.

Anahtar Kelimeler: Model Ongoriilii Kontrol, Ariza Tespit, Sargi Aras1 Kisa

Devre, Motor Siiriicii, Asenkron Makine.
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CHAPTER 1

INTRODUCTION

1.1  Background and Motivation

The electric motor is the main workhorse of our modern society. It is estimated that
nearly half of the total electricity production is consumed by electric motors in
industrialized countries [1]. While some of the motors can be fed directly from the
grid, variable speed drives (VSD) are utilized when effective and efficient motion
control is needed. Replacing line-fed motors with VSD controlled ones is still a
strong trend [2]. Furthermore, the electric vehicle is booming, and existing traction
applications, such as ships, railways, etc., are being electrified more and more.

Therefore, the value and importance of VSDs are deemed to increase.

The control algorithms invented for effective torque and speed control lie at the heart
of VSDs. The most popular motor drive strategy is field-oriented control (FOC),
sometimes referred to as “vector control”. The indirect and direct types of FOC were
invented by Hasse and Blaschke, respectively, in the early 70s [3]. Along with the
increasing availability of cheap and potent microcontrollers in the 80s, FOC
revolutionized motor control. In the early era of power electronics, AC motors were
often considered as “fixed-speed” motors whereas variable speed applications would
often require DC motors, albeit with their drawbacks. With FOC, torque and speed
control of AC motors were simplified to the level of DC motors’. As an alternative
motor drive strategy with its advantages and disadvantages, direct torque control
(DTC) was invented in the 80s, independently by Takahashi [4], and Depenbrock
[5]. Both the FOC and DTC are commercial methods (notably more for FOC) that

are widely used for adjustable speed drives [6]. A family tree of modern motor drive



techniques is depicted in Fig. 1.1, which is adapted from [7] and [8]. It should be
noted that there is not a formal classification procedure that decisively rules the type
of any given motor drive algorithm. Furthermore, there are many novel control
algorithms that are hybrid versions of different control approaches. Nonetheless, the
family tree depicted in Fig. 1.1 provides an overview of sufficient detail on the
existing methods of motor control. Although both the electric motors and the motor
drive systems (hardware and control) design are very mature disciplines within
power electronics, the research for new machine types and control algorithms to
overcome complex tasks even in harsh environments with ever stringent

performance figures, as effectively and efficiently as possible, still continues [9]-

[11].
Motor Drive
Strategies
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Figure 1.1. An overview of the existing motor drive techniques.

An interesting example among the modern research topics on motor drive strategies
is the model predictive control (MPC). MPC has attracted significant interest from
the research community especially in the last decade. Although MPC dates much
earlier as a general control approach, its popularity in power electronics is relatively

new. MPC has several advantages when applied to power converters and motor



drives: it is intrinsically fast and flexible, good at handling the discrete nature of
power converters and system constraints and it has an intuitive flowchart that is easy
to be programmed. Mathematical models for power converters and electric motors
on any required detail level are widely available, therefore the model requirement of
MPC is not a problem. Furthermore, a fundamental drawback of MPC, that is the
increased computational burden, has been less of an issue with the microcontroller
units utilized for power electronics applications providing ever more performance.
Consequently, MPC has been a hot spot in modern power electronics and researchers
have been evaluating MPC in many different forms for a various converter and motor

types and applications.

Fault diagnosis and condition monitoring of power electronics converters and
electrical machines is another fundamental field of research. Identifying any fault at
the initial stage is very critical. Effective counter-measures can be taken, the fault
can be stopped from evolving into a more severe state if not being completely
neutralized and the downtime of the process and the repair costs of the machine or
converter under consideration can be reduced. Therefore, the research on fault
diagnosis and condition monitoring has always preserved its popularity and

significance.

This study aims to be among the first attempts that consider fault detection along
with MPC, hence unifying these two major lines of research. As the type of electric
motor to be driven via MPC, the induction motor (IM) is chosen for this study,
because IM is the most commonly utilized motor in industrial applications. The finite
control set model predictive control (FCS-MPC) approach has been implemented for
the predictive torque control of IM. Using the flexibility provided by FCS-MPC, a
new fault detection algorithm for the inter-turn short circuit (ITSC) fault, which is
the most common electrical fault in motors, is developed and implemented. The
proposed fault detection algorithm is intuitive, non-invasive, and works as a simple
extension on the standard FCS-MPC routine without imposing any significant

computational burden. The performance of the proposed algorithm is verified by



detailed laboratory experiments. Contributions made through this study are listed in

the following.

1.2 List of Publications Produced from the Thesis

The publications made within the scope of this dissertation are listed in Appendix A.

A prediction vector set reduction algorithm is proposed in [12] to reduce the
computational burden of the MPC. The laboratory setup utilized for this study and
the MPC implementation is described in [13]. An experimental tuning procedure and
dynamically modified weighting factor are introduced in [14]. A simulation model
for the induction machine (IM) with an inter-turn short circuit (ITSC) fault is
developed in [15]. Finally, a novel algorithm that detects and locates the ITSC faults
in MPC-driven IMs is proposed in [16].

1.3 The Thesis Structure

This thesis is structured in five chapters. Chapter 2 provides a review and
examination of sufficient depth upon FCS-MPC. Both the theoretical background
and the practical details regarding the laboratory implementation are documented.
Then, the fault phenomenon in electrical machines is reviewed in Chapter 3, and the
IM with an ITSC fault is modeled. Thereafter, these two major fields of research,
namely; MPC and fault diagnosis are unified in Chapter 4, where a novel MPC-based

fault detection scheme is presented. Finally, the thesis is concluded with Chapter 5.

Chapter 2 is the enlarged and enriched version of [12], [13], and [14]. Chapter 3 is
largely based on [15] and [16]. Chapter 4 is mainly derived from [16], with several

extra discussions and experimental results.



CHAPTER 2

MODEL PREDICTIVE TORQUE CONTROL OF INDUCTION MOTORS:
THEORY, SIMULATION, AND IMPLEMENTATION

2.1 Introduction

This chapter is organized as follows: an overview of Model Predictive Control
(MPC) with a focus on its application in power electronics is provided first.
Secondly, considering the utilization of MPC as an induction machine (IM) drive,
the theory of operation is explained in detail and the equations that describe the
control action are provided. Then, the MPC-driven IM is simulated and results are
presented. Finally, the described control approach is implemented on a laboratory

setup and the experimental outcomes are documented.

2.2 Model Predictive Control: An Overview

Model predictive control (MPC) can be traced back to 1960s [17], [18]. Its main
application areas have been the oil and chemical industries. With the availability of
microprocessors that can solve multi-variable optimization problems, interest in
MPC among the research community surged in the 1980s [17], [18]. However, the
application of MPC in the power electronics area is relatively new. This is due to the
fact that, compared with the process industries, the time constants of electronic
systems are orders of magnitude smaller. Today, sampling and control frequencies
of tens to hundreds of microseconds are typical in the control of power converters.
Considering also that MPC is a more computational heavy method compared to the
industry-standard PID approach, its application in power electronics requires

modern, powerful microprocessors. Therefore, MPC for power electronics became



popular around the 2000s, and studies reported have been growing ever since.
According to [19], the number of new publications regarding the utilization of MPC

for power electronics has been roughly doubling every three years.

MPC offers many advantages when applied in power electronics. Its intuitive
structure is suitable for the control of multiple variables of different nature (e.g.
suppose the control of torque, flux, and current) without the requirement of nested
control loops. It offers a superior dynamic response because the predictive approach
can act before a significant deviation from the reference occurs and the error is
accumulated, in contrast to the Pl-based controllers. Its discrete structure is suitable
for handling converter nonlinearities and system constraints. All of these merits
explain the interest MPC has drawn from the research community and the potential
it has as a new and promising method for the control of power converters and drives.
As of today, MPC has been applied to almost all types of power electronics and
electric drive applications [20], [21]. Considering the merits of MPC, its shift from
sole academic research to industrial applications is in progress. A technological

readiness assessment for MPC can be seen in [22].

For the overviews on MPC and a thorough examination of its numerous application
examples, the interested reader is referred to the comprehensive review papers [20],
[21], [23]-[28]. For structured learning of MPC, recently published books [8], [29]-
[32], and some selected Ph.D. dissertations [33]-[36] are advised.

Although there are no strict criteria for a control strategy to be classified under MPC
or not, the key feature of MPC strategies is the prediction of the controlled variables
made by the utilization of the controlled system’s mathematical model. Having
obtained the predictions for all of the possible actions that the system can take in the
feature, the best control action is decided through an optimization routine. Another
key feature related to MPC is the “receding horizon policy”. An MPC algorithm with
a prediction horizon of “N” predicts the control variables for N time steps ahead and
applies the best vector, as depicted in Fig. 2.1. The chess player calculating N moves

ahead is a famous analogy for this. Regarding power electronics applications, long



prediction horizons (N > 2) are mostly reported for MV applications where the
switching frequency is kept significantly low (< 1 kHz) to avoid switching losses.
Long horizons offer significant performance benefits compared with one step ahead
prediction at the expense of an increased computational cost [19]. For low voltage
applications where typical switching frequencies are in multiple kHz values, short

prediction horizon (N = 1) applications are dominating.

Ok S Ts > Ts >

Ref.

TIK] TIk+1] T[k+2]

Figure 2.1. The “receding horizon policy” of MPC.

221 A Classification of MPC Methods

A classification of MPC methods as applied in power electronics, definitions of
which are adapted from [21], is depicted in Fig. 2.2. The main distinction is based
on the type of the optimization problem: Continuous Control Set MPC (CCS-MPC)
outputs a continuous control signal, which is then realized by a PWM modulator
stage. Finite Control Set MPC (FCS-MPC) however, computes an integer
optimization problem and the best outcome is directly applied without any
modulation. Within the CCS-MPC category, GPC is for linear and unconstrained
optimization problems where EMPC is for nonlinear and constrained cases. For the
FCS-MPC category, OSS-MPC considers also the instants that the switches change
state, which is not employed in OSV-MPC. CCS-MPC approach is more suited for
long prediction horizon applications whereas most of the FCS-MPC studies

generally utilize a short prediction horizon.



MODEL PREDICTIVE CONTROL
(MPC)

Finite Control Set MPC Continuous Control Set
(FCS-MPC) MPC (CCS-MPC)

e  Optimal Switching Vector MPC (OSV-MPC) e  Generalized Predictive Control (GPC)
e  Optimal Switching Sequence MPC (0SS-MPC) e  ExplicitMPC (EMPC)

Figure 2.2. A classification of MPC as utilized in power electronics, adapted from
[21].

There are two further classifications commonly reported for FCS-MPC applications
in the literature, based on the distinction between the controlled variables. These are
predictive torque control (PTC) and predictive current control (PCC). In PTC, the
control variables are torque and flux whereas in PCC control variables are the stator
currents. For more details and other types (such as predictive speed control (PSC),
and predictive power control (PPC)), the interested reader is referred to [32]. In this
thesis, the PTC of an induction motor (IM) will be considered.

2.2.2 Comparison with the Existing Control Techniques

The merits of MPC were previously stated as a superior dynamic response, intuitive
structure that is easy to be programmed, suitability to handle converter nonlinearities
and system constraints. Its two main disadvantages, on the other hand, can be stated
as an increased computational burden and variable switching frequency. Due to the
online optimization routine of MPC, the number of calculations is significantly
higher than that of a standard motor drive method such as FOC. For the control of a
2L-VSI with a short prediction horizon, the increased computational burden is not a
significant problem considering the processor capabilities of today. However,
considering certain applications such as multilevel inverters (where the total number

of admissible switching configurations are significantly higher compared to the 2L-



VSI) or long prediction horizon (where the total number of control actions that
should be evaluated grows exponentially), the increased computational cost can be a
limiting factor. The second drawback is the variable switching frequency that arises
from the lack of modulator utilization. This is an undesirable feature considering
practical implementations from the EMI-EMC point of view. Filtering is more
convenient for a pre-determined fixed frequency. As expected, some studies address
these two shortcomings. Methods for computational burden reduction are proposed
in [12], [37], and variations of MPC that offer fixed switching frequency are reported
in [38]-[40].

Reference [41] provides an experimental comparison between FOC, DTC, and MPC
(both PTC and PCC) and acknowledges the previously stated advantages and
disadvantages for MPC. Similarly, in [42], a comparison between FOC and MPC is
provided, which verifies that MPC can perform similarly to FOC, possibly even
better in dynamic performance. The advantages and disadvantages of predictive
control schemes with respect to PWM-based control methods are examined in [43].
Compared with the DTC method, on a commercial MV-level motor drive, MPC was
found to provide switching frequency reduction up to 50%, while equally respecting

the torque and current boundaries [44], [45].

In order to provide a broad comparison between the mainstream control methods,
i.e.,, FOC, DTC, and MPC, Table 2.1 is created, which is adapted from the similar
comparison figures depicted in [32], [35], [41], [42]. It is important to note that Table
2.1is intended just to give a general sense: all control methods include various hybrid
versions or can be supported by additional algorithms to overcome certain
disadvantages, therefore it is not convenient to categorically classify a control
method best or worst. With the term MPC, the FCS-MPC utilized in PTC fashion is
implied.



Table 2.1 A Broad Comparison Between FOC, DTC, and MPC.

Index FOC DTC MPC
Coordinate Transformation Yes No No
PWM Stage Yes No No
Constraint Inclusion Difficult  Difficult Easy
Conceptual Complexity High Medium Low
Parameter Sensitivity High Low High
Computation Time Low Low High
Torque Ripple Low High Moderate
Dynamic Response Slow Fast Fast
Switching Frequency Constant  Variable Variable

2.3 Predictive Torque Control of an Induction Motor: Theory

In this study, FCS-MPC (OSV-MPC, to be precise) is used for the speed control of
an IM which is driven via a two-level voltage source inverter (2L-VSI). The applied
control strategy can be classified as PTC, i.e., torque and stator flux will be the
control parameters. A short prediction horizon is selected (N=1). An overview of the

existing examples of MPC applications as IM drives is reported in [46].

For FCS-MPC, it is more convenient to choose the stationary reference frame
approach rather than the synchronously rotating reference frame, which is more
convenient for FOC modeling. Therefore, for the formulas here on, complex vector
notation from a stationary reference frame is adopted. That is, all vector quantities
are defined on the complex plane with a real and an imaginary part, denoted by «

and f respectively, as in (2.1).

faﬁ = fa +jfﬁ (2.1)

10



The transition from three-phase a — b — ¢ quantities to the complex vector
representation is done via the Clarke transform, defined by (2.2), considering the

transformation of phase currents from i, to i, as an example.

HEP e SR 22)

igl 310 1/ - ~1 e '
V3 V3[ L

Although typically not utilized in MPC of IM, transformation to a rotating reference

frame (dq) is widely applied in FOC therefore it is given in (2.3) for the sake of

completeness.

] =[50 e ] @3
Three-phase quantities passed through the Clarke transform, appear as rotating
vectors on the complex plane as depicted in Fig. 2.3. Although the Clarke transform
definition is provided on ig,. — i, €xample, other electrical variables such as

stator voltage (V;), stator and rotor fluxes (¥; and ¥,.) are also Clarke transformed

complex variables.

Figure 2.3. Rotating vectors on the complex plane.

As its name implies, MPC relies upon the mathematical modeling of the systems.
The more accurate the model is, the higher the control performance will be.

11



Therefore, mathematical models of the controlled machine (IM) and the driver (2L-

VSI) are to be introduced first.

231 Modeling the Induction Machine and the Inverter

2311 The Induction Machine Model

An IM’s model can be completely defined through its state-space equations, as
expressed in (2.4)-(2.9). For the dynamic representation of IM, the fundamental

sources, which the following equations are adapted from, are [47]-[51].

d¥y

V. = Rl + dts (2.4)
d¥

V. = RI, + —— — jw, ¥, (2.5)
dt

W, =L+ L1, (2.6)

Y, =L, +LI, (2.7)

3 *
T = Epgm(ws-ls) (2.8)
dw
J dtm = Te=Tioaa (2.9)

In the state-space equations of (2.4)-(2.9), V, I, and ¥ stand for voltage, current, and
flux, respectively. Subscripts s and r are used to indicate stator and rotor variables.
T, and T, represent electromagnetic and load torques, w, is the rotor angular
frequency, w,, is the mechanical speed, p is the number of pole-pairs. Rotor angular

frequency is p times the mechanical speed (2.10).

We =D .Wp, (2.10)

12



Although the state-space equations are sufficient for the description of IM behavior,
the visual representation of these equations in the form of an equivalent circuit is

more insightful and it is depicted in Fig. 2.4.

|S Rs I—Is LIr Rr |r

Figure 2.4. The equivalent circuit of an IM.

2.3.1.2  The Two-Level Voltage Source Inverter Model

Two-level voltage source inverters (2L-VSI) are the standard choice for DC-AC
conversion for low voltage applications. A simplified structure of a 2L-VSI with

idealized switches is shown in Fig. 2.5.

. Sa \ Se\ Sc\

I\ )\, Phase A
Shie
: — — — ase

 Sa NS\ SN

Figure 2.5. The 2L-VSI configuration, depicted with ideal switches.

