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Abstract
Investigations of LC Filter Unbalance in an Inverter-Fed Permanent Magnet

Synchronous Motor Drives

Seyedeh Nazanin Afrasiabi MASc.

Concordia University, 2020

Permanent magnet synchronous machines (PMSMs) are usually controlled using two-
level inverters. The output voltage of the inverter is in the form of the switching pulses between
the positive DC-bus voltage and the negative DC-bus voltage. Such voltage waveforms have
several adverse effects on the motor. These include, higher stress on winding insulation, higher
eddy current losses and acoustic noise. Thus, to overcome these problems, different types of
filters, typically LC-filters are used between the inverter and motor terminals to smooth the pulse
width modulation (PWM) output voltages of the motor drives. Theoretically, the inductance and
capacitance used for the filters are considered identical in each phase. However, in a practical
scenario, it is difficult to have identical filter elements for all three phases. This non-ideal
condition of filter elements amongst the three phases is considered as filter unbalance. This
thesis investigates the impacts of filter unbalance on the PMSM drive system. Specifically, a
comprehensive model of the motor drive system considering filter unbalance is proposed and
developed at first. With the developed model, conventional field oriented control (FOC) is
implemented to investigate the impact of this filter unbalance. A range of filter parameter
variation and the corresponding impact on the motor drive including the motor current, torque
and speed ripples is then studied in detail. Thereafter, the results obtained from the proposed
model are validated through both circuit simulations and experimental tests.

Based on the investigation results, this thesis will discuss the allowable parameter
variation in the LC filters to limit the motor performance deterioration within the required
bounds, which will be beneficial to engineering practice in motor drive area. In addition, this
investigation shows that a conventional FOC with proportional integral (PI) controller might not

be capable of mitigating the negative impact on the motor due to filter unbalance, for example,
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the negative sequence current. Therefore, this thesis implemented an adaptive proportional
resonant (PR) controller to address negative sequence current and the corresponding impacts. A
detailed mathematical framework to develop this proposed controller will also be presented in
the thesis. Finally, the proposed adaptive PR controller is extensively evaluated on a laboratory

PMSM drive system under different operating conditions.
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Chapter 1 Introduction

1.1. Introductions

By the advent of technology, the demand for high energy efficiency and accurate control
process are the main task of engineers so as to promote the industry. By introducing the Voltage
Source Inverters (VSI) in the 1980s, it is possible to adjust the speed of various AC motors.
Typically, the Adjustable Speed Drives (ASD) consist of a motor, and an inverter to drive the
load which is mechanically connected to the motor shaft. A typical ASD is presented in Fig. 1- 1.

Mainly two types of AC motor are used in ASD namely Induction Motor (IM) and
Permanent Magnet Synchronous Motor (PMSM). Due to the several advantages of the PMSM as
compared to the IM namely high efficiency, high power density, rigidness, high-speed operation,
good dynamic performance, and less maintenance PMSM are widely used in many
application[1]-[4]. These advantages draw attention of researchers to develop many control
techniques for PMSM, amongst different control strategies Scalar Control, Field Oriented
Control (FOC) and Direct Torque Control (DTC) are mainly used for driving PMSMs [5]. Field
oriented control is the most popular control strategy as compared to the other control strategies

because of constant switching frequency and fast dynamic response [5].

AC Power Driving Inverter
Source k
( 1\ ( ) (
i . * J . J/ .

Fig. 1- 1. Typical industrial adjustable speed drive.

The typical power part of the drive consists of three-phase power supply, a diode bridge
rectifier and DC link and PWM VSI inverter. In this network AC voltages pass through the diode
bridge rectifier so as to rectify to DC voltage. The rectified DC voltage usually has some ripples,
which is usually smoothed by the capacitors which are located in the DC link. Then the
smoothed DC link voltage inverting back to alternating voltages with the help of PWM inverter.
A three-phase PWM inverter generally contains six transistors and six anti-parallel diodes. The
diodes are in reverse to the transistor and protect the inverter from overvoltage when they are

switched off by letting reverse currents run. The transistor switches are controlled according to
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the PWM switching dictated by the required control strategy. The output of the PWM inverter is
typically pulses which are applied to the motor terminal. These pulses are switching between the
negative DC link voltage to the positive DC link voltage. The transistors which used in VSI
inverter are high speed semiconductor devices mostly IGBTs and MOSFETs. These devices are
usually made with Silicon or Silicon-Carbide (SiC) or Gallium Nitride (GaN). To operate the
inverter in higher switching frequency SiC or GaN power devices are used. SiC are more
developed as compared to the GaN transistor as they can operate in higher power and voltage
application and GaN transistors are used in application which higher switching frequency is
required [6], [7].

These devices mostly offer fast turn-on and turn-off times, so, they offer high switching
frequency. Higher switching frequency will result in high rate of change in voltage with respect
to the time (dv/df).The high dv/dt caused by the inverter output leads to insulation degradation,
eddy current losses, and increase the acoustical noise in motor [7], [8]. These failures have
devastating effects on the motor which leads to the huge financial losses for the industry. It is
shown that 70% of faults in machine stator are due to high dv/dt [9]. A universal solution for
high dv/dt problem at the inverter end is to change the voltage waveform by electrical filters such
as LC filters or Sine wave filters. The cut-off frequency of sinusoidal filters is lower than the
inverter switching frequency. Thus, this filter smooths the voltage pulses in the inverter output
voltage and hence results in a sinusoidal voltage waveform [10], [11].

This sine wave filter or LC filter is located between the inverter output terminal and
motor terminal. These conventional LC filters consist of series inductances with capacitances
and resistances in parallel for each phase. Fig. 1- 2 illustrates the LC filter for PMSM motor
drive. As it can be observed, for each phase one inductor (L), damping resistor (R) and capacitor
(C) 1s required. Fig. 1- 3 presents the measured line voltage before and after inserting the LC
filter to the motor drive system from two-level IGBT inverter with a 5 KHz switching frequency.
It can be observed that the inverter output voltage is in the form of PWM pulses, and it becomes
a smooth sine wave voltage with low residual ripple after the LC filter. In the previous studies,
the value of LC filter elements is considered to be identical for all three phases for different
applications including motor drive [11]-[13] and grid connected converter [14]-[16]. However,
in practical situation it might be difficult to find three identical values for each phase because of

the component tolerance. This filter element variation from nominal value causes unbalance LC



filter. Unbalances are considered for inductors, capacitors and damping resistors. For example, in

Fig. 1- 2 Lyis the nominal filter inductance and AL is the inductance tolerance/variation.

AC Power Driving Inverter
Source 2 . L+AL,
() R _KW;YY\
i J_ Ly+AL, /
X —I L Y YY) PMSM
. 1 Ly+AL; \
— \. J L Y YY)

Cf+AC3 C}-+ACZ Cf+AC1

RAR; | RHAR, | RAHAR,

i

Fig. 1- 2. Adjustable speed drive with unbalance filter.
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(b)
Fig. 1- 3. The inverter line voltages output before and after LC filter.

These non-ideal situations create several problems for the whole machine and drive. Unbalanced
winding currents will have negative sequence currents, which in turn produce reverse rotating
magnetic field inside the motor, leading to additional heating. The generated heat decreases
equipment life and motor efficiency. Moreover, the unbalanced winding currents also causes

torque and speed ripple which lead to machine vibration, and possibly mechanical stresses and



failures [17]. In addition, unbalance current leads to the negative sequence current in dg frame

[18], [19].
1.2. Problem statement

The problem associated with high dv/dt due to the use of VSI in PMSM can be eliminated
by using an LC filter between the VSI inverter and motor terminal. In theoretical scenario, the
values of Inductors and capacitors for all three-phases are considered to be identical. However, in
practical scenarios it is difficult to find three identical values for each phase because of
component tolerances. Thus, there will be a derivation between each three-phases. This non-ideal
condition of filter parameter variation amongst the three phases can cause unbalance in the motor
winding currents. Unbalanced winding currents will have negative sequence currents, which in
turn produce reverse rotating magnetic field inside the motor, leading to additional heating. The
generated heat decreases equipment life and motor efficiency. Moreover, the unbalanced
winding currents also causes torque and speed ripple which lead to machine vibration, and
possibly mechanical stresses and failures. This thesis investigates the impact of LC filter

unbalance on the motor and drive.

1.3. Research objective

The previous section presented some research problems of PMSM with unbalance LC
filter. The research objective of this thesis and the problem which will be addressed in this

research work are as follows:

1. Comprehensive modeling and analysis of the LC filter unbalance are presented, and its
impacts on the machine and drive performances are investigated through MATLAB
simulations and experimental tests.

2. A detailed investigation of PMSM drive control, accounting for LC filter unbalance,
will be presented in this study. An adaptive PR controller along with the conventional
PI controller is proposed to minimize the negative sequence current introduced due to
LC filter unbalance and detailed controller design will also be presented and validated

with experiments.



1.4. Contributions

The contribution of this research work is the following conference and journal paper
Conference paper:
S. Afrasiabi and C. Lai, “Investigation of LC Filter Unbalance in an Inverter-Fed
Permanent Magnet Synchronous Machine Drives,” ICEM2020—- Under review.
Journal Paper:
S. Afrasiabi and C. Lai, “Improved Current Controller Design in a Permanent Magnet
Synchronous Motor Drive Considering LC Filter Unbalance,” to be submitted to IEEE

Transactions on Transportation Electrification.

1.5.  Organization of this thesis

The rest of the thesis is divided into the following five chapters.

Chapter 2 starts with the permanent magnet synchronous machine mathematical modeling and
its application. Then, parameter measurement of the PMSM under test is presented. Electrical
parameters of the machine such as d-axis and g-axis inductances, stator resistance, back EMF
constant, along with machine mechanical parameters including the moment of inertia and
viscous friction are measured. Afterwards, the mathematical model of LC filter is presented, and
the LC filter components are designed for the laboratory PMSM drive system. At the end, the
PMSM model was updated to include a balance LC filter.

Chapter 3 introduces different control strategies for PMSM namely scalar control, vector
control and direct torque control. Vector control and direct torque control are evaluated through
simulations and experiments in this study to determine their suitability for the proposed research.
The experimental setup as well as comparison between these two control methods will be
provided in this section. Based on the evaluations of these two advanced control methods, vector
control is selected for analysis of PMSM drive performance with balance and unbalance LC
filters. This chapter also provided a detailed procedure of controller design for PMSM drive with
LC filter.

Chapter 4 presents a comprehensive modeling and analysis of the LC filter parameter
unbalance, and its impact on the motor drive performance. These analyses will include the

negative sequence current and torque/speed ripples and motor performance deterioration, due to



unbalance in LC filter parameters. This chapter also discusses an allowable range of LC filter
unbalance to keep machine performance within the required bounds.

Chapter 5 provides a solution to mitigating the negative impact of unbalance LC filter on
PMSM motor drive performance. The adaptive PR controller is implemented in the motor drive
to mitigate the second harmonics in the dg-axis currents. This PR controller works in parallel
with the PI controller to deliver an improved motor drive performance under the unbalanced LC
filter condition. The proposed control method will be analyzed in detail through the simulation
and experimental tests.

