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Abstract

Operating capabilities of a dual inverter Open Winding Interior Permanent Magnet
Synchronous Motor drive are investigated and compared with those of a conventional single
inverter drive in Maximum Torque per Ampere and Field Weakening regions. To predict the
performance and operating limits of the drive systems with improved accuracy, the impact of
saturation on inductances and Permanent Magnet flux linkage values are taken into account, and
core, copper, friction and windage, and solid losses (due to skin and proximity effects and magnet
losses) are considered in a wide speed range. It is shown how core saturation affects the d- and g-
axis inductances and saliency ratio, and electromagnetic and mechanical losses significantly
change in various operating points. It is revealed how the above effects may affect the operating
capability of the machine in different drive configurations. Different active and reactive power
sharing assumptions are made in the dual inverter drives, and it is shown how each of the related
controllers is accordingly defined. It is demonstrated that in certain operating regions of the open
winding machine’s torque versus speed envelope, the original active and reactive power sharing
principles and the defined controllers have to be modified, otherwise the machine may not be able
to operate throughout its entire anticipated operating points. Performance prediction is conducted
using machine’s electromagnetic parameters and losses that are obtained via Finite Element
Analysis, coupled with an optimization algorithm to find optimal operating points in Maximum
Torque Per Ampere and Field Weakening regions. The analytical findings are further validated
against experimental results obtained from a 1-kW dual inverter Interior Permanent Magnet

Synchronous motor drive.
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Chapter 1

Introduction

1.1 Background, Challenges, and Motivations

In recent decades, Permanent Magnet Synchronous Machines (PMSMs) have always been
one of the most attractive machines in electromechanical energy conversion systems. PMSMs are
widely used in industrial applications including wind energy conversion systems [1] and Electric
Vehicle (EV) propulsion systems [2], due to their high efficiency, high torque density, large power
factor, low maintenance requirement, and wide Field Weakening (FW) capability [3-5].

Open Winding (OW) motor drive systems have received noticeable attention in the recent
years as a replacement alternative for conventional motor drive systems. An OW machine does
not have a neutral point and the phase leads of the machine can be fed by two separate Voltage
Source Converters (VSCs). These VSCs may support the active and/or reactive power demands of
the machine in various operating points. OW motor drive systems are popular in various
applications such as EV propulsion systems [6], Medium Voltage (MV) Motor Drive systems,
which uses Modular Multi-Level Converters (MMC) [7], and wind energy generation systems [8].

The performance capabilities of an Interior Permanent Magnet Synchronous Machine
(IPMSM) in both conventional and dual inverter OW motor drive systems are directly a function
of the magnetic saturation in its stator and rotor cores [9-11] as well as the associated
electromagnetic and mechanical losses [12-13]. The performance prediction may not be accurate
unless behaviour of the magnetic field distribution in stator/rotor core are fully taken into account.

Since the electromagnetic losses and mechanical losses are significant at higher speeds, those loss



components are also required to be accurately considered in the analysis to obtain a better
prediction of machine’s capabilities.

According to the application requirements, different strategies have been introduced in
literature for speed control of PMSMs [14]. Typically, an IPMSM is driven to provide a constant
torque up to its base speed, i.e., constant torque or Maximum Torque Per Ampere (MTPA) region.
After the base speed, the torque produced by the IPMSM is inversely proportional to the speed up
to its maximum speed while this operating region is called FW region. The ideal operating
characteristic of the IPMSM in a wide speed range is shown in Figure 1.1. In most industrial
applications, the MTPA control technique and Voltage Current Limited Maximum Torque Control
(VCLMT) technique are commonly used to control the machine in constant torque and field
weakening regions, respectively [15].

Constant

T /
orue Torque Region

Power

FW Region

Figure 1.1 Torque/Power versus speed characteristics

As the main motivation of this thesis, the performance capability of an IPMSM including its
torque and power potentials are predicted considering the effects of core saturation and losses of
the machine for both conventional single inverter and dual inverter OW drives. The saturation and

losses are analysed using a Finite Element model of the machine and the performance capabilities



of the machine are predicted in a wide speed range in both MTPA and FW regions. To verify the
simulation expectations, experimental evaluations are also conducted in a wide speed range.

1.2 Thesis Outline

Chapter 2 presents the classification of Permanent Magnet (PM) machines, the structure of
stator and rotor of PMSMs, the basic equations of the machine in both time domain and d-q
reference frame, and the fundamentals of Field Oriented Control (FOC) theory for PMSMs using
MTPA and VCLMT control techniques.

Chapter 3 shows how the core saturation significantly affects the inductances, PM flux
linkage, and electromagnetic losses during machine’s loading and wide operational speeds. It also
introduces the modified steady state d-q domain equations for the developed torque of the machine
taking into account the machine’s losses. It is shown how MTPA and VCLMT control algorithms
have to be fulfilled taking into account all non-linearities and associated losses. The control
considerations for the conventional single inverter drive are presented including its corresponding
control block diagram. This chapter validates the importance of considering the nonlinearities and
losses for predicting the output power, maximum torque capability, and d-axis reference current
trajectory in a wide speed range.

Chapter 4 introduces the dual inverter OW IPMSM drives. It discusses about three dual
inverter drive control strategies based on different defined active and reactive power sharing
assumptions between two utilized VSCs. Corresponding control block diagrams for the considered
dual inverter drives are separately introduced, and the predicted performance capabilities of each
drive structure is compared with a conventional single inverter drive in both MTPA and FW

regions.



Chapter 5 shows the prepared test ring and experimental results for all single and dual inverter
drive systems. The experimental performance capabilities of the IPMSM are compared with the
simulation analysis and the minor observed discrepancies are highlighted and discussed in further
details.

Chapter 6 describes the contribution of the thesis and deals with the concluding remarks.
Recommendations for future work and suggestions for improving the contributions of the thesis

research are briefly discussed as well.



Chapter 2

Literature Review: Wide Speed Range Operation and
Control of PMSMs

In this chapter, classification of PM machines and different rotor geometries of PMSMs are
introduced. The voltage and flux linkage equations are developed in time domain using Kirchhoff
and Faraday laws. Using the rotating reference frame theory, the developed torque of an IPMSM
is introduced in d-q frame. The concept of MTPA and VCLMT control techniques are investigated
for IPM machines under ideal operating conditions neglecting the saturation and losses effects.
The mathematical equations for the ideal d-axis reference current are extracted for both control
techniques and the control diagram of a conventional single inverter [IPMSM drive is introduced
at the end of the chapter.

2.1 Structure of a PMSM

PM machines can be mainly classified into two categories, i.e., Alternative Current (AC)
machines and Direct Current (DC) machines. There are two types of PM AC machines based on
the shape of the induced Back Electromotive Force (BEMF). The shape of the BEMF of a
Brushless DC (BLDC) machine is trapezoidal, where as that of a PMSM is sinusoidal because of
the specific winding pattern of each case. Moreover, there are two different types of PMSMs as
categorized in Figure 2.1. These two types are Surface Permanent Magnet Synchronous Machines
(SPMSM) whose PMs are mounted on the rotor surface, and IPMSMs whose PMs are buried inside

the rotor. The rotor geometry of a SPMSM is illustrated in Figure 2.2.



PM Machines

PMDC Machines PMAC Machines
PMSM BLDC
Machines Machines
SPMSM IPMSM

Figure 2.1 Classification of PM machines

d-axis

PM
Figure 2.2 Rotor geometry of a SPMSM

The inductance of SPMSM does not vary with the rotor position, which means the d-axis and
g-axis inductances (L4, and Lq) and reluctances are the same for SPMSMs. However, since the
PMs are located inside the rotor of IPMSM, the equivalent reluctance value through the air gap
along the rotor PMs to stator is larger than that of along the steel to the stator. That is why L4 is

smaller than Lq in an IPMSM, which introduces a saliency ratio (L¢/Ld) value larger than unity in



this type of machine. As a result, IPMSM can provide an additional reluctance torque component
to the existing electromagnetic torque. The flux paths along the d- and g-axes in an IPMSM are

shown in Figure 2.3.

d-axis flux path

g-axis flux path

V-Shaped PM
Figure 2.3 Flux paths in an IPMSM

The IPMSM has several key advantages over SPMSM including (i) the buried magnet rotor
structure helps to operate the IPMSM at a wider speed range due to its higher structural strength,
(i1) the additional reluctance torque component due to a salient rotor structure is useful in FW
operation and increases the torque density of the IPMSM, and (iii) by adjusting the rotor geometry,
the saliency ratio of an IPMSM can be specified in a way to better match the design’s desired
requirements [16].

There are different rotor geometries for IPMSMs based on the PM arrangement (i) Spoke
type, (i) Tangential type, (ii1)) V-shaped, and (iv) U-shaped. These rotor types are illustrated in

Figure 2.4.



Steel Steel
Rotor g-axis Rotor g-axis
d-axis d-axis
Shaft Shaft
Bar-Shaped PM Bar-Shaped PM
(a) (b)
Steel Steel
Rotor g-axis Rotor \ / g-axis
d-axis d-axis
Shaft Shaft
V-Shaped PM U-Shaped PM
() (d)
Figure 2.4 Rotor geometries of IPMSMs: (a) Spoke type, (b) Tangential type, (¢) V-shaped and (d) U-
shaped.

In this thesis, a V-shaped PMSM is used since it has a higher flux concentration [17] and a
better electromagnetic performance in terms of average torque, reluctance torque, power density,
and power factor [18].

2.2 Theory of Operation

In general, the stator of a three-phase PMSM is cylindrical and constructed with three-phase

balanced AC windings, which are excited with a three-phase voltage source that creates a rotating



magnetic field distributed inside the air gap; the rotor’s PMs start to follow this rotating magnetic
field.

The stator winding structure of an AC machine determines the Magnetomotive Force (MMF)
distribution in the air gap. The harmonic contents of machine are highly affected by the MMF
distribution causing the losses of machine to significantly change. Depending on the winding
layout structure and consequently MMF distribution, there are two main winding configurations
for an AC machine, i.e., concentrated winding and distributed winding.

In a concentrated winding, the winding coils are usually concentrated at stator slots and the
opposite end of each winding is located at next stator slot. A concentrated winding offers inherent
advantages such as reduction of the copper volume of the winding (indirectly reduces the copper
losses), construction simplicity, and reduction of the effective axial length of the machine [19].
However, a concentrated winding structure introduces higher MMF harmonics causing additional
core losses in the rotor and increases the harmonic distortion of the BEMF. Furthermore, the
winding arrangement can be classified into a single-layer winding or a double-layer winding. In a
single-layer winding, each stator slot is occupied by one coil side, while in a double-layer winding,
each slot contains two vertically or horizontally divided winding sets. Figure 2.5 shows the

winding arrangement of a concentrated double-layer winding for a 12 slot, 8 pole PMSM.