Considering that the high and low side switches in a phase arm are triggered
complementarily to avoid the shoot-through of the DC bus, the total number of

admissible switching states that the 2L-VSI can generate becomes 23 = 8. Two of

these total eight switching states, {S, S, S.} = {0,0,0}and {S,,S,S.} = {1,1,1}are

13



the zero vectors that effectively short-circuit the output, providing zero voltage. A
list of 2L-VSI vectors, along with their corresponding switching states and output

voltage values, is provided in Table 2.2.

Table 2.2 Voltage Vectors of a 2L-VSI.

V, S ={S,5,5.} Ve =V, +jVg
Vo 000 0

v, 100 2/ Ve

v, 110 (1/3 +j 1/\@) Voe

010 “1, 4+l )y

V3 371)J /\/§ DC
v, 011 =2/3 Ve

Ve 001 (‘1/3 —j 1/\@) Voc
Ve 101 (1/3 —j 1/\/5> Voc
v, 111 0

2L-VSI voltage vectors are depicted on the complex plane in Fig. 2.6.

14
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Figure 2.6. The voltage vectors of 2L-VSI, depicted on the complex plane.

2.3.2 Finite Control-Set Model Predictive Torque Control of an

Induction Machine

The control action of FCS-MPC can be simply divided into three parts: estimation,
prediction, and optimization. First, the instantaneous values of machine fluxes are
estimated. Then, the impact of each admissible vector is obtained by the predictions.
Finally, the optimum vector is found that serves the best in terms of control
objectives. In the following, these three main parts of the FCS-MPC strategy are

explained.

In motor control, machine fluxes nearly always need to be estimated as sensors for
them are seldom used. Rather, we have current measurements available through the
current sensors and know the stator voltage since it is applied by the inverter under
control. Therefore, by the proper rearrangement of terms in the state-space equations
of (2.4)-(2.9), one can obtain the formulas for stator (2.11) and rotor (2.12) flux
estimations. Equation (2.13), which is derived from (2.6) and (2.7), defines the

relation between stator and rotor fluxes.

15



T Ve — R (2.11)
v, 1L R
=R - (L—r - jwe>‘11r 2.12)
r r
Ly
W, = W, 4+ oL, (2.13)

r

where ¢ = 1 — L2, /LL, is defined as the leakage factor.

Equations (2.11) and (2.12) are commonly referred to as the “voltage model” and
“current model” respectively. The voltage model is sensitive to stator resistance and
problematic near zero speeds. Being a pure integrator, it has DC offset and integrator
drift risks. The current model is sensitive to rotor parameters and slip. Since the
accurate estimation of machine fluxes is crucial for all types of motor control types,
several studies that implement higher performance flux estimators have been
reported in the literature [52]-[59]. Further analysis on the subject will not be
provided here as it is beyond the scope of this study. For FCS-MPC, it is convenient

to use the current model for estimations and to use the voltage model for predictions.

Considering the digital implementation, the discretized versions of (2.12) and (2.13)
can be obtained with the Euler approximation as shown in (2.14) and (2.15). The

sampling period (or equivalently, the control period) is denoted by At.

@ (k) = ¥.(k — 1) + At. (RrLL—mIS(k) _ <Iz— _jw, (k)) ¥ (k — 1)) (2.14)
W (k) = LL—mLPr(k) + oL I, (k) (2.15)

Having estimated the values of W;(k) and W,(k), the next step in the FCS-MPC
routine is to predict the values of stator flux (2.16), current (2.17), and torque (2.18)
at the next control cycle, under the influence of a particular voltage vector V;(k). The

superscript p is used to indicate the predicted variables.

16



WP (k + 1) = Ws(k) + At. V;(k) — AtR I (k) (2.16)

A At 1 [k,
Pl+1) = (1 _ T—:) 100 + 1 :TUR_U((TT _ krjwe(k)) ¥ (k) + Vl-(k)> (2.17)

TP (k + 1) = 1.5pIm{WF" (k + DIF (k + 1)} (2.18)

where, k, = L,,/L, is the rotor coupling factor, R, = R + k2R, is the stator
referred equivalent resistance, T, = gL/R, is the stator transient time constant and

T, = oL, /R, is the rotor time constant.

After the predictions for a voltage vector are obtained, the outcomes in terms of stator
flux magnitude and torque can be evaluated with a cost function. This action
(prediction and cost function evaluation) is repeated for each admissible voltage
vector. Although different forms for the cost function can be proposed, the
conventionally used type is given in (2.19). A weighting factor A is included to adjust
the relative importance of torque and flux terms hence to tune the cost function. In
this study, for both simulation and the experimental implementation, the A value has
been chosen experimentally, by a trial and error approach. Regarding the cost
function design and how to tune the weighting factor A, more details are provided in
Chapter 2.6.

9= T () = TP (ke + )] + 2|11 — |9 (k + 1))| (2.19)

It is also good practice to include a penalty factor in the cost function such that an
infinite cost is assigned to a voltage vector if the current prediction of (2.17) foresees
an overcurrent under the influence of that particular vector. This approach has been
utilized in the experimental implementation. It provides current limiting via software
and it is useful as a security figure especially during the early phases of the

experimental studies.

17



Cost function design is a feature of MPC that gives it flexibility. Although only flux
and torque parameters are included in the cost function for the typical motor drive
implementation, additional cost criteria can also be inserted in the cost function such
as common-mode voltage, capacitor voltage balance (for a multi-level inverter), and
switching transition (to suppress the switching losses). In this way, the designer can

track multiple control objectives within a single cost function.

Selection of the [; norm is popular in the literature, as is the case in (2.19). However,
for the applications that penalize the control effort, I, norm is advised for better

closed-loop stability [19].

The voltage vector, for which the cost function of (2.19) yields the minimum value,
is selected as the optimum and applied at the next switching instant. The whole
control routine of the FCS-MPC is depicted in Fig. 2.7.

18
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Figure 2.7. A simplified flowchart for the FCS-MPC, as utilized for the torque

control of an IM drive.

It is also common practice to include the two-step ahead prediction approach for the
compensation of computation time delay [60]. However, this is not employed here
since the control frequency in the experimental implementation is set to a reasonably
high value (40 kHz) and the computation time for the MPC routine is satisfactorily
low (10.6 ps).

19



2.4  Predictive Torque Control of an Induction Motor: Simulation

Computer simulations regarding the control of an IM via FCS-MPC are carried out
in MATLAB/Simulink environment. Simulations were intended as a preparatory
step before the experimental implementation phase. The top-level on the simulation

screen is depicted in Fig. 2.8.

The general approach for the simulation phase was to model the system and the
predictive controller as close as possible to the physical implementation. Parameters
of the actual IM that is used in the experimental implementation are set for the IM
model in the simulation. The 2L-VSI model with near-ideal switches is used since
the focus is on control performance rather than the efficiency of the inverter. The
control action is taken under the subsystem named “MPC”. The MPC block is
modeled as a triggered subsystem, such that it is evaluated once a pre-determined
control period. By doing so, the resemblance to the actual DSP implementation, on
which the control action takes place on each interrupts triggered periodically, is

maintained. Simulation step size is set to 1 us, for satisfactory numerical accuracy.

20
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The internal structure of the MPC block in the main simulation screen is shown in
Fig. 2.9. Detailed descriptions of the blocks that are used to simulate MPC will not
be provided here since they are merely the implementations of the formulas
explained above. In the MPC block, estimations are absent since the flux values are
taken from the IM model, for simplicity. Prediction and cost function evaluation is
done for each admissible vector, as described above. Therefore, these are modeled

with a for loop, inside view of which is provided in Fig. 2.10.

To evaluate the simulated system’s performance as a motor drive, a drive scenario is
created, which contains motoring actions such as starting from stand-still, sudden
speed change, and speed reversal commands. Phase currents, shaft speed, and
electromagnetic torque values for this motor drive scenario are plotted against time
in Fig. 2.11. Simulation results show satisfactory performance as a motor drive.
Because the focus is on the experimental results, further details on simulations will
not be presented. The interested reader is referred to [61], where the simulation files

have been made available as open-source.
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2.5  Predictive Torque Control of an Induction Motor: Experimental

Implementation

In this chapter, a short survey on the experimental implementations regarding MPC
research is presented first. Then the laboratory setup that is built for the realization
of the predictive torque-controlled IM drive will be described. Finally, the
experimental results depicting both steady-state and dynamic performance figures

for the implemented motor drive are provided.

251 A Short Survey on Experimental MPC Implementations

Several examples of experimental MPC implementations are listed in Table 2.3. In
this survey, only the applications of MPC as motor drives (as commonly addressed
as: predictive torque control, PTC) are considered. The main motivation for this
survey is to observe control platforms chosen by researchers worldwide who are
experimenting with MPC. The increased computational burden was previously
mentioned as a major issue with MPC. Therefore, special emphasis is put on control
frequency (i.e. how often the predictive control routine is run in one second) of the
reported implementations in Table 2.3.

It can be concluded from the survey depicted in Table 2.3 that, two main platforms
for implementing experimental PTC hardware are dSPACE solutions and DSPs,
which are mostly from Texas Instruments, (TI). Although dSPACE platforms
provide MATLAB integration and eliminate the need for coding to a very large
extend, in this study the motor drive development platform with the product code
TMDXIDDK379D by TI, is chosen as the control platform.

Another conclusion that can be drawn from Table 2.3 is that the control frequencies
in the range of 10 to 25 kHz are typical. In this study, control frequencies up to 50
kHz are implemented and the documented results are for 40 kHz, due to the powerful

microprocessor chosen for the application.
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Table 2.3 A Survey on the Control Platforms of Choice, for PTC Implementation

Control
Reference Control Platform Frequency
(kHz)
[62]-[64] TMS320F28335 10
[65] dSPACE DS1104 25
[37] dSPACE DS1104 20
[66] dSPACE 1004 20
[67] TMS320F2812 25
[68] PC Based, Custom-Made Platform of [69] 12
[70] PC Based, Custom-Made Platform of [69] 16
[71] PC Based, Custom-Made Platform of [69] 24

2.5.2 The Laboratory Setup

The functional overview of the laboratory setup is depicted in Fig. 2.12. An isolated
DC voltage of adjustable magnitude is obtained by the rectification of floating AC
voltages, obtained through isolation transformers. The motor drive development unit
“TMDXIDDK379D” contains both the 2L-VSI and the microcontroller on which the
MPC is programmed. The IM is coupled to a PMSM with a torque sensor in between
them. Thus, the PMSM is run in generator mode and acts as a mechanical load for
the IM. By changing the three-phase resistive load value that is connected to the

PMSM, one can adjust the load torque level. For speed measurement, the encoder
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integrated into the PMSM is used. Receiving the speed information not directly from
the IM shaft but indirectly over the PMSM represents a measurement deficiency
considering the rubber couplings and the torque sensor in between the machines.
Nonetheless, satisfactory dynamic performance is achieved as will be documented
in Section 2.5.4.2.

Isolation Rectifier TMDXIDDK379D

e Stage
c o~ T T
FUSHERR 1| (@@
"
Vbe “>TTTTTT<-!§§|C E Load
- DSP OMj
PC A
e e > ooo

Figure 2.12. The functional overview of the laboratory setup.
An overview of the experimental setup, with the instruments marked with numbers

for identification, can be seen in Fig. 2.13. Descriptions of the numbered items on
Fig. 2.13 are listed in Table 2.4.
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Table 2.4 The Items of the Experimental Setup

Number in -

Fig. 2.13 Item Description
1 3 supply 380 V, 50 Hz
2 Adjustable Autotransformer 0-430 V, 13.5 kVA
3 Isolation Transformers 3 x 500 VA Single Phase 1:1
4 3® Diode Rectifier -
5 PMSM Anaheim Auto. — EMJ-04APB22
6 Torque Sensor Magtrol — TM308
7 Induction Motor See Table 2.5
8 Waveform Analyzer Hioki — 3193-10
9 Adjustable Resistive Load 40~200Q per phase
10 Oscilloscope Tektronix — TPS2024
11 Switch -
12 Multimeter Fluke 115
13 Motor Drive F)evelopment T1 - TMDXIDDK379D

Kit

14 PC _
15 Torque Sensor Interface Magtrol Model 3410
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Figure 2.13. An overview of the experimental setup.

2.5.2.1  Motor Drive Development Kit: TMDXIDDK379D

In the experimental setup, a special emphasis should be put on TMDXIDDK379D.
It is a motor drive development platform, produced by Texas Instruments (TI) [72].
It includes the modern TMS320F28379D microprocessor, which is a dual-core,
floating-point DSP, with a 200 MHz clock frequency [73], [74]. The motor drive
development platform TMDXIDDK379D, houses a 2L-VSI with all of the additional
hardware required for a typical motor drive, such as current and speed measurement
circuits. Further details on the hardware structure of the product, in addition to some
critical safety instructions, can be found in [75]. A photo of TMDXIDDK379D is
provided in Fig. 2.14. Although it was originally intended as a development platform
regarding the FOC of PMSM [76], the FCS-MPC of IM has been established by
proper modification of the existing libraries and sample codes. During the
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experiments, control parameters can be observed and adjusted on the fly, over the
computer interface. Moreover, the DAC modules of TMDXIDDK379D are also

utilized to observe control variables in real-time.

Figure 2.14. TMDXIDDK379D, the motor drive development platform produced
by Texas Instruments [72], [75].

2522 The Induction Motor

During the experimental studies conducted for this thesis, a series of induction
motors have been installed to the laboratory motor drive setup. Only the last motor
will be presented here, which is a custom-modified motor with extra connections are
made available on one of its phases. These extra connections are utilized for the
creation of inter-turn short circuit faults to test and develop fault detection
algorithms. This feature will be described in detail in the following chapters. A photo
of the test motor is provided in Fig. 2.15.

31



Figure 2.15. A photo of the IM used in the experiments.

The IM used in the experimental setup was originally designed as a 200 Hz spindle
motor. Its nameplate reads: 380 V, 4 A, and 1500 W. Due to the limitations imposed
by the experimental setup (manually adjusted mechanical couplings do not seem to
handle speed values beyond 5000 rpm and the maximum DC bus level of the
development kit is 400V), the nameplate data could not be tested. More importantly,
the IM has no datasheet or any associated technical document. Therefore, 1.2 N.m.
torque at 3000 rpm (roughly 50 Hz operation) is assumed as the base value for the
implementation. The motor’s electrical parameters are found via no-load and locked-
rotor tests and related measurements, as described in [77]. Additionally, the fine-
tuning for the elements of the equivalent circuit is done via experimental analysis
based on the cost function and current prediction error minimization. The motor

parameters along with the re-defined base values are summarized in Table 2.5.
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Table 2.5 Induction Machine Parameters

Name Symbol Value
Apparent Power S 640 VA
Stator voltage Vb 128 V
Stator current I 29A
Base frequency f 50 Hz
Torque T, 1.2 N.m
Number of poles p 2
Number of turns in one phase N, 104
Stator resistance Ry 23Q
Rotor resistance R, 3.1Q
Magnetizing inductance L, 98 mH
Stator leakage inductance L 4 mH
Rotor leakage inductance Ly 2mH
Stator flux magnitude reference |w|ef 0.3 Wb
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The IM was initially driven with a stator flux magnitude reference of |W,|"¢/ =
0.4 Wb, which corresponds to an increased flux operation with V,, = 150V, as
documented in [16]. It is also worthwhile to note that the magnetizing inductance
drops down to L,, = 90 mH due to the magnetic saturation for this increased flux
operation. Later on, |W,|™®/ is set to 0.3 Wb since the machine yields better
efficiency and power factor for this level of flux. Therefore, the laboratory results
presented in this chapter are obtained for |W|"¢/ = 0.3 Wb setting. For the fault
detection studies which will be presented in the following chapters, the results for
both the increased and decreased flux cases are presented for the sake of
completeness and in order to utilize the magnetization level as a parameter in the

fault detection performance.

2.5.3 Software Aspects of the FCS-MPC Implementation

Coding the FCS-MPC to the microprocessor constitutes the largest share of the
workload of the experimental implementation. However, this workload has been
significantly lessened with the availability of sample codes and macros provided by
TI. Although the application reports that shed light on the practical implementations
of MPC-based motor drives have not been reported yet, TI offers a large collection
of sample codes and motor drive libraries that include macros for commonly used
operations, generally considering FOC. These complementary materials are
compiled under user interfaces such as controlSUITE [78] and its successor

C2000WARE [79] and they are made available as freeware on the TI webpage.

A simplified scheme depicting the main units of the FCS-MPC code is shown in Fig.
2.16. The parts, for which the corresponding code has been inherited from the readily

available sources, are drawn in green color, to show the degree of simplification.
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A —> Current Reading 0-B —>  Main Control ISR
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C —» DC-Bus Reading > FCS-MPC
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Speed Control ISR

2L-VSI

D
Data PC
Logging é‘_> ooo

[N

Figure 2.16. Main blocks of the FCS-MPC based IM drive code.

The main body of a typical DSP code is simply idle, continuously running “while
loop”. The control action is implemented with interrupts, commonly referred to as
interrupt service routines (ISRs), that arise with a pre-determined frequency and
execute the tasks that they are programmed to. In the sample code for the FOC of a
PMSM inherited from [76], the main control ISR, along with several other auxiliary
ISRs or sequential tasks of varying frequencies (for secondary tasks such as over-
current protection (OCP), data-logging, speed loop, etc.) are provided. By the proper
modification of these, the code for predictive torque control of an IM has been
implemented. Frequency values ranging from 20 to 50 kHz have been implemented
for the main control loop. As expected, enabling the control action in smaller time
steps yields lower current ripple values. The experimental results provided in the
following are obtained for a sampling frequency (or equivalently, control frequency)
of 40 kHz.

