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ABSTRACT

The objective of this thesis is to realize the emulation of Surface Permanent Magnet
Synchronous Motor (SPMSM) under different fault scenarios using Power Hardware-in-
the-Loop (PHIL) technology. This thesis is divided into two main parts. The first part
involves the development and simplification of models for common SPMSM fault
scenarios, including Resistance Unbalance(R-Unbalance), Open-Phase Fault (OPF), and
Inter-Turn Short-Circuit Fault (ISCF).

The second part focuses on the emulation of faulty motors using a Motor Driver
Under Test (MUT) with Field-Oriented Control (FOC). The motor model considering
fault conditions generates the reference currents with harmonic components, where the
conventional Proportional-Integral (PI) control cannot achieve zero steady-state error. To
improve the performance of the PHIL current control, this thesis proposes a new method
called Coupling-Proportional-Integral-Resonant (CPIR) control.

Finally, the derived PMSM fault models and the proposed CPIR control are
preliminarily verified using MATLAB & Simulink simulations. Also, hardware
experiments are conducted to validate that both simulation and experiment results are
consistent. Furthermore, this thesis provides a comprehensive analysis of the error at
second order harmonic of the controller. It is evident that the implementation of CPIR
control leads to a significant reduction in the error at second order harmonic in various
fault scenarios. Specifically, in the case of R-Unbalance scenario, the error drops from
17.64% to 0.43%, in the OPF scenario, it decreases from 17.21% to 0.39%, and in the
ISCF scenario, it diminishes from 15.70% to 0.47%. Additionally, a comparison is
conducted between the root-mean-square errors (RMSE) of the three-phase current

measured from hardware experiments and the three-phase current obtained from
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numerical simulation. The results demonstrate notable improvements with the application
of CPIR control. In the R-Unbalance scenario, RMSE decreases from 18.31% to 14.36%,
in the OPF scenario, it drops from 17.21% to 7.94%, and in the ISCF scenario, it goes
from 20.29% to 18.34%. To further assess the effectiveness of the PHIL-based motor test-
bench, this thesis proposes the use of the Similarity Index (SI), calculated based on the
Total Harmonic Distortion plus Noise (THD+N), to quantify the similarity between the
three-phase currents of experimental and numerical simulation. The results reveal
substantial enhancements in similarity with the adoption of CPIR control. In the R-
Unbalance scenario, the Sl increases from 86.42% to 97.33%, in the OPF scenario, the Sl
rises from 55.64% to 84.31%, and in the ISCF scenario, it elevates from 61.43% to
64.07%. These three hardware result comparisons confirm the effectiveness of PHIL

under fault scenarios.

Keywords: Power hardware-in-the-loop (PHIL), Electric motor emulator (EME),
Dynamic motor emulator (DME), Permanent magnet synchronous motor (PMSM),
Resistance unbalance (R-Unbalance), Open-phase fault (OPF), Inter-turn short-circuit

fault (ISCF), Motor driver, Field-oriented control (FOC)
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Chapter 1 Introduction

1.1 Background

Power Hardware-in-the-Loop (PHIL) is a technology that allows engineers to
evaluate the dynamic performance of a physical system, especially for electric motor,
without using the real physical system. By using PHIL instead of the real motor, several
advantages can be obtained. First, PHIL can achieve energy recovering by utilizing
common-DC-bus structure, which means that the total loss of energy is highly reduced
by using PHIL. For applications such as burn-in test, performing the test with PHIL is a
great alternative to a real motor from the perspective of saving energy. Second, PHIL
offers substantial time and cost savings in the testing and validation of real-world
electromechanical systems. By providing a virtual motor, engineers can quickly and
easily test different scenarios and configurations without wasting time to replace the
specific machine. Third, PHIL allows engineers to conduct comprehensive tests on
complex electromechanical systems, including challenging scenarios like fault
conditions, transient response analysis to sudden load changes, and evaluation of system
behavior under extreme environmental conditions. Such tests may not be feasible or safe
to conduct on the physical system due to the risk of damage, potential safety issues, or
the high building cost of the systems for special purpose. With the discussion above, it
can be concluded that PHIL technology offers a more efficient, cost-effective, and secure
approach to testing. That is also why PHIL is a blooming research topic in the Power
Electronics area.

The block diagram in Fig. 1.1 illustrates a motor drive test-bench using PHIL
technology. In this test-bench, the motor drive being tested is referred to as the Motor
Driver Under Test (MUT), while the PHIL serves as the electronic testing equipment.

1
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The PHIL can be divided into four main components.

First, the power stage is the primary part of the PHIL that is responsible to produce
an output voltage that controls the flow of currents through the coupling network,
allowing for precise emulation of the reference currents calculated by the motor model,
and the power stage draws the power from the MUT. Second, the coupling network is
responsible for separating the power stage of PHIL from the MUT, while also working as
the control plant for the PHIL. Additionally, different topologies of coupling network
may reduce current harmonics and increase the accuracy of emulation. Next, the voltage
signals sensed at the interface are transmitted to the motor model. Based on the
mathematical model of the selected scenario, the motor model calculates the reference
currents, such as dg-axis currents, for the current control. The motor model also generates
additional information about the motor, such as angular velocity and rotor angle. Lastly,
the current controller generates gate signals that control the power stage, enabling the
PHIL to emulate the behavior of a motor based on the commands calculated by the motor

model.

- N

3
,’ Coupling Network ,’ Power Stage
T_ﬁ, /
-
Motor Driver Sensor | 3 l 6
3 a 3
< Motor Model » Current Controller

- /

Power Hardware-in-the-Loop (PHIL)

Fig. 1.1 The block diagram of PHIL-based motor test-bench.

1.2 Paper review and Motivation

Nowadays, research in the field of PHIL can be roughly categorized into three areas:

power stage topologies, control system, and modeling for different types of motors and

2
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mechanical load conditions.

First, the power stage of the PHIL is commonly implemented using a three-phase
three-wire inverter due to its simplicity, as noted in [1], [2]. However, to ensure the power
stage can operate under all possible scenarios, the power rating of the PHIL must be equal
to or higher than that of the motor driver. To achieve this, researchers have proposed
various improvements. For instance, in [3], a multilevel inverter for PHIL implementation
is presented, while [4] proposes the adoption of multilevel double-star chopper-cell
inverter for PHIL.

Next, there are two different aspects for the control system in the PHIL: coupling
network, which is the control plant for the PHIL, and the controller. For the coupling
network, RL filter is the most commonly-used topology in the PHIL, as noted in [5].
However, to further reduce the current harmonics produced by the inverter of PHIL, other
coupling network topologies such as LC filter, LCL filter, and transformer-based
coupling network are discussed in [6]. For the controller, the well-known decoupling
Proportional-Integral (P1) control in dq frame is the most used and easy way to implement.
To eliminate the nonlinear effect of different coupling network, state feedback
linearization and coupling network state equation control are adopted, as noted in [1].

Last, the modeling of different motors, such as PMSM, reluctance motor, and
induction motor are presented in [8]-[10]. Moreover, different mechanical load conditions
are discussed in [11]-[13]. However, there are just a few papers discuss about the fault
scenario, as noted in [14] and [15], and the implementation of the fault emulation usually
requires a look-up table, which makes the calculation of the motor model complicated.

Therefore, the objective of this thesis is to implement the simplified dynamic models
of various faults through numerical method to compute the reference currents, and to

propose a new control that enhances the performance compared to the traditional one.

3
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1.3 Outline

This thesis can be divided into six chapters and an appendix, where the contents of
each sections can be briefly described as follows:

In Chapter 2, Surface Permanent Magnet Synchronous Motor (SPMSM) is first
introduced. The dg-axis SPMSM model is derived by utilizing the Park Transform. This
chapter provides an overview of different common faulty motor scenarios and presents
derivations for each scenario. These scenarios include Resistance Unbalance (R-
Unbalance), Open-Phase Fault (OPF), and Inter-Turn Short-Circuit Fault (ISCF).

In Chapter 3, the PHIL control plant in dg-axis is derived in the first part. Afterward,
a design procedure for the traditional decoupling PI control is provided. Then, the basic
concepts of Dual Synchronous Reference Frame (DSRF) control and the derivation of the
proposed Coupling-Proportional-Integral-Resonant (CPIR) control is presented.
Eventually, how to digitalize and implement the controllers used in the proposed CPIR
control is shown in the last part.

In Chapter 4, the simulation environment of the motor driver test-bench using PHIL
is introduced. More importantly, the simulation results for different scenarios using Pl
and CPIR control are shown.

In Chapter 5, the implementation of the motor driver test-bench using PHIL,
including hardware and firmware development, is presented. Afterward, the experiment
results for different scenarios using Pl and CPIR control are shown.

In Chapter 6, the achievements of this thesis are briefly summarized. Besides, the
research possibilities for the future are also presented as future works.

Last but not least, Appendix provides an overview of the widely-used control
method for motor driving called Field-Oriented Control (FOC). Moreover, an example of

utilizing the PHIL-based test-bench to verify the control design for a motor driver is
4
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presented. This demonstrates how the PHIL-based test-bench can greatly facilitate test
for engineers, providing faster and more efficient way to perform the test compared to

traditional methods.
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Chapter 2 Motor Models of SPMSM

2.1 Surface Permanent Magnet Synchronous Motor

2.1.1 Introduction to SPMSM

SPMSM is a synchronous motor configuration characterized by a rotor featuring
permanent magnets mounted on its surface, which is integrated with a stator comprising
windings. The rotor utilizes permanent magnets to create a magnetic field around the
rotor, and the stator winding generates a rotating magnetic field, interacting with the
permanent magnets in the rotor to produce torque.

SPMSM have various favorable characteristics, such as high power density, high
efficiency, and versatility in different industries, including electric vehicles, industrial
machinery, and household appliances. In order to operate in high-performance
applications, accurate speed and torque control are necessary. Therefore, a mathematical
model of SPMSM is required to implement a precise control design.

Refers to the contents in [16], the three-phase voltages across the stator windings

can be expressed as:

Vg R 0 O07ria Pa Un
['Ub = [ 0 RS 0 ib + E Pp|+ |Vn (21)
Ve 0 0 RglLi. Pc Un

where v,, vy, V., ig, ip, icy Rs, Qas @b, @, and v, are the three-phase stator
voltage, stator current, stator resistance, magnetic flux, and neutral voltage, respectively.

Additionally, the magnetic flux in each phase can be further expressed as:

Pa Laa Lab Lac ia Pam
Pv|=|Lpa Lpp Lpc||in|+ |Pom (2.2)
Pc Lca ch Lcc ic Pem

where Lg,,, Lpp, and L. are the self-inductance, Lgp, Lgcs Lpar Lper Leq, @nd Lep

are the mutual inductance, and @gm, @pm, and @, are the magnetic fluxes produced by
6
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the rotor. Note that for SPMSM, all the self-inductance values and mutual inductance

values are equal to Lg; and Mg, respectively.

Fig. 2.1 The sectional view of a SPMSM showing mechanical angle (6,,) and the
electrical angle (6,).

The sectional view of a SPMSM s illustrated in Fig. 2.1. It can be seen that the
SPMSM, as its name suggests, features permanent magnets mounted on the rotor surface.
Moreover, the stator of the SPMSM contains three-phase coils that generate the necessary
magnetic fields when supplied with three-phase currents. It is important to note that the
mechanical angle (6,,,) is defined as zero degrees when the magnetic field produced by
the permanent magnets aligns with the positive direction of the magnetic field, which is
the reference axis in Fig. 2.1, generated by the A-phase current flowing through the A-
phase coils in this thesis. Additionally, the relationship between electrical angle (6,) and
mechanical angle is shown in Fig. 2.1, where p is the number of pole pairs fora SPMSM.

Based on this definition, the magnetic fluxes produced by the rotor can be expressed

as (2.3) with the assumption that the rotor only creates a sinusoidal-shaped magnetic field.

Pam cos 6, cos(pB,,)
Pom | = @pm [c0s(O, — 21/3) | = @y, | cOS(POy — 21/3) (2.3)
Pem cos(6, + 2m/3) cos(pb,, + 2m/3)

where @pm, 0., p,and 6,, are the flux linkage of permanent magnet, electrical angle,
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pole pairs, and mechanical angle, respectively.
Substituting the results of (2.2) and (2.3) into (2.1) yields the abc-axis mathematical

model of SPMSM which is represented as:

Vgl [Rs 0 07[ig Ly —Mg; —M; is] T[€al [Vn
[Ub] =10 RS 0 ib + _MS LS _MS d_ ib +1€p| + |Vn (24‘)
Ve 0 0 RJlil l-my —my L, 1% ] led lw
where the e,, ey, and e, are the three-phase back-EMF, and can be express as:
€ d [Pam sin @, sin 6,
eb] = Pom| = —wWePpm |SIN(0, — 21/3) | = —pwm@pm |Sin(6e — 21/3)|. (2.5)
€c Pem sin(6, + 21 /3) sin(6, + 21 /3)

Note that w, is the electrical angular velocity, and w,, is the mechanical angular
velocity.

Based on (2.4), the three-phase SPMSM equivalent circuit can be illustrated in Fig.
2.2. By utilizing the equivalent circuit, the precise physical meanings can be obtained,

which will be beneficial for subsequent derivations and analyses.

RS Ls ea
. AN
W —— )
Va @ i
— Rs Ls €p
= v
. O\ n
W)
Up 2
— > TN
W)
UC ZC RS LS ec

Fig. 2.2 The three-phase SPMSM equivalent circuit.
The electromagnetic torque (T,) is produced when the magnetic field of the rotor
interacts with the magnetic field on the stator, which is generated by the flow of three-
phase AC current through the windings. Based on this, the electromagnetic torque can be

expressed as:
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eqly tepip +eci,

(2.6)

e
we

By Substituting (2.5) into (2.6), the expression for electromagnetic torque in terms

of three-phase current can be obtained:
T, = —p@pmliq sin B, + iy, sin(8, — 2m/3) + i, sin(6, + 21m/3)]. (2.7)
Once the electromagnetic torque is derived, the mechanical angular velocity (w,y,)

can be determined by the SPMSM mechanical dynamic equation:

dw
T,—T, = ]d—t’” + Bwy, (2.8)

where T, is the load torque caused by the mechanical system connected to the motor, J

is the inertia of the motor, and B is the friction coefficient.

2.1.2 Park Transfromation

In many research papers related to PMSM, the Park Transform, also known as
Direct-Quadrature-Zero Transformation, is often employed to simplify the three-phase
motor model and then using this results to implement the control design. This section
provides a derivation of the dg-axis motor model.

First, assuming that the three-phase voltage (v,;.) and current (i,;.) have the same
amplitude and frequency, but each phase is shifted by 120 degrees relative to each other.