Figure 2.5 Concentrated double-layer winding for a 12 slot 8 pole PMSM
As seen in Figure 2.5, each stator slot has two coil sides from two different phases and the
opposite end of each coil is located in the adjacent stator slot. Therefore, the windings of a specific
phase are not overlapped with the other phases’ windings in this type of concentrated winding
pattern.
For further analysis, a detailed model of IPMSM in d-q reference frame can be derived
starting from stator’s time-domain equations. The equations of stator phase voltages can be

expressed as follows using Kirchhoff’s Voltage Law (KVL) and Faraday’s laws.

o d
v, = R, +E(la) (2.1)
vy = Riip +L(4y) 2.2)
b — b dt .
o d
Ve = R, +E(/Ic) (2.3)

The flux linkage of each phase of the winding due to PMs can be expressed through the

following equations.
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ﬂpma = ﬂpm cos(6.)
j‘pmb = Z‘pm cos(6, — 27[3)

ﬂ‘pma = ﬂ“pm COS(@r —47 3)

The total flux linkage equations of phase A, phase B, and phase C are as follows.

ﬂa = Laaia + Labib + Lacic + ﬂ‘pma
Ay = Lpaly + Lyply + Liele + Agmp

Ae = Legly + Loyl + Lol + ﬂ“pmc

(2.4)

2.5)

(2.6)

2.7)

(2.8)

2.9)

The rotor angle (&) is the angle between synchronously rotating g-axis and stationary phase

A axis of the stator. The equations for time-domain voltages and flux linkage are converted to d-q

reference frame using Park’s Transformations as described in (2.10) and (2.11). The Xa, Xv and Xc

can be any three-phase time varying quantity (voltage, current, flux linkage) and Xa, Xq and Xo are

the corresponding d-q domain quantities. The d-q coordinate system of the IPMSM is represented

in Figure 2.6.

Phase B -axis

Rotating
Direction q -axis
M « Phase A -axis
7 (Reference)
d -axis

Phase C -axis

Figure 2.6 Stator three phases and d-q reference frame
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cos(6,) cos(f, — 27 3) cos(0, —4% ) X,

Xa
2
_Z : _2r ; _4r
);b =3| sin@) sin(6,-274)  sin(q, %) ;d (2.10)
1 1 1 0
Sl h b b
Xq cos(6,) sin(6,) 1 X,
Xg | =| cos(6, -274) sin(@r—2%) 1| X, @2.11)
X, X

cos(6, —4r 3) sin(6, —4r 3) 1 ¢

The voltages and flux linkage equations of the IPMSM in d-q reference frame are shown in

(2.12), (2.13), (2.14) and (2.15) [25].

vy = Riy — 0. +% (2.12)
v, =Ry + oAy +% (2.13)
Jg = Aom + Laig (2.14)

g = Lyig (2.15)

dA dA
The 71‘(1 and 7;1 terms of (2.12) and (2.13) are considered to be zero in steady state

operation and accordingly the steady state voltage equations can be written as follows:

Vind = RSld — a)eLqiq (2 16)
qu = Rsiq + a)e//ipm + a)eLdld (217)

The electromagnetic torque can be expressed using d- and g-axis flux linkages and currents

as follows [14]:

3 o
I, =5§[/1qu ~ Agia | (2.18)
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By substituting (2.14) and (2.15) in (2.18), 7, can be expanded as follows:

T =

€

N | W
N |

| Apmiq + (La = Lg Yigiy | (2.19)

Up to this point all electromagnetic equations in d-q reference frame are derived assuming
ideal conditions and neglecting the effects of saturation, losses, and harmonics.

2.3 Speed Control of IPMSM in Constant Torque and Field Weakening Regions

The speed control methods of PMSM can be mainly divided into two categories, i.e., scalar
control and vector control. Scalar control is accomplished by changing the magnitude and
frequency of the stator voltage. Scalar control can be implemented in both open-loop and closed-
loop forms while it lacks improving the dynamic response of the system. However, it is a simple
and cheap method to implement and it is mainly used in simple applications such as motor drives
in pump and fan applications [20]. The most popular scalar control method of PMSM is V/f control
method, which is achieved by maintaining the ratio of the voltage and frequency constant up to
the rated voltage and frequency [21].

The fundamental principle of the vector control method is to control both the magnitude and
phase angle of the stator current simultaneously. The vector control method is a closed-loop control
approach, which requires more complex sets of controllers to improve the dynamic response of
the system. Therefore, vector control method is more popular in applications that require high
performance such as EVs and railway transportation systems [22, 23]. There are two main vector
control techniques for PMSM, namely FOC and Direct Torque Control (DTC). The FOC is
employed by decoupling the flux and torque of the machine and controlling those two quantities
separately [24]. FOC requires to have a position sensor, which gives the rotor position information

to the control system. In DTC, flux and torque of the machine are directly controlled by changing
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the stator voltage [25]. DTC does not require a position sensor, because there are separate control
blocks to extract the rotor position using signal processing methods. The classification of speed

control methods is briefly shown in Figure 2.7.

Variable Speed
Drives

Scalar Control Vector Control

V/F Control FOC DTC

Figure 2.7 Classification of speed control methods
FOC method is one of the most prominent control approaches widely used in IPMSM drives.
In different literature, various speed control algorithms are discussed to control the machine in
constant torque region and FW region using FOC technique.
According to different performance requirements, the following control strategies can be
classified for a PMSM:
e Constant Torque Angle Control [14, 15]
e Unity Power Factor Control [14, 15, 26]
e Constant Air-Gap Mutual Flux-linkages Control [14, 15]
e MTPA Control [14, 27]
e FW Control [14, 28, 29]
The Constant Torque Angle Control is achieved by maintaining the torque angle of the
machine at 90 degrees. The 90-degree torque angle can be accomplished by setting d-axis current
to be on zero. Accordingly, this method is mainly recommended for control of SPMSMs below

the base speed operating region. In Unity Power Factor Control method, the inverter is fully
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utilized for providing active power to the PMSM. It can be done by controlling the torque angle
of the machine as a function of motor variables. The Constant Mutual Flux Linkage Control is
achieved by maintaining the resultant flux components from stator and rotor as a fixed value.
Normally, this value is kept equal to rotor flux linkage. This control technique can be used in both
constant torque region and FW region.

However, in most industrial applications, MTPA Control and FW Control are extensively
used in a wide speed range. Furthermore, FW control algorithms can be classified into three
different sub-algorithms. In literature these techniques are identified as follows.

e Constant Voltage Constant Power (CVCP) Control [30]

e Constant Current Constant Power (CCCP) Control [31]

e Optimum Current Vector (OCV) Control or Voltage Current Limited Maximum Torque
(VCLMT) Control [32]

The CVCP and CCCP control methods are more popular for SPMSMs, while VCLMT control
technique is a useful method for both IPMSMs and SPMSMs. In CVCP control method, both
voltage and output power are kept at their constant values by changing the current vector following
the constant power current trajectory in d-q reference frame. The CCCP control is achieved by
keeping both current and output power as constants by changing the g-axis component of the
voltage.

In this thesis, MTPA and VCLMT control techniques are used for control of IPMSM in a
wide speed range.

2.3.1 MTPA Control Technique

The aim of MTPA control is to maximize the developed torque of the machine in the constant

torque region for a given stator current. For a given stator current, there is a unique d- and g-axis
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current pair that maximizes the developed torque of the machine. The maximum developed torque
is limited by the maximum allowed phase current. The voltage constraints are not important in this
case due to the low-speed operating points. It is important to note that the MTPA control technique
improves the motor drive’s efficiency by minimizing the machine’s copper losses while
maximizing its developed torque simultaneously.

The current trajectory of an IPMSM in MTPA region is illustrated in Figure 2.8, while the
current angle is denoted by f# and the peak current of the stator is denoted by /max. The current
circles in Figure 2.8 illustrate the different stator currents. The torque contour that has the
maximum value and can intersect with corresponding current circles defines the maximum
developed torque at each level of the stator current. These intersection points actually define the
path of the MTPA trajectory. The current angle of the machine increases versus developed torque

enhancement in the MTPA region.

Current
Circles

2 2 2
g+ 17 <Tmax

Iq

L<L<kh Bi<pr<ps
T <T,<T;

iq

Figure 2.8 Current trajectory, current circles, and torque tracks in MTPA region/control
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2.3.2  VCLMT Control Technique

The principal concept of the VCLMT control technique is similar to MTPA control technique.
It maximizes the output torque of the machine in FW region with a minimum possible drawn stator
current. As in MTPA control, drive efficiency is maximized in VCLMT control. The developed
torque in FW region is limited by the maximum available voltage and allowed phase currents.

According to (2.17), @A, term (BEMF of the machine) increases with speed and it

contributes to an increase in the motor terminal voltage at high speeds. The @,L;iy term helps to

compensate this increasing BEMF by weakening the field by applying a large negative d-axis
current.

The current trajectory of VCLMT control technique is illustrated in Figure 2.9.

Voltage .

elipses
Maxi VCLMT
Ximun :
aximum Trajectony
Current Circle.
2,2 12 E
ld +lq Ilmw

MTPA

Iq

I <T)<T; Dpase < Wy < Dy

Iq

Figure 2.9 Current trajectory, voltage ellipses, and torque tracks for VCLMT control
The voltage of the IPMSM in d-q reference frame can be represented as an ellipse. The

voltage ellipses shrink with the increment of the machine’s speed. The value of a torque contour
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intersecting the voltage ellipses and maximum current circle provides the maximum developed
torque of the machine in that specific operating speed.
2.3.3 Challenges and Motivations in MTPA and VCLMT Control

According to (2.16), the developed torque of an IPMSM is a function of d- and g-axis
currents. Therefore, it is necessary to ensure the machine operates with an appropriate combination
of d- and g-axis currents to provide the expected efficient performance in MTPA and VCLMT
control regions. Thus, it is important to obtain an optimized d-axis reference current trajectory in
a wide speed range to achieve a desired performance for the machine. It is worth noting that, g-
axis current is automatically adjusted based on the defined d-axis reference current and required
torque. However, in actual operation of an IPMSM the inductances and PM flux linkage are not
fixed under different loading conditions and all of the parameters used in torque and voltage
equations may vary with the saturation of the stator core [33, 34]. In addition, core losses [35, 36]
and solid losses [37] (due to skin, proximity, and magnet loss effects) show non-linear variations
and are dependent on the behaviour of the magnetic field distribution and operating frequency of
the machine. Therefore, it is important to consider these electromagnetic losses in predicting
accurate characteristics of the machine and d-axis reference current in a wider speed range
application. According to this discussion, an optimized d-axis reference current trajectory needs
to take into account the saturation and losses effects to support satisfactory performance for
IPMSMs in a wide speed range.

In literature various control approaches have been investigated to come up with a satisfactory
performance prediction method for IPMSMs in both constant torque and FW regions. Authors in
[38, 39] and [40] have introduced an ideal d-axis reference currents (neglecting non-linearities and

losses) in both MTPA and FW regions in their analysis. As a result of assuming ideal conditions,
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larger discrepancies may appear between the analysis and experimental tests. For instance, the
ideal d-axis reference current for MTPA and VCLMT control techniques are shown in (2.20) and

(2.21), respectively, [38] while L4, Lq and Apm are all assumed to be fixed in (2.20) and (2.21).

i A +8(Lg ~ LI

ax
dref = (2.20)
re 4(Lg—Ly) 2.
I Y L2y
_lmed * ﬂmed B (Ld _Lq)[ﬂpm + qumax - (%) ]
id,ref = (L2 Lz) e (221)
d™™q

Ching-Tsai Pan and S. M. Sue have proposed a linear MTPA control strategy to obtain fast-
dynamic response [41] and it helps to reduce the complexity of the controller. This linear approach
is useful when controlling multiple IPMSMs synchronously. Even though the analysis is extended
to FW region the effect of the core saturation and high frequency losses, e.g., core losses and solid
losses, are not considered in the analysis and performance prediction.