Chapter 6 presents the conclusions and possible future work to extend/improve the research

proposed in this thesis.



Chapter 2 Comprehensive Modeling of Permanent Magnet

Synchronous Machine Considering L.C Filter

This chapter presents the permanent magnet synchronous machine (PMSM) modeling
followed by electrical and mechanical parameter measurements of the prototyped surface-
mounted PMSM. Also, LC filter design and mathematical modeling of PMSM with LC filter will

present in this chapter.

2.1. Permanent magnet synchronous machine

With the introduction of adjustable speed drives (ASD) in the industry, it became
possible to adjust the speed of various AC motors. Induction Motor (IM) and Permanent Magnet
Synchronous Motor are commonly installed with ASD. As compare to IMs, the PMSMs draw a
special attention because of their advantages including higher starting torque, compact size,
faster dynamic response for both torque and speed, and higher efficiency as compared to the size
[20]. As a consequences of these advantages, PMSMs are used in different industrial applications
such as pumps, fans, robotic, aerospace, and electrical vehicles [20].

In general, according to the shape of the back electromotive force (EMF), PMSM is
classified into the two main categories. One is sinusoidal back EMF and the other with
trapezoidal or square back EMF is normally called Brushless DC motors (BLDC) [21]. The
sinusoidal back EMF can be divided in to two category base on the location of the magnets on
the rotor. Fig. 2- 1 shows different magnet placements in PMSM.

Fig. 2- 1 (b) is surface-mounted PMSM (SPMSM) which permanent magnet (PM) are mounted
on the surface of the rotor core. Due to this, the SPMSM has weak mechanical strength
especially at the higher speeds. The generated electromagnetic torque of SPMSM is only
generated by the permanent magnet. Thus, designing of this machine is simple. The other type of
PMSM is interior PMSM (IPMSM) in which the PMs are buried inside the rotor (Fig. 2- 1 (a)).
IPMSM is mechanically more robust then SPMSM at high speed, and it has a reluctance torque

component in addition to the torque produced by PMs.
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Fig. 2- 1. Different rotor structures for PMSMs (a) Interior PMSM (b) Surface mounted PMSM
[22].

2.2. Mathematical model of PMSM

The mathematical model of PMSM is a time-variant, multivariable and nonlinear. The
following assumptions are made to simply the modeling of PMSMs [20].
e Core saturation and parameter variation is neglected;
e The stator windings are balanced with sinusoidal back EMF;
e Eddy currents and Hysteresis losses are neglected;
In the abc frame, the three-phase winding of the motor is abc axes and the actual components of
the motor in the coordinate axis are current, voltage, and flux. In this reference frame, the
electrical dynamic equation in terms of phase variables can be written as:
Vabe = Rsiape + Ps.ane 2-1)
where vg,.=[Va v, V] is the phase terminal voltage vector, igpe = [la i iC]T is three
phase current vector and Y. = [Ya ¥, YT is the flux linkage vector of phase a, b, and c.
The flux linkages are generated by the stator currents and the rotor permanent magnets can be
expressed as:
Ysabe = Lsiape + Wane (2-2)
where P, 1s the flux generated by the PMs in the rotor and it changes according to the rotor

position. The Ly is inductance matrix can be written as:



Lag Mgy Mg (2-3)
Zph = [Mpa  Lpp Mp
Mca Mcb Lcc
where the M is mutual inductance between each machine phase and L is each phase inductance.
In abc reference frame, these three variables make machine equation. However, the equation
solution is unnecessarily complex. Thus, to simplify the motor model Park transformation is

commonly applied. This transformation converts AC variables to the DC components in the dg

axis. Fig. 2- 2 presents the relationship between abc reference frame and dg reference frame.

a axis

C axis

Fig. 2- 2.Three phase stationary frame and equivalent rotating dg axis.

The following transformation matrix is used to convert abc axis to dg axis.

2 —j2m jom 24
us=ud+juq=§(ua+ube 3 +uce 3 e/l -4

y cos(8) cos(@ —2m/3) cos(6 + 2m/3) U (2-5)
ud _2[=sin(@) —sin(6 —2m/3) —sin(0+271/3)|[,*
w3 1 1 1 i

2 2 2 ‘

Inverse transformation is given by:

Ug cos(60) —sin(6) 1] 1uq
[ub] = lcos(e —2m/3) —sin(f —2rn/3) 1 [uq
uC

cos(8 + 2n/3) —sin(6 + 2m/3) 1|LUo

(2-6)

]

By applying the Park transformation to the (2-1), we have:



Sy § (2-7)
Vabcl 8 = Rgigpce 70+ E(lpabc(t)e 19)
d . d . (2-8)
i i —jo —jo
Vg +]vq = RsId +]Rslq + Elpabc(t) e/ + (% (lpabc(t))e
d _je
+ (e Yhane (1)
By doing some simplifications:
(2-9)

. . d . . .
Vg +jvg = Relyg + jRsl; + E(wd +]l/)q) + jw,(Pq +]7~/’q)

Then, the dynamic model of a PMSM in dq rotor reference frame can be expressed as follows:

dipg

Va = Ryla +— 5= wrihy (2-10)
vy = Rl g, @-11)
Ya = Lalg+Ypy (2-12)

Wy = Lglg (2-13)

where, I; and I, represent d and g axes currents, respectively, R; is the stator resistance, v, and
vg are d and g axes voltages, Ly and L, are the d and g axes inductances, w, is the rotor
electrical speed, ¥, and 4 are d and ¢ axes flux linkages and Ypy is the permanent magnet

flux linkage.

The electromagnetic torque generated by PMSM can be represented as follows:

3 2-14
T, = 5P(Yalq = ola) @19

3 2-15
T, = EP(I!JPMI(I + (Lg — Lg)1aly) (2-15)

where T, is the electromagnetic torque, T}, is the load torque, P is the number of pole pairs of the
machine, J is the rotational inertia, and B is the viscous friction coefficient.

The PMSM electromagnetic torque equation consists of magnetic torque and the
reluctance torque which are corresponded with the first term and second term of equation (2-15)
respectively. The magnet torque is produced by the interaction of the fields produced by the

magnets in the rotor and the stator, whereas the reluctance torque is generated by the unequal
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reluctances of d and ¢ axes. For the IPMSM with saliency (Lg#Lg), the reluctance torque is
produced with asymmetrical flux paths in d axis and g axis. SPMSM with nonsalient-pole (L; =
Lg), has a higher magnet torque due to magnet proximity to the air gap and the reluctance torque
is not presented.

Typically, the mathematical model of PMSM is represented by an equivalent circuit base

on the mathematic equation. Fig. 2- 3 shows the dg axis equivalent circuit of PMSM.

Fig. 2- 3. dq axis equivalent circuit of a PMSM.

2.3. PMSM parameters measurements

An accurate information of motor parameters is necessary for control of electrical
machines. The quality of control design depends on the parameters of overall system. Therefore,
it is important to measure the electrical parameters of the PMSM which are back-EMF constant,
d and ¢ axis inductances and stator resistance. The mechanical parameters are friction coefficient
and moment of inertia. In this section the measurement methods for electrical parameter as well

as mechanical parameters for PMSM are covered.

2.3.1. Back-EMF constant measurement

To measure the back-EMF constant or flux linkage of the PM is measured base on the
following machine setup Fig. 2- 4. The test bench is included a surface-mounted PMSM
(SPMSM), a direct current (DC) dynamometer, and a torque transducer. The SPMSM was
coupled with a dc dynamometer through a torque transducer. In order to measure the back-EMF
constant, the prototyped SPMSM runs as a generator from 200 to 1400 rpm in steps of 200 rpm
using a dc dynamometer. Back-EMF was measured and recorded in the Yokogawa SL1000 data

acquisition system.
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Fig. 2- 4. (1) Permanent magnet synchronies machine, (2) Torque transducer, (3) DC

To calculate the back-EMF constant the peak value of the phase voltage at no-load
condition and electrical speed (rad/sec) are required. Electrical speed is calculated from the
measured mechanical speed of the machine and the peak value of the phase voltage (Vi) is
obtained while the motor rotates as a prime mover at a constant speed. The peak value of the
phase voltages at different speeds of the machine is measured and recorded. The back-EMF
constant is the ratio between the peak value of the phase voltage and the electrical speed of the

machine. The calculated value of the back-EMF constant is listed in the Table. 2- 1 and Fig. 2- 5

dynamometer.

shows the measured back-EMF constant (Kepn).

Table. 2- 1. Back-EMF constant calculation.

Speed(rpm) | Electrical Speed VLL (rms) Vopn( peak) Kepn
(rad/sec) (V.sec/rad)
200.00 41.89 29.20 23.84 0.57
400.00 83.78 59.00 48.17 0.58
600.00 125.66 88.60 72.34 0.58
800.00 167.55 118.00 96.35 0.58
1000.00 209.44 147.00 120.02 0.57
1200.00 251.33 176.00 143.70 0.57
1400.00 293.22 205.00 167.38 0.57
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Fig. 2- 5. Back-EMF constant vs. electrical speed for SPMSM.

2.3.2. Resistance measurement

The R, is considering the stator winding resistances which is depending on the
temperature. So, during the measurement the attention has to be paid winding temperature. To
measure the winding resistance for PMSM typically two methods are used. The simplest method
is using a digital multimeter. This method is operate accurately for the machine with stator
resistance more than (>10Q). For the star connected, star winding, the resistance value is
measured in pair and the stator resistance is half of the measured resistance.

The second method for measuring the winding resistance is using the RLC meter or two
multimeters. This technique measures current through the winding and voltage across the

machine terminal. Moreover, it measures the stator resistance between (10 mQ-10 kQ) [23].

2.3.3. Inductances measurement

To determine the inductances of direct and quadrature axes of PMSMs. AC stand still test
and DC stand still test are mostly used. In AC stand still test, an AC voltage source at desired
magnitude and frequency are supplied to the phase winding of the machine while the rotor is
locked at the axis in which the inductance is to be determined. The inductances is measured
based on the different current magnitudes and the rms value of voltages, currents and reactive

powers are recoded in power meter [23]. The other method is DC stand still test, in this method,

13



the ¢ axis or d axis inductances is measured while the machine is lucked at the axis in which the

inductance is to be determined.

Id=Ia 1,=

(@) (b)

Fig. 2- 6. Circuit diagram of machine terminal connection using DC stand still test method (a) d
axis inductance measurement connection (b) g axis inductance measurement connection.

Fig. 2- 6 illustrates the machine terminal connection for indicating ¢ axis inductance and d axis
inductance. Then, DC step voltage with the desired magnitude is applied to the PMSM thought
the phase winding of the machine [24].

The voltage and current curves of the winding are recorded as the supply voltage is switched to
zero. The transient response of the machine is measured at different current levels. Fig. 2- 7

presents the measurements result as a DC supply current set to 14 A and then the switched off.

16

14

ek
=N ]

DC Current (sec)

[T L )
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Time(sec)

Fig. 2- 7. A current waveform of SPMSM for inductance measurement.
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The ¢ axis inductance can be calculated using the following equation [25]:

t 2-16
2q = fo (Wae = Rsiac)dé (210

A4 (2-17)
Ly=—

i

dc
where v, Rg, 140, d€ and ¢ are DC voltage, stator resistance, DC current, dummy variable of
integration and the time period of integration respectively. The same equation is used to calculate
the d axis inductance. Fig. 2- 8 illustrates the measured d axis and ¢ axis inductances for

SPMSM.