Afterward, the time-domain functions can be expressed in (2.9) and (2.10), respectively:

(Vg cos(wt)

Vape = | Vb | = V2V, s | cos(wt — 27/3) (2.9)
[ Ve cos(wt + 2m/3)
g cos(wt)

lgpe = ib] = V21, s |cos(wt — 27/3) (2.10)
i, cos(wt + 2m/3)

where w is the angular velocity. For the motor driving application, w is referred to the
9
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electrical rotational velocity (w.), and wt, which is the angle for the three-phase voltage
and current, is referred to the electrical angle (6,).

Based on this definition, the Park Transform matrix (P) can be written as:

i 21 21\ T
cos(f,) cos (He - ?) cos <He + —)

3
2 21 21
P=3|-sin@,) —sin (9e —?) _sin (ee +?) . (2.11)
1 1 1
2 2 2

By utilizing the Park Transform matrix (P), the voltages and currents in dg0

coordinates, vgqo and igzq0, Can be written as (2.12) and (2.13), respectively.

Vaqo = Va | = Pvgpc (2.12)

idqo = iq = Pigp, (2.13)

To transfer the voltages and currents in dq0 coordinates back to abc coordinates,
the Inverse Park Transform matrix (P~1) is needed and presented as:
cos(6,) —sin(6,) 1
21 _ 21
p-1—|cos (96 - ?> —sin (96 - ?> 1 . (2.14)
21 _ 2m
cos (He + ?> —sin (He + ?> 1
By utilizing the Inverse Park Transform matrix (P~1), the abc-axis voltage (vgp.)

and current (i) can be written as (2.15) and (2.16), respectively.

Vabe = Vp| = P_lvdqo (215)

igpe = |in]| = P‘1idq0 (2.16)

10
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2.1.3 Derivation of dg-axis motor model

Since the motor used in this thesis is a three-phase motor with three wires, there is
no neutral line present. As a result, the zero-axis components can be neglected, and the
constraint equation can be written as:

di, di, di.

i+, +i, = —+—24—S=
ath T g T ode | dt

(2.17)

The dg-axis motor model can be derived by applying the Park Transform matrix (P)

to the abc-axis model shown in (2.4). The derivation procedures are shown below:

Vg Rs 0 07rig,
P|vp|=P|0 Rs Of]|ip|+
7 0 0 Rl
d Ls —M; =M [iq €a Un
P—( —M; Ly —MS] ip )+P €p|+ P |VUn|. (2.18)
U\l-m, —m, L i 23 I O
For the resistance part, the results can be expressed as:
R, 0 07rig R, 0 O iq i
Plo R, 0]l =(P 0 R, 0 P—1> (P ip >=RS [id]. (2.19)
0 0 Rgli, 0 0 R i a

Utilizing the product rule, the inductance part can be written as:

d Ls _Ms _Ms l:a Ls _Ms _Ms l:a
P—||-Ms Ls —M||ip| |=—|P[-M; Ls —Mlip| ]~
_Ms _Ms Ls ic _Ms _Ms Ls ic

ng_.

apl Ls  —Ms —M][ia
- -M, Ly —M|l|ip (2.20)
t _Ms Ms Ls ic
After that, the results of (2.20) can be further derived as:
. (di
d Ly —Mg —M[ia d_:
|\ P|"Ms  Ls =M |ip = (Ls + My) | 4; (2.21)
E\ M, -m, L, lli, dla
dt
ap[ Ls —Ms —M[ia i
- -My Ly —M||ip|=pw,(Ls + M) l.q. (2.22)
_Ms _Ms Ls ic -
11
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For the back-EMF and neutral voltage parts, the results can be expressed as:

€a

d ffz - [pwmwpm] S5 4
o
P zZ] = [O]. (2.24)

By combining the results from (2.18) to (2.24), the dg-axis motor model is yielded
as shown in (2.25) and the equivalent circuit of dg-axis motor model is illustrated in Fig.

2.3.
Va] _ p [la d [iq —lg 0
[vq] =R, [iq] + (Ls + Mo) = [iq] + pwm(Ls + M) [ i ] + [pwm <ppm] (2.25)

R, L,+ M, pwn(L

M)
b ANMN S LLA
iq
V4

R, L, + M, pme +M

> AW SLLM
lq
UQ% % PWmPm

Fig. 2.3 The equivalent circuit of dg-axis motor model.

The primary advantage of dg-axis motor model is the simplicity. However, from the
derivation above, it can be found that this advantage relies on the assumption of a
balanced motor model. In the case of a fault scenario, the dg-axis model becomes more
complex and lacks physical meaning compared to the abc-axis motor model.

Due to this reason, the derivations of different fault scenarios in this thesis are all

conducted in abc coordinates.

12
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2.2 R-Unbalance Motor Model

2.2.1 Introduction to R-Unbalance Scenario

Resistance Unbalance (R-Unbalance) scenario is a common fault that can occur in
PMSM, where the three-phase resistance are different from each other. In motor
applications, the three-phase resistance can be divided into two part: the stator and the
cables.

For the stator, the most common reasons causing the unbalance are the inevitable
manufacturing defects for all the motor manufactories and the unequal winding
temperatures which may occur due to harsh working environment [17], [18].

On the other hand, for the cables, if the motor operates in special conditions such as
adeep drilling platform, the three-phase cables connected to the motor may have different
lengths, leading to unbalanced resistances [19].

The unbalanced resistances result in torque disturbance and unbalanced currents,
which are commonly known as negative sequence current in the field of Power Systems
[20]-[23]. It worth noting that the negative sequence current exists in the other two fault
senarios due to the same reason. Moreover, the consequences of this fault can be severe,
causing significant performance degradation and possible damage to the motor if left

unaddressed.

2.2.2 Derivation of R-Unbalance Motor Model

For the R-Unbalance motor model, it is assumed that all the motor parameters, such
as self-inductance and flux linkage of the permanent magnet, are the same as the ones
under balanced scenario except the three-phase resistance.

The three-phase SPMSM equivalent circuit under R-Unbalance scenario is

13
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illustrated in Fig. 2.4. By utilizing the equivalent circuit, the mathematical equations can

be written as (2.26).

+ .
Uq g

vl
vb+§\«2 .
Al

: >

Fig. 2.4 The three-phase SPMSM equivalent circuit under R-Unbalance.

R, L, €q
LLR *(2)

35
)

=3
)

Va] [Ra O O7fia] [Ls —Ms —M g4[ia] [€a] [V
[Ub] =10 Rb 0 ib + _MS LS —MS]d— ib +1€p|+ |VUn (226)
v o o RJliJ l-m, —-m, 1,190 ] le] lvn

where the three-phase back-EMF, e,, e, e, are the same with the results shown in
(2.5)and R,, Ry, R, are the three-phase resistance.

Utilizing the constraint equation shown in (2.27), the neutral voltage (v,,) can be

derived as:
iy 4, = Ly A e 2.27
ta T e = T T e T (2.27)
1 1 o1 .
Un =3 (g +vp +vc) + 3 (Rg — Rp)ip + 3 (Ra = R)ie. (2.28)

Since numerical methods are employed to compute the reference current for PHIL
in the MCU, a state-space form motor model is required for the implementation of
numerical methods. Moreover, a further simplified model is preferred, which can
conserve the computational resources of the MCU.

Due to this reason, the simplified motor model for R-Unbalance scenario is derived
in state-space form by combining (2.26), (2.27), and (2.28). The results can be expressed

as:
14
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Vb +C

alel =4[]+

dig (dlb N dlc)
dt  \dt dt

(2.29)

where the A, B, and C matrices are shown in (2.30), (2.31), and (2.32), respectively:

—2R,—R, R.—R,
3(Ls + Ms) 3(Ls + My)

A= " TR ToR R (2.30)
3(Ls + Mg)  3(Ls + M)
1 2 1
1 1 2
3(Ls + My) 3(Ls + My)  3(Lg+ M)
pwm(ppm [sin(@e - 2/3 T[)
= — . 2.32
C= T 1M, Lsin6, + 2/3m) (2.32)

2.3 OPF Motor Model

2.3.1 Introduction to OPF Scenario

Open-Phase Fault (OPF) is a severe type of fault that can cause significant
performance degradation in PMSM, and this fault occurs when one of the three phases of
the motor becomes disconnected, either due to a failure in the motor windings or in the
power supply cables.

When OPF occurs, the current in the open phase becomes zero, while the currents in
the other two phases increase to maintain the output torque. As a result, the motor operates
in a highly unbalanced state, leading to several issues such as overloading and overheating
of the motor [24], [25].

In fact, OPF can be considered as one of the worst-case condition of R-Unbalance

scenario. Therefore, the impacts of OPF can lead to greater mechanical stress on the
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motor, and can cause the rotor to deviate from its optimal position, leading to a further

decrease in motor efficiency.

2.3.2 Derivation of OPF Motor Model

For the OPF motor model used in this thesis, assuming that phase A is disconnected
and all the motor parameters are the same as the ones under balanced scenario.
The three-phase SPMSM equivalent circuit under OPF is illustrated in Fig. 2.5. By

utilizing the equivalent circuit, the mathematical equations can be written as (2.33):

R, Ly €q
A 12D “(»)
v *@ OPEN
a
= R L €b
X b ’\N\j\: 'Tnhs *@ Un
nQ
W ()
Uc@ e R, L, €.
Fig. 2.5 The three-phase SPMSM equivalent circuit under OPF.
vp] _[Rs O7[ip Ly —M] d [iy] |, [€v], [Vn
bl=lo )]+l ]Gk e

where the B-phase and C-phase back-EMF, e, e., are the same with the results shown
in (2.5).
Utilizing the constraint equations for OPF shown in (2.34), the neutral voltage (v,,)

can be derived as (2.35).

i, =0

di di 2.34

ib + ic == d—: + d_tc = 0 ( )
1

V=35 (vp +v) (2.35)

Due to the same reason as the one explained in Section 2.2.2 , the simplified motor
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model for OPF is derived in state-space form by combining (2.33), (2.34), and (2.35). The

results can be expressed as:

Zlicl = ]+Bvb +e
b (2.36)
dic  dip
dt ~  dt

where the A, B, and C matrices are shown in (2.37), (2.38), and (2.39), respectively:

0 0
A= |, —R; (2.37)
(Ls - Ms)

0 0 0

B=|, 1 B 1 ] (2.38)
Z(Ls - Ms) Z(Ls M )
PWOmPpm

C= Ly — ps [sm(@ —2/371)] (2.39)

2.4 1SCF Motor Model

2.4.1 Introduction to ISCF Scenario

Inter-Turn Short-Circuit Fault (ISCF) is the most common and the worst fault that
can occur in PMSM, accounting for approximately 30-40% of all failures. This fault
occurs when part of the turns in a specific winding slot become shorted, and the causes
of this fault can be attributed to voltage stress, thermal stress, mechanical vibration, and
insulation failure [26].

When ISCF occurs, an extremely high fault current flows through the shorted turns,
resulting in circulating currents in a particular phase that can be more than 10 times higher
than the rated current. This excessive current flow can cause a significant increase in
temperature, which may demagnetize the permanent magnets irreversibly and further
degrade the surrounding insulation material. Consequently, the winding may lose its

insulation property, which can cause more severe damage to the motor.
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Currently, different modeling methodologies for ISCF have been presented and
verified in previous studies [26]-[32]. However, the existing methods typically assume a
sinusoidal-shaped phase voltage input, which cannot capture the presence of switching
harmonics in the fault current [33]. Although switching harmonics may not be crucial for
fault diagnosis in motor driving, they cannot be neglected for PHIL applications, where
the goal is to emulate the motor as accurately as possible. Therefore, the motor model for
ISCF derived in this thesis takes the effect of switching into account, and the results are

presented in Chapter 4 and Chapter 5.

2.4.2 Derivation of ISCF Motor Model

For the ISCF motor model in this thesis, it is assumed that the fault is occurred in
phase A. That is to say, there is a shorted path between the turns in phase A. In this thesis,
a resistor is chosen as the impedance model for the shorted path due to its simplicity
Finally, the three-phase SPMSM equivalent circuit under ISCF can be illustrated as Fig.
2.6. By utilizing the equivalent circuit shown in Fig. 2.6, the mathematical equations can

be written as (2.40):

Fig. 2.6 The three-phase SPMSM equivalent circuit under ISCF.
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Vg ia ia Un

14 ib d ib Un

=R]|. L—|. 2.4
Ve le * dt|lc et Un 40
0 i i 0

where the is is the current flow in the short path and the R, L,and e matrices are shown

in (2.41), (2.42), and (2.43), respectively:

Ran+Rgf 0 0 —Ryy
B 0 R, 0 0 l
R= 0 o R, 0 (2.41)
Ryy 0 0 —Rr— Ryl
Lah + Laf + 21VIah—af Mb—ah + Mb—af Mc—ah + Mc—af _Laf - Mah—af
My_an + My, _ L M, _ —M,_
I = Mb ah N Mb af Iy b llj c _Mb af (2.42)
c—ah c—af b—c c c—af
Laf + Mah—af Mb—af Mc—af _Laf J
€an + eaf
e= ?C’ (2.43)
eaf

In the resistance matrix R, Rqn, Raf, Rf, Rp, and R, are the A-phase resistance
of remaining healthy coils, A-phase resistance of shorted turns, fault resistance in the
short path, B-phase resistance, and C-phase resistance, respectively.

In the inductance matrix L, Lgp, Lqf, Ly, Loy Mgp_ary Mp_any Mp_qf, Mc_gp,
M._qf, and M,_. are the A-phase self-inductance of remaining healthy coils, A-phase
self-inductance of shorted turns, B-phase self-inductance, C-phase self-inductance,
mutual inductance between healthy coils and shorted turns in phase A, mutual inductance
between B-phase coils and healthy coils in phase A, mutual inductance between B-phase
coils and shorted turns in phase A, mutual inductance between C-phase coils and healthy
coils in phase A, mutual inductance between C-phase coils and shorted turns in phase A,
and mutual inductance between B-phase coils and C-phase coils, respectively.

In the back-EMF matrix e, egn, eqs, ep, and e, are the A-phase back-EMF of
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remaining healthy coils, A-phase back-EMF of shorted turns, B-phase back-EMF, and C-
phase back-EMF, respectively.