Authors in [42], [43] and [44] have considered the saturation effect of the machine into their
analysis using online parameter estimation methods. The controllers used in their analysis are
capable of estimating real-time machine parameters such as inductances. The whole analysis is
based on assuming a fixed PM flux linkage. References [42] and [43] have addressed the issues of
d-axis inductance variations and cross saturation in simulation and experiments. Additionally, [42]
considered the effect of the temperature variation in their study. However, these two analyses are
only limited to MTPA operation and FW region is not considered during the performance analysis
steps. Authors in [44] have extended the analysis to FW region and considered the d- and g-axis
flux saturation and temperature sensitivities in the parameter estimation algorithm. However, the
analyses in [44] do not report the significance of the different electromagnetic and mechanical

losses in FW region. A similar analysis has been done in [45] for both MTPA and FW regions

19



using adaptive control techniques. In [45], the flux control algorithms are developed for operations
in a wide speed range and control algorithms and stability of the system are demonstrated using
Lyapunov Stability Criterion and Barbalat’s Lemma. The analysis in [45] does not report any
details regarding the saturation effects and losses of the machine. Another online torque control
method is described in [46] for both MTPA and FW regions using optimization techniques and
Ferrari’s solution method. The analysis in [46] takes into account the effects of core saturation by
considering the variation of inductance. The copper losses and core losses are considered as well
in the analysis. However, [46] has ignored the effects of solid loss and mechanical losses in the
study which is not a reasonable assumption especially in FW region.

Y. Kim and S. Sul have proposed torque control strategy for a PMSM using PM flux
variations [47]. The authors have developed a PM flux estimator using flux observer which uses
two current reference lookup tables for different PM flux linkage and generate the new reference
currents by using an interpolation method. The analysis is extended to full operating region in the
constant torque operating region for different temperature levels. The research presented in [48]
describes a method of extending the speed range of a PMSM in MTPA region. The errors that
originate from the inverter side are compensated to measure the d- and g-axis flux linkages
accurately. The d- and g-axis reference currents are generated using an optimization solution. The
effect of the saturation is included in the analysis by incorporating d- and g-axis flux linkages in
the analysis. Authors in both [47, 48] have neglected some important losses, i.e. core losses, solid
losses, and mechanical losses in the analysis, which may significantly affect the performance
prediction of the machine at higher speeds.

In both [49] and [50], authors have estimated the performance of a PMSM considering

machine’s saturation and cross coupling effects. However, the analysis is only limited to MTPA
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region. The authors in [49] and [50] have captured the d-axis and g-axis flux linkage variations
using Finite Element Analysis (FEA). The equations are formulated for calculating the d-axis and
g-axis currents using flux linkage variations and curve fitting techniques. Thereafter, the trajectory
of the MTPA control region has been obtained. Another similar analysis is done by T. Inoue, Y.
Inoue, et al. to propose a mathematical model for controlling PMSM in MTPA region [51]. The
authors have proposed a mathematical methodology to determine the parameters of the machine
model and determine the trajectory of MTPA control by taking into account the magnetic
saturation and cross coupling effect. However, the proposed model estimates the PM flux linkage
and authors do not address the validity of their control approach and performance prediction in
FW region.

In [52] and [53] the maximum efficiency operating points are tracked for a PMSM drive by
applying the non-linear optimization techniques. The analyses are done in MTPA operating points
of the machine. Authors in [52] have included the variation of the copper loss and core loss into
their analysis and the circuit model of the PMSM has been modified accordingly. The d-axis and
g-axis currents are calculated based on non-linear optimization methods. In [53], the core
saturation effect, cross coupling effect, copper losses, core losses and other inverter losses are
considered to predict the trajectory of loss minimal current reference in MTPA region for PMSM
drives. However, authors in [52, 53] have focused only on MTPA operating region in their studies.

Another analysis is done in [54], [55], and [56] to improve the efficiency of the PMSM drive
system by optimizing the stator current. The authors in [54] have developed iron losses
minimization strategy in the controller to minimize the total losses of the system in FW region.
They have developed an iron losses model by collecting the data using standardized Epstein

measurement data. In addition, copper losses and mechanical losses are included in [54]. However,
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authors in [54] have ignored the solid losses, which affect the performance prediction of the
machine significantly in FW region. In [55], authors are focused on SPMSM and stator current is
controlled to minimize the torque ripple of the machine in MTPA operating region. The method is
efficient in computation point of view with simultaneously reducing the losses and torque ripple
of the machine in MTPA region. No details are found in [55] regarding the performance of the
system in FW region. In addition, both [54, 55] have considered the inductances as fixed values in
the whole analysis while neglecting the effect of core saturation. Although the method proposed
in [56] can be extended to FW region, the authors optimize the stator current vector for a given
reference torque to minimize the copper losses. In addition to that, this technique can be
implemented as a real time application. It is worth noting that [56] does not show any details
regarding the simulation or experiment results in FW region.

According to the literature review reported in this section, most of the references have only
conducted performance prediction and control analysis only either in MTPA or FW region while
normally the effects of solid, mechanical, and core losses in FW regions are neglected. In this
thesis, not only are the effect of saturation and losses taken into account for accurate performance
prediction and d-axis reference current trajectory, but also the analysis is extended to cover both
MTPA and FW regions in a wide speed range.

2.4 Conventional Single Inverter Motor Drive and its Control Method

In a conventional single inverter motor drive system, the wye-connected IPMSM is fed by
only one VSC capable of providing both required active and reactive powers to the machine in
MTPA and FW regions. The example vector diagrams are shown in Figure 2.10 illustrating the
voltage and current vectors lie in d-q reference frame for both lagging and leading power factor

operations of the machine.
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Figure 2.10 Example vector diagrams for a single inverter motor drive system, (a) lagging power factor
and (b) leading power factor

The basic control block diagram of a single inverter motor drive is shown in Figure 2.11 for
both MTPA and FW regions. The d-axis reference current may be set by a lookup table in each
operating speed and developed torque based on an optimized current trajectory extraction. The
outer speed loop defines the reference speed, and the output of the PI speed controller defines the
q-axis reference current accordingly. Both d- and g-axis current controllers generate the d- and g-
axis voltages, which are required to feed the machine using a VSC. The rotor angle is measured
by the incremental encoder, and rotor speed is evaluated using the measured rotor angle. The rotor
position information is sent to coordinate transformations blocks to convert the voltage/current
quantities from abc domain to d-q domain. The d- and g-axis components of the monitored currents
are calculated using the measured three phase currents and “a-b-c to d-q” transformation block.
The controller’s generated d- and g-axis voltage components are transformed to abc domain using
“d-q to a-b-¢” transformation block. The time domain voltage signals are used to determine the

modulation index and the frequency of the inverter.
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Figure 2.11 Control block diagram of a single inverter motor drive system

2.5  Summary

PMSM was introduced as one of the main sub-categories of PM machines. The presence of
the reluctance torque component in the total developed torque was highlighted as the main
advantage of the IPMSMs over the SPMSMs. Time domain voltage and current equations of the
IPMSM were introduced and then transferred into the rotating d-q reference frame using Park’s
Transformation. The steady state equation of the ideal developed torque of IPMSM was formulized
neglecting the non-linearities and losses effects.

The basic control strategies of PMSMs were investigated and FOC was introduced as one the
most popular control techniques for PMSMs in a wide speed range. The MTPA and VCLMT
control algorithms were selected for machine’s operation in the constant torque and FW regions
respectively, while maximizing the developed torque in the minimized copper losses and drawn
current taking into account the current and voltage limitations. The ideal d-axis reference current
trajectories in both MTPA and VCLMT control approaches were analytically formulized and

introduced neglecting the machine’s saturation and losses.
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Example voltage-current vector diagrams were shown to explain the single inverter motor
drive operation in d-q reference frame, and the control block diagram was presented to show how

an [PMSM can be controlled in a wide speed range using a VSC.
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Chapter 3

Effects of Saturation and Losses on the Predicted
Performance of an IPMSM

In this chapter, an IPMSM is simulated using ANSYS-Maxwell V.18.2 and the variations of
inductances, PM flux linkage, and different losses are predicted in various loading levels and speed
ranges via electromagnetic FEA. The steady state developed torque equation is introduced taking
into account all of the investigated saturation and loss effects. The operating capabilities of a
conventional single inverter motor drive system is compared with the dual inverter OW motor
counterparts. The machine used in the analysis is a V-shaped magnet IPMSM. The main
parameters of this machine and its simulated flux density distribution in the rated speed and power
operating condition are described in Table 3.1 and Figure 3.1, respectively.

Table 3.1 Main parameters of the [IPMSM

Parameter Value Parameter Value
Power 1 kW Number of slots 12
Voltage (L-L) 220V Number of poles 8

Rated current 35A Conductor AWG 18
Rated speed 900 rpm Lamination M19-29G
Power factor 0.9 Magnet NdFeB35
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Figure 3.1 Flux distribution of the analysed IPMSM at the rated operating point

3.1  Effects of Saturation on the Inductances and PM Flux Linkage

The core’s saturation directly depends on the excitation or loading level of the IPMSM, which
even causes the PM flux linkage to vary during the machine’s performance in various operating
points. In addition, loading and saturation effects cause the inductance of the machine to
significantly vary and affect the saliency ratio as well. The reluctance torque component of an
IPMSM is directly a function of the saliency ratio. Moreover, the PM flux linkage is the most
important factor for the magnetic torque component of the machine. Hence neglecting the
inductance variation and PM flux linkage variation can introduce a significant disagreement
between the experimental and ideal predicted performance capabilities of the machine

The d- and g-axis inductances (L4 and Lq) and PM flux linkage of the analysed IPMSM are
extracted using a Finite Element model developed in ANSYS-Maxwell. The simulations are
conducted by exciting the stator windings of the machine with three-phase currents in which the
current peak may vary between 0 A to 5 A and the current angle varies from 0° to 90°. The d- and
g-axis inductances, PM Flux linkage and saliency ratio (L¢/Ld) are extracted at each loading point
of the machine corresponding to the applied current settings. The variation of d- and g-axis
inductances, PM Flux linkage and saliency ratio are shown in Figure 3.2.
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Figure 3.2 Variations of (a) d-axis inductance, (b) g-axis inductance, (c) saliency ratio (L¢/Ls) and (d) PM
flux linkage versus current angle and peak changes

A noticeable variation in L4, Lq, and saliency ratio is seen as a function of current peak and
angle changes. For example, by changing the current peaks at lower angles (0-30 degrees) Ld
reduces from 73 mH to 66 mH, and Lq reduces from 100 mH to 80 mH. Accordingly, the saliency
ratio also decreases from 1.35 to 1.1 in this area. At larger current angles (30-90 degrees), Ld
increases from 72 mH to 78 mH, while an extensive change in Lq is not seen in this area.
Accordingly, the saliency ratio reduces from 1.35 to 1.22 as the Lq does not effectively change,
while Lq 1s reduced in this area. At higher current angles (30-90 degrees) d-axis current increases
causing the field to be weakened; that is why a larger L4 is seen. At lower current angles (0-30
degrees) the g-axis component is actually the main component of the current, and by increasing
the current peak in this area the g-axis path becomes more magnetized and therefore Lq reduces

significantly.
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Although, there is no direct method to measure or calculate the PM flux linkage in loaded
conditions, the d-axis flux linkage and inductance can be used to indirectly assess it. According to
Figure 3.2(d), the variation of PM flux linkage is somehow similar to the L4 variation. At high
current angles and current peaks, a larger amount of PM flux linkage (0.45 Wb) is expected as the
d-axis flux path becomes more demagnetized. In the saturated d-axis flux path occurring in lower
current angles and higher current peaks, the PM flux linkage reduces from 0.4 Wb to as low as
0.35 Wb. It is important to note that effect of the temperature on PM flux linkage variation is
omitted in this analysis, because the copper loss of the simulated and fabricated machine is
minimized. The fabricated machine has an open structure, which facilitates air flow and ventilation
to help lower any temperature rise due to small losses.