The main control ISR block in Fig. 2.16 is simply the code that executes the
flowchart depicted in Fig. 2.7 and described by the equations (2.4)-(2.19). For the
practical implementation, several equations are re-visited as in (2.20)-(2.26).
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Complex vectors are evaluated by their real and imaginary components separately.
Although the estimation (2.14),(2.15), and prediction (2.16),(2.17) equations are
provided in their discrete forms, further simplification of these equations is beneficial
for discrete implementation and coding. Revisited forms of (2.14)-(2.17) are given
in (2.20)-(2.26) with the definitions of new terms listed below the equations. Note

that vy, and v,z stand for the normalized output voltage vectors of the 2L-VSl in a8

domain. Ly, is defined as Ly, = oLs.

Yre(k) = C1Wrg(k— 1) — Vllprﬁ (k—1D+ Crise (k) (2.20)

‘I’rﬁ(k) = Clli’rﬁ(k -1+ V¥ (k—1)+ Czisﬁ(k) (2.21)

'Psa(k) = krl‘Ura(k) + legisa(k) (2-22)

lpsﬁ (k) = krlprﬁ(k) + legisﬁ(k) (2.23)

lpsa:(k + 1) = qjsa(k) + Vzvsa(k) - C3isa(k) (2-24)

Weg(k + 1) = W (k) + Vagp (k) — Caigp (k) (2.25)

isa(k + 1) = C4isa(k) + V3vsa(k) + C611Ura(k) + V411Urﬁ(k) (2-25)

isﬂ(k + 1) = C4is,8 (k) + VBUSB(k) + C6lpr,8 (k) - V4Wra(k) (226)

where;

C, 21 AR, CAAtRLm Cs = AtR C, 21 at

1= Lr 2 = r Lr 3 = S 4 = T,
fa A1 cag ke
5=At+TaRa 6= 51'r

V, & Atw, (k) V, 2 AtVye(k) Vs 2 CeVpe(k)  V, 2 Cokyw, (k)

For the new terms utilized in (2.20)-(2.26) and described above, it is important to
note that C1-Cs represents fixed gains whereas V1-Va represents variable gains.
Therefore, the FCS-MPC code can pre-calculate C1-Cs at the beginning and store the
values thus eliminate the need for computing them at each control cycle, reducing
computation time. On the other hand, V1-V4 are related to time-varying parameters
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such as speed and DC bus voltage therefore their current values should be re-visited

at each control cycle.

Regarding the PWM units, a deadtime interval of 2 us is adapted in the sample code
and this setting is kept for the laboratory implementation. A deadtime compensation
algorithm is proposed in [80] for predictive controlled inverters. Since the deadtime
interval set for the implementation was found satisfactorily small, no compensation

algorithm is implemented.

An over-current penalty is set at 9 A by assigning an infinite cost for the cost function
of (2.19), as described in Chapter 2.3.2. An additional over-current protection routine
(as illustrated with “OCP” in Fig. 2.16) is set at 10.5 A, which neutralizes all PWM

units once the pre-determined current threshold is sensed.

The source codes for the implemented MPC drive system, under various projects
with several C files that correspond to the experiments of different nature, are
provided as open-source in [61]. The novel fault detection algorithm, which will be

described in Chapter 4, can also be found in the same repository.

254 Experimental Results

In this section, experimental results obtained from the predictive torque control
implementation will be documented. The results are investigated under two
categories: steady-state performance and dynamic performance. Throughout the
experiments, the DC link voltage was 350 V.

25.4.1  Steady-State Performance Figures

The implemented motor drive was operated under several shaft speed and load torque
conditions. Mechanical readings are obtained via the (Magtrol) torque sensor and the
electrical readings are obtained via the (Hioki) waveform analyzer. The operating

conditions are enumerated thorough (a) to (k) and the corresponding readings are
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tabulated in Table 2.6. Note that, due to the fan-load characteristics of the PMSM
and the resistive load bank configuration, maximum load torque is speed-dependent.
Therefore, nominal torque cannot be loaded for low-speed regions. Nonetheless,
operating conditions for Table 2.5 correspond to different speed references with load
torque on and off. The three-phase motor currents are recorded for each of the
operating conditions (a) to (k) and depicted in Fig. 2.17 and Fig.2.18. The stator
phase current waveforms depicted in Fig. 2.17 and Fig. 2.18 are obtained with the
“acquire” mode of the oscilloscope TPS2024 is set to the average display mode of 4

samples.
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Table 2.6 Steady-state performance figures of the motor drive, under several

different operating conditions

Magtrol Torque-Meter Hioki Waveform Analyzer

Case Speed Torque Vien I Pso
(rpm) (N.m) V) (A) (W)

(a) 4500 1.2 108.2 2.83 636
(b) 4500 0.3 100.0 2.00 132
(c) 3750 1.3 94.8 2.95 591
(d) 3750 0.3 86.2 2.05 114
e 3000 1.35 78.9 2.98 502
)] 3000 0.3 70.9 2.10 99
() 2250 1.3 62.8 2.90 382
(h) 2250 0.3 54.7 2.13 82
Q) 1500 1.1 44.2 2.71 242
() 1500 0.3 37.8 2.16 63
(K) 300 0.1 9.6 2.16 35
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Figure 2.17. Stator current waveforms for the operating conditions defined in

Table 2.6.
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Figure 2.18. Stator current waveforms for the operating conditions defined in

Table 2.6, continued.
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Observation of the inverter output voltage is helpful during the control code
development and testing phase. Therefore, a low pass filter circuit, the circuit
diagram of which is depicted in Fig. 2.19 is implemented and added in parallel to the
inverter output. In Fig. 2.19, R1=270 kQ, R>=10 kQ and C=100 nF.

A ¢
B
c !
R.
A’ B’ C
C=—/— R2§ p— ;:: §
®
N

Figure 2.19. The low-pass filter, utilized at the inverter’s output.

The low-pass filtered output voltage waveforms for two different operating
conditions w = 3000 rpm,T, = 1.35 N.mand w = 1500 rpm, T, = 0.9 N.m are
depicted in Fig. 2.20 (a) and (b) respectively.
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Figure 2.20. The low-pass filtered output voltages for w = 3000 rpm,T, =
1.35 N.m (a), and w = 1500 rpm, T, = 0.9 N.m (b).

Similarly, the DAC pins of the TMDXIDDK379D motor drive development board
are frequently utilized during code development and testing studies. Control
quantities can be fed into the DAC pins which are then translated into voltages and
can be observed via an oscilloscope. In Fig.2.21 (a), and (b), the ¥, waveform is
shown both in time with o and f components and in XY-view, respectively. The
DAC approach to illustrate the control parameters will be further revisited in the fault

diagnosis studies that are presented in Chapter 4.
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b)
Figure 2.21. The W estimation, ¥, and W,z versus time (a), and the flux pattern

in XY-view (b).

2.5.4.2  Dynamic Performance Figures

To observe the implemented controller’s performance as a motor drive, several tests
regarding the dynamic operation have been conducted. The first dynamic operation
to be presented is the instantaneous speed reversal operation, which corresponds to
a speed transition of +4500 rpm under rated load torque. The drive’s response can
be evaluated from Fig. 2.22, on which the speed reference and the measured speed
are depicted with (a) and without (b) phase current waveform. The speed reference
and the speed measurement waveforms are observed over the DAC pins of the drive,

thorough proper scaling. The corresponding values are marked on the graph. It can
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be observed from Fig. 2.22 that, the speed reversal of +4500 rpm is achieved under

0.5 seconds, without any risk of losing control.

+
I6A

+4500 rpm
+
4 -4500 rpm 05 ~1;5
a)
+
- +4500 rpm
b il y
+
0.1s
—>

b)
Figure 2.22. Phase current (orange), speed reference (green), and measured speed

(purple) waveforms during sudden speed reversal operation from -4500 to +4500

rpm.

Secondly, the ability of the implemented controller to track the speed reference is
tested by providing a continuously changing speed reference rather than a fixed
value. This operation is depicted in Fig. 2.23 with (a) and without (b) phase current
waveform. It can be concluded from Fig. 2.23 that the controller can successfully
track a time-varying speed reference. During this operation, the PMSM and the

resistive load pair is arranged such that {, = 1.35 N.m for w = 4500 rpm.
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<—>

b)

Figure 2.23. Phase current (orange), speed reference (green), and measured speed

(purple) waveforms for operation under a time-varying speed reference.

Similar to the dynamic test above, the controller is commanded with abruptly
changing speed references of 500 rpm and 4500 rpm. Drive’s response to these
abrupt changes in speed reference can be seen on Fig. 2.24, with (a) and without (b)
phase current waveform. During this operation, the PMSM and the resistive load pair

is arranged such that ¢, = 1.35 N.m for w = 4500 rpm.
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Figure 2.24. Phase current (orange), speed reference (green), and measured speed

(purple) waveforms for operation under abruptly changing speed references.

Implemented motor drive’s response against abrupt changes in load torque is tested
by applying sudden loading/load removal while the motor is operating at its rated
speed of 3000 rpm. Corresponding waveforms are shown in Fig. 2.25 (a), for loading
and (b), for load removal cases. It can be observed that the drive’s torque response
is satisfactorily fast. Mainly due to the very low inertia of the system, rotational speed
slightly changes with the torque loading/removal. The change in speed is less than

6%, and it is soon corrected by the speed control loop.
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6%

b)
Figure 2.25. Phase current (orange), torque (green), and measured speed (purple)

waveforms for sudden loading (a), and load removal (b) cases.

Finally, waveforms regarding the motor start operation which depicts the change

from stand-still to rated speed are presented in Fig. 2.26.
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J/*‘" +3000 rpm

Figure 2.26. Phase current (orange), torque (green), and measured speed (purple)

waveforms for sudden start operation.

Although the main purpose for the laboratory implementation was a general
application of FCS-MPC as a motor drive and no special attention was given to the
optimization and fine-tuning of the drive characteristics, the presented test results,
for both steady-state and dynamic cases, display a motor drive operation with
satisfactory performance. The implemented controller can establish a speed reversal
command from -4500 rpm to 4500 rpm in about half a second and also it can track
time-varying speed references that change considerably fast, like a servo-drive. It is
worthwhile to note that most waveforms regarding the dynamic response were
obtained via single sequence operation of the oscilloscope that is triggered with a
pre-defined threshold to catch the time-varying signal. Hence, no averaging or
filtering is active for the waveforms. Therefore, noise-related spikes can be observed

on the waveforms, which should be disregarded.
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2.6 Further Issues Regarding FCS-MPC Implementation

In this chapter, a selection of topics such as execution time of the control routine and
the weighting factor determination process will be discussed. Additionally, a novel
algorithm that adjusts the weighting factor A during the motoring operation, in order

to achieve a better dynamic response, is presented.

2.6.1 Execution Time for the Control Cycle

As previously mentioned, the increased computational burden of the FCS-MPC is a
well-recognized drawback. There are several studies reported in the literature to
address this shortcoming [12], [37], [81]-[84]. A fundamental proposition to reduce
the computational load is to consider the voltage vectors which are different by only
one switching state compared to the last one considered, as shown in [83]. In [37],
the prediction vector set is reduced by inheriting the vector grouping approach of
DTC. For a PMSM drive, the vector selection effort is minimized by addressing the
voltage vector that is found by a deadbeat solution approach in [84]. For an MV drive
with a long prediction horizon, the possible switching sequences are reduced with a
branch and bound algorithm in [82]. Based on the stator current vector and the
operation mode that is expected from the drive, a prediction vector set reduction
method is proposed in [12].

The code execution time for the main control loop is measured by setting a DAC pin
high at the beginning, and clearing it at the end of the control loop, as shown in Fig.
2.27. Thanks to the powerful microprocessor [74], the execution time is merely 10.6
us. This allows the implementation of a rather high control frequency of 40 kHz,

which can also be observed from Fig.2.27.
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Figure 2.27. The execution time for the main control loop, measured as 10.6 ps.

Studies regarding computational cost reduction often consider applications with long
prediction horizons and/or applications that involve multi-level converters for which
the prediction vector set would be much larger. Since the implementation presented
in this thesis is a low-voltage, low-power drive based on a 2L-VSI, switching
frequencies of several kHz ranges are quite normal. Therefore, long-horizon MPC
was not found promising for the laboratory setup hence was not implemented.
Consequently, no further attempts are made for the reduction of the computational

burden, which is already very low as shown in Fig. 2.27.

2.6.2 Weighting Factor Tuning

Without the utilization of classical PID blocks in the control action, the selection of
the weighting factor becomes the fundamental tool to tune the response of the FCS-
MPC type controllers. A first attempt to provide general empirical design guidelines
is presented in [85]. An algebraic approach to tune for the weighting factor design is
suggested in [86]. VValuable discussions on weighting factor design, along with other
practical design issues such as control horizon, sampling interval, and control effort
penalization are presented in [19]. The use of artificial neural networks (ANN) is

proposed for weighting factor design in [87].
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The cost function design becomes more important and challenging for the
applications where the switching vector transitions are penalized to limit the
switching frequency and a long horizon approach is adopted. In the experimental
implementation of this thesis, a low-voltage fed 2L-VSlI is utilized with a rather high
sampling frequency of 40 kHz for a short horizon, without any switching
penalization. Therefore, a simple tuning process is adopted: the weighting factor A
is adjusted by observing THD values of motor phase currents. In AC motor drives,
it is very desirable to synthesize near-pure AC current waveforms as any distortion
or harmonic content in the current waveforms directly translate into the torque ripple,
hence deteriorate the motor drive performance. Furthermore, it is experimentally
quite convenient to observe and evaluate the current waveform quality through the
THD figures. Consequently, the weighting factor A is varied, the THD value of phase
current is observed via the waveform analyzer, while the motor is run at its rated
speed of 3000 rpm. The resulting graph is depicted in Fig. 2.28 where the THD value
is plotted against A on a logarithmic scale. For the calculation of the THD value, a

low pass filter is set at 5 kHz by the waveform analyzer.

_ - THD vs Weighting Factor - _
80 —Full Load (1.35 N.m) |
—Light Load (0.3 N.m)

5 8 10 20 30 40 50 60 80 100
Weighting Factor

Figure 2.28. Phase current THD versus varying values of weighting factor (1) for
full load and light load at 3000 rpm.
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It is observed that for small values of A (such as 1 < 20), the phase current waveform
is perceptibly distorted. As an example, a distorted phase current waveform obtained
for light-load operation at 3000 rpm with A = 8 case is shown in Fig. 2.29. Looking
at the cost function structure defined in (2.29), one can see that the increasing values
of A put more emphasis on the flux magnitude error. Since the flux estimations are
current based, this action implicitly improves current waveform quality. From the
THD graph of Fig. 2.28, it is seen that increasing A yields better THD results up to a
certain level. Therefore, A = 50 is chosen for the weighting factor value as this point
is approximately the best spot for current waveform quality for the rated operating

point.
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Figure 2.29. Distorted phase current waveform for the operating condition {, =

0.35 N.m,w = 4500 rpm for A = 8.

2.6.3 Dynamically Modified Weighting Factor

There have been several studies in the literature which propose updating the
weighting factor A during the operation, rather than assuming a fixed value [14],
[87]-[89]. By doing so, the controller response can be optimized such that different
control tasks are prioritized for different operating scenarios. Weighting factors are
calculated as continuous variables depending on the preexisting errors in the

respective control variables in [87]. In [88], the weighting factor is optimized in such
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a way that the torque ripple is reduced. Neural networks are utilized to tune the

weighting factors for a three-level neutral point clamped (NPC) inverter in [89].

For the cost function defined in (2.19), in which no penalization for the control effort
to reduce the switching frequency is employed, a very simple approach to
dynamically adjust the weighting factor is proposed in [14]. From the preceding
discussions on 4, it can be concluded that the increasing values of A puts more
emphasis on current quality. However, during the speed transients, it may be
beneficial to reduce the A value in order to increase the relative importance of the
torque error term. A simple formula to address any speed transient situation is given
in (2.27). The magnitude of the difference of measured speed and commanded speed
(will be called “the speed error” hereon) indicates whether the motor is run in steady-

state or a speed transition is on the way.

Aw = |(Uref - (‘)actuall (2.27)

The weighting factor can be adjusted with respect to the speed error term Aw, in such
a way that a high value of A is used in order to minimize the THD for steady-state
operation, but A is decreased to put more emphasis on the torque error term once a
dynamic operation is indicated by the speed error term. This variation in A with
respect to Aw is shown on Fig. 2.30, in which a quadratic relation in between the

terms is assumed.
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Figure 2.30. Dynamically adjusted A with respect to Aw.