Assuming that Ng,,. turns have been shorted out of N, in phase A for the
emulated SPMSM, and the fault index (A) is defined as:

Nfault

A= (2.44)

Ntotal

Utilizing the fault index (A) with the basic concepts from Circuit Theory, the

parameters in R, L, and e matrices can be expressed as (2.45), (2.46), and (2.47),

(1—A)R
I ‘ l .

respectively:

Lan 7 [(1=0)2Lg
Lag A2L
Ly L
Lc L
Man-ar | _ | (1 = )AL (2.46)
My _an —-(1-A)M '
Mp_qr —AM,
Mc—ah —(1 - A)MS
Mc—af —AMS
L Mp_ | - —M;
— D) PWimPpmSind,
Ieaﬂ Apa)mgopmsme (2.47)
—PWmPpmSin(l, — 2m/3) |’ '

—PWm PpmSin(b, + 2m/3)
By substituting all the parameters shown above, the dynamic equations of ISCF can

be written as:
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v, R, 0 O —ARg iq
v,] |0 Rs O 0 ip
vel | O 0 R 0 ic
0 AR, 0 0 —Rf—AR]Li
Lg —M; —-M; —ALg iq
+ —M; Lg —M; AMg | d |i,
-M;  —M; Lg AMs |dt|i.
AL, —AM; —AM; —A?Lg s
sinf, vy,

sin(6, — 21 /3) vy

~POmPpm sin(6, + 21/3) Un|’

Asin@, 0

(2.48)

Utilizing the constraint equation shown in (2.49), the neutral voltage (v,,) can be

derived as (2.50):

igtiptic=

1 AR, A
Up =§(va+vb +vc)+_ls+§(Ls_2Ms)E-

di, di, di,

wta Ta 0

di,

N

3

(2.49)

(2.50)

After applying further simplification of the equations with the aid of (2.49), (2.50),

the simplified state-space form motor model for ISCF is derived as:

d.
dt

lp ib Va
ic|=Ali.|+B|v|+C
is is Ve

dt dt dt

(2.51)

where the A, B, and € matrices are shown in (2.52), (2.53), and (2.54), respectively:

Re(Lg + M) + AR[(Ls + M) — ALg|

A(Ls - ZMS)(LS + Ms)
Rf(LS + M) + ARg[(Lg + M) — AL]

_RS
Ls+ M,
—R
A= 0 S
Lg + M,
0 0

A(Ls — 2M;)(Ls + Ms)
AR;(2A — 3) — 3R,
Az (Ls - ZMS)
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_Ls (LS - Ms) MS
(Ls - ZMS)(LS + Ms) (Ls - ZMS)(LS + Ms) (Ls - ZMS)(LS + Ms)

B = _Ls Ms (Ls - MS) 253
B (Ls - ZMS)(LS + Ms) (Ls - ZMS)(LS + Ms) (Ls - ZMS)(LS + Ms) ( . )

2 -1 -1

A(Lg — 2My) A(Lg — 2M,) A(Lg — 2M;)
sin(8, — 2/3m)

C= % sin(6, -(I; 2/3 n)]- (2.54)

Another factor that differs from the other scenarios for the ISCF is electromagnetic
torque (T,). Since the A-phase winding is separated into two different windings by the
shorted turns, there are two back-EMF sources, e,r and e,p, shown in Fig. 2.6. Based

on the theorem in Section 2.1.1 , the electromagnetic torque can be expressed as:

_ eanla + €qrly +eply + ecic (2.55)

e
We

By Substituting the results from (2.47) into (2.55), and using the relationship
between if, i,, and i; shown in (2.56), the expression for electromagnetic torque in
terms of three-phase current can be expressed as (2.57).

ir =g — i (2.56)

T, = —pPpml(iq — Al;) sin b, + i, sin(6, — 2m/3) + i, sin(6, + 2m/3)]  (2.57)

2.5 Numerical Methods

Once the motor model has been derived for each fault scenario, the dynamic
equations can be expressed in state-space form. These equations can then be utilized for
motor model calculations in simulations and MCU by employing numerical methods.
With the help of numerical methods, the motor model can be effectively implemented,
providing accurate and efficient calculations in both simulation environments and real-

time MCU applications. Consequently, the selection of an appropriate numerical method
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Is a crucial consideration for PHIL implementation.

The class diagram of common numerical methods is illustrated in Fig. 2.7.

» Explicit
Runge-Kuuta
> ¢
Methods
> Implicit
» Explicit
Numerical Linear Multistep
_?% —‘
Methods Methods
» Implicit
Predictor-Corrector

Methods

Fig. 2.7 The class diagram of common numerical methods.

The numerical methods can be broadly classified into three groups: Runge-Kutta
methods, linear multistep methods, and predictor-corrector methods [34]. Furthermore,
the first two methods can be further categorized based on whether they are explicit or
implicit.

In this thesis, the theoretical discussion on the selection of numerical methods will
not be covered. However, it is important to note that the choice of a numerical method
involves a trade-off between stability and accuracy of nonlinear effects, considering the
limited computational resources available. That is to say, employing a more complex
numerical method ensures accurate modeling of nonlinear effects, but it comes at the
expense of increased computational resources. As a result, the time step of the numerical
method needs to be larger, which may impact the stability and overall accuracy of the

model. On the other hand, by employing a simpler numerical method, the time step can
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be shortened as much as possible to enhance the stability and overall accuracy, despite
the fact that the accuracy for nonlinear effects is reduced.

By trial and error, the modified Euler's method, which is often referred to second
order Runge-Kutta method, is adopted in this thesis [35]. The discrete-time expression
can be expressed as:

K[n] = K[n] + hf (K[n])
K[n+1] = K[n] + g [f(K[n]) + f(K[n])] (2.58)
where function f is the derivative of the model and it can be simply expressed as:

dK
f(K) = T (2.59)

Note that h is the time step, K[n] is the model result in current step, K[n] is a
predicted result of the model, and K[n] is the model result in future step. Since the
modified Euler's method use the predicted value to correct the result in future step, this
method can also be regarded as a simple predictor-corrector method.

Last but not least, it is important to note that with the numerical method presented
in this section, the model calculation can be implement, which means the reference
currents for the PHIL current control are obtained. Therefore, the subsequent step
involves designing the PHIL current control. Moreover, to achieve a better performance
of the motor emulation, a new control method is proposed and the discussions are

presented in the next chapter.
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Chapter 3 Control Methods of PHIL

With the motor models derived in Chapter 2, the subsequent task involves selecting
an appropriate control method to design the current controller for PHIL. It is worth noting
that design the controller in dg-axis has several advantages, thus the control method
discussed in this thesis is implemented in dg-axis [36]. In Chapter 3, the control plant for
PHIL in the dg-axis is derived initially. Subsequently, a design procedure for the
traditional decoupling PI control is outlined. The chapter then proceeds to introduce the
fundamental concepts of DSRF control and derivation of the proposed CPIR control. The
final section focuses on the digitalization and implementation aspects of the controllers

used in the proposed CPIR control.

3.1 PHIL Control Plant

3.1.1 Coupling Network

The Coupling network plays a crucial role in PHIL system as it directly affects the
magnitude of Total Harmonics Distortion(THD) in the line current. Furthermore, the
selection of the coupling network significantly influences the choice of the appropriate
control methodology for PHIL implementation.

In [37]-[39], different coupling network topologies and the corresponding control
methods for PHIL are discussed. Two popular topologies, RL filter and LCL filter, are
compared in [40]. From these studies, a brief conclusion can be made that LCL filter is
effective in reducing the THD of the line current, thereby enhancing the accuracy of the
motor emulation. However, implementing a control design with LCL filter is more
challenging due to complexity. Specifically, utilizing LCL filter introduced an additional

state variable, which is the voltage of the capacitor (v,). In some cases, to reduce the cost
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of the system, sensorless control methodology is employed using state observer. By doing
so, the complexity and the stability are significantly affected.

Meanwhile, although using an RL filter leads to a higher THD and lower emulation
accuracy compared to LCL filter, it is still the most commonly adopted coupling network
in the field of PHIL research due to the simplicity of the control design and the stable
characteristics of RL filter. Thus, an RL filter is adopted as the coupling network in this

thesis.

3.1.2 Derivation of dg-axis Control Plant

To implement the control design in PHIL, the control plant should be derived first.

In this thesis, the PHIL control plant is comprised of two parts: the coupling network
and the three-phase Common-Mode Choke (CMC). In order to facilitate energy recovery
within the PHIL-based test-bench, the common-DC-bus configuration is implemented,
which leads to the flow of common-mode currents in each phase [41]. Thus, the
consideration of zero-axis is needed.

To suppress the low-frequency components in the common-mode current, a Pl
controller in zero-axis is adopted. On the other hand, a CMC is utilized to deal with the
high-frequency components that exceed the bandwidth of the controller, and that is why
in this thesis CMC is adopted.

Due to this reason, the abc-axis equivalent circuit of the PHIL test-bench is
illustrated in Fig. 3.1. Note that the assumption is made that all the parameters are
balanced and the mutual inductance in the coupling network can be ignored. By utilizing

the equivalent circuit, the abc-axis mathematical equations can be written as (3.1):
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Couping Network
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Fig. 3.1 The abc-axis equivalent circuit of the PHIL test-bench.

Va.mur Re 0 07rig
vb.MUTl =10 R O [ib
Vemur 0 0 Ry i,
L+ Ley Lem Lem iq Vo PHIL
+|  Lm Ly + Lem Lem T ip| + Ub.PHIL] (3.1)
Ly Ly Ly + Ley I Ve PHIL

where vg mur, Vbmur, Vemurs Vapuin» VppaiL, ad vepy are the three-phase

voltages produced by MUT and PHIL.Rf, Lf, and L, are the filter resistance,

inductance, and CMC inductance, respectively.

By utilizing the Park transform matrix (P) presented in (2.11), the abc-axis equations

can be transformed to dqO coordinates. The results are shown in (3.2):

Vq.MUT

[Vd.MUT
Vo.muT

Ry 0 0]rig

]: 0 Ry Offig

0 0 RffLip.
—i,

+pa)mLf[id +
)

Ly 0 0 d ig
0 0 Lf+3Ley io
[Va.pHIL

Vq.PHIL
| Vo.PHIL

(3.2)

|

where vy yur, Vgmur, Vomur, VapriL: VqpuiL, and vopy, are the dg0-axis voltages

produced by MUT and PHIL.

With the Laplace transform, the transfer functions of the PHIL can be derived as

(3.3):
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sLy+ Ry TPMY sLe+ Ry ® 7 sLy + Ry PHIE

io = — Vo prtt, + ———
\ 0 S(Lf+3LCM)+Rf 0-PHIL SLf+Rf

(3:3)

Vo.pHIL

Finally, the PHIL control plant block diagram is illustrated in Fig. 3.2. By utilizing

the block diagram and the transfer functions shown in (3.3), the PHIL current control can

be designed with various control methodologies.

Vd.MUT
Vd.PHIL + ! )
. = > 1
+ sLy+ Ry d
pmef
pmef
Vq.PHIL i L )
R - > 1
4 + SLf + Rf q
Vg MUT
v 1
0-PHIL sLy t8Lea) + By | 0 %0
Vo.MUT

Fig. 3.2 The block diagram of PHIL control plant.
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3.2 Traditional Pl Control

3.2.1 Introduction to Decoupling PI Control

For the motor driver current controller, the most used method is called decoupling
Pl control [43], [43]. The main concept of this method, which is often referred as
"decoupling”, is to use the feedback signals and the parameters of the control plant to
linearize the system. By doing this, the control plant will be linear and the classical control
theory can be applied.

By utilizing this method in the PHIL current control, the closed-loop current control

block diagram in PHIL can be shown as Fig. 3.3:

h 4

o, L
Pty V4. MUT

,i(d . /l\
Y
o * K, + + 1 )
1 - i A 5 >
d K, + 5 ++ N ITE > iy
Vd.MUT L pn Ly
pw L
% é K; 1 L
by <+> Kot 7| sLs+ Ry > g
K
tq
> p“":ran
Vo.MUT
hE Ki 1 -
Y Kt s O O s(Ly—+3Lew) + Ry > 0
20

Vo.MUT

Fig. 3.3 The closed-loop current control block diagram.
where ig, ig, and iy are the current reference of dg0-axis, respectively.K,, and K; are

the proportional gain and integral gain for the PI control.
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Assuming that the coupling network and three-phase common mode choke are ideal,

and the measured parameters and sensors are all error-free. The closed-loop diagram can

be simplified as shown in Fig. 3.4.

i

K, . I .
Kp+ T SLf+Rf ld
id
5 1
Kp+ sL;+ Ry > Y
g
K f N 1 o
et s ] s(Ly +3Leym) + Ry > %
10

Fig. 3.4 The simplified closed-loop current control block diagram.

With the help of "decoupling ", the design procedures from the basic concepts of

classical control theory can be applied for the PI control.

3.2.2 P1 Control Design

Unfortunately, in the reality, it is needed to consider the overall time delay of the

system when implementing a control design. This time delay can be introduced by

different sources, such as sensor delay and processing delay. For simplification, in this
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thesis, the total delay for the PHIL is assumed as 1.5t,, where the ¢, is the processing

time per period. The closed-loop block diagram with time delay can be shown as Fig. 3.5.

i

—1.5¢,8 y
s
> Iy

Y

10

. 1
i N T 3
Kp+ s rd SLf+Rf > —'—) zd
g
K; N 1
Ky + s ” SLf+Rf
g
K; 1 »| o—15tss
Ky + s s(Ly+3Len) + Ry €
(0

Fig. 3.5 The simplified closed-loop current control block diagram with time delay.

Since ts is relatively small in PHIL application, which is 10us in this thesis, the first

order Padé approximant can be utilized, which can be expressed as (3.4), to represent the

delay term in s-domain. Then, the control gain can be obtained by using root locus. It is

worth noticing that the delay term provides a Left Half-Plane(LHP) pole and a Right Half-

Plane(RHP) zero to the system. Put simply, the stability of the system is associated with

the time delay. Thus, how to suppress the delay is another important research topic.

-Ts _

_r
25

T

1+7S
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With the help of MATLAB, the control design can be effortless since MATLAB
already have included the functions of Padé approximant and root locus. The design
procedure of dg-axis control shown below is an example of how to design the Pl control
for a first order system.

First of all, by utilizing the well-known technique called "pole-zero cancellation”, it

can be found that the ratio of integral gain and proportional gain can be expressed as (3.5):

K; Ry
— = (3.5)
K, Ly

In addition, the values of L, and Ry are the measurements obtained from the real
inductor used in the experiment, which are 2mH and 120m 2, respectively. By

substituting these parameters and utilizing the functions of Padé approximant and root

locus, the root locus plot shown in Fig. 3.6 can be obtained.

Root Locus
, x10° ! -
1.5 f/ \\
/[ \
< 17 \
0 [ \
=) / : \
g [
O 05 [ II I|
® | '|
_g O ....... X—:é_ﬂ ....................
< | |I
= | : |
@-05r I
£ Vo f
o \
@© Voo
E 1r \ :
\
1\\ f‘f
1.5 :
\\& //
_2 1 1 1 1 1 1 1
-2 -1 0 1 2 3 4 5 6 7
Real Axis (seconds™) <107

Fig. 3.6 The root locus plot of the dg-axis current control loop.

32

doi:10.6342/NTU202302551



Afterward, by using the root locus, the proportional gain can be found easily to

match the desired performance, which is shown in Fig. 3.7.