According to the analysis of this section, it is clearly seen that the saliency ratio and PM flux
linkage of the machine change by up to 22% and 28%, respectively, depending on the machine’s
loading condition and magnetic saturation.

3.2  Vanation of Losses

DC copper losses of a machine are only a function of DC resistance and the current peak.
Therefore, their prediction does not need an extensive magnetic analysis. On the other hand, core
and solid losses of the machine are functions of frequency and flux distribution in the cores and
windings. To accurately analyse these losses, Finite Element simulations are necessary. In this
section, it is shown how the core and solid losses are affected in various loading conditions and
frequencies.

The core loss can be separated into two main components: i) Hysteresis loss, ii) Eddy current
loss. The common equations for core loss including hysteresis and eddy current losses are show in

(3.1), (3.2) and (3.3) [57].

29



Bys = af By (3.1)

Pugay = b By (3.2)
Feore = Phys + Peddy (3.3)

Constants a, b, and x in (3.1) and (3.2) are called Steinmetz coefficients, which depend on the
type of the material and frequency.

Figure 3.3 shows the core losses variations of the machine at 200 rpm, 900 rpm (base speed),
2000 rpm, and 3300 rpm for various current peaks and current angles. According to Figure 3.3, it
is seen that the core losses of the machine change from O Wto 2 W, 2 Wto 10 W, 5 Wto 25 W,

and 10 W to 50 W for speeds of 200 rpm, 900 rpm, 2000 rpm, and 3300 rpm, respectively.
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Figure 3.3 Core loss variation versus current peak and current angle changes in (a) 200 rpm, (b) 900 rpm,
(c) 2000 rpm, and (d) 3300 rpm

It is shown that by the speed increment the core losses increase. At lower current angles (0-
30 degrees), core losses increase along with the current peak increment as in this case the core of
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the machine becomes more magnetized. At higher current angles (30-90 degrees), core losses are
reduced by increment in the current peak, as a larger d-axis (or field weakening) current is applied.
Figure 3.4 shows the solid losses variations at 200 rpm, 900 rpm (base speed), 2000 rpm, and

3300 rpm for various current peaks and current angles.

6
§0.4 glo 5
& 023 4
£o02 25 .
= N
o 0 0.1v 0 2
» 90

Q’o«e 4 !

%30 LN
(% 1 ek <, 0
Q) ey, 0 0y et ¥ @ % O ne
(a) (b)
30 80

< 25 —~
z %0 %100 60
£ 50 g
3 < 50
Z 155 40
% 0 0a 0

gO 90 20

%, 60 5 Q{,}e “ \KUQ

%
(7 0 (@ 4, 0 0 1 ‘Q?f“ 0
&) Qx}ﬁ
(d

Figure 3.4 Solid loss variation versus current peak and current angle changes in, (a) 200 rpm, (b) 900 rpm,
(c) 2000 rpm, and (d) 3300 rpm

According to Figure 3.4, solid losses nonlinearly change versus current peak and angle
changes, and by increasing the frequency their effects are more significant. For example, solid
losses change from 0 W to 0.3 W, 0 Wto 6 W, 0 W to 30 W, and 0 W to 80 W at the speeds of
200 rpm, 900 rpm, 2000 rpm, and 3300 rpm, respectively. It is obvious that the solid losses in low
currents and speeds are negligible, while by increasing the speed and current peak these losses are

by no means negligible. By increasing the current peak, the AC resistive losses (due to skin effect)
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are increased, and by increasing the current angle stator and rotor fluxes oppose each other
resulting in a larger flux leakage and more significant proximity losses.

It is worth noting that the core and solid losses profiles were only shown for four speeds due
to space limitations. However, these calculations have been done for 65 operating speeds, 11
current peak steps and 10 current angle steps of the machine. Therefore, 7150 total simulations
were run to obtain the losses and are incorporated into the analysis.

According to the analysis of this section, it is clearly seen that core and solid losses of the
machine may change by up to 5% and 8% of the rated power, respectively, depending on the
machine’s loading condition, magnetic saturation, and frequency.

3.3 Integrating the Effects of Saturation and Losses in Machine’s Performance Prediction

In this section, all of the discussed nonlinearities and losses are taken into account to fulfil
MTPA and VCLMT control techniques for the whole speed range of the machine. Inductances,
PM flux linkage, core, solid, copper, and mechanical losses as functions of current peak, current

angle, and speed are shown as follows.

Ly = Ly(ipear» ) (3.4)

Ly = Ly(ineaie- B) (3.5)

Apm = Apm Upeak » ) (3.6)
Peore = Feore (peak > 5> @) (3.7)
Fotia = Bolid Upeak » B+ Om) (3.8)
Py =3 R =5 R 41) (3.9)
Brech = Binech (0) (3.10)
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Prmech variation in (3.10) is defined based on a third order approximation as a function of
machine’s speed considering a 10 W measured mechanical losses in the rated speed. The effect of
core saturation (the inductance variation) can be included into the steady state d- and g-axis voltage

equations as follows.
Vind = Rsld — a)eLq (ipeak , ﬂ)lq (3 1 1)
qu = RSld + a)e//ipm (ipeak , ﬂ) + a)eLd (ipeak , ﬂ)ld (3 12)

The active and reactive power input of the IPMSM in d-q reference frame are expressed in

(3.13) and (3.14).

3 . .
Pm :E(deld +qulq) (313)

3 . .
O, = > (Vmgqld — Vindlq) (3.14)

The active output power of the IPMSM including all considered losses can be expressed as

follows.

P

solid — ¥ mech

P

out

=P

m

-P

cu

-P

core (3.15)
The developed torque equation of the IPMSM can be expressed as follows, which includes

all discussed non-linearities and losses.

Fout

Thoy = (3.16)
Om
Tdev = %g{ﬂ“pm (ipeak > IB)iq + [Ld (ipeak > ﬂ) - Lq (ipeak > IB)idiq ]}
| (3.17)

- PR [Pcore + Psolid + Prnech ]

m
The main objective of MTPA control is to maximize the developed torque of the machine

under the speeds below base speed (900 rpm) by minimizing the stator phase currents. In MTPA
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control, IPMSM is operated at low speeds, as a result of that voltage constraints are not necessary
to be considered in all MTPA operating points. The developed torque is limited by maximum
allowed stator current limit. The voltages and currents of IPMSM in d-q reference frame are
calculated by solving (3.11), (3.12) and (3.17) to obtain the maximum possible torque for a
minimum stator current in a given speed. In order to accurately predict the performance capabilities
of the machine in MTPA region, a constrained non-linear optimization problem has to be solved
which requires a non-linear programming technique taking into account all constraints and
Objective Functions (OFs). The formulated non-linear optimization problem for MTPA control
algorithm can be expressed by (3.18)-(3.22). The OF is described in (3.18) and all constraints are

defined in (3.19)-(3.22).

min OF =ij +i; (3.18)

i§ +ig < I (3.19)

Vind — Rig = @ Ly (ipeare» B)ig =0 (3.20)

Vinq ~ Rslg + Qe Apm (peak s B) + @ Ly (ipeak > £)ig =0 (3.21)

Tdev - EE {j‘pm (ipeak > ﬂ)iq + I:Ld (ipeak » ﬂ) - Lq (ipeak » ﬂ)idiq ]}
22 | (3.22)
+—[Poore + P
()

core solid T P, ] =0

ech
m

In FW region, the increasing BEMF of the IPMSM causes the motor voltage to go beyond
the maximum allowed terminal voltage determined by the inverter’s DC link voltage. However,
by applying a larger negative d-axis current it is possible to prevent the increment of the machine’s
terminal voltage through weakening the air gap flux. Therefore, the voltage constraint becomes
one of the main concerning aspects which has to be carefully taken into account in FW region.

Accordingly, the maximum possible developed torque in a minimized drawn current is actually
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limited by the voltage constraints as well. The VCLMT control algorithm is used to fulfil all
described requirements. The same optimization problem as in MTPA control algorithm can be
solved to obtain the feasible operating points in FW region with the additional voltage constraint

described in (3.23) to take care the terminal voltage of the machine.

2 2 2
Vmd T Vmq < Vmax

(3.23)

It is worth to note that all d- and g-axis inductances, PM flux linkage, core losses, and solid
losses computed by FEA are called during the solving steps of the optimization problem. The
interior point algorithm, which is an inbuilt function in MTALAB, is used to solve the optimization

problems in both constant torque and constant power regions.

3.4  Predicted Performance of IPMSM in MTPA and FW Regions

According to the described algorithms in Section 3.2, the maximum developed torque, output
power capability, and d-axis reference current of the machine are derived for both ideal and non-
ideal cases in this section. The simulations in this section show the necessity of inclusion of the
saturation and losses for performance prediction of IPMSM. In the non-ideal case scenario, all of
the variations of PM flux linkage, L4, Lq, and all considered losses are incorporated in the analysis
to predict the capability of the drive system.

The maximum developed torque capability and maximum output power curves for an ideal
single inverter drive (i.e., excluding saturation and losses) and a non-ideal case (i.e., including
saturation and losses) are shown in Figure 3.5(a) and Figure 3.5(b). In the ideal case, the losses are
ignored, and the PM flux linkage, L4 and Lq, are all kept constant using the rated operating point’s
characteristics.

According to Figure 3.5(a), the developed torque of the ideal case is 0.5 N.m (or 4.4%) larger
than the non-ideal case in the constant torque region as all losses and inductance variations are

35



neglected. In FW region, e.g., at 3000 rpm, the developed torque of the ideal case is 0.8 Nm (or
29%) larger than the non-ideal case. It is seen from the analysis that neglecting the saturation and
losses has a significant effect on the performance prediction of an IPMSM especially in high speed
operating regions in which the high frequency and mechanical losses are dominant.