The effectiveness of the proposed method is tested with the speed reversal operation
from -3000 rpm to +3000 rpm under rated load torque, which is depicted in Fig. 2.31,
for a fixed value of A = 50 for the weighting factor (a) and a dynamic variation of A
with respect to Aw (b), as shown in Fig. 2.30. The transition time can be observed to

be decreased from 276 ms to 210 ms.
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Figure 2.31. Speed reversal operation of £3000 rpm under rated load torque, for the
fixed A = 50 case, and the dynamically adjusted case A(Aw) (b).
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The presented technique is shown to be effective for improving the dynamic response
without sacrificing the steady-state performance figures. With the flux magnitude
reference of |W,|"®/ = 0.4 Wb (as employed in [14]), the proposed method produced

further dynamic performance benefits.

2.7 Conclusion

A comprehensive analysis on FCS-MPC, as applied to the torque control of an IM,
is presented in this chapter. The relatively new control method of FCS-MPC is
explained in full detail with extensive references to the literature. Both the simulation
and experimental studies are conducted and the performance of the implemented
motor drive is documented via detailed laboratory results. With the application of
FCS-MPC, the implemented motor drive establishes good performance figures for
both the steady-state and dynamic modes of operation. Further topics that include
computation cost, weighting factor selection, and on the fly weighting factor

manipulation are also covered.

In this chapter, a normal induction motor without any fault or abnormality is
considered. In the following chapters of the dissertation, machine faults will be
considered starting at Chapter 3. Predictive control of an induction motor which
suffers an inter-turn short circuit fault on one of its phases will be established in
Chapter 4, where the flexibility and fast control response properties of MPC will be

utilized for fault detection purposes.
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CHAPTER 3

MODELLING OF INTER-TURN SHORT CIRCUIT FAULTS IN INDUCTION
MOTORS

3.1 Introduction

In this chapter, fault diagnosis and condition monitoring of electrical machines are
considered. Special emphasis is put on the stator inter-turn short circuit (ITSC) faults
of induction motors (IMs). Based on the existing models of IM, a new MATLAB-

Simulink model, which can simulate the IM with an ITSC fault, is developed.

3.2  Fault Diagnosis and Condition Monitoring of Induction Machines

Considering the vast number of electrical machines utilized worldwide and the
critical tasks that they are responsible for, the importance of fault diagnosis and
condition monitoring of electrical machines becomes obvious. A swift detection of
a machine’s fault at an early stage can avoid catastrophic damage, provided that
suitable counter-measures are taken to mitigate the fault’s effect. Considering an
industrial plant utilizing electric motors, this in turn would provide cost savings,
extended plant availability, and smooth plant operation [90]. Similarly, for the areas
in which electrical motors are utilized such as electric transportation, military, or
aerospace, which are considered mission-critical applications, an effective fault
diagnosis ability would bear even more significance. Owing to these aspects, fault
diagnosis has been an intensive focus of research over the past decades. The
interested reader is referred to the review papers [91]-[93] and the books [94], [95]
on fault diagnosis and condition monitoring of electrical machines, to examine the

plethora of publications on the subject.
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Several different sources of electrical machine faults are grouped and depicted in
Fig. 3.1, as adapted from [96].

[ Sources of Faults )

! I ! ! !
l Electrical l [Mechanical] [ Electrical]
¢ Bearing faults e Dielectric ¢ Pulsating load e Transient e Temperature
e Eccentricity failure e Overload voltage e Humidity
. e Rotor bars . e Unbalanced .
e Rotor strikes e Poor mounting e Dirt
crack voltage
Coil and
* 01.an . e Magnetic e Voltage
lamination L .
circuit faults fluctuations
movement

Figure 3.1. Sources of electrical machine faults, adapted from [96].

IM is the most widely used type of electrical motor due to its low cost and
ruggedness. The surveys of [97], [98] provide an overview of the numerous
publications regarding the fault diagnosis and condition monitoring of IM. Similar
reviews are provided for PMSMs in [99], [100].

The IM faults can be broadly classified into three groups, according to their place of
occurrence:

e Stator faults
e Rotor faults

e Bearing faults

The percentage distributions of the total faults are depicted in Fig. 3.2. The fault
statistics for Fig. 3.2 (a) and 3.2 (b) are adopted from [101] and [102], respectively.
Although the motor type, for which the fault data was collected, was not explicitly
mentioned in [101], an IM assumption is valid since the data was collected from

industrial applications, where the dominating majority of motors is IM. For the fault
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numbers given in [102] (page 272, Table 10-19), the ones that correspond to the IM
have been utilized for the corresponding figure. It can be concluded from Fig 3.2
that, roughly two-thirds of motor faults are seen in bearings and another fifth in the
stator windings. Further information regarding the cause and analysis of stator and

rotor failures of IM can be found in [103].
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Figure 3.2. Percent distribution of overall faults for the IM.
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The primary focus of this study is the stator faults of IM, which account for 21-32 %
of the overall faults, as shown in Fig. 3.2. The insulation material in electric motors
are prone to aging due to the corrosive effects such as oxidation, thermo-mechanical
stress, vibration, contamination by moisture and oil [104]. The stator faults in IM
usually start as turn-to-turn short circuits due to the loss of insulation at some part of
the winding [105]. The over-current in the shorted turns quickly creates a hot spot.
The inter-turn short circuit (ITSC) faults can evolve into complete phase to phase or
phase to ground faults unless the fault is detected and intervened at an early stage.

Hence, the detection of an incipient ITSC fault is critical.

Inverter-fed motors are at even more risk of suffering from both ITSC [106] and
bearing faults [107], compared to mains-fed ones. Voltage surges from inverters can
lead to gradual degradation and finally the loss of winding insulation [106]. Wire
samples were tested under adjustable PWM pulses against insulation failure in [108],
and the relationship between the fast rise time and failure time is shown. As the
emerging modern semiconductor technologies, such as SiC and GaN, become more
popular and their utilization in electric drives increases [109], ITSC fault detection

is also estimated to be more critical as the machine windings will be experiencing

inflicting voltage waves with much higher dv/dt values [110].

Once an ITSC fault is spotted, some countermeasures can be executed by the inverter
such as shorting the faulty phase [111] or creating a flux weakening current [112].
For a multi-phase machine, a current injection method to cope with an ITSC fault is
proposed in [113]. For an overview of the existing ITSC fault mitigation techniques,

the interested reader is referred to [114].

Several clues can be inspected in order to detect an inflicting fault. These can be
simple observations such as an unexpected increase in machine temperature,
vibration, unbalanced phase currents, etc. Although these basic observations were
utilized in the early years of fault diagnosis research, modern studies utilize more
advanced and complicated techniques. Modern approaches for fault diagnosis in

electrical machines can be broadly classified into three categories [115];
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e Observations on fault signatures
e Model-based techniques

e Atrtificial intelligence-based techniques

In the first category, the fault signatures embedded in the electrical quantities, such
as phase currents or voltages, of the motor are investigated in the time and/or
frequency domain. The presence of an inter-turn short circuit fault gives rise to
negative sequence components and additional components in the harmonic spectra.
These fault signatures are then utilized to detect the presence of a fault. To see the
current harmonic spectra examples of the induction motors with ITSC and broken
rotor faults, the reader is referred to [116]. Similarly, in the second category, the
model of the machine is compared to the original case where any inflicting fault
would result in an unexpected change. Finally, the third category is for artificial
intelligence-based techniques which involves neural networks, expert systems,
genetic algorithms, etc. The techniques under this group may require extensive fault
data and/or a training period, but they are less sensitive to motor asymmetries and
power supply unbalance [115]. For a broader survey and comparison of the existing
literature regarding the stator fault diagnostics of 1M, the interested reader is referred
to [117], [118].

3.3 A New Simulation Model for the IM with an ITSC Fault

In this section, a new Matlab-Simulink model for the IM, which allows the
simulation of an IM with an ITSC, is introduced. The mathematical model of the
faulted machine is presented first. Then, the new simulation model is developed,

which adopts the “voltage behind reluctance, (VBR)” approach.
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3.3.1 Modeling the IM with an ITSC

The stator winding of an IM with an ITSC fault on one of its phases is depicted in
Fig. 3.3. The loss of insulation between the faulty turns appears as a fault resistance

R¢, which then causes the fault current Ir flow over. The ratio of the number of short-

L : . . N
circuited turns to the total number of turns in one phase is defined as f/N = u, and

it is a direct measure for the severity of an ITSC.

Figure 3.3. The three-phase stator winding of an IM, with an inter-turn short circuit

fault of Ny turns on its Phase-A.

There have been several attempts to provide the mathematical model of the IM with
an ITSC fault [119]-[123]. In this study, the formulation presented in [120] is
adapted with the assumption of the linear distribution of leakage inductance over the
faulty turns, ie. Ly ;g = uLi. It is important to note that, for a complete
characterization of an ITSC, the motor and winding geometry should be considered
in full detail with electromagnetic properties of the core included. Nonetheless,
simplified analytical models are still very useful because for most of the time, the
main purpose is to diagnose the fault rather than providing its detailed
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characterization. Finite element analysis (FEA) based computer simulations can be

utilized for a comprehensive profiling of an ITSC fault [124]-[127].

The state-space modeling of a healthy (normal) IM is provided in Chapter 2. The
state-space modeling of the IM, properly modified to represent an ITSC (arbitrarily
assumed on Phase A) can be summarized as (3.1)-(3.5). Similar to Chapter 2, the
formulas hereon are represented from the stationary reference frame, with the
complex vector notation: fop = fo +jf3-

y, 2
Vs = Rols + ——=— S IRy (3.1)
d¥
Vi = Relp + ——= — jw, P, (32)
dt
2
Wy = Lyls + Linly = 3 lrL (3.3)
2
Wy = Linls + Lyly = 3 tlL (3.4)
3
T, = Epl'm(lsﬁ]ra - Isalrﬁ) + p.uLmIfIrﬁ (3.5)

Voltage equations for the shorted turns can be expressed by (3.6) and (3.7)
respectively, where V¢ is the voltage and W is the flux linkage across the shorted
turns. The magnetizing flux in the shorted terms is represented with W, and is as
defined in (3.8).

¥,
2
lIJf = .ULZS(Isa - If) + uly, (Isa + L — §H1f) (3.7)
2
Wrm = ULy (Isa + Lrq — §.ulf) (3.8)

Zero sequence components arise in the presence of an ITSC and they can be utilized
as fault indicators [128]. Although zero-sequence components are also noted in the
original formulation of [120], they are not included here for simplicity as they are
control-wise ineffective for an IM with a floating neutral. The equivalent circuits for

an IM with ITSC and the faulty turns are drawn in Fig. 3.4.
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Figure 3.4. The equivalent circuits for the IM with an ITSC and the short-circuited

turns.

The equations presented through (3.1)-(3.8) and the equivalent circuit depicted in
Fig. 3.4 provide an analytical model of the IM with an ITSC fault. A linear
distribution is assumed for the inductance of the shorted terms. Magnetic saturation
of the core together with the toothing and slotting effects are neglected in the

analytical model.

An analytical model that can represent IMs with ITSC faults, which is implemented
in the Simulink environment, is previously reported in [129] but it has not been made
available open-source so it could not be evaluated here. In the following, a new IM
model that can simulate ITSC faults will be developed based on the voltage behind

reactance (VBR) approach.
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3.3.2 The “Voltage Behind Reactance” Representation for Induction
Motor Modeling

Phases of an electrical machine can be represented as resistive and inductive (RL)
branches connected in series with controlled voltage sources as depicted in Fig. 3.5.
This type of representation is often called as “voltage behind reactance” (VBR)
model and frequently reported in the literature [130]-[134]. Various VBR schemes
are presented in [133] with a focus on computational efficiency. VBR based models,
which include the effect of magnetic saturation, are developed in [130], [134] and
they are also extended to the representation of multi-phase machines [131], [132],
[134].

Rs I—Is Va
phase A —AMM—TIIIN—< >
Rs I—Is Vb
phase B —AMMA—TIT—< >
Rs I—Is Vv

C
phase ¢ —AM—TO0IN— >

Figure 3.5. A generalized VBR representation of a three-phase electrical machine.

The VBR based models are convenient for circuit-based simulation packages and
nodal analysis and may offer numerical efficiency [133], [135]. Modeling different
multiphase machine connections and stator winding configurations are easier with
VBR representation [134]. In this study, the VBR approach is utilized because it
lends itself very suitable for the modeling of IMs with ITSC faults.

It is more intuitive to provide the VBR model of a normal (healthy) IM first, and
then to modify it in order to model IMs with ITSC faults. The state-space model of
the IM, which was discussed in detail in Chapter 2, is also provided herein (3.9)-

(3.14), for the sake of completeness.
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AW,

Ve = Rls +— (3.9)

V. =R.I, + % — jw ¥, (3.10)

W, = Lyl + LI, (3.11)

W, =Ll + LI, (3.12)

T, = ;pﬂm(wg. I) = %me(lsﬁlm — Isqlrp) (3.13)
](ﬁl*’—tm =T,—T, (3.14)

Examining the equivalent circuit depicted in Fig. 3.4, one can intuitively suggest
that, once the voltage across the magnetizing inductance L,,, is known (which will
be denoted by V,,, hereon), the IM can be modeled as R and L, in series with 1}, as

shown in Fig. 3.5. The time derivatives of stator and rotor flux linkage terms

(dlps/ dt’ and dlpr/ dt respectively) correspond to voltages that appear at the left

and right side of 1;,,, as in Fig. 3. 4. Therefore, the voltage 1}, can be derived from
these two time derivatives of flux linkages, equations for which are provided in
(3.15) and (3.16), by applying the principle of superposition. The resultant equation
for 1, is as (3.187).

dV¥.
dts =V, — Ryl (3.15)
dw, L, R,
=R Iy —(Z—j 3.16
T = Rl = (= we) ¥ (316
dw, dw, L,
=(—= A7
m (dt Lo 3 Lls) LiL, — L2, (3.17)

In a computer simulation environment such as Simulink, the expressions (3.15) and
(3.16), which require only the circuit parameters of the machine and observable
electrical quantities such as applied phase voltages and phase currents, can be

integrated to yield W, and W,., respectively.
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The resultant VBR scheme that can model an IM is represented with computation
blocks in Fig. 3.6. The blocks are depicted with proper references to the equations

that they implement.
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Figure 3.6. An equation-block representation of the VBR modeling of an IM.
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A VBR-based model developed for the representation of the IM in Simulink
environment is previously provided in [136] and made available through MATLAB
Central, an open exchange platform for the community. The faulty IM model is
developed through proper modifications of [136], as described in the following.

3.3.3 The Proposed Simulation Model

Once the VBR model of an IM is available, the influence of an ITSC can be modeled
easily by rearranging the circuit elements as shown in Fig. 3.7. With the assumptions
and notations described in Chapter 3.3.1, the fault is modeled with the fault resistance

Ry, effective in parallel to faulty turns.

——— MM —E DA — T —E >—

la (@R (Lw)ls (Lw)Va  uRs  uls  uba

AN —TITR— >

[
Y

Ib Rs LlS Vb
— AN—TI—< D
Ic RS I—Is Vc

Figure 3.7. A generalized VBR representation of a three-phase electrical machine,
with an ITSC fault.

In addition to the change in circuit configuration, in the modeling of the ITSC fault,
it is important to consider the fault’s influence by utilizing (3.18) and (3.19), instead
of (3.15) and (3.16), which stand for the general (healthy) case. This can be easily
accomplished by updating the current vector I, as shown in (3.20), such that the

fault’s influence (due to the fault current, I¢) is included in the current.
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4w, 2
— =1/S—(15—§u1f>Rs (3.18)
AV, L,/ 2 R,
= R (1= St ) = (X — jw, ) @ 3.19
dt rLr(S 3”f> (LT ]W") " (3.19)
, 2
=1 — Sl (3.20)

The simulation model, which is intended for MATLAB-Simulink environment, has
been made available as open-source at [61]. Once the simulation model is clicked,
the machine parameters are set through a user interface, and the created model is run
just like the standard IM model available in the Simulink library. Additional notes
regarding the model are also provided in [15] and [137]. An inside view of the
developed IM model is shown in Fig. 3.8.
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To check the validity of the developed simulation model, it is at first run as a healthy
IM and compared to the standard IM model from the Simulink library, being fed
from the same AC source (150 V, 50 Hz), under the same mechanical load, as shown
in Fig. 3.9. The IM models that are simulated and compared, reflect the simulations
of the IM used in the laboratory implementation of MPC and described in detail in
Chapter 2. For the simulation of the healthy mode in the developed model, entering
zero value for the fault ratio yields simulation errors since Matlab does not allow
circuit elements with zero values. Instead, a significantly small ratio for the faulted

turns ratio and a large fault resistance value, such as u = 0.0001 and Ry = 20 kQ,

can be set to simulate the healthy operation mode.
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Figure 3.10. The electromagnetic torque waveforms for the healthy case, obtained

from both the standard (blue) and the developed model (red).
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Figure 3.11. The steady-state phase current waveforms for the healthy case, obtained
from both the standard (black, dashed lines) and the developed model (in red, blue,

green).
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Electromagnetic torque and phase currents waveforms are provided in Fig. 3.10 and
Fig. 3.11 respectively. It can be concluded from the respective figures that both
models produce the exact same waveforms which ensures that no significant

modeling or computational error is present in the developed simulation model.

Having verified the proposed model through the comparison with the standard model
for healthy mode, the next step is to model an ITSC fault. In the IM machine model,
an ITSC of u = 3% along with a fault resistance of R, = 0.13(Q is enabled. The
torque and phase currents waveforms are depicted in Fig. 3.12 and Fig. 3.13

respectively.