10
2 System: G _p '

o o -
wn o on - o
T T T T

Imaginary Axis (se conds™ )

i
[y
T

1571

o

Root Locus

Gain: 71.4
Pole: -4.85e+04 + 4.87e+04i
Damping: 0.706

Overshoot (%): 4.38
Frequency (rad/s). 6.87e+04

-1

s

System: Gop
Gain: 71.3
Pole: -4.85e+04 - 4.85e+04i
Damping: 0.707

Overshoot (%): 4.33
Frequency (rad/s). 6.86e+04 L

P
0 T 2 3 4
Real Axis (seconds‘1)

Fig. 3.7 The control design using root locus.

Finally, by using the results in Fig. 3.7, the proportional gain and integral gain are

designed as (3.6), and the open-loop bode plot shown in Fig. 3.8 displays that the gain

margin and the phase margin for the designed control loop are 11.4dB and 60deg,

respectively. In this thesis, these control gains will be used in all the simulations and

experiments.

{ K, =70
K; = 4200
33
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Fig. 3.8 The open-loop bode plot of the dg-axis current control loop.

3.3 Proposed CPIR Control

3.3.1 Introduction to DSRF Control Methodology

In addition to the normal operation of motors, negative sequence current present as

negative sequence.

34

a common feature of the three fault scenarios mentioned in this thesis. To deal with the
negative sequence current, there are several control methodologies can suppress the
negative current. The most used one is called Dual Synchronous Reference Frame
(DSRF) control [44]-[48]. The block diagram of DSRF control is illustrated in Fig. 3.9,

where ig,, g4+, ig—, and iz_ are the reference currents in positive and negative

sequence, meanwhile iy, i,4, i4—, and i,_ are the feedback currents in positive and
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Fig. 3.9 The block diagram of DSRF control.

dg_

The main procedure of DSRF control can be divided into three steps:

First, the three-phase currents are transferred into positive reference frame and

negative reference frame. This step first transfers the currents into stationary frame with

of transform (T og), and then applies either positive dqg transform (T:gq) or negative dq

transform (Tgy, ) to the previous results. The transform matrices for these three

transformations are shown in (3.7), (3.8), and (3.9), respectively:

35

doi:10.6342/NTU202302551



| =
| =
|

(3.7)

iﬂ
R
=
I
wl N
o
~| %
w
P N
I

Slﬁmmw

|

cos (6) sin ()]

T‘Jirq - [—sin (6) cos (6)] (3.8)

(3.9)

_ [COS(H) —sin(0)
dq —

- sin(8) cos(@) |’

After applying the transformations for the feedback currents, it can be found that the
transformed currents in positive reference frame consists of positive sequence current as
DC term and negative sequence current as second harmonic term, and vice versa for the

.p2n

ones in negative reference frame. Thus, in this thesis, i5*" and i7"

i are defined as the

transformed dg-axis currents from positive sequence to negative sequence, and i(’;zp

and i;°? as the ones from negative to positive. By utilizing these definitions, the

transformed currents can be expressed as:

] i, + 0020
. a+ T lg

TioTap [lb] = [ N '”2’“] (3.10)
i lg+ T lq
] pi,_ 4 i

_ . d—

TaqTap lb] = l _gml . (3.11)

i lg- + i

In the second step, the notch filter is utilized to filter out the second harmonic term,
so that the filtered current only has the DC term which can be regulated without steady-
state error by a P1 controller theoretically. The transform process of the feedback currents
in DSRF control is depicted in Fig. 3.10. By referring to Fig. 3.10, a clearer understanding

of the purpose and objectives of these transformations can be obtained.
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Fig. 3.10 The transform process of the feedback current in DSRF control.

Finally, using the traditional control design mentioned in Section 3.2 , the PI
controller in each sequence can be well-designed and regulate the dg-axis feedback
currents separately.

DSRF methodology can be implemented in motor driver or grid-tie inverter, but it
is not suitable for the PHIL application for many concerns. For example, the usage of
notch filter limits the transient response performance for the current control, and DSRF
methodology requires lots of computational resources in the MCU because the reference
currents from motor model need to be separated into positive and negative sequence, too.
That is to say, additional notch filters are needed for the sequence separation in the PHIL
application. Therefore, an improved method called Coupling-Proportional-Integral-
Resonant (CPIR) control is proposed in this thesis to compensate the drawbacks of DSRF

control methodology.

3.3.2 Derivation of CPIR Control

The most important idea about CPIR control is to utilize the structure of DSRF

control mentioned in Section 3.3.1 . The PI controller in negative sequence is transformed
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to positive sequence, and then the results are combined with the original P1 controller in
positive sequence to form a new controller. The overall derivation of CPIR is shown as
follows:

First of all, the negative-to-positive transform matrix (T™2?) and the inverse matrix,
which is the positive-to-negative transform matrix (TP2"), are introduced in (3.12) and
(3.13), respectively. It is worth noting that since the positive sequence rotates in the same
direction as the motor, while the negative sequence rotates in the opposite direction.
Consequently, the angular velocity difference between these two sequences is 2w.

Moreover, by utilizing (3.12) and (3.13), (3.10) and (3.11) can be further expressed as

(3.14).
n2p _ [C0SQwt)  —sin(2wt)
! [Sin(Zwt) cos(2wt) (3.12)
pan _ (qn2py-1 _ | c0s(Zwt)  sin(2wt)
r ™) [— sin(RQwt) cos(2wt) (3.13)
faq+ + ldq | _ liaq+ + T"ZPidq_] 1
tag- + igsn faq- + sznidq+ '

In order to transform the PI controller in the negative sequence to the positive
sequence, it is necessary to apply the sequence transformations described in (3.12) and
(3.13). Note that these sequence transformations are defined in the time domain.
Therefore, prior to applying the sequence transformations, the PI controller in the s-
domain needs to be transformed into the time domain. The control outputs in negative
sequence ,v4_ and v,_, are represented in both the s-domain and the time domain as
shown in (3.15) and (3.16). In these equations, iz, and ig._ represent the errors
between the reference current and the feedback current in negative sequence. It is
important to note that the representation of the PI controller is denoted as C(s) in the s-

domain, and its representation in the time domain is given by c(t).
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Note that a multiplication in the time domain becomes a convolution in the s-domain.
After the inverse Laplace transform, the negative-to-positive transform matrix (T™%?) can

be applied to the time-domain control outputs, which is shown as:

o R RN N e Y

In this thesis, the transformed dg-axis voltages and current errors from negative

sequence to positive sequence are defined as v}°F, vy °F, i}, and ip.?. The definitions

)

are shown in (3.18) and (3.19):

nap
Va (t) — Tn2 vd—(t)
Ivgz”(t) =T p[vq_(t) (3.18)
ige’ (O] _ oz [Lde-(8)
[an(t) T [iqe_(t) ' (3.19)

With these definitions, the equations shown in (3.17) can be rewritten as (3.20), and
by substituting T™*P and TP?" matrix with the result shown in (3.12) and (3.13), the

expanded equations can be obtained as (3.21) and (3.22).

n2p n2p
R B N P o I CED

v T (t) 0 ze’ (©)

vIPP(t) = cosRwt) c(t) * cosRwt) ih2P (t)
—cos(2wt) c(t) * sin(2wt) LnZP(t)
+sinwt) c(t) * sinRwt)i}>P (t)
+sin(2wt)c(t) * cos(2wt) ln2p () (3.21)
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vgzp(t) = —sin(2wt) c(t) * cos(Rwt) iN-P(t)
+ sin(2wt) c(t) * sinRwt) igs? (t)
+ cos(2wt) c(t) * sin(2wt)il2P (t)
+cos(2wt)c(t) * cos(2wt) igs” (t) (3.22)

Next, the results from (3.21) and (3.22) can be transformed back to the s-domain, so
that they can be combined with the original PI controller in positive sequence.

By utilizing the Laplace transform of sine and cosine functions shown in (3.23) and
(3.24), vy?P(¢) and v;?P(t) can be transformed back to s-domain and get further

simplified. The results after the simplification are expressed in (3.25) and (3.26).

Llcos(@t)  f(D) = ooy e F(s) = 5 [F(s 4 jo) + F(s —j)]  (3.23)
Lsin(D) f(1)} = ez # F(9) = 2 F(s 4 ju) = F(s —jw)]  (328)
L ()} = m% {C(s) [2 (%27 (s + j2w) + ("2 (s — ]20)))]}
e ead (101 —(1"2% +j20) = 20 (s - j2w)|
+Sziﬁ " {C(s) L2 (s + j20) — 2P (s — j200)) }
+% N {C(s) ;( 120 (s + j20) + 12 (s — j20) }

= —{C(s +j20)[i57P (s + jAw) + i (s)]
+C(s — j20)[i2P (s) + 2P (s — j4w)]}
- —{C(s +j20)[ige? (s + j4w) — igs? (s)]
+C(s — j20)[igP(s) — igP (s — j4w)]}
——{C<s +j20)[ige” (s + jaw) — ige? (s)]
—C(s — j20)[i52P (s) — if2P (s — j4w)[}
— —{C(s +j20)[ige? (s + j4w) + igs? (s)]
—C(s — j20)[ig P (s) + igoP (s — j4w)]}

= %[C(s + j2w) + C(s = j2w)]ig." (s)
+]§[C(s +j2w) = C(s — j2w)]ip2? (s) (3.25)
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L{Uzzlzp(t)} = _szi—aj}wz *1C(s) _— (z;‘”’(s + j2w) + anp(s —]Zw))-
+szi—a;wz x1C(s) :— (igeP (s + j2w) — ig5P (s —]Zw))
+32+ﬁ *1C(s) :— (727 (s + j2w) — if7P (s —]Za)))
+Sz+ﬁ *1C(s) ;( 2eP (s + j2w) + ip P (s —jZa)))

= ——{C(s +j20)[ige” (s + jaw) + ig,” (5)]
—C(s — j20)[i327 (s) + ig.? (s — j4w) |}
——{C(s +j20)[ige” (s + jaw) — ige” ()]
—C(s — j20)[igs? (s) — igs? (s — j4w)]}
A 7 G+ J20)[i52P (s + jAw) — i} (s)]
+C(s — j20)[i2P (s) — il7P (s — j4w)]}
+= {C(s + j20)[ige? (s + j4w) + igs? (s)]
+C(s — j20)[igsP (s) + ig5P (s — j4w)|}

= —5 [C(s + j2w) — C(s — j2w)]ig.? ()

+21C(s +j20) + C(s — 20)]i527 5)

W

(3.26)

By substituting the definition of C(s) shown in (3.15) back to (3.25) and (3.26), the

final form of the control outputs transformed from negative sequence to positive sequence

can be obtained. The results are shown in (3.27) and (3.28).

vi?P(s) = [C(s +j20) + C(s — j2w)]ih2P (s)

5 [C(s +j2w) = C(s = j2a)]ige" (s)
[ K; K; ] an(S)
AP

2

p
—K N2p
[ s+]2w P ]2 ] )
2wkK;
—|x p [ n2p
[p+sz+4w]1de()+ 2 4 42 (s)

1
2
+
1
2

+
S +]2w ]Zw
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—~.

ve P (s) = =5 [C(s +j20) = C(s - j2w)]ih2P (s)
1
[C(s +j20) + C(s — j2a)]i inaP (s)
_ j K; K; ] 2p
7] T Py DA
1 K; K; jn2p
=K
+2[p+s+j2w s—]Za)] ()
2wK;
<[l o+l (3:28)

The control law of the original PI controller in positive sequence can be expressed

in (3.29):

[Ud+(5) _

Uq+(5) 0

K, +—

K;
s

K, +

°&|@H@>

()] (3.29)

S

Next, by combining (3.29) with (3.27) and (3.28), the control outputs in positive

sequence can be expressed as:

]rm4@+%£@q

ige+ () + igsP (s)

[ide+(5)
ﬁ lge+ (s)

Za)Ki

.N2p
2 21| S

, .n2 '
Kis ltrzlep(s)

[vd+(s) + vdzp(s)l [Kp 0
Vg4 (s) + v;lzp (s) 0 K
K,
— 0
R
0
s
KL'S
s? + 4w?
T 20K,
s? + 4w?

s2 + 4w?

Fig. 3.11 and Fig. 3.12 shows the bode plot of an integral term and a resonant term,

where the word "resonant™ is used to describe the phenomenon of increased magnitude

that occurs when the frequency of an applied periodic force is equal or close to the natural

frequency, which is often referred to the resonant frequency.
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Fig. 3.11 The bode plot of an integral term.
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Fig. 3.12 The bode plot of a resonant term.
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By analyzing Fig. 3.11 and Fig. 3.12, it is evident that the contribution of second

harmonic currents, which are i"?? and ™", to the integral term is relatively small
de qe

compared to the DC currents, which are igz., and ig., and vice versa for the resonant
term. Therefore, the second harmonic currents and DC currents can be separately added
to the integral term and resonant term without significantly impacting the results, which

is shown as:

Va4 (s) + g7 (s) ige+ (s) + iy (5)
-5 ]

Vg4 (8) + 147 (s) ige+(s) + ige” (5)

K;
LS P Ilde+(s) + {2 (S)]
o D liger )+ ige’ (5)
S
KL'S Zle 2
2+ 4w? 52+ 4o? | [laer () +ige"(s)
+ 2wk K n2p (3.31)
_ Wl i$ lge+(s) + i, (s )
s?2+4w? s?+4w?
Finally, the control law of the proposed CPIR control can be expressed as:
K. + Ki " KiS szl
[Vd(S) _|'? s s?4+4w? s2 4+ 4w? [ide(s) (3.32)
v4(s) B 2wkK; ﬁ K;s ige(s) '
S2 + 4w? P s s24+4w?
where
Val nap
Vg4 Va+ + 7.7
=T} Tap|Vn|= 3.33
o] =it ] <[ 7 (39
_ia .n2p
[ lge+ T 14
= E-ramalp| [ ) s
i, lget T 1

The block diagram of CPIR control is shown in Fig. 3.13. From Fig. 3.13, it is
important to note that the CPIR control consists of two types of resonant controllers. The
first one is the self-resonant controller, where the control input of each axis only affects

the control output in its own axis. The second one is the coupling resonant controller,
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where the control input of each axis influences the control output in the opposite axis,

acting as a coupling term. This is also the reason why the proposed control method in this

thesis is called Coupling-Proportional-Integral-Resonant (CPIR) control.

Kis
17 52 + duw?
/A

K K;
W‘T

i

I@

PI Controller

u Self-Resonant Controller

m Coupling Resonant Controller

af

—> Vabe

) 22&1};‘.; = decoupling

s w od

dqs
2wk

Ly L

52 + dw?

K; =
K,

S "
K;s decoupling
—>

82 + 4uw?

)
A —

af

dg,

af

< labe

Fig. 3.13 The block diagram of CPIR control.

Comparing Fig. 3.13 to the block diagram of DSRF control shown in Fig. 3.9, it is

worth noting that there is no need to separate the control system into positive and negative

sequence when the CPIR control is adopted, which means there is no need to apply any

notch filter for the implementation of PHIL. Therefore, the computational resources are

saved, and the performance of the current control is not affected by the notch filters

anymore.