Inductance(ml

0 2 4 6 8 10 12 14 16
Current(A)

Fig. 2- 8. Measured d axis and q axis inductances of SPMSM.

2.3.4. Moment of inertia and viscous friction measurements

To develop the accurate controller for PMSM, a precise measurement of the motors
mechanical parameter is required. The moment of inertia J and viscous friction B can be
measured by spin down test. At the start the SPMSM is rotating at a high speed that corresponds
to the rated voltage of machine. The voltage source is turned-off instantly with the help of
breaker at a given instant and the machine decelerates to a full stop. The SPMSM moment of
inertia is calculated by measuring the slop of transient respond (Fig. 2- 9). By neglecting the
machine core loss and friction and winding loss the input power and the output power will be
measured. From the output power measurement, the induce electromagnetic torque and

corresponded viscous friction is calculated.
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Fig. 2- 9. Measured Back EMF curve of SPMSM in the spin down test.

The parameter values for SPMSM under consideration for simulation and experimental
studies are listed in Table. 2- 2.

Table. 2- 2. Parameters of the Permanent Magnet Synchronous Motor

Parameter Measurements value
Rated Power (Pratedq) 3.6 kW
Rated rms line to line voltage (Vyated) 220V
Rated rms current (Zrareq) I5A
Base speed 1350 rpm
Moment of inertia (J) 0.0384 kg/m”
Viscous friction (B) 0.000425 Nm.s
Number of pols (P) 4
d-axis inductance (Lq) 0.0038 H
g-axis inductance (L) 0.0038 H
flux linkage Y pp 0.5 V.sec
Stator resistance (Ry) 0.1718 Q
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2.4. LC filter modeling

To overcome the problem of high dv/dt in the motor terminal due to the VSI. Typically, a
low pass LC filters are introduced. LC filters are located between inverter output and motor
terminal. Using the LC filter changes the gain and phase of the voltage signals feeding the
PMSM [26], [27]. Thus, it is important to model and analyze the behavior of the LC filter. Fig.
2- 10 illustrates the equivalent single phase circuit diagram of LC filter in which L; C; R; Vinw
and V, are the filter inductance, filter capacitor, filter damping resistor, inverter output voltage
and motor input voltage respectively. The damping resistors are included to limit the current into
the capacitor to avoid resonance when the switching frequency is near its resonant frequency.

Ly

iinv
+

Viny

T Cy
J— ic

Fig. 2- 10. Equivalent circuit of the LC filter

The following step by step equation can be obtained for total impedance of LC filter:

1 (2-18)
Z =—+R
out CfS + f
Ztotal = LfS + Zous (2-19)

where Z,.: 1s the output impedance of LC filter and Z: is the total impedance of LC filter. The

following open loop transfer function can be written be:

G(S)ic = fine = &9 (2-20)
Vin LfoSz + CfRfS +1

Hence, the filter resonance frequency is:

1 (2-21)
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2.5. LC filter design procedure

The LC filter needs to be well designed as there is an amplification in the frequency
range near the resonance peak. It is desirable to place the resonance frequency of such a filter
greater than the fundamental frequency (f;) of PMSM and lesser then switching frequency of the
inverter (fsw). Thus, it will not amplify the control signal for the PMSM while attenuating the

switching frequency. The filter resonance frequency range presents in (2-22) [28].

fs < fe < fsw (2-22)

In this study, the filter resonant frequency is 850 Hz which is placed away from the
fundamental frequency and switching frequency (5 kHz). The inductance is selected slightly
lesser then the machine inductances. And, the capacitor value is calculated based on the filter
resonant frequency and selected inductance using the equation (2-21). This LC filter is designed
for a motor drive with switching frequency no less than 5kHz. Table. 2- 3 is listed the value of
inductances, capacitors and damping resistances.

Table. 2- 3. The calculated LC filter values

Parameters values
Lt 0.0038 H
Cr 10 uF
Rt 1Q
fe 850 Hz

2.6. Modeling of PMSM along with LC filter

In order to achieve completely sinusoidal motor voltage from the LC filter, it is essential
to model the PMSM with LC filter. So, in this section the equivalent circuit of the PMSM with
LC filter in abc frame is presented. And the transfer function which represents the behavior of

input and output of the system is extracted.
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Fig. 2- 11. LC filter along with PMSM equivalent circuit

To examine the behavior of the filter the single phase circuit is needed. The LC filter
equivalent circuit along with motor single phase is shown in Fig. 2- 11 where Ly is filter
inductance Cr is filter capacitor Ry is filter damping resistance. L, and R, are motor inductance
and resistance, respectively.

To analysis the filter in frequency domain, the open loop transfer function is obtained.
Using the following step by step modeling. By considering the input impedance Z;, and the

output impedance Z,.:. First the output impedance is calculated as:

1 2-23
(L + R (g5 + Ry) (2-23)
YA =
out (LS + Rpy)
Then the input impedance is:
Zin = Lgs + Zoye (2-24)
in = CfLmSZ + RmeS + CfRfS + 1

Therefore, the transfer function associated with inverter voltage and inverter current
(G(s)rcgpmsm ) for the PMSM connected with the LC filter can be written as bellow:
iinv CfLmSZ + RmeS + CfRfS +1 (2-26)

Vin LfLyCrs® + LeCRpyyS% + LeCrRps? + Ly CeRes% + ReRpy CrS + Les + LS + Ry,
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Chapter 3 Development of PMSM Control Strategies with

Balanced LC Filter

This chapter presents a comprehensive analysis on different control strategies for PMSM
drive system namely scalar control, direct torque control (conventional DTC and PI-DTC) and
field oriented control. The principle criteria of each control strategy will be described and
simulated in MATLAB/Simulink followed by experimental test. Then the problems associated
with each control strategy are evaluated and the motivation for selecting FOC for developing a
control strategy for balance LC filter will be presented. The FOC control methodology is
developed for controlling a balance LC filter. This is future supported by the simulation and
experimental test of the prototyped SPMSM drive.

3.1. Control methods of PMSMs

PMSMs are able to operate at various speeds by the help of variable frequency drive
(VFD). Typically, the main control methods for PMSMs are divided into three main categories
depending on which quantities they control: scalar control, field oriented control (FOC) and
direct torque control (DTC). An overview of these different control strategies is presented in Fig.

3- 1. These sections will introduce each control strategy.

VFD
[
Scalar Control Vector Control
[
A 4 + +
Voltage/Hertz DTC FOC

Fig. 3- 1. Overview of PMSM control strategies.

3.1.1. Scalar control

Scalar control or v/f control is the simplest control strategy for controlling a PMSM. In
the scalar control, the PMSM speed keeps constant by adjusting the magnitude of stator voltage
and frequency. The block diagram of PMSM drive system equipped with V/f control is
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illustrated in Fig. 3- 2. In this control strategy, a voltage modulator is used to convert the three-
phase voltage references to gate signals for the inverter. Since the scalar control is an open loop
control approach without any feedback of motor parameters and position. Also, it focuses only
on the steady-state. So, the drive system’s transient behavior will not be satisfied. This method is
easy to implement, with low demands on computation power of the control hardware. As a
result, v/f control is widely used in systems with low dynamic performance such as fans and

pump-drivers [29].

Driving Inverter

v/f Control V _ a N p
> > Gate |
/ Voltage Signals: L _|
Modulator —|_
f » E J |\ J |\

Fig. 3- 2. PMSM scalar control block diagram.

3.1.2. Field oriented control

The idea of field oriented control (FOC) or vector control is controlling an AC machine
like the DC machine. In DC motors the produced electromagnetic torque and flux can be
independently controlled. However, AC machines do not have such features like DC machines.
In 1970s, the FOC technique was first proposed for AC machines that the torque production in
AC and DC machines are almost similar. The basic principle of vector control is to transfer the
three-phase AC currents to two orthogonal DC components that can be visualized with a vector
with the help of Park and Clark transformations. The current components corresponding to the
field-magnetizing flux and torque generation in AC machines can be decoupled orthogonally so
that the field-magnetizing flux can be controlled without affecting the dynamic response of the
torque and vice versa. In this method, the dynamic performance of the electromagnetic torque of
AC machine is as accurate as DC machines [30]. Over the years, FOC drives are achieved
substantial worldwide market and are used in different applications. Based on the selected
directional magnetic field vector control is divided into three categories namely air gap magnetic
field orientated, stator magnetic field oriented, and rotor magnetic field oriented. Generally, for
the PMSM the rotor magnetic field oriented control is generally adopted because of the constant

magnetic flux of the permanent magnet in the rotor.
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The general structure of vector control is shown in Fig. 3- 3. In this control strategy the
direct axis and quadratic axis currents are independently controlled. The direct axis current is
used to weaken the field so it sets as zero and the g-axis current is used to control the produced

torque. Also, the accurate position control is needed to achieve good dynamic response [31].

i C__ T Va

Inverter

g ¢ | PI

A A A A

Fig. 3- 3. Block diagram of field-oriented control for PMSM

3.1.3. Direct torque control

After proposed FOC, direct torque control (DTC) was first introduced for induction
motors (IM) by a German engineer, Depenbrock, and two Japanese scholars, Takahashi and
Noguchi in 1980s [32]. Unlike FOC, DTC control variables are electromagnetic torque and stator
flux so that the electromagnetic torque and stator flux can be directly controlled. An important
characteristic of this method in comparison with FOC, is fast dynamic performance, robustness
to disturbances and simple implementation.

The block diagram of conventional DTC is shown in Fig. 3- 4. In a conventional DTC, the
stator flux is estimated by flux estimator, then the sector is determined based on the stator flux
value. Next, the electromagnetic torque is calculated. In the next step the actual flux and torque
will be compared with the reference value of torque and flux. And a Hysteresis controller or
bang-bang control is typically adopted. So, in each control cycle, appropriate voltage vectors are
selected according to the outputs of two Hysteresis controllers to generate gate signals for the
inverter to control the stator flux and torque of the PMSMs. Using the bang-bang controller in
DTC leads to some disadvantages namely torque ripple, flux ripple and variable switching

frequency.
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Fig. 3- 4. Block diagram of conventional direct torque control for PMSM.

3.2. Investigations on FOC of PMSMs through simulations and experiments

The Scalar control has been studied in the literature and because of its poor performance;
it is not a good candidate for different applications. So, in this section, FOC control strategies
will be studied through the MATLAB/ Simulink software and followed by experimental test.

According to Fig. 3- 3, two control loops are used in the FOC control and they are the
inner current loop and the outer speed loop. The first two subsections will introduce the
controller designs of these two different control loops, and then the FOC of PMSM will be

evaluated through simulations and experiments, respectively.

3.2.1. Controller design for current loop

The current loop can be presented by a block diagram shown in Fig. 3- 5 which consists
of PI controller, inverter transfer function and motor electrical transfer function. In this section,
the transfer function of each part of the current loop is extracted then corresponded PI controller

is designed.