—3% ITSC case from the developed model

-
\S]

—Healthy case from the standard model
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Figure 3.12. The electromagnetic torque waveforms for the 3% ITSC case from the
developed model while the healthy case torque waveform from the standard model

is kept as reference.
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Figure 3.13. The phase current waveforms for the 3% ITSC case from the developed
model while the healthy case currents (black, dashed) from the standard model are

kept as reference.

Similar figures are repeated in Fig. 3.14 and Fig. 3.15 for an ITSC of u = 5%.
Waveforms of the healthy case (from the standard Simulink model) are kept in the

respective figures in order to provide a visual comparison.

12 —5% ITSC case from the developed model

101 —Healthy case from the standard model B
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(s)]

0 0.5 1 1.5
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Figure 3.14. The electromagnetic torque waveforms for the 5% ITSC case from the
developed model while the healthy case torque waveform from the standard model

is kept as reference.
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Figure 3.15. The phase current waveforms for the 5% ITSC case from the developed
model while the healthy case currents (black, dashed) from the standard model are

kept as reference.

From the waveforms depicted in Fig. 3.12 to Fig. 3.15, the influence of the ITSC
fault on machine characteristics can be easily observed. The electromagnetic torque
waveform exhibits an oscillation at twice the electrical frequency, which is a
fundamental signature of ITSC fault occurrence [138]-[140]. Similarly, the current
waveforms are no longer balanced; the faulty phase (the waveform in red), and the
phase that follows (the waveform in blue), tend to draw larger current values where

the phase after (the waveform in green) decreases in magnitude.

Another fundamental fault signature of an ITSC is the presence of second harmonic
oscillations in the active and reactive power waveforms of an IM [138], [141], [142].
This property is also successfully reflected in the developed model. Active and
reactive power waveforms are obtained for the 5-turn ITSC case and depicted in Fig.
3.16, where the second harmonic oscillations are evident as in the case of torque

oscillations, as previously presented.
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Figure 3.16. The active and reactive power waveforms that exhibit the 2" harmonic

component, for the 5% ITSC case.

3.4  Experimental Verification of the Proposed Model

The effectiveness of the developed Simulink model in simulating the IMs with ITSC
faults is also verified through experimental results. The IM, on which the MPC has
been applied in Chapter 2, was also utilized for fault diagnosis experimentation.
Further details on the machine, regarding the modifications made for the analysis on

ITSC influence, are provided in the following chapter.

The IM is fed from a fixed AC supply (150 V, 50 Hz) and the load torque is roughly
1 N.m. The phase currents of the IM for the case of a 3-turns and a 5-turns ITSC
fault (out of 104 turns phase winding) are shown in Fig. 3.17, (b), and (c)
respectively. The healthy mode phase current figures are also provided in Fig. 3.17
(a) for comparison. Similarly, for a closer examination on the impact of the ITSC
fault on phase currents, current waveforms are provided phase by phase, with the

healthy mode waveform is kept for reference, in Fig. 3.18, for an ITSC of 5-turns.
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The phase, on which the ITSC has occurred, draws a larger current and leads in
phase, as can be seen from Channel 1 of Fig. 3.17-3.18. The following phase’s
(Channel 2) current also increases, but not as much as that of the faulty phase and it
is pretty much in phase. Finally, the remaining phase (Ch. 3) turns out to be the least

affected one and it slightly decreases in magnitude and slightly leads its initial state.
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Figure 3.17. The phase current waveforms for the healthy case (a), and the ITSC
cases of 3-turns (b), and 5-turns (c) ITSC fault on phase-A (Ch. 1).
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84



A comparison table which compares the percent changes in phase current
magnitudes for the experimental and the simulation results is provided in Table 3.1.
For each case, the healthy currents’ magnitude is assumed as 1 per unit and the

percent changes in magnitude are noted.

Table 3.1 The Comparison between Simulation and Experimental Results.

Phase A Phase B Phase C

Case

current current  current
3% ITSC - Experimental +1.9% +4.3% -3%
5% ITSC - Experimental +17% +9.7% -4.3%
3% ITSC - Simulation +3.7% +3% -3%
5% ITSC - Simulation +9.3% +7.2% -6%

The proposed simulation model is successfully depicting the general pattern of
fault’s influence on phase current waveforms, which proves its effectiveness.
However, the increases in magnitude of current waveforms are under-predicted by
the developed model. For example, under the 5-turns ITSC fault case, the current
magnitude in the faulted phase increases 17% with respect to the healthy operation
but the simulation model shows a 9.3% increase. Similarly, Phase C current
magnitude’s change is slightly over-predicted. The fundamental reason for this is
anticipated as the neglection of the magnetic saturation effect in the core, which
becomes critical as a very large amount of fault current is flowing in the case of an
ITSC. Besides, the machine’s winding geometry and thermal effects are not
modelled in the proposed model, and the practical assumption of linear distribution
for faulty turns’ leakage inductance may not be quite accurate depending on the core

and winding structure.

It is obvious that, for a precise simulation of an IM with ITSC fault, a complete
model including detailed machine geometry and material characteristics, such as

magnetic saturation, is required. Therefore, the proposed simulation model cannot

85



be expected to perform equally well compared with a detailed FEA simulation.
Nonetheless, the proposed model is simple and convenient to use and it can
successfully predict and display the nature of influence from an inflicting ITSC fault
on machine performance and the related electrical quantities, such as phase currents.

35 Conclusion

According to the author’s best knowledge, no simple simulation model was available
to simulate the IM with an ITSC fault on one of its phases. The fundamental
motivation of this chapter is to fill this gap. First, an overview of existing literature
on machine faults is presented. Then, the mathematical model of the IM with an
ITSC fault is given. Utilizing the VBR approach, a new model that can simulate
ITSC faults in IMs is developed. Both experimental and simulation studies are
conducted for the verification of the proposed model. As previously discussed, the
complete characterization of an ITSC fault would require the full consideration of
machine and winding geometry, with the electromagnetic properties of the core
material included. However, the simplified analytical model described in this chapter
is quite effective in modeling the IM with an ITSC fault, as the experimental results
suggest. The developed VBR-based analytical simulation model, which has been
made available as open-source at [61], can help researchers with their simulations

regarding inter-turn short circuit faults in 1Ms.
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CHAPTER 4

A NOVEL METHOD FOR INTER-TURN SHORT CIRCUIT FAULT
DETECTION FROM FCS-MPC VECTORS

4.1 Introduction

In this chapter, a novel and non-invasive ITSC online detection method is presented
for an IM, driven by a 2L-VSI, via FCS-MPC. Fault diagnosis for the closed-loop
controlled drives is considered first. Based on the observations made for the ITSC
fault in a closed-loop controlled drive, a new method for ITSC fault detection is
developed. Then, experimental fault detection performance figures and some further
discussion on the proposed method are provided. Finally, the fault detection
performance of the proposed method is benchmarked with respect to the existing

studies from the literature.

The primary contribution detailed in this chapter is the novel algorithm that is
developed to detect stator ITSC faults, including the fault location, for an IM driven
by FCS-MPC. The proposed algorithm works as a simple add-on to the standard
FCS-MPC structure. The basic principle adopted for fault detection is as follows: a
healthy IM (without any fault) is expected to be a balanced system. Therefore, one
may anticipate that the voltage vectors, which are commanded by the controller,
would most likely exhibit a balanced distribution, for a closed-loop motor drive. An
ITSC would disrupt to this balanced system; hence, any unexpected deviations in the
voltage vectors’ distribution would indicate the presence of an ITSC. This approach
for fault detection is surely a general one, and it can be extended to other closed-loop
control strategies. However, implementing a fault detection algorithm based on
inverter switching statistics is way more suitable for FCS-MPC. As the FCS-MPC
routine applies discrete voltage vectors as its outputs (rather than voltage signals that

are to be modulated) it becomes an easy task to record and evaluate switching vectors
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against any unexpected deviation. Of course no practical machine or motor drive
system (with its inverter, cabling, etc.) can be perfectly symmetrical. Furthermore,
there exists the influence of noise on the controller action. Hence, a perfectly equal
distribution among the voltage vectors cannot be expected from even a healthy
machine. Nonetheless, variations among the voltage vectors for a healthy IM are
observed to be far less than those of an IM with an ITSC, which is be verified by the

experimental results.

4.2 ITSC Fault Diagnosis in Closed-Loop Controlled Machines

In the last few decades, electric drives have grown both in numbers and complexity,
mainly due to the advances in microprocessor and power semiconductor
technologies. A similar trend can be observed for fault diagnosis research: while
most of the early works in condition monitoring research concentrate on the fault
signatures of line-fed motors, fault diagnosis for inverter-fed, closed-loop controlled
drives is gaining more attention for the recent studies [143]-[153]. In the following,
a review of the stator short circuit detection schemes intended for closed-loop
controlled drives is presented. Then, the influence of an ITSC fault for controlled

and uncontrolled cases are examined and compared.

421 A Review of Stator Short-Circuit Detection Schemes for Closed-

Loop Controlled Drives

An effective motor drive controller inherently tries to create a balanced set of phase
currents even in the case of an inflicting fault, therefore condition monitoring for
closed-loop controlled drive systems becomes especially interesting [143], [144],
[146]. This in turn also suggests that fault traces (such as phase current unbalance)
can be covered to a large extent, for closed-loop controlled drives. Hence, for a
closed-loop motor drive system, it is best to assess any fault detection algorithm in

conjunction with the main motor control technique. Among the existing studies cited
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as examples of fault detection with closed-loop control, field-oriented control (FOC)
is considered in [143], [144], [146]-[152], and direct torque control (DTC) in [145],
[153].

A fault detection method that functions along with MPC has been recently published
[154], where a PMSM is driven via FCS-MPC, with a predictive current control
approach. The main idea in [154] is to run wavelet analysis on the cost function and
to spot the unexpected components for fault detection. Cost function and fault’s
interaction is examined within this study too, and further discussions are provided in

the following parts.

Reference [143] is a very early example that presents the impact of control on faulted
IM behavior. In the case of stator and rotor faults, harmonic components at 2f and
2sf are observed in the I; spectrum, respectively. The harmonic components were
found to be quite independent of control parameters and dependent on fault severity.
Observing the unexpected components at the frequency spectrum of motor electrical
quantities (motor currents or voltages) or control parameters (e.g., eq4, e,) has been
a fundamental method for fault detection. Spotting an unexpected frequency
component, which would diminish for a healthy machine, implies the presence of a
fault. Among the references cited thus far, [143], [144], [146], [147], [150]-[152]

employ frequency-domain analysis based fault detection approaches.

The influence of closed-loop control on an IPMSM with an ITSC is studied in [155],
where FOC is compared with the open-loop operation via a six-step voltage
waveform. It is observed that FOC performs with lower losses and vibration and is

capable of compensating for the disturbances created by the ITSC.

ITSC fault detection through the observation of PWM current ripples is proposed in
[149]. The faulty phase will exhibit a lower impedance hence an unexpected increase
in the ripple content of a phase current can be utilized as an ITSC indicator. 2-turn
faults (out of a total of 62 turns in a phase) could be detected for a 5-phase PMSM
drive with FOC. Similarly, the high-frequency impedance is observed and used to

spot ITSC fault in [156], for a multi-phase IPMSM. These two approaches require
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additional filter circuitry though. Another impedance-based ITSC detection scheme
is reported in [146] for parallel operated IMs. No extra filter circuit is utilized, but

the phase voltages are sensed.

A fault detection scheme that is capable of identifying both ITSC and
demagnetization faults is proposed in [157], for and IPMSM with FOC. The
diagnosis is made with the deviation of the torque angle, which is defined as in (4.1).
ITSC is diagnosed for § < §; and magnet demagnetization fault is diagnosed for
& > &y, where §,, is the expected torque angle for healthy operation. The method

requires training.

5= —tan‘l(‘;—j) (4.1)

A model-based ITSC detection method is presented in [158] for a PMSM. The fault
detection method is based on the “residual current vector” that is generated by the
difference between the estimated and measured stator currents. The proposed method
is verified for a wide operating range of the motor and even under dynamic operating

conditions. No details regarding the controller are provided, though.

Utilizing inverter switching statistics as a means of fault detection is previously
proposed in [148]. Although the basic principle utilized for fault detection is the same
in this study, the proposed fault detection method has several differences regarding
both the motor control strategy and the figures that indicate fault existence. An
additional predictive current control (PCC) routine is implemented alongside FOC
in [148], without a detailed description of the applied control scheme. The method
to interpret the switching vector distribution is also different. Moreover, the
influence of FCS-MPC related parameters, such as the weighting factor (1) and the
sampling frequency, on the fault detection performance is documented in this

chapter.

Another study that implicitly utilizes the loss of symmetry due to the ITSC fault is
[159]. The unexpected power unbalance between the phases of an electric motor is

observed in [159], in order to spot an ITSC fault.
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This section aims to provide a review of sufficient depth in the existing literature
regarding the ITSC fault detection methods proposed for closed-loop controlled
motor drives. The references cited here will be revisited in Chapter 4.3.4, in which a
benchmarking study for the proposed fault detection method is presented.

4.2.2 An Experimental Analysis on the ITSC Faults under Closed-Loop

Control

In order to investigate the influence of closed-loop control on fault signatures that
arise in the presence of an ITSC, an experimental procedure is followed. The 1M,
which was utilized in the MPC implementation and described in Chapter 2, is also
used for the closed-loop vs open-loop fault tests. Its stator winding is custom
modified as shown in Fig. 4.1, such that intentional ITSC faults can be created over
two, three, and five turns, from the extra connections made available (A1, A2, and
A3 in Fig. 4.1). No extra resistor is utilized in ITSC tests to resemble an additional
fault resistance. However, ITSCs are created over a 2-meter long cable that

introduces an extra resistance of approximately 0.13 Q.
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Figure 4.1. A representation for the modified winding diagram of the IM, that allows

intentional ITSC creation.
The laboratory setup used in the experimental studies was described in the previous

chapter and will not be revisited here. Nonetheless, the functional structure of the

experimental setup is provided in Fig. 4.2., for the sake of completeness.
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Figure 4.2. Functional structure diagram for the experimental setup used in the ITSC

fault analyses.

To exhibit the influence of control during an ITSC situation, the motor is driven both
via the closed-loop predictive torque control (as described in Chapter 2) and fed
through a fixed AC supply that resembles the rated values (150 V, 50 Hz, 1 N.m load
torque). An intentional ITSC fault is created as the short-circuiting of 3-turns at the
phase-A winding. The three-phase stator current waveforms for both cases, plus the
fault current, are shown in Fig. 4.3. For the inverter-driven cases (Fig. 4.3. ¢, d), the
acquisition mode of the oscilloscope is set to the average of four samples. It can be
observed that the faulty phase tends to draw more current, which can lead up to a
10% difference in magnitudes (between Chl and Ch3, in Fig. 4.3 a, b), consequently
making an unbalanced set of three-phase currents. Whereas, the stator current
waveforms for the MPC-controlled, inverter-driven case are almost insensitive to the
ITSC, because the predictive controller still manages to create a balanced set of

three-phase currents even under the influence of the fault, as shown in Fig. 4.3. c, d.
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cases; open-loop without fault (a), open-loop with a fault (b), closed-loop without
fault (c), closed-loop with a fault (d), under the operating conditions f, = 50, T, =
1 N.m.
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In the frequency domain analysis of the current waveforms, no additional fault-
related harmonic components are observed. Similarly, the machine torque waveform
does not exhibit any observable ripple or oscillation for the experimented conditions.
From the waveform analyzer connected to IM terminals, as shown in Fig. 4.2, it is
observed that the line to neutral voltage of the faulty phase turns out to be
approximately 1V smaller than the other phases’ voltages for the closed-loop
controlled case. This is the fundamental reason for the faulty phase current not
increasing, contrary to the open-loop operation. We draw two important conclusions

from the preceding analysis, as follows:

e An effective closed-loop control can render waveform analysis based fault
detection techniques less viable, because the fault signatures are significantly
covered or suppressed.

e A controller is expected to apply a balanced set of inverter switching vectors, to
create a balanced set of stator currents, for a normal (healthy) operation.
However, for an IM with an ITSC fault on one phase, motor phases are no more
identical. Therefore, it is intuitive to suggest that the controller would apply an
unbalanced set of inverter switching vectors to yield a balanced set of stator

currents, for a faulty machine.

Given the two conclusions stated above, the main idea adopted for fault detection in
this study is to investigate the controller outputs against any abnormal distribution.
As previously noted, the adoption of inverter switching statistics as a means for fault
detection is previously reported in [148], where the motor is driven via FOC that is
accompanied by a PCC scheme. In the spatial distribution of the weighted mean
values of the inverter switching vectors, two distinctive minima at 60° and 240° are
reported as an indicator of an ITSC. In the experimental verification of the proposed
ITSC detection algorithm, which is described in the following section, in addition to
the decrease reported in [148], an increased in the switching vectors that correspond
to the faulty phase (e.g., vi and vs for a fault in phase-A) is observed. Considering

that we already observed that the faulty phase’s voltage is slightly decreased in case
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of an ITSC fault, this seems as a contradiction unless the utilization of zero-vectors
is also considered. Furthermore, it is reasonable to consider also that the flux
producing capacity of the voltage vector, as formulated in (2.16), that corresponds
to the faulty phase is now crippled due to fault, because there exists a parallel

resistive path in the winding, as shown in Fig. 3.3, which does not produce flux.
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Figure 4.4. VVoltage vectors of a 2L-VSI, with sector definitions adapted from [4].