According to Figure 3.5(b), in MTPA regions the output powers are close to each other for
ideal and non-ideal cases. However, even around 45 W output power difference may be seen
between the ideal and non-ideal cases in MTPA region. In FW region, the difference between
output powers is more significant and at least 29% difference between ideal and non-ideal output

powers is seen at 3000 rpm.
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Figure 3.5 (a) Maximum developed torque and (b) Maximum output power for ideal and non-ideal single
inverter drive
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The d-axis current trajectory in wide range of speeds with (non-ideal) and without (ideal)

losses and core nonlinearities are shown in Figure 3.6.
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Figure 3.6 d-axis reference current trajectory in the maximum power capability

A noticeable difference (1.3 A) between the ideal and non-ideal d-axis currents is predicted
in MTPA region, while this difference is reduced (0.1 A to 0.4 A) at high speeds. It is worth noting
that as the terminal voltage of the machine is directly dependent to the d-axis reference current,
even a small deviation in the desired d-axis reference current may cause over-modulation
problems. The simulations in this section demonstrate the significance of considering losses and
inductance and flux changes during performance prediction of an [IPMSM.

As a side note, machine’s terminal voltage is highly sensitive to d-axis reference current. It is
necessary to adjust the d-axis current reference accurately in FW region to prevent the saturation
issues in Voltage Source Converter PWM switching mechanism. Because slight deviation of d-
axis current can cause the modulation scheme goes from linear to over-modulation region.

3.5 Summary

The effects of saturation on the inductances and PM flux linkage values of the IPMSM in
various excitation levels were investigated using FEA. It was shown how the core, solid, and

mechanical losses may significantly vary as a function of speed and excitation level of a machine.

37



The developed torque, output power, and d-axis reference current of the simulated IPMSM were
analysed with and without considering saturation and losses effects, and it was shown that
neglecting the nonlinearities and losses may have a significant effect on the predicted performance
capability of the machine in a wide speed range. The main contribution of this chapter was to show
why the nonlinearities and losses should be taken into account during the performance prediction

of an IPMSM in MTPA and FW regions.
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Chapter 4

Dual Inverter Open Winding Drives

The basic arrangement of a Dual inverter OW IPMSM is introduced in this section and
different example circuit topologies of dual inverter motor drives are explained as well. Three OW
drives are discussed based on distinguished active/reactive power sharing assumptions and the
corresponding control block diagrams are presented for each OW drive structure separately. The
predicted performance and capability of the IPMSM for the investigated drive structures are
presented for all operating points in MTPA and FW regions.

4.1 Open Winding IPMSM

In conventional AC motor drives, machine’s phases are connected in either Star (Wye) or
Delta (A) arrangement. However, in OW structures, each phase of the windings is opened from
both ends and the three open phases are fed by two VSCs. DC links of two inverters can be
supported by either battery or a floating capacitor. In this thesis, the first VSC (VSC-1) is
considered as the primary energy source and is always supported by a fixed DC voltage. The
second VSC (VSC-2) may be fed by another DC voltage source (a battery) or may be connected
to a floating capacitor. The basic arrangements of OW IPMSM is shown in Figure 4.1(a), while
the effective per phase circuit diagram is illustrated in Figure 4.1(b).

KVL governs the following equations based on Figure 4.1(b).

Vid ~Vmd ~V24 =0 (4.2)
Vig = Vmq —V2q =0 (4.3)
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Figure 4.1 (a) Basic arrangement of a dual inverter IPMSM drive and (b) Per phase equivalent circuit

The open winding drive system can be used in different applications such as (i) for machine’s
operating region extension by supporting the reactive power demands [5], [58-60], (ii) for storing
the excess energy in auxiliary energy storage systems in EVs [61-63], (ii1) to improve the power
quality of MMC based motor drive systems [64], and (iv) to improve the efficiency of distributed
energy generation systems [65], which allows to reduce the ratings of the power converters used
in the generator system.

According to the connection of the two DC sources of two VSCs, OW drives can be classified
into two main categories: (i) Non-isolated Dual Inverter Drive (NDID) and (ii) Isolated Dual
Inverter Drive (IDID). The primary advantage of NDID topology is that it requires only a single
DC source, however due to having a common DC voltage source, there is a path to flow the zero-
sequence currents inside the circuit [66]. As a result of that, there is always a Common Mode

Voltage (CMV) component in dual inverter drive circuit [67, 68, 69]. Because of this phenomenon,
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noticeable third order harmonics are present in the motor’s phase currents. In IDID, there is no
path to flow zero sequence currents and negligible third order harmonics are present in the phase
currents [61]. However, this topology requires an additional DC source and may need two isolation
transformers to make two isolated DC supplies in the power system applications [66]. Figure 4.2

represents the circuit topology of both IDID and NDID.
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Figure 4.2 Circuit topologies of, (a) IDID and (b) NIDID

4.2 Challenges and Motivations in Open Winding Motor Drives

In a conventional single inverter drive, there is only one VSC to be controlled and the
control strategy is simpler than a dual inverter OW motor drive with two independently controlled
VSCs. In recent decades, induction machines are widely used in OW drive structures with different
inverter topologies, modulation schemes, and performance improvements attempts [70-73].

Additionally, different control aspects and approaches are already proposed for dual inverter OW
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inductions motors [74-75]. However, OW drives have gained lower attention for the PMSM cases.
It is important to know how the performance capability and d-axis reference current trajectory of
OW IPMSM drives vary in different drive topologies in MTPA and FW regions. In addition, it is
also recommended to analyse the performance capability comparison of OW IPMSM drives with
a limited available DC link voltage over conventional single inverter drives.

In the existing literature, authors have introduced various methodologies to control the
voltage of the inverters in dual inverter OW PMSM drives for speed control applications. Welchko
[62] has made a contribution while introducing a dual inverter OW PMSM and proposed three
different control methodologies, i.e., unity power factor control method, voltage quadrature control
method, and optimum inverter utilization control method, which are based on different active and
reactive power sharing assumptions between two inverters. The author has used two isolated
inverters with two fixed DC sources. The simulations for the performance analysis for each
corresponding control method is presented. However, the analysis has considered fixed inductance
values, while neglecting the effect of the core saturation as well as electromagnetic and mechanical
losses.

Authors in [5], [58], [59], [76], [77], and [78] have investigated the extension of operating
region of a PMSM drive using a dual inverter OW drive as well as providing the voltage control
strategies for VSCs. In the drive topologies used in [5], [58], [59], [76] and [77], the DC links of
VSC-1 and VSC-2 are supported by a DC source (battery) and a floating capacitor, respectively.
The operating capability of the machine (both torque capability and speed range) is extended by
increasing the terminal voltage of the machine. The main purpose of having a floating capacitor at
the second inverter is to compensate the reactive power requirement of the machine and increase

the voltage vector of phase windings without increasing the voltage of the DC source. In [5], a
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novel control algorithm has been proposed to control the OW PMSM including voltage controlling
of the VSC-2 which contains a floating capacitor. Performance of the controllers in [5] has been
verified using both simulations and experiments. The control concepts in [62] is similar to the
methods proposed in [5]. In addition to the operating region extension purposes, [58] has used an
inverter with a floating capacitor to increase the equivalent inductance of the system to drive the
PMSM with a lower operating current compared to its rated operating current. A similar study is
done in [58, 59], except the controller is developed using rational functions and VSC-2 is activated
at the maximum possible speed of the single inverter drive. The authors in [77] also used an OW
PMSM in both MTPA and FW regions. The controller is built using the same concept which has
been proposed in [59, 60] to provide the active power from VSC-1 and reactive power from VSC-
2. However, according to [5], [58], [76] and [77], it is necessary to use an additional controller to
keep the floating capacitor voltage at the desired value.

Other studies have been conducted to extend the power capability and to control the speed of
OW PMSM drives with different objectives. For instance, J. S. Park and K. Nam have proposed a
dual inverter OW PMSM with a floating capacitor for Hybrid EV (HEV) application [79]. The
objective of [79] is to increase the high-speed operating region of the machine by keeping the same
battery voltage. The converter that has the floating capacitor compensates the higher reactive
power demand of the machine in higher speeds while first inverter operates at a unity power factor.
Authors in [80] have proposed a dual inverter OW IPMSM for improving the performance of
IPMSM in the constant torque and FW regions. The voltage of the floating capacitor is controlled
according to the required performance in FW region. In [78], OW SPMSM is used with two

isolated DC link voltage sources. The capability of the machine is enhanced using two separate
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DC sources. The investigated controllers have been proposed to operate the machine in FW region
and voltage of VSC-2 is controlled using a voltage quadrature control method.

On the other hand, authors in [81] have proposed a hysteresis current regulator to control high
power OW PMSM for wind energy generation system using dual half-controlled converters.
However, authors do not provide details and explanation about the defined controller. Z. Zheng,
D. Sun and J. Zhu have introduced torque ripple minimization control technique for OW PMSM
to supress the torque ripples of the machine [82]. The analysis has taken the magnetic saturation
effect into account to build a more accurate mathematical model based on harmonic current
injection. In [83], authors have proposed model predictive torque control method for OW PMSM.
This method has included the non-linearities and constraints into the analysis to minimize the
errors. It can implement in real time by reducing the computation time and capable of providing
better dynamic response.

Overall, the analyses in [5, 58, 59, 76, 77, 78, 79, 80] have been limited for one OW PMSM
drive topology, which has a DC source in VSC-1 and a floating capacitor in VSC-2. However,
authors in [78, 81, 83] have analysed OW drive topology, which includes additional DC source
instead of using a floating capacitor in second converter. The authors in [82] only addressed a
method of including the effect of saturation in OW PMSM drives.

Although the above studies are mainly focused on controlling the voltages of inverters for
speed control applications of OW PMSMs, the presented research studies do not contribute to the
performance capability analysis comparison for different OW drive topologies with a limited DC
link voltage condition in both MTPA and FW regions. In addition, the effects of machine’s
saturation, magnetic losses, and mechanical losses have never been considered in both MTPA and

FW regions in the dual inverter OW IPMSM drives so far. Neglecting these important factors in
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the analysis may cause a potential discrepancy between the expected and actual performance of
dual inverter OW IPMSM drives. In this thesis, the mentioned shortcomings are resolved to assess
the performance capability and operating limits of dual inverter OW PMSM drives in both MTPA
and FW regions.

4.3 Dual inverter Drives Cases

In this section, the performance analysis of conventional single inverter and a number of dual
inverter OW IPMSM drives are studied considering saturation and loss effects.

43.1 Casel

A common DC voltage source is used in this drive structure and the available DC voltages
for both VSCs are set to be half of that in the conventional single inverter drive thus requiring new
constraints shown in (4.4) and (4.5). In Both MTPA and FW regions, the required active power is
identically shared between the two VSCs as described in (4.6), and VSC-1 may only provide active
power governed by (4.7). VSC-1 does not contribute to reactive power support and the required
reactive power is solely supported by VSC-2. Performance capability characteristics of the
machine in this drive structure in MTPA and FW regions can be derived by solving a similar
optimization problem to the single inverter drive case taking into account (4.1)-(4.3) and the new

constraints in (4.4)-(4.7).