PI
Controller

\ 4

Inverter PMSM

Fig. 3- 5. The simplified block diagram of the PI controller for ¢ axis current.
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By rewriting the equation (2-10) and (2-11) the following is obtained:

dld RS Lq Ug (3-1)
—t—-__27 .l -
dt ~ L, et et
dl, R, 1 Ug (3-2)
—_— =], —— Lyl 'Y —

By applying the Laplace transformation, into (3-1) and (3-2) the following can be written:

Ug = RSId - Lq(‘)‘rlq + IdeS (3-3)
U,q = RSIq + wr(LdId + lPPM) + IquS (3-4)
I_d _ 1 (3-5)
uy  Lgs+Rs
I, 1 (3-6)
Ug B Lgs + Rg

Thus, the transfer function of the current loop for d axis and ¢ axis is given in (3-5) and (3-6).
The cross coupling terms for d axis and ¢ axis are —Lyw,I; and w,(Lyly + Wpy) respectively

which will be added to the output of the ¢ axis and d axis controller.

Ki ]i +1 (3'7)
G =K, +—=K
(S)PI 1% s p TiS

The transfer function of the PI controller is given as (3-7) where K, and K; are proportional and

integral gains and T is the time constant of the controller.

G(S)iny = Vdc/12 3-8)

1+57/—Fs
2fsw + T

The inverter transfer function is modeled as a first order transfer function (3-8). In which f;,, is
inverter switching frequency, T is controller delay and Vi is the DC-bus voltage. Thus, the

current loop transfer function can be written as the following:
G (S) current loop =G (S)motor G (S)PI G (S) inv (3'9)

The PI controller in equation (3-9) is used to control the d axis and ¢ axis current. The controller
is designed using the zero-pole cancelation method, in which the zero in the PI controller is used
to cancel the pole in motor transfer function. The current controller bandwidth can be made to be

1/10 inverter switching frequency. The current loop Bode plot is given in Fig. 3- 6.
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Fig. 3- 6. Bode plot of current loop controller

3.2.2. Controller design for speed loop

The controller design for the speed loop can be represented by the following block
diagram which consists of the PI regulator for controlling the speed of the machine, the current
loop gain or the inner loop gain and the transfer function of the PMSM. In this section, the
transfer function for each part will be extracted and the corresponding PI controller will be

designed. The block diagram speed loop controller is shown in Fig. 3- 7.

PI Current
Controller loop

PMSM

\ 4

Fig. 3- 7. Block diagram of the PI controller for speed loop.

The mechanical equation for PMSM is presented in (2-14). By considering the no load

condition, the load torque is zero (7;=0) and considering d axis current is zero (/;=0) and .Then,

the following expression can be written:

d 3 -1

By applying the Laplace transfer function, the following equation is obtained:
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3 3-11
(]S""B)(l)r ZEPKIUPMIQ ( )
The equation above can be converted into speed loop transfer function:
3 3-12
w, 3P¥ou G-12
I, Js+B

The simplified current loop transfer function is given below in which T; is system time constant

which can be calculated based on the system bandwidth (w;):

1 3-13
G(S)Currentloop = 14 T:s ( )
i

1 (3-14)

The open loop transfer function for the speed loop can be driven as follow:

G (S)Speed =G (S)motorG(S)CurrentloopG(S)PI (3'1 5)

The Fig. 3- 8 presents Bod plot of speed controller loop for FOC of PMSM.
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Fig. 3- 8. Bode plot of speed loop controller for FOC of PMSM.
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3.2.3. Simulation model of FOC for PMSM

The simulation model of the FOC of PMSM is built in MATLAB/Simulink. Fig. 3- 9
shows the simulation block of FOC of PMSM. The simulation model is includes PMSM, inverter
block, PI controller block and transformation block. The PMSM speed is controlled through the
PI speed controller. The output of speed controller is the input for the PI controller of ¢ axis
current. The outputs of the PI current controllers go through the inverse of Park transformation
so as the abc frame reference voltages are obtained, which are then fed to the PWM block. The
space vector pulse width modulation (SVPWM) technique is employed for generating the gate

signals for the inverter so as to drive the PMSM.
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Fig. 3- 9. Simulation model of FOC for PMSM in MATLAB.

3.2.4. Experimental result of FOC for PMSM

In this section, the experimental test is conducted to verify the simulation model. Fig. 3-
10. presents the experimental setup which is used for verifying different control strategies for
PMSM.

The SPMSM drive experimental setup is shown in Fig. 3- 10. The experimental setup
consists of the driving inverter, which is a standard two-level voltage source inverter
composed of IGBT modules, the switching frequency of the driving inverter is 5 kHz .The
SPMSM is coupled to a 15-hp DC dynamometer. To measure the shaft torque of SPMSM
torque transducer is employed. The control of SPMSM is programmed on dSPACE which is
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also shown in Fig. 3- 10. A 12-bit absolute encoder is used to measure the speed and position
of the machine. The experimental result is recorded in Yokogawa SL1000 data acquisition
system. The sensor board is designed to measure the motor three phase current as well as the

inverter DC-bus voltage.

N

e
MEwWéSpace Tarmie 3 43328 U
PO POBsARL raby Aoy

S

Fig. 3- 10 (1) Surface mounted PMSM, (2) DC dynamometer, (3) Torque transducer, (4) Driving
inverter for the PMSM, (5) dSPACE real time simulator, (6) Sensor board, (7) Resistive load.

The test is conducted in different dynamic conditions namely speed reversal change and
step change. Fig. 3- 11 presents the result for speed reversal test while the speed is changing from
50 to -50 rad/sec. It can be observed that the magnitude of current is still the same and the

controller can work in both directions.
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Fig. 3- 11. Experimental results for speed reversal test under FOC of PMSM (a) Three phase
current (b) Speed

Fig. 3- 12. presents the machine startup. The reference speed is changing from 0 to 50 rad/sec.

This Figure shows machine speed as well as machine three phase currents.
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Fig. 3- 12. Experimental results of machine startup for FOC of PMSM (a) Three phase current
(b) Speed
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3.3. Investigations on conventional DTC of PMSMs through simulations

In this section, a principal of conventional DTC control strategy for PMSM drive will be
presented. Then, the simulation test is conducted to validate this control method. Then the
problem associated with digitally implementation of this control topology will be discussed in

this section.

3.3.1. Principal of conventional DTC

In the introduction the three most important control strategies for PMSM are introduced
and compared. In this section, the detailed principal of the DTC is presented. Generally, the three
phase PMSM is fed by a two-level voltage source converter (VSC) as in Fig. 3- 13. The voltage
source converter makes it possible to connect each of the three phase motor windings to the
positive and negative DC-bus voltages. Each leg of the inverter can be represented as an ideal
switch, theses switches are called S., S» and S.. There are eight possible positions of the switches
in the inverter. These states correspond to the voltage vectors. Six of them are non-zero or active
voltage vectors, and the rest are zero voltage vectors. The stator voltage space vector can be
represented by using the switching states and the DC-bus voltage V. as the following:

Vs(Sa) Sy, Se) = ;Vdc(sa 15,6/ 4 5,671 (3-16)

.2 . . .
where the coefficient 5 comes from the Park transformation and vy is the primary voltage.

SA+ ‘| SB+_| SC+_| } PMSM
i .

sA'~| sg'_| sc'_| :_._._._4_._._._4_i

Fig. 3- 13. A voltage source inverter-fed PMSM drive system.
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The output voltage vectors are shown in Fig. 3- 14.

V,4(011) > V,(100)

V5(110) V(110)

Fig. 3- 14. Voltage vectors and sectors for the two-level VSC.

To control the stator flux, the suitable selection of voltage vectors are required in order to
achieve circular stator flux trajectory. Flux linkage vector is in the o/ stationary reference frame,
the voltage sector can be selected based on the location of the stator flux linkage vector. The
stator flux estimation is used to select the sector. The equation below shows the exact angular
position of the flux vector to determining the motor operating sector.

b (3-17)
Vg

In which 6 is the angle of stator flux and 1, are o axis and f axis flux linkage respectively.

0 = tan

In DTC, accurate flux estimation is required to achieve high drive performance. Mainly
three different modeling techniques are used for flux estimation namely voltage modeling,
current modeling and combination of these two methods. The flux estimation based on the
current method is required the stator current and it will be applied in low frequency. And it
depends on the machine inductance which makes the estimation more complicated. Thus, in this
study the flux and torque are estimated based on the voltage model. The stator flux vectors in o
and f axis are given by:

Ysq = f (Veq — Ryige)dt (3-18)

where g, and 4 are estimated flux for o and f axes respectively. The magnitude of ¥, and

Ysp 1s considered as the estimated flux ().
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The electromagnetic torque is estimated by the following expression which depends on the flux

estimation.

2 . . 3-20
Tes = §P(¢sals/3 - lpsﬁ lsﬁ’) ( )

where Ty 1s estimated electromagnetic torque.

To determine the correct control commend on the flux and torque hysteresis comparators
are used. The reference stator flux and reference torque are Yg and T, . The reference values are
compared with the estimated or measured values. The Hysteresis controllers evaluate the
difference between requested values and estimated values and the estimated flux and torque
should be constrained within the Hysteresis band by applying the appropriate voltage vectors. In

the conventional DTC of PMSM the digitized output of flux and torque Hysteresis band are as

follows:
R I, (3-21)
dyp =1, [ps| — [s| >0
dT, =1, |T;| —|T.]| >0 (3-22)
T, =1 dT, =0, |T,| = |T,|
dT, = -1, |Te| = |T.| <O

where Y; is the stator flux linkage reference, d¥ is the output of the stator flux linkage
regulator, T, is the electromagnetic torque reference and dT, is the output of the electromagnetic
torque regulator. If dip =1, it means the stator flux linkage needs to be increased, then according
to the sector, appropriate voltage space vector is selected. Else, the stator flux linkage needs to be
decreased. If dT,=1, it means the reference torque is bigger than the actual electromagnetic
torque then according to the sector an appropriate voltage vector is applied.

The switching table for the conventional controller based DTC system can be
constructed, as Table. 3- 1. Each time, one of the voltage vectors is selected from the switching

table based on the sector number and the outputs of the torque and flux Hysteresis comparators.

Table. 3- 1 Switching table in the conventional DTC

dyp dr, S1 S2 33 sS4 S5 S6
1 1 V,(110) | v4010) | v,011) | v001) [ v (101) |V, (100)
0 v (111) | v,000) | v.(111) | V,(000) | V,(111) | Vv (000)
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1 v (101) | V,(100) | V,(110) | v4010) | v,011) [ v (001)
1 1 V,(010) | v,011) | v,001) | v(101) | v,(100) [ v,(110)
0 V(111) | V000) [ V(111) | V,(000) | V,(111) | V,(000)
1 V.(001) | v (101) | v,(100) | v,(110) | V,010) | v,(011)

3.3.2. Simulation model of conventional DTC for PMSM

The conventional DTC of the PMSM is simulated in MATLAB/Simulink. The stator flux
linkage references is set as 0.58 V.sec. The bandwidth of the Hysteresis controller for the flux
linkage and torque are adjusted as 0.58 V.sec and 0.1 Nm respectively. The model sampling

frequency is 20 ps. The SPMSM parameters during this simulation are listed in the Table. 2- 2.