In the attempt of examining ITSC fault’s influence on the controller outputs, the
inverter switching vectors’ count are averaged and recorded for 10 full electrical
periods. The records also include the sector information S, which the stator flux
vector W, occupies, with the sector definitions adapted from the classical DTC
approach [4]. Table 4.1 shows how many times each vector is applied for the
recording time of 10 full electrical periods. The switching data was recorded for the
operating condition at rated speed (3000 rpm), rated torque (approximately 1.25
N.m). It should be noted that it is practically not quite possible to observe and record

FCS-MPC outputs with perfect precision due to the following reasons:

e The full rotations and sector information (S;, S,, -+, Sg) are decided based on ¥,

which is merely an estimated control variable that is prone to noise and ripple.

e Even under steady-state conditions, vector counts do not turn out to be purely

constant, they fluctuate to a considerable extent.
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e The overall effect of system non-idealities, sensor noises, and discretization

errors influences the controller behavior.

e Experimenting with an ITSC fault results in a quick increase in machine
temperature. Hence, the winding temperature during the record cannot be held

constant, which may implicitly affect switching counts.

Therefore, the switching vector statistics depicted in Table 4.1 should be regarded as
a general observation that tries to picture the fault’s influence, rather than absolute

numbers that are expected to be reproducible with perfect precision.

From Table 4.1, it can be observed that, the utilization of switching vectors that
correspond to the faulty phase increase (v, during sector 3 and v, during sector 6)
along with the utilization of zero-vectors also increasing. Consequently, the percent
shares of other vectors decrease and the magnitude of the faulty phase’s voltage is
not increased due to the increase in zero-vectors. The changes in active vector

allocations can be quantified with an expression as shown in (4.2).

Av. = <vx - vavg) <vx - vavg) (4 2)
x —\- . - - .
% %
avg faulty avg healthy

By using (4.2), the approximated percent changes in active vectors due to the

inflicting 2-turns ITSC fault were found as follows:

(Av; + Avy) = 12%, (Av, + Avs) = —9%, (Avs + Avg) = —3%
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Table 4.1 Switching vectors’ count for the healthy and faulty cases.

Healthy Mode

2-Turns ITSC

S S, S3 Sy S Se Total |A (%)
vo | 252 | 240 | 252 | 240 | 243 | 242 | 1469 | N.A
2 151 0 0 88 430 | 489 | 1158 | 1.7
v, | 476 | 142 0 0 89 | 428 | 1135 | -0.3
vy | 410 | 498 | 142 | O 0 88 | 1138 | 0.0
Uy 85 418 | 474 | 140 0 0 1117 | -1.9
Vs 0 92 440 | 497 | 147 0 1176 | 3.3
Vg 0 0 83 | 413 | 476 | 134 | 1106 | -2.8
Total | 1374 | 1390 | 1391 | 1378 | 1385 | 1381
S1 S, S3 M Ss Se Total | A (%) Offset
Removed
Vg 223 | 240 | 268 | 215 | 241 | 267 | 1454 | N.A N.A
vy 173 0 0 87 448 | 527 | 1235 | 8.6 6.8
v, | 461 | 156 0 0 76 384 | 1077 | -5.3 -5.0
vy | 432 | 478 | 128 0 0 94 | 1132 | 05 -0.5
v, | 84 | 432 | 495 | 167 0 0 | 1178 | 3.6 5.4
Vs 0 77 405 | 477 | 168 0 1127 | -0.9 -4.2
Vg 0 0 87 | 425 | 455 | 109 | 1076 | -5.4 -2.6
Total | 1373 | 1383 | 1383 | 1371 | 1388 | 1381

98




The figures depicted on Table 4.1 are program variables that were visually observed
and approximated over the Code Composer Studio (CCS) interface. In the later
stages of the experimental studies, a better option was enabled: during steady-state
operation for both healthy and faulty modes, the MPC output vectors (vy, vy ..., Vg)
are recorded to an array of 22000 elements. This was made possible by re-allocating
unused ram sectors for the program. By doing so, grasping a picture of FCS-MPC in
operation was made possible. The predictive controller’s operation is depicted in Fig.
4.5 by displaying the applied vectors for approximately 4 electrical cycles, for the
operating conditions of 1.35 N.m. load torque at 3000 rpm, with |¥|"¢/= 0.3 Wb,
under a DC-bus voltage of 350 V. It is very insightful to notice how the controller

switches through active vectors (v4, v, -++, vg), With the zero-vectors are interspersed

Figure 4.5. A display of MPC operation for 1.35 N.m. load torque at 3000 rpm.

all along, during the electrical periods.
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The vectors recorded for 22000 samples were later cropped down such that full
electrical periods are covered in the respective series so that inverter switching
statistics can be run. The results are depicted in Table 4.2 for two cases of healthy
operation and another two cases of operation with an ITSC fault of 2-turns. Table
4.2 clearly illustrates the change in active vector allocation with respect to an
inflicting ITSC fault. The records are available at [61].
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Table 4.2 Switching vectors’ count for the healthy and faulty cases.

Faulty Faulty Healthy Healthy
Record #1 Record #2 Record #1 Record #2

Total Samples 21016 20228 21616 21744
Total Periods 29 28 30 30
v; Count 2726 2669 2366 2386
v, Count 2247 2194 2442 2469
v3 Count 2222 2167 2298 2344
v, Count 2752 2658 2545 2545
vs Count 2202 2230 2319 2319
v, Count 2268 2141 2427 2507
A(%) vy 13.4 13.9 -1.4 1.7
A(%) v, -6.5 -6.4 1.8 1.7
A(%) v; 75 -75 4.2 35
A(%) v, 14.5 13.4 6.1 4.8
A(%) vs -8.4 -4.8 3.4 -4.5
A(%) vy -5.6 -8.6 1.1 3.2
Phase A A(%) 14 13.7 2.3 1.5
Phase B A(%) -6.6 -8.1 -1.5 -0.1
Phase C A(%) -7.4 -5.6 -0.8 -1.4
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Based on the observations documented thus far, two approaches can be proposed as
potential method to spot an ITSC fault through an analysis of controller outputs, i.e.

inverter switching vectors:

e Examination of the unbalance in the allocation of active vectors for full electrical

periods.

e Examination of the unbalance in the zero-vector allocation across the sectors of

the complex plane.

ITSC fault detection has been accomplished with both of these method. However,
the examination of unbalance in the active vectors was found to yield more
distinctive results for fault detection, compared to the zero-vector allocation
approach. Therefore, the main fault detection strategy that will be proposed in this
thesis, is based on active vector allocation and will be described in detail in the

following parts.

4.3 A Novel MPC-Based ITSC Detection Method

In the following, a novel, MPC-based ITSC detection method is proposed. The
proposed method is first described in detail, then the experimental results, which
prove the effectiveness of the method, are presented. Finally, several aspects

regarding the proposed method are discussed.

4.3.1 The Algorithm of the Proposed Method

In view of the observations documented for the closed-loop control of an IM with an
ITSC fault, an ITSC detection algorithm is developed based on spotting an unusual
unbalance in the distribution of the active vector allocation. A flowchart diagram for
the developed fault detection strategy is shown in Fig. 4.6. The number of how many
times each active vector is applied by the inverter is found with a counter. The

counting routine is done for a preset number of full electrical periods, (i.e., as long
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as ‘Counter Flag’ in Fig. 4.5 is true), which can be determined by the full rotations
of the estimated stator flux (W) vector. Once the counting process is complete, the
average value of the active vector switching numbers and the percent deviation of
each vector with respect to the average are calculated. Considering the influence of
system non-idealities and noise on the controller action, the deviation results are then

low-pass filtered.

Even for a healthy machine, there may be deviations in the utilization percentages
for the active vectors as a perfect symmetry is seldom for a practical motor drive
system. The healthy case unbalance figures can be observed from Table 4.2, which
are sufficiently smaller compared to the deviations that stem from an ITSC fault. For
an improved fault detection performance, the deviations in the normal operation
(healthy case) are recorded as offset values and subtracted from the low-pass filter
outputs. The filtered and offset-removed values of deviations are evaluated on a
phase-basis, and the final result is named as the ‘fault indicating score’, which will
be abbreviated as ‘FIS’ hereon. Although already shown in Fig. 4.6, the formula that
yields the FIS is stated again in (4.3). The final FIS magnitude is compared to a preset

threshold and the ultimate faulty/healthy decision is made based on this comparison.
FIS = (Avl’% + AV4’%)2 + (sz’% + AUS'%)Z + (AU3'% + AUGJ%)Z (43)

The flowchart depicted in Fig. 4.6 resembles a simple algorithm that is easy to
program, and runs without a significant burden to the processor. Further details on
these will be provided after a comprehensive analysis on the experimental

implementation results of the proposed fault detection method.
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Figure 4.6. Flowchart diagram for the proposed ITSC fault detection algorithm.
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4.3.2 Experimental Results for the Fault Detection Performance

The fault detection performance of the proposed algorithm is given in Fig. 4.7 and
4.8, for several torque-speed values, for the ITSC faults of 2-turns (Fig. 4.7) and 3-
turns (Fig. 4.8). The ‘fault indicating score’ (FIS) waveform (green) exhibits a
decisive increase after the ITSC is created, the instant of which is marked with a red
arrow in the respective figures. A fault/no-fault decision is made by comparing FIS
to the preset threshold (purple, high means fault). Both the FIS and the fault decision
parameters are observed over the DAC pins of TMDXIDDK379D. Considering that
FIS takes different values depending on the operating condition, different multipliers
are utilized for better DAC visualization. The numerical value that the unit height of
the oscilloscope screen corresponds is marked on the respective graphs in Fig. 4.7
and 4.8. The FIS value can be evaluated by comparison with respect to the unit height
value. The results prove the effectiveness of the proposed algorithm over the entire
operating range of the motor. Naturally, the higher numbers of shorted turns produce
higher FISs hence they are easier to diagnose. A threshold level of FIS > 30 is set
for all of the operating conditions in Fig. 4.7 and 4.8. No experiments regarding the
proposed fault detection technique were conducted for the 5-turn ITSC case, for fear
of permanent damage to the test machine. In any case, it is the lower severity ITSC
faults (roughly 2% and 3% in our results) that shows the effectiveness of any fault

detection method.

More stable and decisive results can be obtained for vector counts and the expected
unbalance in their allocation, by the utilization of a higher number of electrical
periods that the vector counting routine is done (Nmax in Fig. 4.5). However, this will
prolong the fault detection time. There exists a similar trade-off in the process of
low-pass filtering the percent deviations observed. Increased low-pass characteristics
prevents the fluctuations to a greater extent but the detection time can be delayed.
For any practical implementation of the proposed fault detection strategy, these
parameters and the trade-off relations should be tuned accordingly. In the presented
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fault detection results of Fig. 4.7 and 4.8, the flowchart depicted in Fig. 4.6 is run
once for every 5 full cycles of ¥ rotation.

Similar to the simulation files of Chapter 2 and Chapter 3, the source codes that
include both the MPC motor drive and the proposed fault detection algorithm have

been made available as open-source in [61].
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Figure 4.7. Fault detection performance of the proposed algorithm, under several
different operation points, for an ITSC fault of 2-turns. FIS waveform: green,

fault/no-fault decision: purple. The fault initiation is marked with the red arrow.
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Figure 4.8. Fault detection performance of the proposed algorithm, under several
different operation points, for an ITSC fault of 3-turns. FIS waveform: green,

fault/no-fault decision: purple. The fault initiation is marked with the red arrow.
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4.3.3 Discussions on the Proposed Algorithm

This section includes several discussions about the proposed fault detection strategy,
which relies on the inspection of inverter statistics. The first item to be addressed is
the suitability of FCS-MPC for the described fault detection method. The
fundamental fault signature utilized in this thesis is the unexpected deviations in the
controller outputs (i.e. inverter switching states). This is a rather general situation
which can be anticipated to work also with other motor drive techniques, such as
FOC or DTC. However, FCS-MPC is especially suitable for the proposed algorithm

due to the considerations stated as follows:

e As described in detail in Chapter 2, MPC is an intrinsically fast control
strategy. This stems from the fact that, the predictive controller does not act
on a regular PI structure, which is basically a low-pass filter. The predictive
control structure does not need an error term to be created and accumulated.
Rather, it applies the most suitable vector in order to instantly minimize its
cost function, which tracks the control objectives. Therefore, FCS-MPC can
swiftly react to the disturbance created by the ITSC fault, which is then
reflected by the change in controller outputs. In the case of FOC, the
influence of the ITSC would appear as an additional second order AC term
on the dg-quantities [143], [147], [150], which will also be low-pass filtered.
Although FOC will also cover fault traces and try to maintain a balanced set
of three-phase currents, its Pl based control approach makes FOC less viable
for the proposed fault detection method.

e In FCS-MPC, the controller outputs are discrete switching states which
makes it very easy to record and evaluate the controller outputs in order to
designate an unbalance. In the case of FOC, the controller outputs are DC
quantities which are to be modulated. Hence, the evaluation of unbalance in
FOC would correspond to subtracting and analyzing the second order

component discussed above.
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e In FOC, the controller outputs are inverse Park transformed and fed into the
modulator stage. This translates into the inverter being able to synthesize
positive-sequence voltages only. In FCS-MPC controller however, this is not
the case and the inverter generates its voltage vectors without being
necessarily fixed to a voltage scheme. This property may help the predictive
controller structure to be better at repressing the fault’s influence and be able
to still continue supplying a balanced set of three-phase currents as shown in
Fig. 4.3.

It can be observed from Fig. 4.7 and 4.8 that, the FIS magnitude and motor output
power are inversely correlated. The reason behind is anticipated as the combination
of two effects. First, the zero-vector utilization decreases as the speed, hence the
back-EMF, increases. Secondly, a higher load torque demand can allow less margin
for the controller to change the vector allocations with regard to fault. Consequently,

smaller deviation percentages occur for high speed — high torque region.

For the preceding fault detection figures, the fault/no-fault decision is made solely
on the comparison FIS > 30, and the fault flag is latched once the FIS exceeds 30.
The threshold value is set by observing the FIS values over the entire torque-speed
region and choosing a value large enough to avoid false triggers and small enough
to spot the ITSC fault in the high torque — high speed region where the FIS turns out
to be smaller than the rated operating condition. Utilizing statistical methods to
decide on the threshold value or even setting a dynamic threshold based on the

operating conditions would contribute to the proposed fault detection strategy.

Out of the three main IM fault types, namely stator, rotor, and bearing faults as
discussed in Chapter 3, only the stator ITSC fault is considered in this thesis and
other fault types are kept beyond the scope. Hence, the proposed algorithm’s
response to these types of faults could not have been tested. Nonetheless, these faults
can be distinguished from ITSCs by their nature of the occurrence. A broken rotor
fault’s influence would be experienced equally by each stator phase. Bearing faults

is a mechanical issue, and its rate of progression is expected to be slower than that
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of an ITSC. In any case, it would be beneficial to spot any unexpected deviations in

the controller output, even if the inflicting fault’s type is falsely identified.

There exists a complex interaction between the fault and the controller. The influence
of an ITSC fault on the controller is previously presented in [160], in which a DTC-
driven IM is assumed. The presence of an ITSC fault causes errors in torque and flux
estimation and DTC was found to be compensating the visible effects until the
control is lost. No fault detection scheme is presented in [160], neither the changes
in the vector allocations due to the fault are discussed. Although a similar attempt is
provided in this chapter for ITSC and MPC interaction, in order to explain the ITSC
fault’s effect on MPC; there is still a gap in the literature on how the faults affect or
corrupt the controller performance. Hence, this subject can be addressed as future

work.

In order to assess the proposed algorithm’s performance under dynamic operating
conditions (where the speed command and the load torque varies), the motor drive
is commanded to run with a triangular wave speed command, such that the motor
changes speed from 750 rpm to 3750 rpm in approximately one second. Since the
mechanical load to the motor is a PMSM run as a generator feeding a resistive load
as described in Chapter 2, the load torque also varies quadratically with respect to
the speed. The resultant FIS response shown in Fig. 4.9 suggests that the proposed

algorithm can work in the dynamic case, too.

110



__ w=23750rpm

Lor

Unit Height = 155$

e -

0.5 sec

Figure 4.9. The fault detection performance of the proposed algorithm under

dynamic operation. Purple: motor speed in rpm. Green: fault indicating score.

In Chapter 4.3.1, the low-pass filtering of the active voltage vector deviations was
discussed. To illustrate the effect of the low-pass filtering stage, both the unfiltered
deviation figures and the regular FIS waveform are shown on the same graph in Fig.
4.10 for an ITSC fault of 2-turns at rated operating points. As previously discussed,
low-pass filtering avoids fluctuations to a considerable extent at the expense of
delayed response. Although a significantly faster response could be obtained by less

filtering (or no filtering at all), this might risk false decisions.