2

Vig t V12q < %Vnzlax,single (4.4)
vig+ ng < %Vnzlax,single (4.5)
(Viq +V2q)ig + (Vg +v2q)ig =0 (4.6)
Vigia —Vidlq =0 4.7)
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Figure 4.3(a) and Figure 4.3(b) illustrate two sample phasor diagrams for case I which
describes the arrangement of voltage and current vectors in d-q reference frame in lagging and

leading power factor operating points, respectively.
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Figure 4.3 Example vector diagrams for case I, (a) Lagging (b) Leading power factor

4.3.2 Case-2

The structure and voltage ratings (i.e., (4.4) and (4.5)) of case 2 are exactly similar to case I;
however, both the required active and reactive power of the machine are identically shared between
the two VSCs in MTPA and FW regions. Accordingly, the d- and g-axis voltage components of

VSC-1 and VSC-2 are defined as follows.

1%

Mg = v =% (48)
v

Vig = —Vaq = % (4.9)

Figure 4.4(a) and Figure 4.4(b) illustrate two sample phasor diagrams for case 2, which
describes the arrangement of voltage and current vectors in d-q reference frame in lagging and

leading power factor operating points, respectively.
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433

the entire required active power of the machine must be supported by VSC-1, while VSC-2 only
provides the reactive power of the machine in MTPA and FW regions. The capacitor voltage of
VSC-2 and DC link voltage of VSC-1 are both set to half of the DC link voltage of the conventional
single inverter drive; hence (4.4)-(4.5) remain valid. Equations (4.7) and (4.10) govern the active

power and reactive power requirements, respectively. The capacitor voltage control method has

N
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Figure 4.4 Example vector diagram for case 2, (a) Lagging and (b) Leading power factor

Case-3

already been investigated in [5], and [19].

illustrate two sample phasor diagrams in the d-q reference frame for lagging and leading power

Vldid + quiq =0

factor operating points, respectively.
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In this drive structure, the DC link of VSC-2 is connected to a floating capacitor. Therefore,

In order to show how the voltages are shared in case 3, Figure 4.5(a) and Figure 4.5(b)
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4.4 Control Diagrams of Dual Inverter Drives

Figure 4.5 Example vector diagram for case 3, (a) Lagging and (b) Leading power factor

In this section, closed-loop control diagrams for each drive structure are developed for

implementation on an experimental test rig to verify the actual performance of machine in each

drive for both MTPA and FW regions.

44.1

The total active (Pm) power of machine is described in d-q reference frame as follows.

3, . .
P, = E(led + quq)

(4.11)

Since half of the active power of the machine is supported by VSC-1 with no reactive power

from this VSC, the d- and g-axis voltage components of VSC-1 are as follows.

where,

P,y

Vid =

372

m

P.i

Vig =

q 3[2
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m

(4.12)
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I, = i3 +i7 (4.14)

Using (4.2), (4.3), (4.12) and (4.13), the d-and g-axis voltage components of VSC-2 are
defined. The control block diagram of case I is shown in Figure 4.6. The Im, ia and iq are required
to send as inputs of “Voltage Decomposition” block. Additionally, a low-pass filter is required to
reduce the ripple of the d-q voltages of VSC-1 and VSC-2 by filtering d- and g-axis currents of the

machine.
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Figure 4.6 Control block diagram of case I and case 2
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442 Case-2

In this drive structure, active and reactive power requirements are identically shared between
the two VSCs. Accordingly (4.8) and (4.9) are used to define the d- and g-axis voltage components
of VSC-1 and VSC-2.

The control block diagram of this drive structure is similar to case I (Figure 4.6). However,
the d- and g-axis voltage components of VSC-1 and voltage decomposition block should be
modified according to (4.8) add (4.9) and low-pass filter is not required in this case.

443 Case-3

In this drive structure, one component of the active power is responsible for capacitor voltage
charging; therefore, the total active power provided by VSC-1 (P1) is defined as follows.

BR=PF,+P (4.15)

where P is the output of the capacitor voltage controller. Accordingly, d- and g-axis voltage

components of VSC-1 are defined as follows.

_ 2Ry

Vg = (4.16)
1d 3[§1
2Pi
Vg =g (4.17)
312

Using (4.16), (4.17), (4.2), (4.3), the d- and g-axis voltage components of VSC-2 are defined.

The control diagram of Case 3 is shown in Figure 4.7.
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Figure 4.7 Control block diagram of case 3

It is worth noting that in all block diagrams defined in this section, the d-axis reference current
(iaref) 1s set as a look up table by solving optimization problems described in section 4.3 in various
speed and developed torque requirements considering dynamic variations of inductance and flux
linkages and losses discussed in Chapter 3. It is important to note that the low-pass filter in Figure
4.7 1s necessary to reduce the ripple of the d-q voltages of VSC-1 and VSC-2 by filtering d- and
q-axis currents of the machine. All controllers are tuned experimentally with the aim of bringing

the machine to steady state operation without adverse transient effects.
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4.5 Performance Prediction and Comparison of Drive Structures

In this section, the performance of the IPMSM with each drive configuration (including
conventional single inverter drive) described in Sections 2.4, 4.3 and 4.4 are predicted at steady
state. It is worth noting that the dynamic behaviour of inductances and flux linkages and
electromagnetic and mechanical losses are all taken into account, while an average model of VSCs
is used in simulations and the harmonic contents of current and 3D effects are neglected for
simplicity and a fast simulation.

Figure 4.8 shows d-axis current contour maps versus speed and torque in all operating points

of MTPA and FW regions.
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Figure 4.8 d-axis current contour maps versus speed and torque variations, (a) single inverter, (b) case I,
(c) case 2 and (d) case 3

According to Figure 4.8, all drive configurations are capable to support 11.4 Nm developed
torque in the constant torque or MTPA region; however, single inverter and case 2 are the two
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drives that support this torque up to 900 rpm. The maximum speed at which 11.4 Nm developed
torque can be supported by case I and case 3 are 700 rpm and 450 rpm, respectively. Due to the
equal available voltages in single inverter and case 2 drives in all operating points, these two drive
configurations show identical torque capabilities and speed ranges. On the other hand, the available
voltages on machine’s phases in case [ and case 3 are smaller than that of the single inverter drive
due to the smaller DC voltages and assumed active and reactive power sharing requirements. In
all drive configurations, d-axis reference current may change from 0 A to even -4 A to -4.8 A
depending on the operating region and developed torque. In MTPA regions d-axis current is
limited to around -2 A, while in FW regions this current should be even doubled to keep the
machine’s terminal voltage within the converter’s rating.
The efficiency of the machine can be evaluated as follows.

P
Eff (%) = out 100 (4.18)
Pout+Pcu+P +Psolid'i_Pm

core

ech

The variation of efficiency for all cases are illustrated in Figure 4.9. According to Figure 4.9,
Single inverter, case I and case 2 drives can operate with same peak efficiency of 93.5%. The
peak efficiency region of three drives are concentrated between 3-8 Nm torque and 500-1200 rpm
speed. However, case 3 drive operates with 92.6 % peak efficiency. Both Single inverter and case
2 have same efficiency variation, because those two drive cases show same identical voltage and
performance capabilities throughout their entire regions. In MTPA region, the efficiency is lower
than 80% at the peak torque for the speeds below 300 rpm. Because the develop output power is
relatively small for low speed operating points. In FW region, efficiency starts to drop below 85%

beyond 2000 rpm of all drives due to dominant core, solid and mechanical losses.
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Figure 4.9 Efficiency contour maps versus speed and torque variations, (a) single inverter, (b) case 1, (¢)
case 2 and (d) case 3

The power factor variations for different drive structures are shown in Figure 4.10. The power
factor may change from 0.12 to unity depending on the operating point. According to the active
and reactive power sharing assumptions for each drive configuration, the control strategies of case
1 and case 3 drive structures should be slightly modified as the required reactive power of the
machine cannot be solely supported by VSC-2. In these operating points, which are distinguished
inside a black dashed line in all contour maps, the VSC-1’s unity power factor assumption is no
longer valid, and a part of the machine’s reactive power has to be supported by VSC-1 as well.
The control strategies and active and reactive power sharing assumptions of single inverter and
case I need no modification in any operating point. According to Figure 4.10, the highest possible

power factor (> 0.97) is seen in MTPA regions with the developed torques below 3 Nm for all
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drives and in FW regions up to 1800 rpm and 900 rpm for single inverter, Cases I and 2, and case

3 drives, respectively.

12 1 12 1
EIO Io.s EIO Io.s
z® 2"

Q6 10.6 2 6 0.6
24 24
g 0.4 g - 0.4

2 2 x

 — —
0 0.14 0 0.14
100 900 1800 2500 100 900 1800 2500
Speed(rpm) Speed(rpm)
(a) (b)

12 1 12
E 10 I 0.8 E 10
Z 8 e Z 8
86 © 26
2 <2
c 4 04 54
= =

2 2

 —
0 0.12 0
100 900 1800 2500 100 900 1800 2500
Speed(rpm) Speed(rpm)
(c) (d)
Figure 4.10 Power factor contour maps versus speed and torque variations, (a) single inverter, (b) case 1,
(¢) case 2 and (d) case 3

The reactive power sharing of all drive cases is illustrated in Figure 4.11. In MTPA regions
the supported reactive power by VSCs enhance along with the torque increment even up to 602
Var, 452 Var, 301 Var, and 315 Var for the VSC used in single inverter drive, VSC-2 in case 1,
each of VSC-1 and VSC-2 in case 2, and VSC-2 in case 3, respectively. In FW region, VSCs
gradually start to absorb reactive power even up to 950 Var, 630 Var, 475 Var, and 640 Var for
the VSC used in single inverter drive, VSC-2 in case I, each of VSC-1 and VSC-2 in case 2, and

VSC-2 in case 3, respectively, because of the leading power factor performance of the machine.
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Figure 4.11 Reactive power contour maps versus speed and torque variations, (a) single inverter, (b) case
1, (¢) case 2 and (d) case 3

The active power sharing of all drive cases is illustrated in Figure 4.12. The peak power of
the machine in single inverter drive may reach 1265 W, while up to 633 W output power can be
separately provided by VSC-1 and VSC-2 in Cases 1 and 2. The only source of active power in

case 3 i1s VSC-1, and the maximum developed power of machine in this case is limited to 649 W.
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Figure 4.12 Active power contour maps versus speed and torque variations, (a) single inverter, (b) case 1,
(¢) case 2 and (d) case 3

4.6 Summary

The main circuit topologies of dual inverter drives (NIDID and IDID) were introduced and
advantages/disadvantages of those topologies were discussed. Three different OW IPMSM drive
structures were introduced based on different active/reactive power sharing assumptions. The
equations of the controllers and control block diagrams for case 1, case 2 and case 3 drives were
discussed. Both case I and case 3 drives needed an additional d-q axis current filters to reduce the
d-q axis voltage ripples of VSC-1 and VSC-2.