The Fig. 3- 15 illustrates the simulation model of conventional DTC for PMSM.

Fig. 3- 16 shows the simulation result of torque, flux linkage, speed and three phase

current for conventional DTC. The references for the torque and flux linkage are set to be 10 Nm

and 0.58 V.sec respectively and the sampling frequency is 20 ps.
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Fig. 3- 15. Simulation model of conventional DTC for PMSM in MATLAB/Simulink
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Fig. 3- 16. Simulation results of torque, flux, linkage, currents and speed for the conventional
DTC for PMSM.

3.3.3. Digitally implementation of conventional DTC

In conventional DTC, two Hysteresis controllers are used in order to control the stator
flux linkage and electromagnetic torque. The performance of the controller is depending on the
bandwidth of these controllers. The smaller is the bandwidth leads to the less distortion and
torque ripple. Also, it required a higher switching frequency. By implementing the conventional
DTC on analog system, it is usually required the switching frequency varied in order to exact
control of the estimated torque on the hysteresis band +B,, around the reference torque T, as
shown in Fig. 3- 17. However, when DTC is implemented in the digital system such as FPGA,
DSP or dSPACE [33],the Hysteresis band as well as the sampling time affects the system
performance. It can be seen from the Fig. 3- 17(b) that a high sampling frequency is required so
control of the estimated torque on the hysteresis band +B,, around the reference torque T, as
shown in Fig. 3- 17. However, when DTC is implemented in the digital system such as FPGA,
DSP or dSPACE [33],the Hysteresis band as well as the sampling time affects the system control
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of the estimated torque on the hysteresis band +B,, around the reference torque T, as shown in

Fig. 3- 17.

—> —> —> » SH >
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Q
Ts*_Bw -0 O Tv*_Bw """ (O Iy R R
R T, T, | T.0O
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On - —— 1 On | I
off off
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Fig. 3- 17. Comparison of the switching modes of the Hysteresis torque controller in (a) An
analog DTC system and (b) A digital DTC system and the resulting torque ripples.

However, when DTC is implemented in the digital system such as FPGA, DSP or dSPACE
[33],the Hysteresis band as well as the sampling time affects the system performance. It can be
seen from the Fig. 3- 17(b) that a high sampling frequency is required so as the digital system
achieve a same performance as an analog system. In addition, because of the lagging nature of
the Hysteresis controller, the discrete-time DTC system may not able to perform in timely
manner to correct torque and stator flux errors which causes additional torque and stator flux
ripples which are larger than the Hysteresis bands (Fig. 3- 17(b)). Thus, higher sampling
frequency is required for better performance of the conventional DTC. However, applying a
higher sampling frequency is limited by digital controller and the controller with high sampling
frequency is required for implementation of conventional DTC in digital controller. Also, an
inverter with high switching frequency is needed to achieve a high performance of conventional
DTC. Therefore the implementation of conventional DTC in digital controller is challenging.

And this study will only present the result of conventional DTC in simulation.
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3.4. Investigation on DTC-PI of PMSM through simulations and experiments

In this section the principal of DTC-PI is described. The simulation results followed by

experimental results are presented to validate this PMSM control strategy.
3.4.1. DTC-PI principal

Direct flux and torque control with PI controller (DTC-PI) schemes is proposed in order
to improve the conventional DTC. The DTC-PI strategies operate at a constant switching
frequency. Fig. 3- 18 shows schematic diagram of the PI based DTC for a PMSM.

In the DTC-PI, motor torque and flux are controlled by the torque and flux regulator, which
includes a PI controller. Usually, the PI gains are tuned by a trial and error procedure. The output
torque and stator flux linkage are estimated based on the analysis in section (3.3.1) to calculate
the desired stator flux and electromagnetic torque. Then, a proper voltage vector can be

generated by the SVPWM module to achieve fast, accurate torque and flux linkage control.

3-¢ Inverter

) o PMSM
N\ {\ :\
0, 0,
iabc
P Vdc Vabe
< J 1 |
: < ) P
Torque and Flux
T Estimation < =
< J

Fig. 3- 18. Block diagram of the DTC-PI for PMSM.
3.4.2. Simulation model of DTC-PI for PMSM
The DTC-PI of the PMSM is modeled in MATLAB/Simulink as illustrated in Fig. 3-
19.The simulation model consists of PI regulator block, torque and flux references, torque and

flux estimation block, SVPWM block, inverter block and PMSM. Through the PI torque

controller block the required voltages are obtained.
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Fig. 3- 19. Simulation model of DTC-PI in MATLAB/Simulink.

Fig. 3- 20 shows the simulation result of torque, flux linkage and three-phase currents for
conventional DTC. The sampling frequency is 20 ps. The results are obtained from machine start
up test while the torque and flux linkage are changing from 0 to 10 Nm and 0.58 V.sec,
respectively.
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Fig. 3- 20. Simulation results of torque, flux, linkage, speed and three phase current for the DTC-
PIin PMSM.
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3.4.3. Experimental result of DTC-PI for PMSM

To validate the simulation results for DTC-PI for PMSM, the DTC-PI is tested on a VSI-

fed laboratory SPMSM drive system. The switching frequency of the driving inverter is 5 kHz.

Fig. 3- 21 presents the results obtained from machine startup in which the torque is changed from

0to 10 Nm.
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Fig. 3- 21. Experimental results of machine startup with DTC-PI (a) Three-phase current (b)

3.5.

torque

Comparison between Scaler control, FOC and DTC for PMSMs

Table. 3- 2 summarizes and compares the three control schemes for PMSMs from the

aspect of the controllers’ features, control variables, dynamic performance and implementation

complexity [34].

Table. 3- 2 comparison between Scaler control, FOC and DTC schemes for PMSMs

Comparison property Scaler control FOC DTC
Dynamic response Slow Fast Very fast
Controlled variables Voltage, frequency | Stator currents Torque, stator flux
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Switching frequency Constant Constant Variable
Torque control No Indirect Direct
Flux control No Indirect Direct
Current control No Direct Indirect
Rotor position requirement No Yes No
Coordinate transformation No Synchronous dg Stationary af
Control tuning No PI Hysteresis bands
Cost Very cheap Expensive Cheap

Based on the table above, both the FOC and DTC can achieve good control performance
for PMSMs. However, based on the comparative simulation and experimental studies conducted,
DTC requires high bandwidth torque transducer to measure the electromagnetic torque of the
machine accurately. Otherwise, estimation/observer-based approaches have to be developed for
precise torque estimation/prediction, but it is beyond the scope of this work. The experimental
setup which is used in this study has a torque transducer of 4 Hz bandwidth, so it is not suitable
for DTC development. Therefore, FOC is selected to be used for the control of PMSM with LC

filter and it will be used for the investigations of LC filter unbalance in Chapter 4.

3.6. Control of the PMSM considering LC filter

In this section the control structure for the PMSM with LC filter is presented. And a
detailed controller design for the PMSM along with LC filter is described. Finally, to validate the
control structure for PMSM with balance LC filter the simulation and experimental tests are

conducted.

3.6.1. Control structure

Different approaches are proposed to design a current loop controller for motor drive
with LC filter. These methods mainly implemented by using cascaded controller which is
required additional sensors [35]. However, in this study, for the low cost implementation of
controller of the machine drive with an LC filter, the conventional controller method which is
consist of one PI controller is used for the dq axis current control. Fig. 3- 22 shows the control

structure of the PMSM with LC filter which consists of the two PI controllers for controlling the
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d axis and ¢ axis current. A desire voltage for the inverter is generated by SVPWM method and
the LC filter is located between the inverter output and motor input. This section will introduce

the control design for PMSM with balance LC filter.

Two Level
Inverter

f\ YN
Ly+AL; /
f YN PMSM
Ly+AL; \
[a'a'a'a
L‘ P Cr+4C; C/+ACZ<LC/+AC,

Vie < Tape

RptAR;

RptAR,

Fig. 3- 22. Schematic of the field oriented based motor drive for PMSM with LC filter.

To design a PI controller for the PMSM with LC filter, it is required to design a controller
for the inner loop (current loop). Fig. 3- 23 illustrates the block diagram of current loop for
PMSM with LC filter. Thus, it is required to extract a transfer function of the PMSM with LC

filter, and an inverter transfer function as well as PI controller transfer function.

PI PMSM
Controller Inverter & »
LC Filter

Fig. 3- 23. Block diagram of the current loop scheme for PMSM with LC filter.

In order to design a PI controller for the current loop the transfer function which is associated
with PMSM with LC filter can be driven in (2-26). Also, the first order transfer function is
approximated for the drive inverter with the gain corresponding to half of the DC-bus voltage
(V4e/2=150 V) and a time constant corresponding to the sum of PWM sampling time and the

controller computation time (sampling time) which is 120 ps (Tr) and a standard PI controller is
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used for the compensation. The open loop transfer function of the current loop can be

represented as follows:

G(S)system = G(S)p1G(S)invG(S)Lcapmsm (3-23)

K; Vi /2 3-24

G(S)system = (Kp + ?)( 4 /1 ) (G(S)Lcapmsm) ( )
1+ —Zfsw T S

The PI controller is designed using the zero-pole cancelation method. The Bode plot of the open
loop transfer functions of the current loop is shown in Fig. 3- 24. This figure presents the

maximum achievable bandwidth which is limited by the resonant pole.
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Fig. 3- 24. Open loop Bode plot of current loop for PMSM with LC filter

3.6.2. Simulation results for balance LC filter

A SPMSM with LC filter is simulated in MATLAB/Simulink. The sine-triangle PWM
method is employed with a carrier frequency of 5 kHz and the DC-bus voltage is set as 300V
Fig. 3- 25 shows the MATLAB simulation model for PMSM with balance LC filter. Fig. 3-

26presents the simulation result of three-phase current, torque, ¢ axis current and d axis current
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for the balance LC filter with PMSM while the references for d axis current and ¢ axis current

have been kept at 0 A and 11 A respectively.

i

Rlsta Tarmmn

Fig. 3- 25. Simulation model for PMSM drive with balance LC filter.
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Fig. 3- 26. Simulation result of three phase currents, torque, g axis current and d axis current
respond for balance LC filter with PMSM.
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3.6.3. Experimental results of balance LC filter

The simulation model of PMSM with balance LC filter is evaluated on the laboratory
SPMSM machine drive system. Fig. 3- 27 presents the result obtained from machine startup
while the ¢ axis current is changed from 0 to 11 A. Fig. 3- 27 is also presents the experimental
results of three-phase current, d and ¢ axis currents and electromagnetic torque. Fig. 3- 28
presents the result of machine startup test while the speed of the machine is changed from 0 to 50

rad/sec. The three-phase current as well as the torque are shown in this figure as well.
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Fig. 3- 27. The experimental results for SPMSM startup with balance LC filter a) Three-phase
current b) dg axis currents (scale 2A/div) c¢) Torque (scale 2 Nm/div)
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Chapter 4 Modeling and Investigation of the PMSM Drive with

Unbalance LC Filter

The motor is supposed to work with balance three-phase currents. However, unbalance
currents can arise from different sources such as unbalance load, unbalance voltage supply,
unbalance impedance, open phase fault and other faults, etc. The unbalance currents lead to
negative sequence current in the motor drive. LC filter unbalance in a PMSM drive also causes
negative sequence current inside the motor drive. Therefore, LC filter unbalance can cause the
following negative impacts in the motor drive system:

e The presence of negative sequence current produces additional motor losses, which can
cause the temperature to rise above the temperature limit and hence reduces motor life.

e Mechanical stresses are increased due to the reverse rotating magnetic field and
fluctuating power produced by the negative sequence current. Thus, noise and vibration
will be increased. The resulted mechanical vibration can damage the permanent magnet,
machine bearings and insulations.

e The unbalance current in the machine reduces the motor efficiency, and hence it increases
the input power demand to drive the motor at the same load. This results in an added cost
of electricity and maintenance to the users of the motor drive system.