3.4 Digital Control Implementation

Since the PHIL current control is implemented in the MCU, it is necessary to

digitalize the continuous-time control law. The most common approach, which is adopted

in this thesis, is implementing the control design in s-domain first, and then utilizing the
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s-to-z transform to obtain the discrete-time control law. Although it is suggested that the
digital control design should be implemented in the z-domain directly to make account of
the sampling effect [49].

The fundamental concept of s-to-z transform can be regarded as the relation between
s plane and z plane shown in (3.35), where T is the sampling time for the digitalization.

z=¢eT (3.35)

Note that it is considered not suitable for the digital implementation since the
exponential operation is resource-consuming. Thus, there are lots of different methods to
work as the approximated approaches [50], [51]. The most popular method is Tustin's
method, which is often referred as Bilinear transform. The Bilinear transform can be
expressed as:

21—z
)

(3.36)
Once the Bilinear transform is applied to transform the control law from the s-
domain to the z-domain, the inverse Z-transform can be utilized to convert the control
law from the z-domain to its discrete-time representation, which can be directly
implemented in digital systems, such as microcontroller (MCU). The only inverse Z-
transform used in this thesis can be expressed as:
x[n—m] =z"™x[n] (3.37)
where x[n] isasignal in current step, x[n — 1] is asignal in previous or future m step,
and m can be any integer.
From Fig. 3.13, it is evident that there are one Pl controller and two different

resonant controllers, namely the self-resonant controller and the coupling resonant

controller, need to be converted. The converting results are shown as follows:
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A. Pl controller:
To begin with, the block diagram of a P1 controller in the time domain is shown in

Fig. 3.14.

Yp (t)

u(t) — (Dt

vi(t)

A 4

K,,; > f

Fig. 3.14 The block diagram of a PI controller in the time domain.
From Fig. 3.14, the equations of the P-control output (y,,) and I-control output (y;)
in the time domain can be expressed as:

Vp (1) = Kpu(t) (3.38)

yi(H) = j K; - u(t)dt (3.39)
where u is the control input which can be referred as ig, or iz, shown in (3.34).

Then, applying the Laplace transform to obtain the equations in the s-domain. The
results can be shown as:

Yp(s) = K,U(s) (3.40)

K;
Yi(s) = UG) (3.41)

where U(s), Yp(s), and Y;(s) are the control input, the P-control output, and the I-
control output in the s-domain, respectively.

Next, applying the Bilinear transform, which is shown in (3.36), to obtain the
equations in the z-domain. The results can be obtained as:

Yp(2z) = K,U(2) (3.42)
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T(1+z1)

Y1(2) = K; Iiml U(2)

= ;Ki(l +z7HU(2) + z71Y(2) (3.43)
where U(z), Yp(z), and Y;(z) are the control input, the P-control output, and the I-
control output in the z-domain, respectively.
Subsequently, applying the inverse Z-transform, which is shown in (3.37), to obtain
the discrete-time control outputs. The results can be expressed as:

Yp[n] = K,U[n] (3.44)
Y, [n] = gKi(U[n] +Un-1]) +Y,[n—1] (3.45)

where U[n], Yp[n], Y;[n] are the discrete-time control input, P-control output, and I-
control output in current step, respectively. Meanwhile, U[n — 1] and Y,[n — 1] are the
discrete-time control input and I-control output in previous step.

Eventually, the discrete-time control law of the PI controller can be obtained as:

Yp[n] = Yp[n] + Y;[n]
= K,U[n] + gKi(U[n] +Un—1D) + Y;[n—1] (3.45)

B. Self-resonant controller
Next, the implementation of the self-resonant controller in this thesis is illustrated in

Fig. 3.15.
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=
~
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Fig. 3.15 The block diagram of the self-resonant controller.
The following derivation shows that Fig. 3.15 is equivalent to the definition shown
in Fig. 3.13:
First of all, by using the block diagram shown in Fig. 3.15, the equations of wq,;

and wy,, intime domain can be written as:

Wer (t) = j cos(RQwt) - K; - u(t) dt
(3.46)

W (t) = fsin(Zwt) -K; - u(t) dt

Then, applying the Laplace transform to obtain the equations of Wsg, and Wsg,

in s-domain. The results can be shown as:

K:
L{wsr1 (0} = Wspa (5) = - [U(s +j20) + U(s = j20)]
ik, (3.47)
L{wsrz (D)} = Wspa(s) = 5= [U(s +j20) = U(s = j2)]

After that, the output equation can be written down in time domain according to Fig.
3.15, and the results can be expressed as:
Ysr (£) = Y51 () + Ysr2(6) = cos(2wt) wepq (t) + sin(2wt) we, (t) (3.48)
where ys, is the control output of the self-resonant controller.
Then, applying Laplace transform to obtain the control law of the self-resonant

controller in s-domain. The results can be obtained as:
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L{ye(£)} = Ysr(s) = 5 [Wep1(s + j2w) + Wep, (s — j2w)]

1

2
J , ]

+§ [Wsgra(s + j2w) — Wspa (s — j2w)]

K; .
= G129 [U(s) + U(s + j4w)]
K; .
+éL(s——jZa))[U(S) + U(s — j4w)]
3G 2wy (V) ~ U+ )]

+4(s——j2w)[U(S) —U(s — j4w)]
- [2(5 + j2w) + ]ZCU)] vis)
__Ks 3.49
=772l G4

where the Y5z (s) is the control output of the self-resonant controller in s-domain, and it
can be found that the results from (3.49) is equivalent to the expression of the self-
resonant controller shown in Fig. 3.13.

More importantly, by utilizing the block diagram shown in Fig. 3.15 and applying
the same transformation procedures for the PI controller, the discrete-time control law of
the self-resonant controller can be expressed as:

Ysg[n] = Ysr1[n] + Ysgz[n] = cos(20[n])Wsg, [n] + sin(260[n]) Wg,[n] (3.50)

where

Weri[n] = ;Ki[cos(ZH[n])U[n] + cos(20[n — 1)U[n — 1]] + Ysg1[n — 1] (3.51)

Wsro[n] = gKi[sin(ZH[n])U[n] + sin(260[n — 1])U[n — 1]] + Ysgo[n — 1]. (3.52)

C. Coupling resonant controller
Moreover, the implementation of the coupling resonant controller in this thesis is

displayed in Fig. 3.16.
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Y

=

Y
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sin(2wt) .

v
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v
~—

Wera (t) Yer2 (t)

Fig. 3.16 The block diagram of the coupling resonant controller.
The following derivation shows that Fig. 3.16 is equivalent to the definition shown
in Fig. 3.13:
First of all, by using the block diagram shown in Fig. 3.16, the equations of w,,;

and w,,, intime domain can be written as:

Wer (t) = f cos(Rwt) - K; - u(t) dt
(3.53)

Wera(t) = fsin(Za)t) “K;-u(t) dt

Then, applying the Laplace transform to obtain the equations of W;g; and Weg,

in s-domain. The results can be shown as:

K; . .
L{Wer1(0)} = Wepi(s) = o5 [U(s +j2w) + U(s — j2w)]

ik (3.54)
L{wer2 (D)} = Wera(s) = 5 [U(s +j20) = U(s —j20)]

After that, the output equation can be written down in time domain according to Fig.
3.16, and the results can be expressed as:
Ver(®) = Yer1(£) = Yera(t) = sin(2wt) wepq (t) — cos(2wt) wep, (t) (3.55)
where y,, is the control output of the coupling-resonant controller.
Then, applying Laplace transform to obtain the control law of the coupling resonant

controller in s-domain. The results can be obtained as:
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L0er (0} = Yen(s) = 5 [Wopa (5 + 260) = Wopa (5 — j20)]

1
— = [Wera (s + j2w) + Wege (s — j2w)]

2
K .
= m[(](&') + U(S +]4(1))]
JK; .
—m[U(S) + U(s — j4w)]
JK; .
+4(Tj2a)) [U(s) —U(s + jdw)]
_AL(s——l]'Zw)[U(S) —U(s — j4w)]
_ JKi JKi u
=2tz 26 =20 V™
L 3.56
v aar’ (3:36)

where the Y.z (s) is the control output of the coupling resonant controller in s-domain,
and it can be found that the results from (3.56) is equivalent to the expression of the
coupling resonant controller shown in Fig. 3.13.

More importantly, by utilizing the block diagram shown in Fig. 3.16 and applying
the same transformation procedures for the PI controller, the discrete-time control law of
the coupling resonant controller can be expressed as:

Yer[n] = Yegi[n] + Yegz[n] = sin(20[n])Weg, [n] — cos(20[n])Wegz[n]  (3.57)

where

Weriln] = gl(i [cos(20[n])U[n] + cos(26[n — 1])U[n — 1]] + Yer1ln — 1] (3.58)

Werz2[n] = gl(l- [sin(20[n])U[n] + sin(20[n — 1])U[n — 1]] + Yepo[n — 1]  (3.59)

Last but not least, it is important to highlight that the digital control implementation
presented in this section enables the realization of both the traditional PI control and the
proposed CPIR control. The subsequent step involves employing simulation tools to
verify the improved performance of PHIL current control under different fault scenarios

by adopting the CPIR control compared to the traditional PI control.
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Chapter 4 Computer Simulations

4.1 Simulation Environment

MATLAB & Simulink is utilized to run the PHIL-based motor test-bench simulations

and to verify the performance of the proposed CPIR control compares to the traditional

PI control in different fault scenarios. The specification of the PHIL-based motor test-

bench and the emulated SPMSM can be found in Table 4.1 and

Table 4.2.

Table 4.1 Specification of the PHIL-based motor test-bench.
I

Parameters Value

DC-link Voltage 400V

MUT Switching Frequency 9.5kHz
PHIL Switching Frequency 100kHz

Coupling Network Inductance 2mH
Coupling Network Resistance 120mQ
Three-phase CMC Inductance 14mH
Three-phase CMC Resistance 80mQ

Table 4.2 Specification of the emulated SPMSM.
7}

Parameters Value
Stator Resistance 0.2648Q
Self-Inductance 1.27mH
Mutual Inductance 0.64mH
Flux Linkage 0.12414V -s/rad
Inertia 0.0050kg -m?
Friction Coefficient 0.0044kg-m?-st
Number of Poles 8

To verify the emulating performance, the simulation is divided into two parts:

First, a MUT is connected with a PHIL to create a PHIL-based motor test-bench, as
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shown in Fig. 4.1. For the MUT, FOC (see more in Appendix A.) is utilized to control the
target motor in MUT, and then the control signals are sent to the MUT power stage, which
is a three-phase inverter, to supply power to the motor. Simultaneously, the PHIL
performs model calculations using a 312.5kHz modified Euler's method to compute the
motor currents under different scenarios. After the calculations, the model currents serve
as the reference signals for the PHIL current control, which employs various control
methods. Eventually, the PHIL regulates the three-phase currents flowed through the
PHIL power stage, consisting of a three-phase inverter, a coupling network, and a three-

phase CMC, to accurately emulate the electrical behavior of the target motor.

MUT_Power_Stage PHIL_Power_Stage

E
uake
Il
“qe
s
4.'[“]_-—- ouny = w
B

e W e
= @o
alffjlet 122

S

PHIL_Motor_Model PHIL_Controller

Fig. 4.1 Simulation diagram of PHIL-based motor test-bench.

Next, another MUT with identical specification is connected with a pure numerical
model representing an ideal motor model, as depicted in Fig. 4.2. The MUT performs the
same tasks as mentioned earlier. However, instead of being connected to a PHIL, it is
connected to a motor model that uses a 4MHz forward Euler's method to calculate the
model currents. This high calculating frequency ensures highly accurate model currents,

as it is significantly higher than the switching frequency of the MUT. Therefore, the
54
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calculated currents from this model can be regarded as the ideal currents, serving as a
reference standard for comparing and verifying the performance of the PHIL-based motor

test-bench in both simulation and experiment.

MUT_Power_Stage Ideal_Motor_Model

Fig. 4.2 Simulation diagram of motor test-bench with ideal motor model.
Besides, the load profile for the tests in both simulation and experiment is shown in
Fig. 4.3. The speed reference is chosen to be 1500 rpm since the rated speed for the
emulated motor is 2000 rpm. Note that 1500 rpm is 100 Hz in electrical frequency with

8-pole PMSM. Thus, the frequency of second order harmonic is referred to 200 Hz in this

thesis.
2000 . . . . . . . 10
—— Speed frpom] N
1800 m— Torgue (N-mj| |~
1600 1500rpm E
1400 7
E 1200 6§ E
g BN-m z
-9-3 1000 5 ué
[= %
< 800 ©
600 3
400 2
200 ‘ 1
0 - 0
0 1 2 3 4 5 3 7 8
Time [s]
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Fig. 4.3 The load profile of the motor test-bench.
4.2 Simulation under R-Unbalance Scenario

In this section, the motor model under R-Unbalance, which is derived in Section 2.2.2 ,
is utilized and the performance of the traditional decoupling PI control and the proposed
CPIR control are presented in Section 4.2.1 and Section 4.2.2 ,respectively. Note that
the unbalanced three-phase resistance are set as shown in (4.1) and the other parameters

are identical to the specification shown in

Table 4.2.
R, = 10.2648Q
R, = 0.26480 (4.1)
R, = 0.26480Q

4.2.1 R-Unbalance Simulation with P1 Control

Fig. 4.4 shows the three-phase currents in the time domain and the of-axis currents
in stationary frame under R-Unbalance simulation with PI control for the comparison,
where igigears Ip.ideats cideats tamodets Ubmodels tcmodets tapHiLs tbpriL, and
i.pyy. are the three-phase currents calculated by the pure numerical model, referred to
as ideal currents, the three-phase currents calculated by the motor model in the PHIL,
referred to as model currents, and the three-phase currents flowing through the PHIL
power stage, referred to as PHIL currents, respectively.

From Fig. 4.4(a) and Fig. 4.4(b), it can be found that the difference between the ideal
currents and the model currents are unclear, mainly on the switching-related harmonics.
However, it can be found that the difference between the model currents and the PHIL
currents have some amplitude difference from Fig. 4.4(c). Therefore, the ellipses formed
by the model currents and the PHIL currents, as shown in Fig. 4.4(d), are not identical.

Fig. 4.5 and Fig. 4.6 show the dg-axis reference currents and feedback currents in
56
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the time domain and the frequency domain under R-Unbalance simulation with PI control
for the comparison, where i, iz, ig, and i, are the dg-axis reference currents and
feedback currents, respectively.

From Fig. 4.5(a), Fig. 4.5(b), Fig. 4.6(a), and Fig. 4.6(b), it is evident that there is a
noticeable error between the dg-axis reference currents and feedback currents in the time
domain. Additionally, Fig. 4.5(c), Fig. 4.5(d), Fig. 4.6(c), and Fig. 4.6(d) show the main
difference in dg-axis is attributed to the steady-state error in the second harmonic, which

is the target of suppression through the implementation of the proposed CPIR control.