The contour maps of d-axis reference current, efficiency and power factor were presented for
all drive cases for comparative study purposes. According to that, all drive configurations can
support 11.4 Nm peak torque in the MTPA region. The Single inverter and case 2 drives showed
an identical performance due to having same voltage capability from the utilized VSCs. However,
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case 1 drive could not provide the same performance capability due to incompetent power sharing
assumptions even though it had enough DC link voltage. The d-axis reference current is limited to
-2 A for all dual inverter drives including Single inverter drive. However, it is required to increase
up to -4.6~-4.8 A in FW region for maintaining the terminal voltage of the machine at its maximum
value.

Conventional Single inverter drive, case I and case 2 drives can operate with same peak
efficiency of 93.5%, but in case 3, it has been reduced to 92.6%. However, the considered power
sharing assumptions are not valid for all operating in case I and case 3 drives. In case I and case
3 the VSC-1 cannot operate at unity power factor at low loading conditions due to limited available
DC link voltage. The controllers need to be modified in these regions by avoiding VSC-1 operates
at the unity power factor.

In MTPA region, the reactive power absorption of the machine is increased with speed.
However, machine starts to produce reactive power in FW region and converters should be capable
of absorbing the generated reactive power. In Single inverter drive, the VSC should be capable of
providing 1265 W peak power. But in case 2, it is sufficient to have 633 W peak power capability
for each converter. However, in case 3, VSC-1 is the only available active power source and it
should be capable to provide 647 W peak power. There is no active power exchange between

machine and VSC-2.
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Chapter 5

Experimental Verification

The predicted performance and capability of the OW IPMSM analysed in Chapter 3 and
Chapter 4 are verified by experimental tests using a built IPMSM. The details of components of
the experimental test rig are introduced. The voltages and current profiles of all drives are shown
in experiments and in the related operating points. The actual performance capabilities are assessed
by tests for conventional single inverter drive while experimental tests are extended to three dual
inverter drive cases discussed in Chapter 4 as well. The d- and g-axis current trajectories are found
in the experiments for peak power capability of the machine and are compared with the simulations
of each drive structure. Assessment of losses is done using experimental data and the experimental
efficiency of the machine in maximum power capability in both single inverter and dual inverter
drives is compared with the simulation analysis.

5.1 Dual inverter Open Winding IPMSM Test Rig

A full test rig, shown in Figure 5.1, is prepared to conduct experimental analysis.
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Figure 5.1 The dual inverter open {?vinding test rig
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Two three-phase converters are used to provide the Pulse Width Modulated (PWM) signals
to the machine’s phases in open winding drive configurations. In the single inverter drive case,
only VSC-1 is used. The DC link voltage of each converter is supported by a three-phase rectifier
included in the corresponding converter and the DC voltage level may be adjusted by a three-phase
variac between the grid supply and the rectifier’s input.

All controllers are executed in Real Time Digital Simulation (RTDS) using two Freescale
MC7448 RISC processors. The control components are built in RSCAD software, which is
provided by RTDS Technologies and uploaded into RTDS to run the program.

The developed torque of the machine is adjusted by a Lab-Volt 8540-00 four quadrant
dynamometer. It is capable of providing peak power 5 kW with maximum 48 Nm peak torque.
The applied torque on the motor shaft is measured using a Futek 20 Nm torque transducer. The
rotor position and speed are measured by US Digital 1000 Cycles Per Revolution (CPR)
incremental encoder.

The three-phase currents are monitored using LEM LT 100-S current transducers, which have
a 1:1000 ratio. An additional instrumental amplifier circuit is used with current transducers to
achieve infinite output impedance at measurement side and increases the gain of the transducers
to 1:5. The input active power of the machine is determined by VALHALLA 2101 digital power
analysers for efficiency calculations.

A Tektronix TPS 2024 oscilloscope is used to monitor currents and voltages and its Fast
Fourier Transform (FFT) feature is used to make sure the fundamental component of drawn current

is always within the allowed range.
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5.2 Voltages and Current Profiles of Drive Cases

The machine is controlled using FOC in MTPA and FW regions. The maximum available DC

link voltage in the laboratory is 340 V in the loaded conditions; however, DC link voltage of the

single inverter is assumed to be 360 V in simulation analysis. Thus, Space Vector Modulation

(SVM) technique is used to operate the machine in single inverter drive in experiments due to the

limited available DC link voltage in laboratory. For simplicity, the Sinusoidal PWM (SPWM)

technique is used in all dual inverter drives as an enough DC voltage is available to test the machine

in open winding drive configurations. The line-line voltage of VSCs and phase current of all drive

cases at their corresponding maximum loading conditions are illustrated in Figure 5.2.
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As seen in Figure 5.2, peak to peak current in single inverter, case I, case 2, and case 3 are
11.6 A, 15.2 A, 14 A and 10.4 A, respectively. The current profile of the single inverter drive is
very similar to a pure sinusoidal current. However, Figure 5.2(b) and Figure 5.2(c) show a
noticeable harmonic distortion in the line current due to the circulating zero sequence current. The
normalized current harmonic spectra of each drive structure in its corresponding maximum

developed torque are shown in Figure 5.4.
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Figure 5.3 Harmonic Spectrum of all drives at 900 rpm for peak loading

According to Figure 5.3, case I and case 2 show a current THD of 34.1% and 29.1%,
respectively, as the phase currents in these cases possess nearly 0.3 pu third-order harmonic
content. On the other hand, the current THD of single inverter and case 3 drives are limited to only
2.6% and 5.6%, respectively. The phase currents of single inverter and case 3 drives contain odd
harmonics without having high amplitude third order harmonics.

Figure 5.2(a) illustrates that the phase current lags the voltage in single inverter drive at the
considered operating point. As seen in Figure 5.2(b), phase current lags line voltage of VSC-1 by
30 degree which implies that VSC-1 operates at unity power factor , Figure 5.2(b), Figure 5.2(¢c)
and Figure 5.2(d) show “i lags vi” and “i leads v2” in all dual inverter cases for the considered

operating points. Figure 5.2(c) confirms that voltages vi and vz are exactly opposite each other,
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i.e., 180 degrees of phase shift. In other words, it satisfies the power sharing assumptions discussed
in Section 4.3. The capacitor voltage variation of VSC-2 at the machine starting time for case 3 is

shown in Figure 5.4.
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Figure 5.4 Capacitor voltage variation of VSC-2 at starting
As seen in Figure 5.4, the capacitor voltage is under control and the utilized PI controller is
capable of keeping the capacitor voltage at the desired value of 180 V by controlling the power
flow between machine and VSC-2. According to the developed controller, capacitor voltage shows
27% overshoot during its charging procedure and it takes 20 s for the capacitor voltage to settle on

its desired reference value.

5.3  Experimental Validations for Maximum Capability

In this section, maximum developed torque capability of the machine in different drive
configurations is evaluated using experimental analysis. As seen in Figure 5.5, a promising
agreement between simulations and experimental analysis is seen for the developed torques of the
machine in various drive configurations. In MTPA region, the developed experimental torque is
at most 4.7% below the simulation analysis, while in FW regions the discrepancies between
simulations and experiments may go even below 3.9%. The simulations and experiments are

63



conducted even in low torque regions and it is shown that in case I and case 3 drives the defined
active and reactive power sharing assumptions should be modified as VSC-2 can no longer be the
only source of reactive power to the machine and VSC-1 should also contribute in some part of
the required reactive power. Corresponding regions have been highlighted in the torque versus

speed profiles in Figure 5.5 for further clarity.
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Figure 5.5 Comparison of maximum develop torque capability, (a) single inverter, (b) case 1, (c) case 2
and (d) case 3

As seen, single inverter and case 2 drives can support an identical developed torque capability
in wide speed range and no control modification is required in any operating points of these drives.
The minimum torque capability in 2500 rpm belongs to case 3 with the experimental developed
torque of 1.7 Nm. while the developed torque of single inverter, case 2, and case I drives are above

3.7 Nm and 2.7 Nm in this operating speed, respectively.
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Figure 5.6 shows the trajectories of d- and g-axis reference current for maximum developed

torque capability in simulations and experiments.
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Figure 5.6 Comparison of d- and g-axis current trajectories for peak capability

According to Figure 5.6, the obtained d-axis reference current from the simulation analysis
are fairly aligned with the experimental d-axis reference current which confirms that the simulated
d-axis reference current is a reliable input for the machine’s experimental control in a wide speed
range in different drive configurations. A discrepancy of 3% to 5% is seen between the g-axis
currents in simulations and experimental results of case I and case 3 drives in a wide speed range,

while this discrepancy is 3% to 6% larger for the single inverter and case 2 drives.
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5.4 Experimental Validations of the Controllers

The voltage controllers of VSC-1 and VSC-2 can be verified by analysing the magnitudes
and phase angles of d- and g-axis voltage and current profiles. The phase angle of voltage or current

with respect to positive side of the g-axis can be calculated in d-q reference frame as follows.

(5.1)

phase angle = tan™ [|d —axis COMponentq

q — axis component

The d- and g-axis currents for all drive cases at base speed and in the maximum corresponding

loading conditions are illustrated in Figure 5.7.
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Figure 5.7 d- and g-axis currents of drive cases at maximum corresponding developed capabilities in 900
rpm, (a) single inverter, (b) case 1, (¢) case 2 and (d) case 3
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According to Figure 5.7, the average d-axis currents of single inverter, case 1, case 2 and
case 3 are -2 A, -3.6 A, -2.35 A and -4.2 A respectively, and the average g-axis currents are 4.88
A, 3.6 A,4.77 A and 2.2 A, respectively. The d- and g-axis currents of single inverter and case 2
drives are nearly same, because both drives are capable of providing the same maximum developed
torque of 10. 2 Nm at 900 rpm. However, larger d-axis current in case I and case 2 are required to
make the air gap field weaker due to limited available DC link voltage. Correspondingly, the g-
axis current is smaller in case I and case 2 compared to other two cases, because of lower
developed torque in this operating speed. The d- and g-axis voltages of VSCs in similar operating

points are shown for all drive cases in Figure 5.8.
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Figure 5.8 d- and g-axis voltages of drive cases in maximum capability at 900 rpm, (a) single inverter, (b)
case 1, (¢) case 2 and (d) case 3
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As seen in Figure 5.8, all d- and g-axis voltage components satisfy KVL as expected in (4.2)
and (4.3). Figure 5.8(b) gives via=-55.24 V and viq= 55.35 V and Figure 5.7(b) gives i—-3.6 A
and iq=3.6 A, which show 45" voltage and current angles calculated by (5.1). Hence, it verifies that
VSC-1 operates at unity power factor in case I drive. According to Figure 5.8 (¢) vma=-167.4 V,
v1d=-83.7 V,v2d=83.7 V, vmq= 87.37 V, vig=43.7 V and v2q=-43.7 V, which satisfies (4.8) and (4.9)
for case 2. In other words, both active and reactive powers are identically shared between VSC-1
and VSC-2. In case 3, the average values of the d-q voltage components for VSC-1 and VSC-2
are equal to vi¢=-60.4 V, v2¢=17.25 V, viq=31.85 V, and v2¢=16.34 V confirmed by Figure 5.8(d).
The average values of d-q current components of ie=-4.2 A and iq=2.2 A are illustrated by Figure
5.7(d). Accordingly, the phase angles of voltage vector of VSC-1 and phase current can be
calculated as 62.2° using (5.1). Therefore, it validates that the VSC-1 operates at unity power factor
in case 3. However, the phase angle difference between vi and v2 can be calculated as 108.85°,
which states that these two voltages are not exactly perpendicular to each other as was expected in
simulation analysis. This issue happens since there is always a small active power exchange
between VSC-2 and machine to maintain the voltage of the capacitor at the desired reference value.