This chapter will present a comprehensive modeling of the PMSM drive system with

unbalance LC filter and the investigation results of the LC filter unbalance effects on the

motor drive performance.

4.1. Sequence analysis of unbalance LC filter

This section firstly presents the overview of the effect of the negative sequence current on
the motor drive, and then presents the comprehensive modelling of positive, negative and zero

sequence currents as a result of LC filter unbalance.

4.1.1. Symmetrical components

In a three phase system, phase currents and voltages can be presented in the sets of
independent components: positive sequence, negative sequence and zero sequence. Positive
sequence components are generated within the system and the direction of the positive sequence

is the same as power system voltage and current components. The positive sequence current
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exists in the balance operation. The negative sequence current indicates unbalance condition
inside the power system. The unbalance exists in voltage and current components. These
negative sequence components have the same magnitude as the positive sequence components,
but they have opposite rotation direction in the power system. Zero sequence components also
exist in unbalance condition. Zero sequence components are equal in magnitude and phase but
there is no rotational sequence and it causes a current flow through the neutral of the power

system [36]. Fig. 4- 1 illustrates the set of phasors for symmetrical components.

(b) (c)

Fig. 4- 1. Symmetrical components (a) Positive sequence components (b) Negative sequence
components (¢) Zero Sequence components.

In power system all three phase quantities can be presented in symmetrical components.
The following equations present the phase voltages in terms of their symmetrical components.

Each phase is the sum of positive, negative and zero sequence components:

Vo =Vig + Vaa + Vou 4-1)
Vy =Vip +Vop + Vop (4-2)
Ve =Vie+ Vo + Ve (4-3)

In which positive sequence components consist of Vi, Vi and Vie, which are three voltage
phasors and they are 120 degree apart from each other; V2, V2 and V3. are negative sequence
components, which are also 120 degree apart from each other; the zero sequence components are
Voa, Vo» and Voe, and there is no phase displacement from each other.

The operator a is used to cause a phasor rotation of 120° in the counterclockwise direction whilst
leaving its magnitude unchanged. If twice of a is applied, it will cause a phasor rotation of 240°

in the counterclockwise direction:
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2t 1 3 (4-4)
=el3 = ——+4j—=12120°
a=e > +J >
4T 1 \/§ (4-5)
2= ¢gl3 = —Z— = =1,240°
a e > ] >
a’ =1.0° (4-6)

From the definition of the sequence components and the definition of operator a, the following

expression can be written:

Voa = Vob = Voc 4-7)
Vip = a2V1a' Vie = aViq (4-8)
Vop = Vi, Voe = aZVZa (4-9)

The following transformation matrix can be derived, which transfers three voltages into a second

set of voltages. The same can be applied to the three phase currents.

Va 1 1 11V (4-10)
Vpl=1a®> a 1|V
Vc a a* 1 Vo

The inverse of this transformation is defined as:
4} 11 a a?] [Va (4-11)
l==1 & all|V
Vo 1 1 1LV

To illustrate the model for unbalanced situation in the motor drive by using the symmetrical
components, the unbalance voltage due to the unbalance LC filter can be separated into positive
sequence voltage, negative sequence voltage and zero sequence voltage. However, zero sequence
components usually do not exist in machines because they normally use either delta circuit
configuration, so a zero sequence component has no path in the machine. Therefore, unbalanced
motor drive system contains only the positive and negative sequence components of the voltage,

current, and impedance [37].

4.1.2. Sequence modeling for unbalance LC filter

In the conventional motor drive with LC filter, the inverter voltage is going through the
LC filter before it reaches the motor terminals. The following expression between the inverter

output voltage and motor current can be written:
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Vinw = thlph + Egpe (4-12)

where V;,,,, denotes the inverter output voltage which is equal to [V, V},  V.]T, L is the three
phase current which is equal to [Ig I, I.]T, Easc is the PMSM back-EMF which is equal to
[E. E, E.]7,and Z, is the impedance matrix which is consisted of the motor impedances

and LC filter impedances. The total impedance can be written using the following matrix:

Za Zm Zm (4-13)
Zon=|Zm Zp Zm
Im Zym Zc

where Z,, denotes mutual impedance. It is important to mention, the mutual impedance is
considered to be zero as the mutual impedance between each LC filter component is zero and the
mutual impedances in the machine is considered to be negligible. Z, Z,, Z. are the impedances
for each phase. In order to model the relationship between the LC filter parameter variations and
the amount of unbalance current produced in each phase, the motor current (i,) should be
calculated. Therefore, the single phase equivalent circuit of the motor with LC filter is modeled
in Fig. 4- 2 .With such a model, when the LC filter parameter changes, its impact on the negative
sequence current, harmonic current and torque in the motor can be determined directly. It is
important to mention that the motor parameter variation is not considered in this mathematical

model.

LC filter Motor

Fig. 4- 2. Single phase equivalent circuit of PMSM with LC filter

To calculate the motor current (i,,) in one phase, the corresponding current (/,2) resulted
from the motor back-EMF, and (/.;) resulted from the inverter voltage will be calculated at first.
Thereafter, the motor current (i,,) can be calculated as (i»=1I.:-12) according to the circuit model.

Based on the circuit, current (/,2) is calculated in (4-14) with the inverter voltage equal to zero.
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loy LeCeS? + CeRpS + 1 (4-14)
Eq  LiCiLmS3 + (LyCRs + CrRLm + RyLsCr)S2 + (Lp + Ly + CrRRm)S + Ry

Then, the back-EMF voltage is considered to be zero and the current (/,7) can be expressed as:

Iay

where the inverter current (i;») is calculated in (4-16):

iinv CfLmSZ + RmeS + CfRfS +1 (4-16)

Vin - LfLmeS3 + LfoRmSZ + LfoRfSZ + LmeRfSZ + RmeCfS + LfS + LmS + Rm

Therefore, the motor current can be expressed as (4-17):

im = Io1 — Lo (4-17)
With this mathematical model, the motor current can be unbalance due to the unbalance LC filter
in different phases. To model the sequence components in a PMSM drive with unbalance LC
filter, the symmetrical component transformation is applied so as to calculate the sequence
component. Then, by rewriting the symmetrical component transformation (4-11) in the compact
form, the following expression can be obtained:

Vg = TV (4-18)

Where vy is the vector of sequence voltages, Vi is the vector of three phase inverter voltages and

T is transformation matrix:

v, v, 1 1 1 (4-19)
Us = V, VWing = |, T == 2 a1
VO ]/C a az 1

Then, the inverter voltage vector, phase current vector and back-EMF vector are rewritten in the

following form:

Vs = TViny, Is = Tliny, Es = TEgpc (4-20)
where vsand I; are the vector of sequence voltage and current vectors respectively. Rewriting (4-

20) using the inverse of transformation matrix:

Vinw = T~ 'vs, Ly = T_lls,E abe =T'E; (4-21)
Based on (4-12) and (4-21), (4-22) can be obtained:
T~ = Zyp T s + T7E; (4-22)

The transformation to get the inverter voltage sequence component can be expressed as:
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vg = TZ,p T + E (4-23)
By considering TthT_1 as L, the sequence inductance matrix is defined as:
Ly =TZ,,T! (4-24)

The (4-24) emphasizes the fact that the LC filter unbalance can produce the positive, negative
and zero sequence components inside the motor. Since zero sequence component does not exist
in machines, so it is not considered in this case. Thus, the unbalance LC filter components
produce negative sequence current in the motor drive, and hence the resulted impacts from the

negative sequence current will investigated in the rest of the chapter.

4.2. LC filter unbalance harmonic modeling

The negative sequence component behaves as an AC oscillation at the frequency of 2w in
the dg reference frame. In order to validate the proposed model in previous section, the resulted
second harmonic will be modeled in the dg reference frame due to LC filter unbalance. Then, the
harmonic analysis will be provided to validate the proposed model. In addition, the torque ripple
in the motor is one of the major impacts of LC filter unbalance, and hence it will also be

investigated in this section.

4.2.1. Current harmonic modeling

The three phase current of machine consist of positive sequence, negative sequence and
zero sequence components. So, three-phase machine current can be written in the following

format:

Iabc = 11 + 12 + IO (4-25)

where L, 11, I> and Iy are three-phase currents, positive sequence, negative sequence and zero
sequence current components, respectively. In the unbalance situation, the motor current only
includes positive sequence current and negative sequence current. The zero sequence is equal to
zero in the motor drive system as there is no neural current path. So, we can rewrite (4-25) in the
following format in the abc frame:

I, = Icos(wt) + klcos(wt) (4-26)
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2n 4-27
I = Icos(wt — 120) + klcos(wt + ?) ( )

2m 4-28
I. = Icos(wt + 120) + klcos(wt — ?) ( )

in which the first term presenting the positive sequence current and the second term is the
negative sequence current, where I and k are the magnitudes of the positive and negative current
components, respectively. Then, by using the Park transformation for (4-26), (4-27) and (4-28),

the following can be obtained:

Iq 0 klsin2wt (4-29)
[Iq] =]+ kIcosZwt]
0 0 0
Iy klsin2wt (4-30)
[Iq] =1+ kIcosZa)t]
0 0

Above equations show that the negative sequence current causes the second harmonics in the dg

frame currents.

4.3. Current and torque harmonic analysis for unbalance LC filter

In this section, harmonic analysis for the PMSM with unbalance LC filter will be

presented. These analyses include dq axis currents and torque/speed harmonics analysis.

4.3.1. dq axis current harmonic analysis

In order to validate the proposed mathematical model presented in chapter, it is simulated
in MATLAB/Simulink and the second order current harmonics corresponding to the LC filter
parameter variation are extracted. Fig. 4- 3 shows the second order harmonic analysis of ¢ axis
current in the PMSM with LC filter while the inductance tolerances change from 0% to 60%.
The fundamental frequency in this case is set as 29.79 Hz, which corresponds to a speed of 93.61
rad/sec in the test motor, and it remains the same for all unbalance conditions. The input voltage
level is determined based on /,=11 A and 1;=0 A, and the motor back-EMF is determined from
the motor speed and currents. From the results, it is worth mentioning that as the component
tolerance increases the magnitude of the second order current harmonic increases as well. For the
highest inductance tolerance of -60%, the second order harmonic current magnitude is 2.38 A,

the peak-to-peak current ripple is 2.3A.
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With the PI controller in the current loop, the second order current harmonic can be
attenuate to some extent, and the analysis results are presented in Fig. 4- 4. The same condition is
applied here while the inductance tolerances vary from 0 to 60%. From this result, the highest
second order harmonic current magnitude is 0.64 A. This results also shows that as the
component tolerance increases the magnitude of second order harmonic current increases as
well.