I Unit Height =124

Figure 4.10. The FIS waveforms; calculated from the low-pass filtered deviations

(green) and the unfiltered version (purple).
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As a further investigation of the proposed fault detection algorithm’s performance,
several different FIS waveforms, five for the healthy operation at rated values case
and another five for the 2-turns ITSC case, are depicted on the same graph, in Fig.
4.11. It can be seen from the Fig.4.11 that the algorithm is reliable as the healthy

case produces FIS close to zero.
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Figure 4.11. Several different FIS waveforms; for both the healthy case and the two

turns ITSC case under rated operating conditions.

As described in detail in Chapter 2, choosing |W|"¢/ = 0.4 for the induction
machine on which the experiments are done, corresponds to an increased-flux mode
such that its power factor is relatively low (around 0.5). In order to check the
influence of the level of magnetization on the fault detection performance, the
algorithm is run for a decreased stator flux magnitude level of |¥,|"¢/ = 0.3, instead
of |W,|"¢ = 0.4. Fault detection performance is depicted in the same fashion in Fig.
4.12. It can be concluded from Fig. 4.12 that; the fault detection performance is even
better in this case, mainly due to the higher utilization of zero vectors for the high-
speed operating points. Therefore, |W|™® = 0.4 mode of operation resembles a
worst case scenario compared to a more convenient flux setting of |W|"¢/ = 0.3.
Results for both cases are provided in this chapter, for the sake of completeness and

to utilize the flux level as a parameter in the fault detection performance.
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Figure 4.12. Fault detection performance of the proposed algorithm, under several

different operation points, for an ITSC fault of 2-turns, with |¥,|™® = 0.3. FIS

waveform: green, fault/no-fault decision: purple. The fault initiation is marked with

the red arrow.
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Although it is not expected for a machine to recover from an ITSC fault and go back
to its normal (healthy) operation, in order to express the strong correlation between
the ITSC fault and the FIS, a fault-removal case is depicted in Fig. 4.13. The
intentional ITSC fault of 2-turns was cleared at the instant marked with the red arrow.
It can be observed that the FIS quickly decays to near-zero values (healthy case)

which then proves that FIS is a strong indicator of fault presence.

+

|

i Unit Height = 50

Figure 4.13. The FIS waveform (green); for the removal of a 2-turns ITSC fault. The

red arrow indicates fault removal instant.

In FCS-MPC, the weighting factor (1) is a fundamental parameter that tunes the
controller response. Increased value of A puts more emphasis on the flux magnitude
error term and implicitly improves the phase current waveform quality. Several
different A values, ranging from 30 to 100 have been tested. Phase current THD is
near minimal for A = 50 (1.3%) and increasing A further provides little to no
decrease in THD. For A < 30, the current waveforms become perceptibly distorted.
The effect of A1 on the fault detection performance is also similar; although the
proposed method still detects faults, smaller values of A make FIS smaller.
Furthermore, oscillations in FIS and discrepancies such as different amounts of
deviations for the same group of vectors (e.g., Av; # Av,) are magnified for A < 30.

The results depicted in Fig. 4.7 and 4.8 are provided for A = 50.
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A similar relation exists between fault detection performance and the sampling
frequency. Due to the powerful microprocessor utilized in the experimental setup,
the computation time is merely 11.4 ps hence a rather high sampling frequency of
40 kHz could be implemented. Experiments repeated with a sampling frequency of

20 kHz still provide fault detection with decreased FIS.

In order to stress further on the last two topics, i.e., the influence on sampling
frequency and the weighting factor A on the fault detection performance, additional
FIS waveforms are provided in Fig. 4.14 and 4.15. The sampling frequency is
reduced to 20 kHz and A = 25 is set. In this configuration, fault detection could not
be made for the rated operating conditions. For 2250 rpm and rated torque, the FIS
waveform of Fig. 4.14 was obtained, for which the ITSC fault was barely spotted
with a deliberately reduced fault threshold of just 5, due to the much smaller FIS

values compared to the standard case.

I Unit Height =6

Figure 4.14. The FIS waveform for 2250 rpm and rated torque under 20 kHz
sampling frequency and A = 25 . FIS waveform: green, fault/no-fault decision:

purple. The fault initiation is marked with the red arrow.
While the sampling frequency is still at 20 kHz, A = 40 is set which prioritizes the

stator flux error in the cost function hence implicitly stator current waveforms. Even

though the FIS waveform takes smaller values compared to the original case, fault
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detection at rated condition could be achieved with this arrangement, as shown in

Fig. 4.15. The fault threshold was set back to 30 as in the original setting.

+

I Unit Height =16 rr*r'LI

Figure 4.15. The FIS waveform at rated operating conditions under 20 kHz sampling
frequency and A = 40. FIS waveform: green, fault/no-fault decision: purple. The

fault initiation is marked with the red arrow.

It is evident from the Fig. 4.14 and Fig. 4.15 that a high-performance control on the
current waveform quality is a pre-condition for the proposed fault detection
approach. Reduced control performance due to either both sampling rate reduction

or selecting an inconvenient A results in the loss of fault detection capability.

The last issue to be discussed here is a rather generic one: considering the detection
performance of ITSC faults, the fault resistance is a critical parameter. As described
earlier, although the intentional short circuits were created over a long external cable,
which introduces an additional resistance of 0.13 Q, no additional resistance was
utilized to resemble the fault resistance, in the experimental results depicted so far.
To examine the performance of the proposed fault detection algorithm, the fault
detection results are repeated for additional resistances of 0.2 Q and 0.33 Q included
in the short circuit path, and shown in Fig. 4.16. The experiments are done for
3000 rpm operation, with |¥,|"¢/ = 0.3.
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Figure 4.16. Fault detection performance with additional fault resistances of 0.2 Q

and 0.33 Q. FIS waveform: green, fault/no-fault decision: purple. The fault initiation

is marked with the red arrow.
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It can be concluded from Fig. 4.16 that, although the lower FISs are observed with
increasing external resistances, the proposed algorithm is still able to detect the
inflicting fault, at least for the rated operation. As the fault resistance directly
determines the fault current, hence the strength of fault’s influence on motor

operation, fault detection is harder for increasing values of fault resistance.

In order to exemplify the influence of fault resistance, fault current waveforms are
recorded and depicted in Fig. 4.17, for w = 3000 rpm, T, = 1.35 N.m operation,
with |W,|™¢/ = 0.3. Since the fault current is a direct result of the back-EMF over
the shorted turns divided by the fault resistance, the increasing values of fault
resistance resembles a challenge for any fault detection algorithm. It is also
worthwhile to note that being able to detect the fault with the extra resistance of
0.33 Q is especially meaningful for the proposed algorithm, because the fault current
for that particular case is close to the rated phase current magnitude, as can be seen
on Fig. 4.17.
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Figure 4.17. The fault current waveforms for no external resistance (a), and with

external resistances of of 0.2 Q (b), and 0.33 Q (c) at rated operation with |¥,|"¢/ =

0.3.
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4.3.4 A Benchmarking Study for the Proposed Fault Detection Method

An exact benchmarking between any two fault diagnosis methods requires
experimentation with the same machine, fault, and operating conditions, hence it is
hard to realize. Nonetheless, the complete assessment of the proposed fault detection
method should consider the previously suggested fault detection strategies.
Therefore, several selected ITSC fault detection schemes developed for closed-loop
controlled machines are compared in Table 4.3 with the proposed algorithm. For the
sake of completeness, the proposed algorithm (as published in [16]) is also included
in the first raw of Table 4.3.

A fundamental parameter that can be utilized for benchmarking in fault diagnosis
methods would be the severity factor (u), which was defined as the ratio of the

shorted turns to the total number of turns in the phase (u = Nf/N,,). With the

proposed method, two shorted turns (out of 104 turns in a phase) are detected (u =
1.9%), which can be considered quite satisfactory among the other methods
presented in Table 4.3. It should be noted that the severity ratios may differ in some
of the papers cited in Table 4.3, due to the adoption of different definitions for the
severity ratio, as in [150] and [145]. Furthermore, additional fault resistances may or
may not be utilized, and the physical structures of the artificial faults created for the
experiments would differ. Therefore, the severity factor alone should not be regarded
as an ultimate quality figure. A single-turn fault option was not made available in the
experimental IM; hence this case could not be tested. FIS waveforms obtained for
the two turns fault in Fig. 4.7 suggest that a single-turn fault could have been detected

too, at least for the low to medium speed region.
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Table 4.3 A Review of Existing Fault Diagnosis Methods That Consider Closed-

Loop Controlled Machines.

Ref. Motor Type & Control severity (%) Detection Method
Method (4 = N¢/Np)

[16] IM, FOC 1.9 Inverter Statistics

[144] PMSM, FOC 9.85 Freq.-Domain Analysis

[143] IM, FOC 8.33 Freq.-Domain Analysis

[161] IM, FOC 0.93 Impedance

[147] IM, FOC 0.32 Freq.-Domain Analysis

[148] IM, FOC+PCC 0.76 Inverter Statistics

[149] PMSM, FOC 3.23 PWM Ripple

[150] PMSM, FOC 1.39 Freq.-Domain Analysis

[151] PMSM, FOC 2.78 Time-Freq. Distribution

[152] IM, FOC 0.30 High Freqg. Injection

[145] IM, DTC 1.08 Freq.-Domain Analysis

[153] IM, DTC 2.04 Freq.-Domain Analysis

[154] PMSM, FCS-MPC 5.00 Wavelet Tr. on Cost Fnc.

[157] FOC, IPMSM 1.38 Torque-Angle

[156] Non-specified, IPMSM 12.50 Impedance

[158] Non-specified, PMSM 1.85 Current Estimation Error
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It can be concluded from Table 4.3 that; frequency domain analysis is the favored
strategy for fault detection. In most papers, fault detection has been reduced to
addressing unexpected frequency components that would otherwise diminish for a
healthy machine. This can be addressed as a major simplification in the respective
studies because making the final decision is whole another algorithm to be
implemented and tuned. A faulty/healthy decision, as shown in the respective fault
detection figures provided so far, is presented only in [150].

In this paper, the proposed fault detection algorithm is tested for several different
speed and load torque levels where fault detection performance for a wide torque-
speed range was documented only in a limited number of studies ([144], [147], [150],
[161],[158]) from Table 4.3. Similarly, fault detection performance under dynamic
operating conditions is depicted in Fig. 10 of this study where only [151] and [158]
consider the dynamic case, among the references of Table 4.3.

The publications on fault diagnostics almost unanimously express how critical it is
to detect a fault as soon as possible to avoid catastrophic damage. Considering the
rate of progression of an ITSC fault, it is very interesting to see that fault detection
time is explicitly mentioned only in [152]. The elapsed time between fault’s
occurrence and detection is reported below two seconds in [152], which is roughly
equal to the detection times of this paper, which can be observed from Fig. 4.7.
Among the fault diagnosis algorithms listed in Table Il, details regarding the
microcontroller on which the fault detection algorithm is implemented and the
computational burden brought by its application are virtually non-existent. The ITSC
detection strategy presented in this paper runs on the same CPU alongside the FCS-
MPC routine. The total time spent on the full execution of the flowchart depicted in
Fig. 4.6 is experimentally measured by setting a DAC pin high at the beginning of
the fault detection algorithm and setting the same pin low at the algorithm’s end. The
algorithm execution time is merely 11.4 ps, and can be seen in Fig. 4.18. The
algorithm is very intuitive, and it is straightforward to be implemented as a simple

add-on to the standard FCS-MPC structure. The proposed algorithm is online and
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non-evasive. Neither an additional circuit (as in [149], and [156]) nor an external

sensor (as in [145]) is required.
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Figure 4.18. The fault detection algorithm’s execution time.

4.4  An Alternative Approach: ITSC Detection via Zero-Vector

Distribution Unbalance

In Section 4.2, two strategies for fault detection were proposed as follows:
e Examination of the unbalance in the allocation of active vectors.

e Examination of the unbalance in the zero-vector allocation across the sectors of

the complex plane.

Due to its better fault detection performance, the proposed fault detection algorithm
is built on the examination of the unbalance in the allocation of active vectors. On
the other hand, examination of the unbalance in the zero-vector allocation across the
sectors of the complex plane is also another useful approach for fault detection.
Therefore, fault detection via the zero-vector observation approach will be described

in this section, for the sake of completeness.
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The fundamental idea utilized here is to expect a balanced distribution in the
utilization of zero vectors across the sectors of the complex plane as depicted in Fig.
4.4. An ITSC fault would disturb this balance. Hence, the examination of zero-vector
allocations, the flowchart of which is depicted in Fig. 4.19, can be proposed as a

means for fault detection.
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Figure 4.19. Flowchart diagram for the ITSC fault detection algorithm via zero-

vector distribution.
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The fault detection performance of the zero-vector distribution approach is depicted
in Fig. 4.20 for an ITSC of 2-turns. The flowchart depicted in Fig. 4.19 is nearly
identical to the one depicted in Fig. 4.6, i.e., the flowchart for the active vector
counting based fault detection approach. The fundamental difference here is that; the
active vectors are not counted. Rather, the sector that the stator flux vector is
currently occupying is noted (Si, Sz, etc.) by increasing its corresponding counter,

whenever a zero vector is selected by the optimization routine.

Although there is definitely a correlation between an ITSC fault and the unbalance
in the allocation of zero vectors across the sectors of the complex plane, this fault
detection approach significantly underperforms the former approach. The FIS values
were initially zeroed during the recording of Fig. 4.20 yet a large amount of FIS
fluctuations and false-positive results were observed during the experiments.
Moreover, no intelligible data was observed for the low speed — high torque

operation. The FIS scores follow no regular trend in their magnitudes.
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Figure 4.20. Fault detection performance of the zero-vector distribution approach,
under several different operation points, for an ITSC fault of 2-turns. FIS waveform:
green, fault/no-fault decision: purple. The fault initiation is marked with the red

arrow.
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For the healthy case under the rated conditions, the FIS waveform is plotted in Fig.
4.21, which shows that the FIS has considerable magnitude and a false-positive
diagnosis is made, which was not the case for the former approach. Due to the large
fluctuations and relatively larger FIS values, the fault indicator’s threshold was set
at 100, but it was lowered to 30 for the low-speed case in order to be able to diagnose

the inflicting fault.

—————rea

I Unit Height = 41

Figure 4.21. A false-positive example during healthy operation at rated values, with
the zero-vector allocation approach. FIS waveform: green, fault/no-fault decision:

purple.

Consequently, ITSC fault detection via the unbalance in the allocation of zero
vectors across the sectors of the complex plane will not be pursued further as a fault
detection method. Experimental results, which were obtained under the high-flux
reference case, are provided though. Finally, it is worth noting that the zero vector
firing numbers were observed to decrease by 22% in sectors S1 and Ss, and increase

by roughly 20% in sectors Sz and Se, under rated operating conditions.
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45 Further Considerations on ITSC Fault Detection via Predictive Control

In this part, some further issues regarding the predictive controller and ITSC fault
interaction will be discussed. This chapter is intended as an attempt to re-apply and
evaluate some selected fault detection methods and approaches previously reported

in the literature.

45.1 The Relation Between the ITSC Fault and the Current Ripples

The first issue to be examined here is the interaction between the ITSC fault and the
current ripple, or consequently; high-frequency impedance of the faulty phase. We
can see that this interaction has been utilized as a fault signature in the existing
literature from Table 4.3. Experimental verification of this interaction would be
informative. Therefore, current ripple under an ITSC fault has been observed under
the ITSC fault. Considering the fact that the FCS-MPC strategy results in a variable
switching frequency operation, capturing the current ripples clearly on the
oscilloscope screen is problematic. To overcome this problem, constant DC currents
are commanded to flow over the phases, in such a way that 4.33 A flows over the
phase that the ITSCs are to be created and returns from the other two phases, while
the motor is at a stand-still. The current reading setting of the current clamp is set to
the AC mode to capture the ripples only. The current ripple waveforms
corresponding to the healthy case (a) and the 2-turns ITSC fault case (b) are depicted
in Fig. 4.22. The DC bus voltage level was reduced to 300 V for this experiment in
order to avoid overheating due to larger current ripples that may result due to the

lack of the back EMF in stand-still operation.
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Figure 4.22. The current ripples for the healthy case (a), and the 2-turns ITSC fault
(b).
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It can be observed from Fig. 4.22 that the current ripple is increased by
approximately 16% by the presence of an ITSC fault. Hence, we can conclude that
the ITSC fault effectively reduces the high-frequency impedance of the phase that is
created on, and consequently increases the current ripple.

45.2 The Relation Between the ITSC Fault and the Cost Function

The second issue to be considered here is the interaction between the cost function
output and the inflicting ITSC fault. As thoroughly explained in Chapter 2, the FCS-
MPC routine evaluates all possible switching combinations with a cost function. The
switching vector for which the cost function evaluation yields the minimum value is

selected as the optimum and applied at the next switching state.

The cost function output (for simplicity, will be shortly referred to as the “cost”,
hereon) is a characteristic feature of the FCS-MPC. It has recently been utilized as
an ITSC fault indicator in [154], for a PMSM drive controlled by FCS-MPC. It is
very intuitive to expect deviations in cost with an inflicting fault. The study reported
in [154] will not be repeated here, but even a broad examination of the cost and

fault’s interaction would be informative.