Current [A]
[=]
‘/ ]

ideal current |15
model current
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Fig. 4.4 The comparison diagram for three-phase currents in the time domain and
af-axis currents in stationary frame under R-Unbalance simulation with PI control (a)
The three-phase current comparison between ideal currents and model currents (b) The

af-axis current comparison between ideal currents and model currents (c) The three-
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phase current comparison between model currents and PHIL currents (d) The af-axis

current comparison between model currents and PHIL currents.
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Fig. 4.5 The comparison diagram for the d-axis reference current and feedback

current in the time domain and the frequency domain under R-Unbalance simulation with

Pl control (a) The d-axis current comparison between the reference current and the

feedback current in the time domain (b) The zoom-in version of d-axis current comparison

in the time domain (c) The d-axis reference current in the frequency domain (d) The d-
axis feedback current in the frequency domain.
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Fig. 4.6 The comparison diagram for the g-axis reference current and feedback
current in the time domain and the frequency domain under R-Unbalance simulation with
Pl control (a) The g-axis current comparison between the reference current and the
feedback current in the time domain (b) The zoom-in version of g-axis current comparison
in the time domain (c) The q axis reference current in the frequency domain (d) The g-

axis feedback current in the frequency domain.
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4.2.2 R-Unbalance Simulation with CPIR Control

Fig. 4.7 shows the three-phase currents in the time domain and the «f3-axis currents
in stationary frame under R-Unbalance simulation with CPIR control for the comparison.

From Fig. 4.7(a) and Fig. 4.7(b), it can be found that the difference between the ideal
currents and the model currents are similar to the ones with PI control. However, it can
be found that the model currents and the PHIL currents are almost the same from Fig.
4.7(c). Consequently, the ellipses formed by the model currents and the PHIL currents,
as shown in Fig. 4.7(d), are nearly identical.

Fig. 4.8 and Fig. 4.9 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under R-Unbalance simulation with CPIR
control for the comparison.

Based on the observations from Fig. 4.8(a), Fig. 4.8(b), Fig. 4.9(a), and Fig. 4.9(b),
it is obvious to note that the noticeable error between the reference currents and the
feedback currents resulted from the usage of PI control is eliminated. Furthermore, the
results depicted in Fig. 4.8(c), Fig. 4.8(d), Fig. 4.9(c), and Fig. 4.9(d) demonstrate that
the proposed CPIR control achieves a second harmonic steady-state error of less than 1%,

effectively suppressing its presence.
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Fig. 4.7 The comparison diagram for three-phase currents in the time domain and

af-axis currents in stationary frame under R-Unbalance simulation with CPIR control (a)

The three-phase current comparison between ideal currents and model currents (b) The

af-axis current comparison between ideal currents and model currents (c) The three-

phase current comparison between model currents and PHIL currents (d) The af-axis

current comparison between model currents and PHIL currents.
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Fig. 4.8 The comparison diagram for the d-axis reference current and feedback

current in the time domain and the frequency domain under R-Unbalance simulation with

CPIR control (a) The d-axis current comparison between the reference current and the

feedback current in the time domain (b) The zoom-in version of d-axis current comparison

in the time domain (c) The d-axis reference current in the frequency domain (d) The d-
axis feedback current in the frequency domain.
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Fig. 4.9 The comparison diagram for the g-axis reference current and feedback

current in the time domain and the frequency domain under R-Unbalance simulation with
CPIR control (a) The g-axis current comparison between the reference current and the
feedback current in the time domain (b) The zoom-in version of g-axis current comparison

in the time domain (c) The g-axis reference current in the frequency domain (d) The g-

axis feedback current in the frequency domain.
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4.3 Simulation under OPF Scenario

In this section, the motor model under OPF, which is derived in Section 2.3.2 , is
utilized and the performance of the traditional decoupling PI control and the proposed
CPIR control are presented in Section 4.3.1 and Section 4.3.2 ,respectively. Note that all
the motor parameters remain identical to the specification provided in

Table 4.2. However, it is worth mentioning that phase A is intentionally

disconnected, resulting in the desired open circuit condition targeted by this scenario.

4.3.1 OPF Simulation with Pl Control

Fig. 4.10 shows the three-phase currents in the time domain and of3-axis currents in
stationary frame under OPF simulation with PI control for the comparison.

From Fig. 4.10(a) and Fig. 4.10(b), it can be observed that the ideal currents and the
model currents are almost identical. Furthermore, it is noteworthy that the of3-axis
currents in stationary frame appear as a straight line due to the absence of A-phase current
caused by the open circuit condition. However, Fig. 4.10(c) shows that there is a
significant disparity between the model currents and the PHIL currents. Thus, the graph
formed by the PHIL currents in Fig. 4.10(d) does not exhibit a straight line shape.

Fig. 4.11 and Fig. 4.12 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under OPF simulation with PI control for the
comparison.

From Fig. 4.11(a), Fig. 4.11(b), Fig. 4.12(a), and Fig. 4.12(b), it is obvious that there
is a considerable error between the dg-axis reference currents and feedback currents in
the time domain. In addition, Fig. 4.11(c), Fig. 4.11(d), Fig. 4.12(c), and Fig. 4.12(d)

show the difference in dg-axis is due to the steady-state error in the second harmonic.
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Fig. 4.10 The comparison diagram for three-phase currents in the time domain and
af-axis currents in stationary frame under OPF simulation with PI control (a) The three-
phase current comparison between ideal currents and model currents (b) The af-axis
current comparison between ideal currents and model currents (c) The three-phase current

comparison between model currents and PHIL currents (d) The of -axis current
comparison between model currents and PHIL currents.
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Fig. 4.12 The comparison diagram for the g-axis reference current and feedback

current in the time domain and the frequency domain under OPF simulation with Pl

control (a) The g-axis current comparison between the reference current and the feedback

current in the time domain (b) The zoom-in version of g-axis current comparison in the

time domain (c) The g-axis reference current in the frequency domain (d) The g-axis

feedback current in the frequency domain.
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4.3.2 OPF Simulation with CPIR Control

Fig. 4.13 shows the three-phase currents in the time domain and the af3-axis currents
in stationary frame under OPF simulation with CPIR control for the comparison.

From Fig. 4.13(a) and Fig. 4.13(b), it can be observed that the difference between
the ideal currents and the model currents remains consistent with that of the PI control.
However, Fig. 4.13(c) illustrates that there is a negligible difference between the model
currents and the PHIL currents when using the CPIR control. As a result, the graph
illustrating the PHIL currents in Fig. 4.13(d) closely resembles a straight line, indicating
improved performance and accuracy.

Fig. 4.14 and Fig. 4.15 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under OPF simulation with CPIR control for
the comparison.

Based on the observations from Fig. 4.14(a), Fig. 4.14(b), Fig. 4.15(a), and Fig.
4.15(b), it is evident that the CPIR control successfully reduces the significant error
between the reference currents and the feedback currents, which is present when using
the PI controller. Moreover, as shown in Fig. 4.14(c), Fig. 4.14(d), Fig. 4.15(c), and Fig.
4.15(d), the CPIR control achieves an impressive suppression of the second harmonic

with a steady-state error of approximately 2%.
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Fig. 4.13 The comparison diagram for three-phase currents in the time domain and

af-axis currents in stationary frame under OPF simulation with CPIR control (a) The

three-phase current comparison between ideal currents and model currents (b) The of-

axis current comparison between ideal currents and model currents (c) The three-phase

current comparison between model currents and PHIL currents (d) The of3-axis current

comparison between model currents and PHIL currents.
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Fig. 4.14 The comparison diagram for the d-axis reference current and feedback

current in the time domain and the frequency domain under OPF simulation with CPIR

control (a) The d-axis current comparison between the reference current and the feedback

current in the time domain (b) The zoom-in version of d-axis current comparison in the

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis

feedback current in the frequency domain.
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Fig. 4.15 The comparison diagram for the g-axis reference current and feedback

current in the time domain and the frequency domain under OPF simulation with CPIR

control (a) The g-axis current comparison between the reference current and the feedback

current in the time domain (b) The zoom-in version of g-axis current comparison in the

time domain (c) The g-axis reference current in the frequency domain (d) The g-axis

feedback current in the frequency domain.
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4.4 Simulation under ISCF Scenario

In this section, the motor model under ISCF, which is derived in Section 2.4.2 , is
utilized and the performance of the traditional decoupling PI control and the proposed
CPIR control are presented in Section 4.4.1 and Section 4.4.2 ,respectively. Note that

the fault resistance and the fault index are set as shown in (4.2) and the other parameters
are identical to the specification shown in
Table 4.2.

{Rf =0.10

A=0.2 (4.2)

4.4.1 ISCF Simulation with PI Control

Fig. 4.16 shows the three-phase currents in the time domain and of3-axis currents in
stationary frame under ISCF simulation with PI control for the comparison.

From Fig. 4.16(a) and Fig. 4.16(b), it can be found that the ideal currents and the
model currents exhibit a noticeable difference, especially for the switching-related
harmonics. This is because the ideal currents are calculated at a frequency that is 10 times
higher than the model currents obtained from the PHIL motor model. As a result, the ideal
currents offer improved accuracy for capturing nonlinear effects, particularly the
switching effect in this application.

Fig. 4.16(c) shows that there is a significant disparity between the model currents
and the PHIL currents. This can be attributed to the fact that the frequencies of the
switching-related harmonics present in model currents exceed the bandwidth of the
designed control. In other words, the control is only capable of regulating currents for
relatively low frequencies, as evident from Fig. 4.16(d).

Fig. 4.17 and Fig. 4.18 show the dg-axis reference currents and feedback currents in
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the time domain and the frequency domain under ISCF simulation with PI control for the
comparison.

From Fig. 4.17(a), Fig. 4.17(b), Fig. 4.18(a), and Fig. 4.18(b), it is apparent that there
Is a tremendous error between the dg-axis reference currents and feedback currents in the
time domain. Furthermore, Fig. 4.17(c), Fig. 4.17(d), Fig. 4.18(c), and Fig. 4.18(d)
indicate the difference in dg-axis is caused not only by the second harmonic but also by
the near 9.5kHz and near 19kHz components. These additional components are attributed

to the switching frequency of the MUT and twice the switching frequency, respectively.
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Fig. 4.16 The comparison diagram for three-phase currents in the time domain and
af-axis currents in stationary frame under ISCF simulation with PI1 control (a) The three-
phase current comparison between ideal currents and model currents (b) The ap-axis

current comparison between ideal currents and model currents (c) The three-phase current

73

doi:10.6342/NTU202302551



comparison between model currents and PHIL currents (d) The af3-axis current

comparison between model currents and PHIL currents.

Current [A]

A L L L L L L L L L
0 0005 001 0015 0.02 0025 0.03 0.035 004 0045 0.05

Time [s]

(@)

X 200
1471 Y 1.55569

08|

Current [A]

X 9780
Y 0.47647

06

X 18760
Y 0.848248

A M ihu el

10! 10? 193 10*
Frequency [Hz]

(©)

Fig. 4.17 The comparison diagram for the d-axis reference current and feedback
current in the time domain and the frequency domain under ISCF simulation with PI
control (a) The d-axis current comparison between the reference current and the feedback
current in the time domain (b) The zoom-in version of d-axis current comparison in the
time domain (c) The d-axis reference current in the frequency domain (d) The d-axis

feedback current in the frequency domain.

10°

[S]

<
=]
o 0
E
=1 |
o L
4l
st
8t
10 1 i 1 i 1
0 0.002 0.004 0.006 0.008 0.01 0.012
Time [s]
16 T
14r X 200 ]
Y 1.20543
12
— ir
=
=
S 08
5
s}
06
0.4
X 9180
Y 0.186721 X 19160
02 * | Y0.112306
.
ol A J Ly
10 107 10° 10° 10°
Frequency [Hz]

74

doi:10.6342/NTU202302551



0 L L L L L L L L L
0 0005 001 0015 002 0025 003 0035 0.04 0.045 0.05

Time [s]
(a)

25

X 200
Y 1.58054

1.5

Current [A]

o5t X 9380
Y 0.203233

T GRS AR |

X 18960
Y 2.12057

. {‘

|\| LH L

0
10’ 10? 10°% 104
Frequency [Hz]

(©)

10%

Current [A]

2.5

051

0.002

0.004 0.006 0.008 0.1 0.012
Time [s]

(b)

=

X 200
Y 1.24558

X 18960
Y 0.397801
.

X 9380
Y 0.0474076
.

Lotias

102

10% 108
Frequency [Hz]

(d)

Fig. 4.18 The comparison diagram for the g-axis reference current and feedback

current in the time domain and the frequency domain under ISCF simulation with PI

control (a) The g-axis current comparison between the reference current and the feedback

current in the time domain (b) The zoom-in version of g-axis current comparison in the

time domain (c) The g-axis reference current in the frequency domain (d) The g-axis

feedback current in the frequency domain.
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4.4.2 ISCF Simulation with CPIR Control

Fig. 4.19 shows the three-phase currents in the time domain and af3-axis currents in
stationary frame under ISCF simulation with CPIR control for the comparison.

From Fig. 4.19(a) and Fig. 4.19(b), it can be observed that the difference between
the ideal currents and the model currents remains consistent with that of the PI control.
Moreover, Fig. 4.19(c) and Fig. 4.19(d) also illustrate that there is no noticeable
difference between the model currents and the PHIL currents whether using the CPIR
control or PI control.

Fig. 4.20 and Fig. 4.21 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under ISCF simulation with CPIR control for
the comparison.

Based on the observations from Fig. 4.20(a), Fig. 4.20(b), Fig. 4.21(a), and Fig.
4.21(b), it is difficult to discern any noticeable difference between the outcomes obtained
with the CPIR control and the results obtained with the P1 control. However, as depicted
in Fig. 4.20(c), Fig. 4.20(d), Fig. 4.21(c), and Fig. 4.21(d), the CPIR control effectively
suppresses the steady-state error in the second harmonic as expected. Nonetheless, it is
worth noting that the errors arising from the near 9.5kHz, which is the switching
frequency of the MUT, and near 19kHz, whitch is twice the switching frequency of the

MUT, components remain unsolved.
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Fig. 4.19 The comparison diagram for three-phase currents in the time domain and
af-axis currents in stationary frame under ISCF simulation with CPIR control (a) The
three-phase current comparison between ideal currents and model currents (b) The of-
axis current comparison between ideal currents and model currents (c) The three-phase
current comparison between model currents and PHIL currents (d) The «f3-axis current
comparison between model currents and PHIL currents.
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current in the time domain and the frequency domain under ISCF simulation with CPIR
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time domain (c) The d-axis reference current in the frequency domain (d) The d-axis

feedback current in the frequency domain.
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Fig. 4.21 The comparison diagram for the g-axis reference current and feedback
current in the time domain and the frequency domain under ISCF simulation with CPIR
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Chapter 5 Experiment Verifications

In the previous chapter, the simulation results are presented to demonstrate that the
PHIL-based test-bench can emulate the motor under different fault scenarios. Moreover,
it is evident that the proposed CPIR control can enhance the performance of motor
emulation compared to the traditional Pl control. Therefore, in Chapter 5, the goal is to
implement the PHIL-based test-bench in real world, referred to Section 5.1 , and
perform the experiments under different fault scenarios with the same specifications and
load profile shown in Table 4.1,

Table 4.2 and Fig. 4.3, referred to Section 5.2, 5.3, and 5.4, to verify that the results
from experiments are similar to the corresponding simulation results. Additionally, a
comprehensive comparison of the improvements achieved by implementing the CPIR

control across each discussed fault scenario is provided in the end of Section 5.5.