Fig. 4- 5 shows the simulation result from a conventional circuit model with the LC
components and the PMSM model from MATLAB/Simulink library. Since this model cannot
work properly without the PI controller, only the results with PI controller are presented. The
PMSM is controlled to a mechanical speed of 93.61 rad/sec and stator current is 11 A (/=11 A
and /=0 A). Therefore, the fundamental frequency in this case is also 29.79 Hz and it remains
the same for all unbalance conditions. This figure illustrates how the second order harmonic in
the ¢ axis current varies as the inductance tolerance changes. It can be seen that as the inductance
tolerance increases, the magnitude of the second harmonic increases. In comparison to the results
obtained at a similar condition in Fig. 4- 4, the magnitude of the second order harmonic obtained
in this simulation is slightly higher as compared to ones obtained from the proposed model. This
could be due to the reason that the inverter model was not considered in the proposed

mathematical modelling.
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Fig. 4- 3. Second order harmonic analysis using the proposed model for g axis current.
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Fig. 4- 4 Second order harmonic analysis using the proposed model with PI controller in the
loop for g axis current.
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Fig. 4- 5.Second order harmonic analysis using circuit simulation models for ¢ axis current.

Fig. 4- 6 Presents a comparison test results between the proposed mathematical model,
simulation of PMSM with LC filter and experimental test while the inductance tolerance is
reduced by 60% for one of the phases. It can be observed that the magnitude of second order
harmonic on the mathematical model with PI controller is almost the same as simulation model

and experimental test.
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Fig. 4- 6. Second order harmonic analysis for q axis current using different test methods.

4.3.2. Torque harmonic analysis

One of the impacts of unbalance LC filter is the additional torque ripple. In this section,
the harmonic analysis for electromagnetic torque under three different conditions namely
proposed mathematical model, PMSM drive without PI controller and simulation model of
PMSM with LC filter with PI controller.

The following electromagnetic torque expression is driven for PMSM in Chapter2.

T, = ;P(IIJPMIq + (Lg — Ly)Ialy) (@-31)
equation (4-31) demonstrates that dg axis current directly affects the torque response. Thus,
negative sequence current in dg axis causes extra torque ripple in the motor drive. Fig. 4- 7
presents the simulation results of torque for LC filter balance and 30% tolerance changes. It can
be seen that 30% tolerance change result in additional torque ripple. This additional torque ripple
results in second order harmonic.

The torque harmonic analyses using the proposed model presents in Fig. 4- 8 in which the
second order harmonics are extracted at different inductance tolerance variation from 0 to 60%
while the fundamental frequency is 29.79 Hz. This condition remains the same for all unbalance
conditions. These analyses present the fact that as the component tolerance increase the

magnitude of second order harmonics is increasing as well.
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Fig. 4- 7. Torque response under balance and 30% unbalance condition.
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Fig. 4- 8. Second order harmonic analysis using a proposed mathematic model for
electromagnetic torque.

Fig. 4- 9 presents the harmonic analysis using a proposed model with PI controller in
which the fundamental frequency remains the same and inductance tolerances varied from 0 to
60%. It can be observed as the component tolerance increase the second order harmonics is

increasing as well.
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Fig. 4- 9. Second order harmonic analysis using proposed model with PI controller for
electromagnetic torque.

The electromagnetic torque harmonic spectrum using the simulation model is given in
Fig. 4- 10, where the harmonics are extracted at the different inductance tolerances and the
fundamental frequency in this case is 29.79 Hz. It can be seen as the component tolerance
increase the magnitude of second order harmonics is increasing as well. Also, the magnitude of
the second order harmonics is reduced as compare to the proposed mathematical model and
simulation model without PI controller. This is mainly because of the impact of the PI controller
on reducing the second order harmonics.
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Fig. 4- 10. Second order harmonic analysis using simulation model for electromagnetic torque.
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4.4. Resonant frequency analysis

In Chapter 3, the transfer function of the LC filter with PMSM is derived. Also, LC filter
is designed in Chapter2. In this section, resonant frequency will be derived from the open loop
Bode plot of the PMSM with LC filter. Then, the variation of inductances, capacitors and
resistors from the nominal value and the effect of each tolerance variation in resonant frequency
will be evaluated.

The open loop magnitude and phase plots of the PMSM with the balance LC filter are
given in Fig. 4- 11.

Bode Diagram
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Fig. 4- 11. Open loop magnitude and phase plots for PMSM with balance LC filter.

The Bode plot of PMSM with LC filter is given in Fig. 4- 12 while the inductance
tolerance is changing form 60% to -60%. It can be seen that, as the inductor tolerance varied
from the nominal value the resonant frequency is varied as well. For the PMSM with LC filter
the inductance tolerance is changing from 0 to 60% and corresponding resonant frequency is
measured through the Bode the plot. Then, the result of each analysis is listed in the Table.4- 1.

Fig. 4- 13 presents the open loop Bode plot of PMSM with LC filter while the capacitor
tolerance is changing from 60% to -60%. It can be seen that, as the capacitor tolerance the

resonant frequency is changing as well. The impact of this variation also lists in Table.4- 1.
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For the PMSM with LC filter the resistances tolerance variation and corresponding
resonant frequency and magnitude are measured through the Bode plot. It is observed that
resistances tolerance changes from-60% to 60% do not have any effect on system resonant
frequency. Thus, the system resonant frequency is maintained the same which is 7.48*10°
rad/sec. However, the resistance variation has direct effect on the magnitude. Fig. 4- 14
illustrates system magnitude variation due to the resistance tolerance changes. As the resistances
tolerance reduce the magnitude of resonant peak will increased. Thus, this change will directly
affect the PMSM drive stability as explained in Chapter 3 the controller bandwidth is limiting by

the resonant peak.
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Fig. 4- 12. Open loop magnitude and phase plots for PMSM with LC filter with 60% inductance
tolerances changes.
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Fig. 4- 13. Open loop magnitude and phase plots for PMSM with LC filter with 60% capacitor
tolerance changes.
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Table.4- 1. The resonant frequency change due to the LC filter components tolerance variation.

Tolerance Change Inductor ®c Capacitor ®c Resistance
(rad/sec) (rad/sec) Magnitude(dB)
-60% 9.99*10° 1.16%10* -7.41
-40% 8.53*10° 9.66*10° -9.48
-20% 8.08*10° 8.53*10° -11.7
-10% 7.66*%10° 8.05*%10° -12.6
0% 7.48*10° 7.48%10° -13.5
10% 7.40%10° 7.28%10° -14.3
20% 7.33*10° 6.82*10° -15.4
40% 7.1¥10° 6.32*10° -17.1
60% 6.65*%10° 6.05*10° -19
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Chapter 5 Improved Current Control Development for PMSM

Drive under LC filter Unbalance Condition

This chapter looks into mitigating the impact of unbalance LC filter in PMSM drive. The
adaptive PR controller working together with PI controller is proposed to eliminating the
consequence impacts of LC filter unbalance condition. Additionally, experimental results
obtained for the surface-mounted PMSM drive with unbalance LC filter are presented in this

chapter.

5.1. Mitigating LC filter unbalance

Based on the investigations presented in Chapter 4, one of the major impacts of LC filter
unbalance is the negative sequence current in the PMSM drive. This chapter presents a method to
mitigate/compensate the negative sequence current and hence eliminating the consequence
impacts. Negative sequence currents lead to second order harmonic currents in the dg frame. It
can be seen that the LC filter increases the order of the motor drive system and limits the
maximum achievable bandwidth in the current control loop. Thus, PI controllers have a low gain
at the second order harmonic frequency on the dgq frame, they are not able to control/ reduce the
negative sequence currents, especially at high speeds. Thus, existing controllers are unable to
compensate the negative sequence currents in the PMSM drive [38], [39].

To address the unbalance issue in PMSM drives, the produced negative sequence currents
must be compensated. A few strategies have been proposed in the literature for other applications.
In [40], a Hysteresis controller is developed for non-sinusoidal current control which has a limited
performance and a challenging implementation issue due to variable switching frequency. The
method proposes in [41] and [42] uses a bandpass filter to extract and compensate negative
sequence currents for induction generators. However, this method involves complex computation
and has limited performance under low speed conditions. In [43], the master-slave control
strategy 1s implemented for axial-flux PMSM under the unbalance load condition. The repetitive
control (RC) is another control strategy for elimination of unbalance current [44], [45] for doubly
fed induction generators. However, the tuning process is complex. On the other hand, in
applications such as wind power systems and grid-connected power converters [46]-[49],

predictive control and decoupled double synchronous frame current control have been developed
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to address the unbalance issues. However, it requires different machine parameters information.
Recently, the proportional resonant (PR) controller is proposed for unbalance grid conditions in
which the grid frequency is fixed [50], [51].

In this research study, an adaptive proportional resonant (PR) controller working together
with the PI controller is proposed, to address this issue. The proposed controllers working in
tandem will attain a high gain at DC and the second order harmonic current in the dg frame.
Thus, being able to control both the positive sequence and the negative sequence winding. Fig. 5-

1 illustrates the proposed control strategy in PMSM motor drive with unbalance LC filter.

Two Level
Inverter

0 Y'Y
= Ly+AL; /
,LNYY\ PMSM
v Ly+dALs
N~ (2
L”J GHAC; | G+AC, | C+AC;
e D i

Fig. 5- 1. Block diagram of PR controller along with PI controller in PMSM motor drive with an
unbalance LC filter.

5.2. PR controller

In a three-phase systems, PI controllers are typically used due to their simplicity. To
implement PI controllers, the quantities on the three-phase abc coordinate frame are transferred
into the dg rotating reference frame. This converts sinusoidal signals in the three-phase abc
coordinate frame to DC quantities on the dg frame. Since PI controllers contain a pole at the
origin PI controllers are used to achieve zero steady state error at DC. The PI controller gain
starts reducing at other frequencies. Thus, an alternate controller used sometimes in three-phase
systems is a PR controller. PR controller is a combination of a proportional term and a resonant
term. PR controller is a double integrator which introduce an infinite gain at the selected
frequency (resonance frequency) to eliminate the steady-state error at this frequency and to
achieve no attenuation outside this frequency and no phase shift and gain at the other

frequencies. So, it acts as an integrator with infinite DC gain which makes the steady state-error
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to zero at the selected frequency. PR controller is applicable for single-phase or three-phase
systems. The ideal resonant controller, can be represented by:

Aksw (5-1)
s2+ ksw + w?

G(S)pr =
where £ is the damping factor, A is PR controller gain, and w is the resonance frequency.