The cost function waveform (to be precise: the minimum cost value obtained for
each control cycle) is obtained by feeding the related parameter to the DAC pins of
the development kit (TMDXIDDK379D) and displayed in Fig. 4.23. As detailed in
Chapter 2, due to the powerful microprocessor utilized in the implementation, the
control frequency is set to a rather high value of 40 kHz. Therefore, the expected
deviations in electrical quantities per control action, hence the magnitude of the cost
function is small in magnitude. For a nice visualization of the cost function, proper
multipliers (10000 for Fig.4.23) are adopted when feeding the cost function figure
into the DAC pin, which creates corresponding analog outputs that can be observed
via an oscilloscope. Therefore, throughout this discussion, the voltage value

displayed on the oscilloscope is not directly meaningful. Rather, the influence of the
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ITSC on cost function level and shape is to be examined. All of the following cost
function figures were recorded under rated operating conditions of the IM. High-flux

operation is adopted as in the case of Fig. 4.7-4.8, i.e., |¥|"¢/ = 0.4.
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Figure 4.23. The cost function waveform for the healthy operation at rated operation,
with a DAC multiplier of 10000.

Since the cost function waveform’s frequency (40 kHz) is much higher than the
electrical frequencies of interest, low-pass filtering the cost function output would
provide more intelligible results. Therefore, a low-pass filter of Pl form is utilized
for the display of cost function graphs, with filter parameters K; = 0.95, K, = 0.05.
Therefore, while the high-frequency jumps and the influence of noise are eliminated,

behavior with respect to the electrical frequencies of interest is preserved.

The low pass filtered cost function waveforms are depicted in Fig. 4.24, for the

healthy (a) and faulty cases; 2-turns (b) and 3-turns (c) ITSC. A multiplier of 15000
is adopted for DAC visualization.
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Figure 4.24. The low-pass filtered cost function waveforms for the healthy (a) and

faulty operation (2-turns (b), and 3-turns (c)) at rated operation.
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Considering the cost function waveforms depicted in Fig. 4.24, it is obvious that the
cost function is affected by the presence of an ITSC fault. Both the average DC value
is increased and the included AC ripple is intensified. However, a fault detection
approach based solely upon a magnitude comparison for cost function outputs would
not be effective due to two reasons. First, the changes in cost function waveforms
due to the inflicting fault are not as dramatic as those of the proposed algorithm’s
FIS waveforms. Secondly, the natural variations and ripples would trigger false
alarms in a magnitude-based fault detection strategy. The waveforms provided in
Fig. 4.24 were observed to have significant oscillations that may be even larger than

the changes in magnitude created by the fault’s influence.

The next step for the analysis of the fault and cost function interaction will be the
frequency domain analysis. Two separate cost function waveforms for healthy
operation and another two for the 3-turns ITSC fault case for rated speed and load
were recorded. The spectral density graphs for these waveforms were obtained using
FFT operations on MATLAB and the resultant comparison graph is depicted in Fig.
4.25.

Periodogram Using FFT
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-20 —Faulty 1
—Faulty 2

Power/Frequency (dB/Hz)
A
o

0 100 200 300 400 500 600 700
Frequency (Hz)

Figure 4.25. Spectral density graphs for the cost function waveforms under healthy

and faulty operation.
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Several observations regarding the cost function’s response to an ITSC fault can be
made by examining Fig. 4.24 and Fig. 4.25. Although the fault causes an increase
both in the average value and the AC content of the cost function, the trend is not
very regular so that the spectral density graph can be easily utilized as a fault
indication method. In the spectral distribution, there are significant differences even
for the healthy operation waveform. The increase corresponding to 320 Hz (roughly
the 6™ harmonic) is not large in magnitude but it is found to be consistent. Significant
changes in magnitude (most presumably due to the ITSC fault) occur for roughly
200 Hz and 450 Hz, but even these variations are small compared to the drastic FIS
response of the proposed algorithm. Consequently, the cost function waveform is
found to be definitely responsive to the fault occurrence but the experimental
evaluation regarding its nature of response does not offer a simple tool for fault

diagnostics as the one utilized for the proposed algorithm.

From the preceding discussion, it can be concluded that although there exists some
interaction between the ITSC fault and the cost function output value as expected,
the interaction was not found to be strong enough to be utilized as a reliable fault
indicator, at least for our motor and drive structure and its related settings. Reference
[154] proposes an ITSC detection scheme based on running wavelet transform on
the cost function for an FCS-MPC driven PMSM. In the experimental results of
[154], it can be seen that the cost function waveform exhibits a decisive increase in
magnitude with the initialization of the fault, without even running any
transformation. Besides, motor current waveforms are perceptibly distorted,
furthermore, even the speed oscillations are magnified. In our experiments, however,
the experimented ITSC effect is small and it is successfully covered by the controller.
The main difference between these two attempts that investigate ITSC and cost
function relationship can be anticipated as the difference whether the fault
significantly alters the controlled parameters or not. In our experimental analysis, the
ITSC cannot move the controlled parameters significantly away from their healthy

case therefore the cost function’s response is not exaggerated.
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45.3 The Relation Between the ITSC Fault and the Current Prediction

Error

The third issue to be considered here is the interaction between the current estimation
performance and the ITSC fault. It is natural to suggest that any inflicting fault would
inevitably disrupt the mathematical model assumed for the healthy case. We have
seen in the preceding parts that the ITSC fault makes the high-frequency impedance
decrease and causes the current ripples to increase, such that these features were
utilized as fault indication methods [149], [156]. ITSC fault detection based on
observing the difference between the predicted and measured current is previously
proposed in [158]. In the following, a similar approach will be implemented for our
FCS-MPC driven IM case.

In FCS-MPC, predicting the next value of the motor currents under the influence of
the available voltage vectors is a fundamental part of the control routine, as explained
in Chapter 2 in detail. Consider that the current prediction for the optimum vector,
that is the vector that yields the minimum cost and selected for application, is noted
in every control cycle and this recorded current prediction is compared to the real
current value which is recently measured when the next control cycle comes. The
difference between the predicted and the measured current values can be expected to
increase with the presence of an ITSC. This approach is especially suitable for the
FCS-MPC strategy because the current prediction step is already in the control
routine therefore no significant computation burden is brought with the inclusion of

prediction performance observation.

Standard FCS-MPC strategy is run in the stationary stator reference frame, i.c., of
domain. Therefore, to evaluate the current prediction error, there exist multiple
options as formulated in (4.4)-(4.6). Total error in magnitude is evaluated in (4.4),
where (4.5) and (4.6) evaluates the prediction errors for a and B axes, respectively.

The difference between the predicted and measured currents is named “current
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prediction error” and abbreviated as “CPE”. Superscripts p and m stand for predicted

and measured respectively.

CPErora, = (IE — 1;{1)2 + (1;; - 1[;1)2 (4.4)
CPE, = (I — I7)* (4.5)
cpEy = (17 -1’ (4.6)

As in the case of FIS and cost function waveforms, CPE waveforms too will be
visualized through the DAC pins. The motor drive development platform
TMDXIDDK379D is a 3.3 V system, it outputs a corresponding analog signal and
over its DAC pins, for a digital input between 0 and 4096. Considering the high
control frequency (40 kHz) thus the small intervals for current prediction, CPE
values turn out to be small in magnitude. Therefore, while feeding them into the
DAC stage, a multiplier of 6000 is utilized. Anyhow, similar to the discussions
presented for the FIS waveform analysis, rather than the exact values of the observed
quantities, the relative change in the waveforms due to the inflicting fault is
meaningful. The lower excitation mode (|¥|™® =0.3) is adopted in the
experimentation for the following analysis as the CPE response was found to be more

responsive.

A typical CPE waveform is shown in Fig. 4.26 for the rated operating conditions
described earlier. Since the sampling and the control rate are set to 40 kHz, the CPE
waveform is also a rather high-frequency one. As in the case of analysis on the cost
function, low-pass filtering the CPE waveforms would yield more intelligible results.
Therefore, the low-pass filtered waveforms (PI type, with filter parameters K; =
0.95, Kp = 0.05) are utilized hereon for the analysis on prediction error and ITSC

fault’s interaction.
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Figure 4.26. Current prediction error (CPE) waveform for the healthy motor under

rated operating conditions, the unfiltered case.

The low-pass filtered CPE waveforms for the healthy case are displayed in Fig.
4.27a, b, and ¢, for CPE7ory, (as in (4.3)), CPE, (as in (4.4)), and CPEg (as in (4.5))
respectively. For the 2-turns ITSC fault case, Fig. 4.28 is created with the same
notation. It is important to note again that the ITSC fault is created on “Phase A”,

which is coincident with the a-axis.
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Figure 4.27. Low-pass filtered current prediction error (CPE) waveforms for the

healthy motor under rated operating conditions, CPErqr4,, (8), CPE, (), and CPEg
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From Fig. 4.27 and 4.28, it can be concluded that the current estimation error
increases with the emergence of an ITSC fault. For the reader’s convenience, the

results from Fig. 4.27 and 4.28 are provided in Table 4.4.

Table 4.4 Current Prediction Error’s Change due to the Inflicting Fault.

Healthy Faulty  Change

Item

) V) (%)
a-Axis Current Prediction Error 0.67 0.82 22.4%
B-Axis Current Prediction Error 0.68 0.63 -7.4%
Total Current Prediction Error 1.31 1.44 9.9%

Looking at the mean values from the measurement column on the right-hand side,
the mean value of the CPE 74, Can be observed to increase by nearly 10%, where
the increase in CPE, is roughly 22%. Since the fault current is on the a-axis hence
can create no flux on the B-axis, the CPEg waveform turns out to be almost
insensitive to the fault. This feature can be utilized for the localization of a fault for
a fault detection strategy based on the current prediction error. Consequently, the
ITSC fault’s effect on current prediction performance is observed to be as expected
and this already known fault detection strategy is verified for the FCS-MPC driven
IM.

4.6 Conclusion

Fault diagnosis of electric motors becomes more complicated for the case of inverter-
driven, closed-loop controlled applications because the controller inherently tries to
create a balanced set of current even under faulty conditions. In this chapter, a novel
stator inter-turn short detection algorithm is developed, which detects and identifies

the short-circuit fault based on the unexpected deviations in the predictive
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controller’s outputs. The proposed algorithm is intuitive, non-invasive, and works as
a simple extension to the model predictive control routine. In the experimental
verification, short-circuits of 2 and 3-turns are effectively detected and located (out
of a total number of 104-turns in a phase) for the tested IM. The effectiveness of the
proposed algorithm is documented with laborious experimental data: fault detection
performance is verified over a large torque and speed range, even further in the
dynamic operating condition. The fault detection time was below 2 seconds in the
worst case, while the computational burden to the processor and the memory is
negligible. The proposed algorithm is tested under several variations that include
different flux level settings, sampling time, and A value. A detailed benchmarking
study is presented between the proposed algorithm and the existing ITSC-fault
detection methods reported in the literature. The benchmarking results support the
value and the effectiveness of the proposed fault detection technique. Further issues
regarding the fault and the controller reaction, such as the change in the high-
frequency impedance, the increase in the current prediction error, and the fault’s

influence on the cost function are also documented.
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CHAPTER 5

CONCLUSIONS

The thesis is concluded with this chapter. A brief summary of the dissertation is
presented first. Then, the contributions to the literature, which are made throughout
this thesis work, are listed. Finally, future work related to the findings of this thesis

is addressed.

5.1 A Brief Summary of the Thesis

The fundamental aspect of this study has been bridging the two major fields of power
electronics research, namely; model predictive control and fault diagnosis. A
comprehensive analysis of MPC with numerous references to the contemporary
literature is presented first. Then the focus is narrowed down to the FCS-MPC case,
as applied to the PTC of an IM. Covering both the theoretical fundamentals,
computer simulations, and the experimental implementation aspects, the PTC of an
IM is described in full detail. Laborious experiments have been conducted and
documented, which suggest an effective motor drive operation, based on both steady-
state performance figures and swift dynamic response.

Having presented a detailed MPC implementation, the next focus becomes the fault
diagnosis of electrical machines, as the second main aspect of this study. After an
overview of fault sources and types in electrical machines, the ITSC fault is
analyzed. ITSCs are quite critical faults that need a very fast identification (in the
order of a few seconds) or else they quickly develop further until the total destruction
of the machine. They are the second most common fault type encountered in
electrical machines after bearing faults, which often gradually arise due to
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mechanical fatigue, hence not as severe in view of the urgency for fast fault

identification.

Motivated from the lack of a simple simulation tool in the literature, to analyze the
IM with an ITSC fault, a new model is developed based on the VBR model. The
effectiveness of the developed simulation model is verified by comparison to the
laboratory data obtained from a custom-modified IM, on which artificial ITSC faults
can be created for experimental purposes.

Based on these two main topics, namely MPC and fault diagnosis, a novel method,
which can detect ITSC faults of an IM effectively and efficiently, is developed and
documented in Chapter 4. A review of the existing techniques from the literature that
deals with ITSC detection for closed-loop controlled motor drive systems is
presented first. Special emphasis is put on fault detection under closed-loop control
because, in such systems, the controller inherently covers the fault traces, trying to
create a balanced set of currents despite the inflicting fault. Utilizing this fact, a fault
detection method is proposed which evaluates the unexpected unbalance in the
controller outputs to identify a fault. The effectiveness of the developed fault
detection technique is verified with detailed experiments. A benchmarking study is
presented which compares the new method to the existing methods from the
literature. It is shown that the developed method is a fast and effective one, capable
of identifying ITSC faults with a significantly low severity ratio and shown to be
effective over a wide operating range in the torque-speed plane. In order to provide
a very brief analysis here, the advantages and the shortcomings of the proposed fault

detection algorithm are listed as follows:
Advantages of the proposed method:

e Experimentally verified effectiveness: low severity ITSC fault detection
(1.9%) over the entire range of operation, including the dynamic case

e Intuitive algorithm and ease of implementation as a natural add-on to the
FCS-MPC routine, with no significant burden to the CPU (11.4 us execution

time).
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Sufficiently small fault detection time (below 2 seconds at worst).

Shortcomings of the proposed method:

Fault/No-Fault decision is made on an empirically determined threshold
value, which is also kept constant for different points on the torque-speed
plane.

No discrimination effort is made for other types of machine faults (i.e.

bearing and rotor faults).

Further issues regarding the interaction between the predictive controller and the

inflicting fault have also been analyzed. These include fault’s influence on current

prediction error, cost function, and the change in the high-frequency impedance.

5.2

Contributions Made to the Literature

Throughout this thesis work, 4 conference papers and a journal paper are published,

as listed in Appendix A. The main contributions of these publications are

summarized as follows:

A method to reduce the number of prediction vectors is proposed in [12].
Furthermore, the influence of the zero vector selection (v, or v-) is discussed
with regard to switching loss.

The experimental setup, which has been described in detail in Chapter 2, is
proposed as a simple, fast, and low-cost way of FCS-MPC implementation
in [13].

An experimental weighting factor (1) tuning procedure based on phase
current THD is proposed in [14]. The simulation studies and the theoretical
background prepared for [12]-[14] constitute the backbone of Chapter 2.
The VBR-based IM model, which can simulate ITSC faults and discussed in
Chapter 3 is first introduced in [15].
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e The ITSC fault detection algorithm, which is based on the unexpected
unbalance in the active vector allocation, is proposed in [16]. Chapter 4 is

largely built upon [16], with several extra discussions included.

5.3 Future Prospects

Within the context of this thesis, there are several issues that can be regarded as
future work. The most prominent one is the full description of how the inflicting fault
influences the vector selection routine of the predictive controller. Although several
observations and explanations are provided in Chapters 3 and 4, a full

characterization is still absent.

The novel fault detection method is evaluated on a three-phase IM in order to show
its effectiveness. However, the true value of any fault detection method would be
appreciated with the utilization of a fault-tolerant machine and its driver, which also
includes a post-fault operation strategy. Therefore, implementing the proposed
method (or a variant of it) in a fault-tolerant (and/or multiphase) motor drive system
and making the transition to the post-fault operation mode once the method signals

an inflicting fault would be of much more practical value.

The new simulation model that can simulate the IM with an ITSC fault was presented
in Chapter 3 and it was shown to be effective at depicting the faulty machine
behavior. The basic deficiency of the model was identified as the neglection of the
magnetic saturation of the core. An improved model would be more successful at
simulating the faulty machine provided that the magnetic saturation is also included

in the model.

In the developed fault diagnosis method, the essential signature utilized for fault
detection is the unbalance that arises in the controller’s outputs. Simple techniques
are utilized to evaluate this unbalance, and the final fault/no-fault decision is given
by comparison to a threshold, which is empirically determined from experiments.
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Utilizing statistical techniques or advanced tools such as machine learning or

artificial intelligence in the fault diagnosis effort would bear significant potential.
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B. Supplementary Material for the Thesis

All of the related material for this thesis are made available as open-source in the

Git-Hub repository [61], the web address of which is also provided below:
https://github.com/ilkersahin78/phd_thesis_repo
The following items are included:

e Matlab/Simulink simulation file that contains the motor drive simulation of
Chapter 2

e The developed simulation model for the IM with an ITSC fault, as
described in Chapter 3

e The switching vectors’ record that is summarized in Table 4.2 of Chapter 4

e The source codes for the implemented drive, that have been programmed on
TMDXISSK379D, including both the MPC drive and the fault detection

algorithm.
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