5.1 Test-bench Implementation

5.1.1 Hardware Development

Fig. 5.1 illustrates the schematic diagram of PHIL-based test-bench. It is worth
noting that while the primary focus of this thesis is on the development of PHIL, it is
essential to build our own motor driver to replicate the experimental setup as closely as
possible to the simulation. The prototype of PHIL-based motor test-bench is shown in
Fig. 5.2.

It is intuitive that the critical aspects of hardware development lie in the capability
of the three-phase inverter and the selection of the MCU to effectively implement the
PHIL functions.

For the three-phase inverter, the CAS120M12BM?2 SiC Half-Bridge Power Module
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from Wolfspeed combined with the ADuM4135 driver IC from Analog Devices are
utilized. Note that the power module ensures stress capabilities with a minimum
breakdown voltage of 1200V and a maximum output current of 150A,,s at a switching
frequency of 100kHz. These specifications make it well-suited for PHIL applications.

The TMS320F28379D controlCard from Texas Instrument (T1) is adopted as the
MCU for both the PHIL and the MUT. Along with the MCU, the interface board is
designed to provide some key features, including the anti-aliasing filters for ADC inputs,
the differential drivers and receivers for driver 1Cs and fault signals, the encoder emulator
circuit designed for transmitting the angel and speed information to the motor driver, and
the power supplies for the peripheral circuits and the MCU.

With the prototype shows in Fig. 5.2, a 30kW emulation using a balanced motor
model is achieved, thereby ensuring that this experimental setup can withstand the current

stress associated with the emulations for motor under different fault scenarios.
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Fig. 5.1 The schematic diagram of PHIL-based motor test-bench.
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Fig. 5.2 The prototype of PHIL-based motor test-bench.

5.1.2 Firmware Development

The TMS320F28379D controlCard offers several notable features, with the Control
Law Accelerator (CLA) and the presence of 4 12-bit ADC modules, each equipped with
6 channels, for synchronized sampling being the most crucial ones. The CLA enables
parallel computation alongside the CPU, while the 12-bit ADC modules ensure accurate
and synchronized data acquisition. The flowchart of PHIL firmware is shown in Fig. 5.3
and the overall process can be briefly described as follows:

Initially, the sensing signals can be separated into two groups. The switching node
voltages used in the motor model calculation, namely v,, v,, and v, are sampled
synchronously with the same frequency utilized for model calculation, specifically
312.5kHz, as the first group; meanwhile, the three-phase currents and the DC bus voltage

used in the control programme and SPWM modulation, namely i,, i, i., and V., are
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sampled synchronously at the switching frequency of the PHIL, specifically 100kHz, as
the second group.

When the end-of-conversion (EOC) flag of the first group is set, the CLA task is
initiated. At the beginning of the CLA task, the 12-bit switching node voltages are
converted into real values with the unit of volt. Subsequently, the motor model calculation
commences. Once the calculation is completed, the obtained results, representing the
future step of the model currents, are updated in the CLA memories as the current step.
These updated values will be utilized for model calculation during the subsequent CLA
task, thus concluding the current CLA task.

Meanwhile, when the EOC flag of the second group is set, the ADC interrupt is
initiated. The ADC interrupt begins by checking whether the PHIL is manually stopped
or not; If it is stopped, all the output signals for the switches are pulled low, resulting in
a complete shutdown of the inverter. Following this, the 12-bit three-phase currents and
DC bus voltage are converted into real values with the unit of ampere and volt,
respectively. The converted currents are then examined to determine if they exceed the
current limit of the test-bench. If any of the currents surpass the limitation, the overcurrent
protection (OCP) flag is set, and all switches are turned off. Subsequently, the CPU
accesses the CLA memories to retrieve the switching node voltages and model currents
obtained from the CLA. These data are then utilized within the ADC interrupt to execute
the control programme. Once the control programme is completed, the resulting control
outputs are updated in the memories as the previous step, ready for use in the next control
programme. Last but not least, the control outputs are normalized by the sensed DC bus
voltage. The normalized control outputs are then employed in SPWM modulation to

generate the output signals for the switches.
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5.2 Experiment under R-Unbalance Scenario

5.2.1 R-Unbalance Experiment with Pl Control

First of all, Fig. 5.4 illustrates the oscilloscope screenshot of three-phase currents
under R-Unbalance experiment with PI control. The acquired data from the oscilloscope
can then be saved and further analyzed using MATLAB for detailed comparison.

Fig. 5.5 shows the three-phase currents in the time domain and the of3-axis currents
in stationary frame under R-Unbalance experiment with Pl control for the comparison.
Note that the comparison for the experiment focuses on the difference between the ideal
currents obtained from the corresponding simulation, i, ;4ears ibidear,» @D icidear,
and the real three-phase currents flowing through the power stage ,i,, ip, and i., which
are referred to as actual currents in this thesis.

From Fig. 5.5(a) and Fig. 5.5(b), it can be found that the difference between the ideal
currents and the actual currents are unnoticeable, which is a decent result already.

Fig. 5.6 and Fig. 5.7 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under R-Unbalance experiment with PI
control for the comparison, where i3, iz, ig, and i, are the dg-axis reference currents
and feedback currents, respectively.

From Fig. 5.6(a), Fig. 5.6(b), Fig. 5.7(a), and Fig. 5.7(b), it is evident that there is a
notable error between the dg-axis reference currents and feedback currents in the time
domain. Moreover, Fig. 5.6(c), Fig. 5.6(d), Fig. 5.7(c), and Fig. 5.7(d) show the main
difference in dg-axis is attributed to the steady-state error in the second harmonic, which
is the same conclusion as the corresponding simulation. It is important to mention that in
addition to the second harmonic, there is also the presence of the first harmonic (100Hz)

in the experimental results. This first harmonic is primarily caused by the offset
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differences between the switching node voltage sensors. Despite our initial calibration

efforts, it is inevitable that the first harmonic exists in the experimental results for all

motor models discussed in this thesis.

500/ B 504/ @ 508/ @ S 00s ' [5.0002/ | "Stop ¥ 14.9A

Fig. 5.4 The oscilloscope screenshot of three-phase currents under R-Unbalance
experiment with PI control.
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Fig. 5.5 The comparison diagram for three-phase currents in the time domain and
af-axis currents in stationary frame under R-Unbalance experiment with PI control (a)
The three-phase current comparison between actual currents and ideal currents (b) The

af-axis current comparison between actual currents and ideal currents.
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Fig. 5.6 The comparison diagram for the d-axis reference current and feedback
current in the time domain and the frequency domain under R-Unbalance experiment with
Pl control (a) The d-axis current comparison between the reference current and the
feedback current in the time domain (b) The zoom-in version of d-axis current comparison
in the time domain (c) The d-axis reference current in the frequency domain (d) The d-
axis feedback current in the frequency domain.
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Fig. 5.7 The comparison diagram for the g-axis reference current and feedback
current in the time domain and the frequency domain under R-Unbalance experiment with
Pl control (a) The g-axis current comparison between the reference current and the
feedback current in the time domain (b) The zoom-in version of g-axis current comparison
in the time domain (c) The g-axis reference current in the frequency domain (d) The g-
axis feedback current in the frequency domain.
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5.2.2 R-Unbalance Experiment with CPIR Control

Fig. 5.8 illustrates the oscilloscope screenshot of three-phase currents under R-
Unbalance experiment with CPIR control, and Fig. 5.9 shows the three-phase currents in
the time domain and the oaf-axis currents in stationary frame under R-Unbalance
experiment with CPIR control for the comparison.

From Fig. 5.9(a) and Fig. 5.9(b), it is evident that the improvement achieved by
adopting the CPIR control is not significant, as the original results obtained with the Pl
control are already satisfactory.

Fig. 5.10 and Fig. 5.11 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under R-Unbalance experiment with CPIR
control for the comparison.

Based on the observations from Fig. 5.10(a), Fig. 5.10(b), Fig. 5.11(a), and Fig.
5.11(b), it is evident that the considerable error between the reference currents and the
feedback currents, which is present with the usage of the PI control, is completely
eliminated with the adoption of the CPIR control. Additionally, the results depicted in
Fig. Fig. 5.10(c), Fig. 5.10(d), Fig. 5.11(c), and Fig. 5.11(d) demonstrate that the proposed
CPIR control achieves a steady-state error of less than 1% for the second harmonic, which

is the same with the results shown in Section 4.2.2 .
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Fig. 5.8 The oscilloscope screenshot of three-phase currents under R-Unbalance

experiment with CPIR control.
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Fig. 5.10 The comparison diagram for the d-axis reference current and feedback
current in the time domain and the frequency domain under R-Unbalance experiment with
CPIR control (a) The d-axis current comparison between the reference current and the
feedback current in the time domain (b) The zoom-in version of d-axis current comparison
in the time domain (c) The d-axis reference current in the frequency domain (d) The d-
axis feedback current in the frequency domain.
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Fig. 5.11 The comparison diagram for the g-axis reference current and feedback

current in the time domain and the frequency domain under R-Unbalance experiment with

CPIR control (a) The g-axis current comparison between the reference current and the
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in the time domain (c) The g-axis reference current in the frequency domain (d) The g-

axis feedback current in the frequency domain.
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5.3 Experiment under OPF Scenario

5.3.1 OPF Experiment with PI Control

Fig. 5.12 illustrates the oscilloscope screenshot of three-phase currents under OPF
experiment with PI control, and Fig. 5.13 shows the three-phase currents in the time
domain and the af-axis currents in stationary frame under OPF experiment with Pl
control for the comparison.

From Fig. 5.13(a), it is apparent that there is a noticeable difference between the
ideal currents and the actual currents. As a result, the graph illustrating the actual currents
in Fig. 5.13(b) deviates from the desired straight line shape that is expected for the OPF
scenario.

Fig. 5.14 and Fig. 5.15 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under OPF experiment with P1 control for the
comparison.

From Fig. 5.14(a), Fig. 5.14(b), Fig. 5.15(a), and Fig. 5.15(b), it is clear that there is
a significant error between the dg-axis reference currents and feedback currents in the
time domain. Furthermore, Fig. 5.14(c), Fig. 5.14(d), Fig. 5.15(c), and Fig. 5.15(d)
highlight that the difference in the dg-axis is primarily attributed to the presence of steady-

state error in the second harmonic as expect.
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Fig. 5.12 The oscilloscope screenshot of three-phase currents under OPF experiment
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Fig. 5.14 The comparison diagram for the d-axis reference current and feedback
current in the time domain and the frequency domain under OPF experiment with Pl
control (a) The d-axis current comparison between the reference current and the feedback
current in the time domain (b) The zoom-in version of d-axis current comparison in the
time domain (c) The d-axis reference current in the frequency domain (d) The d-axis
feedback current in the frequency domain.
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5.3.2 OPF Experiment with CPIR Control

Fig. 5.16 illustrates the oscilloscope screenshot of three-phase currents under OPF
experiment with CPIR control, and Fig. 5.17 shows the three-phase currents in the time
domain and the af-axis currents in stationary frame under OPF experiment with CPIR
control for the comparison.

From Fig. 5.17(a), it is evident that the difference between the ideal currents and the
actual currents is dramatically reduced compared to the results obtained with the PI
control. Consequently, the graph illustrating the actual currents in Fig. 5.17(b) closely
approximates a straight line, indicating enhanced performance and increased accuracy.

Fig. 5.18 and Fig. 5.19 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under OPF experiment with CPIR control for
the comparison.

Based on the observations from Fig. 5.18(a), Fig. 5.18(b), Fig. 5.19(a), and Fig.
5.19(b), it is obvious that the CPIR control effectively mitigates the substantial error
observed between the reference currents and the feedback currents, which is present when
using the PI control. Moreover, the results shown in Fig. 5.18(c), Fig. 5.18(d), Fig.
5.19(c), and Fig. 5.19(d) demonstrate the achievement of the CPIR control in suppressing

the second harmonic, with a steady-state error of approximately 3%.
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Fig. 5.16 The oscilloscope screenshot of three-phase currents under OPF experiment

with CPIR control.
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Fig. 5.17 The comparison diagram for three-phase currents in the time domain and

af-axis currents in stationary frame under OPF experiment with CPIR control (a) The

three-phase current comparison between actual currents and ideal currents (b) The of-

axis current comparison between actual currents and ideal currents.
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Fig. 5.18 The comparison diagram for the d-axis reference current and feedback
current in the time domain and the frequency domain under OPF experiment with CPIR
control (a) The d-axis current comparison between the reference current and the feedback
current in the time domain (b) The zoom-in version of d-axis current comparison in the
time domain (c) The d-axis reference current in the frequency domain (d) The d-axis

feedback current in the frequency domain.
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Fig. 5.19 The comparison diagram for the g-axis reference current and feedback
current in the time domain and the frequency domain under OPF experiment with CPIR
control (a) The g-axis current comparison between the reference current and the feedback
current in the time domain (b) The zoom-in version of g-axis current comparison in the
time domain (c) The g-axis reference current in the frequency domain (d) The g-axis
feedback current in the frequency domain.
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5.4 Experiment under ISCF Scenario

5.4.1 ISCF Experiment with Pl Control

Fig. 5.20 illustrates the oscilloscope screenshot of three-phase currents under ISCF
experiment with PI control, and Fig. 5.21 shows the three-phase currents in the time
domain and the of3-axis currents in stationary frame under ISCF experiment with Pl
control for the comparison.

From Fig. 5.21(a) and Fig. 5.21(b), it is clear that the difference between the ideal
currents and the actual currents primarily occurs at the switching-related frequency,
especially for A-phase current, where the short-circuit fault occurred.

Fig. 5.22 and Fig. 5.23 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under ISCF experiment with P control for the
comparison.