5.3. Proposed Controller

A traditional drive inverter controller (PI control) might not be capable of mitigating the
negative impact on the motor due to filter unbalance. Negative sequence currents lead to second
order harmonic currents in the dg frame as discussed in Chapter 4. Since, typically, PI controllers
have a low gain at the second order harmonic frequency on the dg frame, they are not able to
control/ reduce the negative sequence currents in the motor winding. Increasing the current loop
bandwidth (gain of PI controller at the second harmonic frequency) could address this issue to a
certain extent. However, the maximum achievable bandwidth is limited by the maximum inverter
switching frequency as discussed in Chapter 3. Thus, a PI controller would not be sufficient
especially at high motor speeds, when the fundamental frequency is high. In this situation, a
severe unbalance effect occurs. Hence, existing controllers are unable to compensate for the
negative sequence currents in the PMSM drive. Thus, The PI controller along with PR controller
is proposed in order to work in tandem to attain a high gain at DC and the second order harmonic
current in the dg frame. As it discussed in Chapter 4, the d axis and ¢ axis current contain
positive and negative sequence components. Thus, PI controller is controlling the DC part
(positive sequence component) of the signal and PR controller is mitigating the second order
harmonic in dq frame (negative sequence component). Fig. 5- 2 shows the PI and PR effect on
each type of the signal. By using this method, the positive sequence and the negative sequence

winding currents can be controlled at the required values.

For the drive applications where the fundamental frequency changes, the PR controller
need to adaptively changes as well. So, the PR transfer function is needed to change to an
adaptive one. For the PMSM drive, the fundamental frequency of the operation drive can be
easily obtained as the machine speed is equal to the synchrotrons speed and the PMSM number
of pole pairs is known. When the machine accelerates or decelerates, the fundamental frequency

will change and the controller transfer function will change automatically. Fig. 5- 3 illustrates the
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schematic diagram of the proposed controller in which the PR controller is working together with

PI controller in dq reference frame.
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Fig. 5- 2. (a) The current signal components in q axis (b) PR controller is controlling the
sinusoidal part of the signal (c) PI controller is controlling the DC part of the signal.
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Fig. 5- 3. Block diagram of the close loop LC filter along with PMSM with proposed controller.

The open loop transfer function of the proposed controller for the current loop can be represented

by:

Aksw Kp; (1 4 stp)) (5-2)
G(S)prspr = %2 + ksw + w? S
Vae (5-3)
PRP(s)= G(S) pr+p1- G(S). 1+5Tf

where k is the damping factor, 4 is PR controller gain, and w is the resonance frequency which
changes according to the fundamental frequency. The PR controller gain (4) is selected to
achieved total control loop gain of 20 dB .The value of £ is selected so as to achieve the resonant
controller bandwidth of 10% of fundamental frequency. This ensures selective control action of

the resonant controllers for the frequencies of the interest [11]. The implementation of the
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proposed controller is shown in Fig. 5- 4.

(O
Input pg Output pr

Obc I X ‘{>—>
§ x> e
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Fig. 5- 4. Implementation diagram of the proposed adaptive PR controller.

Moreover, the PI controller is working in tandem with PR controller to achieve the zero
steady state error. The open loop phase and magnitude plots for the PMSM drive with LC filter
for the proposed controller are compared with conventional PI controller in Fig. 5- 5. The Fig. 5-
5 shows that the proposed controller adds around 20 dB gain to the selected frequency in this
case 20 Hz. Thus, the additional resonant peak is modifying the controller while the phase
margin, the gain margin and controller bandwidth is the same. Therefore, the proposed controller
leads to more accuracy for the PMSMS drive with unbalance LC filter. For the validation of this

method the experimental results will be presented in the next section.

Open-loop magmtude and phase plot for proposed controller
50 T T T T
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Fig. 5- 5. Open loop magnitude and phase plots for the proposed controller compare with PI
controller.
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5.4. Simulation model for proposed PR controller

To validate the capability of the proposed PR controller, the vector control of the PMSM
along with unbalance LC filter is simulated in MATLAB/Simulink. Fig. 5- 6 presents the

simulation model for the proposed adaptive PR controller.

Fig. 5- 6. The simulation model of proposed controller for PMSM with unbalance LC filter.

5.5. Experimental results of the adaptive PR controller

The proposed adaptive PR controller compensation for unbalance LC filter is tested on a
VSI-fed laboratory SPMSM drive system as shown in Fig. 5- 7. The experimental setup consists
of the driving inverter, which is a standard two-level converter composed of IGBT modules, the
switching frequency of the driving inverter is 5 kHz. The driving inverter is connected to the LC
filter then connected to the SPMSM which coupled to a DC dynamometer and a torque
transducer with the bandwidth of 4 Hz is employed to measure the shaft torque of SPMSM. The
control of SPMSM is programmed on dSPACE also shown in Fig. 5- 7. A 12-bit absolute
encoder is used to measure the speed of the machine. The experimental result is recorded in

Yokogawa SL1000 data acquisition system.
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Fig. 5- 7. Experimental setup of PMSM drive with LC filter (1) SPMSM machine (2) Coupled
DC dynamometer (3) Torque transducer (4) LC filter (5) Data acquisition (6) Driving inverter (7)
dSPACE simulator.

To validate the accuracy of the proposed adaptive controller, the experimental results
pertaining to various machine transient conditions are obtained from the prototype machine.
These transient conditions are listed below:

A) Startup test

B) Load change test

C) Speed reversal test

D) Different speed conditions test

In addition, in order to clearly observe the unbalance the inductance which is used in one
of the phases during the experiment is considered to be 60% tolerance.

Fig. 5- 8 and Fig. 5- 9 present the machine startup without and with the proposed
compensation. The reference g axis current is changed from 0 to 9 A. The dq axis current as well

as machine three-phase currents are shown in these two figures.
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Fig. 5- 8. Experimental results of machine startup without compensation (a) Three-phase current
(b) dg axis current

Phase current{4)
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Fig. 5- 9. Experimental results of machine startup with compensation (a) Three-phase current (b)
dg axis current

Fig. 5- 10 presents results obtained when the load on the SPMSM is suddenly reduced,

leading to a higher speed and a subsequent control back to its set value.
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Fig. 5- 10. Experimental results obtained for sudden load change (a) Three-phase current (b)
Speed(c) Torque (Scale 2 Nm/div)

Fig. 5- 11 presents the result of speed-reversing test without applying the proposed
controller. Fig. 5- 12 presents the results obtained for the speed reversal of the prototype machine
while the speed reference is changing from 100 rad/sec to -100 rad/sec. It can be seen from the
Fig. 5- 12 that the proposed controller can be applied in both rotational directions and the
dynamic performance before/after compensation are similar. Fig. 5- 13 presents the experimental
test results with and without proposed adaptive PR controller compensation for the dg axis
current when the load current is 11 A. The test result is zoomed to show more details about the
negative sequence current. It can be seen from the Fig. 5- 13 (a) that after the compensation, the
peak to peak current value is around 2 A for the ¢ axis current where the proposed method has
magnitude of 0.7 A, the peak to peak magnitude is 1.8 A for d axis current and after proposed
adaptive PR controller compensation is 0.9 A. Fig. 5- 13 (c) presents the actual three-phase
motor current waveform before and after applying the proposed controller. The current
waveform is unbalanced before the proposed controller compensation; the motor current

becomes balance after the proposed controller compensation is used.
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Fig. 5- 11. Experimental results for speed reversal test without compensation (a) Three phase
current (b) Speed (¢) Torque (Scale2Nm/div)
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Fig. 5- 12. Experimental results for speed reversal test under proposed controller (a) Three-phase
current (b) Speed (c) Torque (Scale 2 Nm/div)
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Fig. 5- 13. Experimental result before and after applying the proposed controller (a) Measured ¢
axis (b) Measured d axis current (c) Measured three-phase current.

Fig. 5- 14 presents the measured harmonics spectrum of the ¢ axis current before and
after applying the proposed controller while the fundamental frequency is 30 Hz. From the
spectrum analysis it can be seen when, the compensation is enabled, the second harmonics of ¢

axis current is significantly reduced.
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Fig. 5- 14. dg axis current harmonic spectrum after and before applying the proposed controller.
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Fig. 5- 15 presents the result phase current and the SPMSM different speeds. The speed
of machine is changing from 0 to 30 rad/sec then to 60 rad/sec and at the end from 60 rad/sec to
80 rad/sec. It can be observed from Fig. 5- 15 that the proposed controller adaptively adjusted

with different speed commands while the three-phase currents remain balance.
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-20
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Fig. 5- 15. Experimental results of different speeds with compensation (a) Three-phase current
(b) Speed (Scale 20 rad/sec/div).

The experimental results have demonstrated that the proposed adaptive PR controller
reduces the negative impact of the LC filter unbalance on the PMSM drive effectively without

compromising the machine performance.
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Chapter 6 Conclusion and Future Works

The focus of this research work is the investigation of LC filter unbalance in PMSM

drive. The main conclusion and future works for this thesis are presented in this chapter.

6.1 Conclusion

This thesis investigated the effect of LC filter unbalance on the PMSM drive performance.
A comprehensive mathematical model has been proposed and developed for this investigation by
considering both the PMSM and LC filter unbalance. In order to validate the model, its results
were compared with the ones obtained from the circuit simulations and experimental tests. It is
shown that the proposed model is accurate for motor drive performance analysis with and without
LC filter unbalance. Such a model is critical in developing a mitigating approach for LC filter
unbalance in the future. It can also be used to detect LC filter unbalance issue in a motor drive

system.
The conclusions from each chapter are provided as follows:
Chapter2

In this chapter, the mathematical model of the PMSM and LC filter was studied. Electrical and
mechanical parameters of the machine were measured. Moreover, the LC filter modeling and
design procedure for considering balance LC filter was presented. Based on this work, the
controller of PMSM drive system with and without LC filter can be designed.
Chapter3

In this chapter, different control strategies for PMSM namely scaler control, DTC and FOC are
studied and compared. In addition, the FOC and DTC were evaluated in details through
simulations and experimental testes. From the evaluations, a simple PI based field oriented
control was selected for the proposed investigation of PMSM drive performance considering

balance and unbalance LC filters.
Chapter4

In this chapter, the impact of LC filter unbalance on PMSM drive system was investigated. A
comprehensive mathematical model was presented to model the PMSM drive system considering

unbalance LC filter. Then, the investigation results on current and torque harmonics were

presented and compared with a conventional circuit model.

73



Chapter5S

In this chapter, an adaptive PR controller working together with PI controller was proposed in

order to mitigate the negative impact of the filter unbalance on the motor drive. The control

design procedure to achieve this improvement in drive performance was also presented. The

proposed method was validated through simulations and experimental tests.

6.2

Future work

This research work can be further extended to:

The effect of unbalance LC filter can be extended to include more features of machine
losses in motor mathematical model. Therefore, the machine losses can be studied
accurately and in more detail.

This study uses PI controller for regulating the ¢ axis and d axis currents while the LC
filter is included in the motor drive. The LC filter causes control loop bandwidth
limitations. Therefore, in future study, this control technique can be modified so as to
reach a higher controller bandwidth.

The effect of LC filter unbalance can be further analyzed under different control
strategies for PMSM, such as DTC, so as to validate and compare the machine
performance under different control methods.

In this study, two level IGBT inverter is used to investigate the impacts of LC filter
unbalance on PMSM drive. An inverter with higher switching frequency devices, such as
GaN transistors, can be used to reduce the size of the LC filter. Then, the comparative
studies of motor drives with these two different kinds of inverters can be conducted as

part of the future work.
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