Based on the observations from Fig. 5.22(a), Fig. 5.22(b), Fig. 5.23(a), and Fig.
5.23(b), it is apparent that there is a notable error between the dg-axis reference currents
and feedback currents in the time domain. These results differ from the simulation results
shown in Fig. 4.17(a), Fig. 4.17(b), Fig. 4.18(a), and Fig. 4.18(b). To explain this
difference, Fig. 5.22(c), Fig. 5.22(d), Fig. 5.23(c), and Fig. 5.23(d) are referred, where it
is evident that the first harmonic contributes significantly to the dg-axis currents.
Additionally, the magnitude of the components at switching-related frequencies, which
are 9.5kHz and 19kHz, in the reference currents is considerably smaller compared to the
simulation results. This difference may arise from the limited ability of the voltage
sensors to fully capture the switching-related harmonics, likely due to the presence of

anti-aliasing filters in the implementation.
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Fig. 5.20 The oscilloscope screenshot of three-phase currents under ISCF

experiment with PI control.
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Fig. 5.21 The comparison diagram for three-phase currents in the time domain and

af-axis currents in stationary frame under ISCF experiment with PI control (a) The three-

phase current comparison between actual currents and ideal currents (b) The of-axis
current comparison between actual currents and ideal currents.
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Fig. 5.23 The comparison diagram for the g-axis reference current and feedback
current in the time domain and the frequency domain under ISCF experiment with Pl
control (a) The g-axis current comparison between the reference current and the feedback
current in the time domain (b) The zoom-in version of g-axis current comparison in the

time domain (c) The g-axis reference current in the frequency domain (d) The g-axis
feedback current in the frequency domain.
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5.4.2 ISCF Experiment with CPIR Control

Fig. 5.24 illustrates the oscilloscope screenshot of three-phase currents under ISCF
experiment with CPIR control, and Fig. 5.25 shows the three-phase currents in the time
domain and the af-axis currents in stationary frame under ISCF experiment with CPIR
control for the comparison.

From Fig. 5.25(a) and Fig. 5.25(b), it is clear that the current results obtained with
the CPIR control suffer from the same issues as those obtained with the Pl control,
specifically the switching-related harmonics.

Fig. 5.26 and Fig. 5.27 show the dg-axis reference currents and feedback currents in
the time domain and the frequency domain under ISCF experiment with CPIR control for
the comparison.

Based on the observations from Fig. 5.26(a), Fig. 5.26(b), Fig. 5.27(a), and Fig.
5.27(b), there are no significant discernible differences between the outcomes obtained
with the CPIR control and those obtained with the PI control. However, as shown in Fig.
5.26(c), Fig. 5.26(d), Fig. 5.27(c), and Fig. 5.27(d), the CPIR control successfully
suppress the steady-state error in the second harmonic, as expected. Nonetheless, it is
important to note that the errors arising from the near 9.5kHz, which is the switching
frequency of the MUT, and near 19kHz, whitch is twice the switching frequency of the

MUT, components remain unsolved.
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Fig. 5.24 The oscilloscope screenshot of three-phase currents under ISCF
experiment with CPIR control.
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Fig. 5.25 The comparison diagram for three-phase currents in the time domain and
af-axis currents in stationary frame under ISCF experiment with CPIR control (a) The
three-phase current comparison between actual currents and ideal currents (b) The of-

axis current comparison between actual currents and ideal currents.
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Fig. 5.26 The comparison diagram for the d-axis reference current and feedback
current in the time domain and the frequency domain under ISCF experiment with CPIR
control (a) The d-axis current comparison between the reference current and the feedback
current in the time domain (b) The zoom-in version of d-axis current comparison in the

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis
feedback current in the frequency domain.
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Fig. 5.27 The comparison diagram for the g-axis reference current and feedback
current in the time domain and the frequency domain under ISCF experiment with CPIR
control (a) The g-axis current comparison between the reference current and the feedback
current in the time domain (b) The zoom-in version of g-axis current comparison in the

time domain (c) The g-axis reference current in the frequency domain (d) The g-axis
feedback current in the frequency domain.
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5.5 Comparative Data

To showcase the performance of PHIL emulation utilizing CPIR control, a

comprehensive comparison is needed apparently. Thus, in this section, three comparative

data are provided to convince the readers from different aspects.

5.5.1 Second Order Harmonic

First, the most intuitive way to demonstrate the control performance is through the

comparison of second order harmonic tracking ability between the traditional decoupling

P1 control to the proposed CPIR control, since the CPIR control is designed to track the

second order harmonic with zero steady-state error.

The diagram of the error index with the aspect of second order harmonic is shown

in Fig. 5.28, where the error index is calculated based on the results from Fig. 5.6, Fig.
5.7, Fig. 5.10, Fig. 5.11, Fig. 5.14, Fig. 5.15, Fig. 5.18, Fig. 5.19, Fig. 5.22, Fig. 5.23, Fig.
5.26, and Fig. 5.27 while the error index is defined as (5.1).
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Fig. 5.28 The diagram of the error index with the aspect of second order harmonic.

1
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o .
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+

l-*
q@200Hz

)- 100% (5.1)

From Fig. 5.28, it is clear that by adopting the CPIR control, the error index of

second order harmonic can drop from roughly 16% to 0.4%, indicating the significant

improvement for the control performance. However, for the emulation capability, it is
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incomplete to just compare the performance of differen control method. The experiment
results should be directly compared to the ideal currents obtained from the simulation

shown in Fig. 4.2. Therefore, the next comparative data is provided.

5.5.2 Root-Mean-Square Error

To perform the comprehensive comparson for the emulation capability, the
frequently used measure called Root-Mean-Square Error (RMSR) is applied to the three-
phase actual current and ideal current, which is obatained from experiment and

simulation, respectively. The RMSE calculation in this thesis can be expressed as (5.2).

; . 2
. _ (labc.ideal(t) - labc(t))
labc.RMSE = T (5.2)

By utilizing the RMSE, the diagram of the error index with the aspect of RMSE is

shown in Fig. 5.29, where the error index can be calculated by (5.3).
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Fig. 5.29 The diagram of the error index with the aspect of RMSE.

1/ igrmse Ip RMSE lc.RMSE
error index(%) = —(, ' + — +— ) - 100%, (5.3)
la.ideal.RMS lb.idealRMS lc.ideal.RMS

where i, ideairms> ib.idealrms > aNd icigearrms are the root-mean-square value of
three-phase ideal current obtained from corresponding simulatios.

From Fig. 5.29, it is evident that by adopting the CPIR control, the error index in the
aspect of RMSE can be reduced. The most significant drop is observed in the OPF
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scenario, decreasing from 17.26% to 7.94%. However, since the angular velocity has
disturbance due to the fault condition, there is no way to match the phase between actual
current and ideal current perfectly. Thus, this comparison is not accurate enough to stand

for the emulation capability. Therefore, the next comparative data is provided.

5.5.3 Total Harmonic Distortion Plus Noise

To avoid the error resulted from the phase difference in the aspect of RMSE, the
total harmonic distortion plus noise (THD + N) is utilized to calculate the proposed
Similarity Index (SI) since the calculation is implemented in frequency domain.

The Sl is defined as the index of how similar the three-phase actual current obtained
from experiment are compared to the ideal currents from corresponding simulation, and

the procedure for the Sl calculation is shown in Fig. 5.30.

From Experiment From Simulation
)
Actual Ideal
Currents Currents )
THD+N THD+N
Calculation Calculation
. v, \ v
h A A Y
's n 's ™\
Average Average
N—— Ne———
)
.| Percentage |_
Ratio
R

[ Similarity Index ]

Fig. 5.30 The procedure for the Similarity Index calculation.

The calculation process is shown as follows:
First of all, the THD + N of the three-phase actual currents and the three-phase

ideal currents are calculated, and the definition of THD + N can be expressed as:
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_- 1l + 12 . l — Il
THD + N(i) =j nZ T noise =\/—” I = Nl . (5.4)

Next, the THD + N of the three-phase actual currents and the three-phase ideal

currents are averaged to obtained the averaged THD+N results, which can be shown as:

THD + N(i,) + THD + N(i,) + THD + N(i,.)

THD + Ngctyar = 3

(5.5)

THD + N(igigear) + THD + N(ipigeqr) + THD + N(icigear)
3

THD + Nideal = ) (56)

where the THD + Ngcytqr and THD + Njg.o are the averaged THD+N from
experiment and the averaged THD+N from simulation, respectively.
Then, the Similarity Index (SI) can be obtained by finding the percentage ratio

betweenthe THD + Ngcytqr and THD + Njgeq;- The expression can be shown as:

{THD + Nacutal 0
DI N 100%, for THD + Nigoq > THD + Nycutal
S = i ideal . (5'7)

THD + Nigge; .
THD TN, 100% for THD + Nigoq; < THD + Nyeryar

Fig. 5.31 illustrates the diagram of the SI with the aspect of THD+N. It is worth
noting that the R-Unbalance scenario with CPIR control achieves the highest SI of
97.33%. On the other hand, the OPF scenario exhibits the greatest improvement from
55.64% to 84.31% since the CPIR control can achieve effective tracking for the dominant
second harmonic present in this scenario. However, the ISCF scenario has the lowest
similarity index of 64.07%, primarily due to challenges in regulating the switching-

related harmonics.
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Fig. 5.31 The diagram of the Similarity Index (SI) with the aspect of THD+N.

Lastly, it is evident that the motor emulation exhibits superior performance for the

motor under R-Unbalance scenario. As a result, an example of control verification for the

motor driver is conducted with the PHIL-based motor test-bench under R-Unbalance

scenario in this thesis. The details of the verification can be found in Appendix B, which

reveals a substantial reduction in the second harmonic in the dg-axis. This reduction is

attributed to the effective current control implemented in the MUT, further demonstrating

the capability of the PHIL-based motor test-bench to validate the performance of the

MUT.
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Chapter 6 Summary and Future Works

6.1 Conclusions and Major Contributions

Power Hardware-in-the-Loop (PHIL) motor emulation is an emerging research area
that offers significant advantages over traditional motor test-bench that employ real
motors and dynamometers. One of the key advantages of PHIL is its ability to emulate
motors under different fault scenarios without the risk of damaging a real motor.
Therefore, this thesis focuses on demonstrating the PHIL emulations for Surface
Permanent Magnet Synchronous Motors (SPMSM) under three different fault scenarios
through computer simulations and real-world experiments. Furthermore, this thesis
introduces a novel control method for PHIL current control, resulting in notable
improvements in motor emulation performance under fault scenarios. Additionally,
Appendix B showcases a control verification for the motor driver by using the PHIL-
based test-bench, serving as a compelling example that highlights the capabilities of the
PHIL-based test-bench.

The major contributions of this thesis can be summarized as follows:

a. Some brief introductions are provided in this thesis, including the advantages for
utilizing Power Hardware-in-the-Loop (PHIL) in motor test-bench, the basic
concepts of PHIL, the basic Surface Permanent Magnet Synchronous Motor
(SPMSM) model in abc-axis and dg-axis, and the traditional control design.

b. Motor models of the most common fault scenarios, including Resistance
Unbalance(R-Unbalance), Open-Phase Fault (OPF), and Inter-Turn Short-Circuit
(ISCF) are derived in state-space form so as to utilize the numerical method to

calculate the reference currents.
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c. A new control method called Coupling-Proportional-Integral-Resonant (CPIR)
control is proposed in this thesis. By employing this method, PHIL can achieve zero
steady-state error for the negative sequence current without additional notch filters
compares to the DSRF control methodology.

d. A 30kW PHIL-based test-bench is implemented in this thesis so as to endure the
current stress for the faulty motor emulation. By utilizing the TMS320F28379D
MCU from Texas Instrument (T1), the CLA1 is set to calculate the motor model with
312.5kHz, and set the CPUL1 to process the ADC interrupt for performing the control
routine to obtain the control signals for three-phase inverter with 100kHz.

e. Simulation results are presented to demonstrate the emulation capabilities of the
PHIL-based test-bench under different fault scenarios. Moreover, experiment results
are provided to verify the feasibility of the CPIR control and assess its overall

performance in real-world applications.
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6.2 Suggestions for Future Research

In addition to the research conducted in this thesis, several potential future research
topics are suggested for further investigation:

a. Advanced Control Methodologies: Develop and utilize advanced control methods,
such as model predictive control (MPC), linear—quadratic—Gaussian (LQG) control,
or adaptive control, to improve the performance and stability of the PHIL emulation.

b. Fault Diagnosis and Fault-Tolerant Control: Investigate fault diagnosis techniques
and develop fault-tolerant control algorithms for motor drivers, then utilizing PHIL-
based test-bench to verify the detecting ability of fault diagnosis and performance of
fault-tolerant control. This research focuses on the motor driver side. However, it
also showecases the ability of emulation a faulty motor for the PHIL.

c.  Multi-Physics Integration: Investigate the integration of multiple physical domains,
such as thermal, mechanical, or electromagnetic aspects, with the electrical domain
in PHIL-based test-bench. This research can provide a comprehensive understanding
of the interactions and interdependencies between different physical phenomena and
their impact on motor performance.

d. Emulation Optimization: Explore methods for optimizing the Real-Time simulation
performance of PHIL, whether through hardware or firmware approaches. These
methods may result in improving sensor accuracy, reducing computational
requirements, or enhancing the fidelity of the model iteration.

e. PHIL Validation: Develop appropriate strategies for validating the accuracy and
reliability of the PHIL-based test-bench, including benchmarking and comparison

with the experimental results of real-world motors.
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Appendix

A. Field-Oriented Control for Motor Driver

The schematic diagram of Field-Oriented Control (FOC) for implementing speed

control in motor driver is illustrated in Fig. Al.
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Park Transform
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Fig. A1 The schematic diagram of Field-Oriented Control.

It is worth noting that there are two control loop in this structure, namely the inner

control loop and outer control loop.

The inner control loop, commonly referred to as the current control loop in motor

driving, bears resemblance to the current control loop in PHIL discussed in this thesis.

Therefore, the traditional decoupling PI control is widely utilized as the current control

method. The design procedure for this is discussed in Section 3.2 , and the only difference

is that the control plant is altered from Fig. 3.2 to Fig. 2.3.

For the outer control loop, it is often referred to as the speed control loop for motor

driving. The most important concept about this control loop is to design the current

controller in the g-axis first, as it forms part of the control plant in speed control loop.

Once the g-axis controller is designed, the PI controller can be designed for speed control.
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B. Motor Driver Control Verification Example

One of the most important applications for PHIL-based motor test-bench is the
control verification for MUT. An example of MUT control verification under R-
Unbalance scenario is shown below.

From Fig. B1 and Fig. B2, it is evident that if the motor driver employs the proposed
CPIR control in the inner control loop of FOC, the severity of unbalance is significantly

reduced, indicating a notable improvement in the performance of the motor driver.
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Fig. B1 The comparison diagram for three-phase currents under R-Unbalance
scenario with different current control in MUT (a) PI control (b) CPIR control.
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Fig. B2 The comparison diagram for the dg-axis reference currents and feedback
currents under R-Unbalance scenario with different current control in MUT (a) P1 control
(b) CPIR control.
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