5.5 Loss Analysis and Efficiency Evaluation

The copper losses at each operating point of the machine can be estimated using (3.9). The
stator per phase DC resistance (Rs) of the built machine is measured as 2.3 ). The fundamental
component of phase current and Rs is used to calculate the DC copper losses of machine in
simulations and experiments. The other losses that take into account core, solid, mechanical and
stray losses can be evaluated as follows.

+P

mec

Other Losses = (F, h + Fotid + Bray) = Fin -

out

- Pcu (52)

ore
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Total Losses = E:u + R, + Pmech + Psolid + Pstray = Pm - Pout (5'3)

core

Figure 5.9 illustrates the total loss (copper loss + other losses) variation in various drive

configurations.
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Figure 5.9 Variation of total losses for drives at maximum loading, (a) single inverter, (b) case 1, (¢) case
2 and (d) case 3

Generally, the total losses of all drives may vary between 82 W-220 W, in simulations and
experiments. In single inverter and case 2 drives, the predicted and experimental total losses are
almost similar up to 600 rpm. However, the experimental total losses in those two cases are higher
between 600 rpm-1800 rpm. In case 1, experimental total losses are always higher than predicted
losses up to 2100 rpm. In simulation analysis, the lowest total loss is shown for case 3. In
experiments, case 3 shows the largest total losses, mainly because the floating capacitor losses are

completely ignored in the prediction.
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The variation of the copper losses at the maximum possible power versus speed in both

simulations and experiments is shown in Figure 5.10.
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Figure 5.10 Copper loss variation of drives at maximum loading, (a) single inverter, (b) case 1, (c) case 2
and (d) case 3

As seen in Figure 5.10, copper losses in the simulation are almost fixed at 80 W for all speeds
as the phase resistance and current peak are both set to be fixed values in single inverter, case 1
and case 2. There are some fluctuations in the copper losses values in case 3 in its corresponding
FW region. This happens due to the variations of output power in FW region because of a larger
torque drop. In MTPA region, it is expected to see almost the same copper losses in experiments
for all drive arrangements. This happens because the experimental peak current is kept at the same
value as in simulations for MTPA region. However, the copper losses of the machine in single

inverter, case 1, case 2 and case 3 drives can even drop to 60 W, 72 W, 78 W and 72 W respectively
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at 2500 rpm. Because the peak current is required to be reduced in FW region by lowering the
machine’s loading to maintain the terminal voltage at the desired level.

The variation of other remaining losses versus speed at maximum developed torque is shown

in Figure 5..
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Figure 5.11 Variation of other losses for drives at maximum loading, (a) single inverter, (b) case 1, (c)
case 2 and (d) case 3

According to Figure 5., other losses increase with speed because core, solid and mechanical
losses are the function of frequency. The simulated losses are always below the experiments since
inverter losses, harmonic losses, and other stray losses are not considered in the simulation
analysis. The experimental losses of the machine are always below 50 W in MTPA region for all

drives. At the maximum possible speed, other losses of the machine in single inverter, case I, case
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2 and case 3 drives can be increased up to 154 W, 135 W, 147 W and 141 W respectively at 2500
rpm in tests.

The developed torque of the machine in experiments is measured using a torque transducer
and mechanical speed is given by the incremental encoder. Hence, output power of the machine in

experiments can be assessed as follows.

Fout = TieyPrmech (5.4)

The input power of the machine in experiments are monitored using digital power analysers.
Therefore, experimental efficiencies of all drive can be estimated using following equation.

Eff (%) = %xloo (5.5)

m

The efficiency variation taking into account the total losses of each drive structure is shown

in Figure 5..
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Figure 5.9 Comparison of efficiency (a) single inverter, (b) case 1, (¢) case 2 and (d) case 3
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According to the simulations, it is predicted to have a similar 91.5% peak efficiency for single
inverter, case I and case 2 while the predicted peak efficiency for case 3 is 86.4%. However,
single inverter, case 1, case 2 and case 3 drives can operate at 90%, 88%, 89.8% and 85.2% peak
efficiencies in experiments. There are small discrepancies between predicted experimental
efficiency values for single inverter, case I and case 2 drives because of (i) the non-ideal magnetic
properties of the actual laminations and magnets compared to what is used in the simulations, and
(i1) small losses that are ignored in simulation analysis, including converter and stray losses. In
addition, the efficiency discrepancy is larger in case 3 drive due to the neglected active power
exchange for the VSC-2 in simulation analysis.

According to the reported experimental analysis, the maximum developed torque, d- and g-
axis reference currents and voltages, losses and efficiency variations are in a well agreement with
the expected results verifying the accuracy of analysis and confirm the reliability of the thesis
contributions.

5.6 Summary

The simulations and experimental results of different single inverter and dual inverter drives
were compared for the maximum developed torque capability of an IPMSM. The voltages and
current profiles were used to validate the accurate operation of each defined corresponding
controller. The losses of the machine were separately analysed for corresponding drive structures
and efficiencies of the machine were compared both in single inverter and dual inverter drive cases
using predicted and experimental values in MTPA and FW regions.

The experimental performance capability of the machine showed a close agreement with the
predicted performance. Although the experimental peak torque capability for all drives in MTPA

region showed a 4.7% difference compared to the simulation results, this discrepancy dropped to
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even below 3.9% in FW region. The experimental d-axis reference current trajectories also showed
a promising agreement with predicted results, however there was about 6% difference for the
simulated versus experimental g-axis reference currents.

The phase current of case I and case 2 drives showed a higher THD value due to the existing
higher third order harmonics. However, there were no third-order harmonics in phase currents of
single inverter and case 2 drives, causing the current THDs of these drives to be around 2% to 6%.

The machine showed the same experimental and predicted copper losses for all drive
configurations in MTPA region while the copper losses started to drop in the FW region for the
conducted tests. However, other losses including core, solid, friction and windage, bearing and
stray losses were increasing with speed in both simulations and experiments. The experimental
total and other losses always showed higher values than the predicted total and other losses,
however the efficiency profiles of the machine in various drive configurations could satisfy the
prediction in a wide speed range. There were some small discrepancies between the tests and
simulation results due to non-ideal properties of the fabricated machine and unavoidable additional

converter and stray losses associated in the experiments.
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Chapter 6

Contributions, Conclusions, and Future Work

The main concluding remarks, contributions, and suggestions for future work are described
in this chapter.

6.1 Conclusions and Contributions

The main objective of this thesis was to predict and experimentally verify the performance
capability of an OW IPMSM drive, considering the effect of machine’s saturation, magnetic losses,
and mechanical losses in MTPA and FW regions. In addition to that, the machine’s performance
capability was analysed for conventional single inverter drive in comparison with dual inverter
OW IPMSM drives considering different active and reactive power sharing strategies with a
limited available DC voltage for the dual inverter drive cases. The conclusions and contributions
of each chapter are summarized below.

The main objective of Chapter 2 was to identify the different categories of PMSM machines
and to discuss about different advantages/disadvantages of each category. The machine model
could be derived in d-q reference frame using ideal conditions (i.e., neglecting the effect of
saturation and losses) and it could be extended to analyse the characteristics of MTPA and VCLMT
control techniques. The ideal equation for d-axis reference current was derived assuming the ideal
operating conditions neglecting saturation and losses.

Chapter 3 concluded that the magnetic saturation is a function of machine’s loading, and
inductances, saliency ratio, and PM flux linkage may vary accordingly. The FEA was used to
capture the variation of core and solid losses which are dependent on the flux distribution of the

machine. The core and solid losses are functions of excitation level and frequency of the machine.
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In higher speeds, both core and solid losses of the machine can be raised to 5% and 8% of the rated
power, respectively. This concludes that it is not reasonable to neglect these losses at higher speed
levels during the analysis. The ideal d- and g-axis equations, which were introduced in Chapter 2,
were modified by including all non-linearities and losses. A non-linear optimization technique was
used to obtain the d-axis reference current trajectory and performance capability of an IPMSM
while considering all dynamic behaviours. The developed torque of an IPMSM could be 4.4%
lower in the constant torque region and 29% lower at higher speeds when the saturation and losses
were taken into account. The effects of the core saturation, electromagnetic losses, and mechanical
losses are necessary for an accurate performance prediction of IPMSM.

The concept of OW IPMSM drives was discussed in Chapter 4. Three OW drive structures
were analysed based on different active and reactive power sharing assumptions with limited
available DC link voltages while considering core saturation, electromagnetic and mechanical
losses. The controllers were developed using voltage decomposition methods based on
corresponding active/reactive power sharing assumptions. The control block diagrams were
introduced for each drive structure with voltage decomposition equations. The performance
capabilities and speed range of each drive cases showed to be directly a function of the active and
reactive power sharing assumptions. This analysis verified that identically sharing the active and
reactive power between two VSCs in OW IPMSM can support a similar power-speed capability
to the single inverter drive with a doubled DC link voltage. It was demonstrated that having enough
DC link voltage as in case [ is not sufficient to obtain the same power capability as in single
inverter drive unless the proper active and reactive power sharing assumptions are defined for the

utilized VSCs. In addition, in dual inverter drive case I and case 3, the active and reactive power
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sharing assumptions were not valid for all operating regions of the drive. Accordingly, the defined
controllers for these cases had to be modified for some low torque regions in the FW area.

Chapter 5 described the experimental verifications of the FE simulations of all drives for
maximum developed torque capability in MTPA and FW regions. The controllers were
implemented in RSCAD according to the assumed active and reactive power sharing assumptions.
The correct controller operations were verified by the experimental test results. The simulations of
the maximum developed torque capability agreed well with the experimental tests. Also, the
experimental d-axis reference current trajectory accurately followed the simulation trajectory and
the simulated g-axis reference current showed maximum 6% difference compared to the test
results. In experiments, case 2 drive was capable to provide the same developed torque capability
as in single inverter. The efficiencies of the dual inverter drives were smaller in experiments
compared to the conventional single inverter drive due to additional converter and stray losses in
the system.

Overall the dual inverter case 2 drive could be recommended as an alternative for the single
inverter drive supporting a same power capability and speed range with half DC link voltage of
the single inverter drive.

6.2 Recommendations for Future Work

The contributions of this thesis can be improved in several ways described as follows.

In Chapter 4, the cross-coupling effect, 3D effects, and current harmonic contents were
neglected while capturing the performance capability contour maps. However, Chapter 5
considered these effects for the simulations versus experiments comparison purposes only in the
maximum developed torque capability region. Considering the mentioned effects in analysis

reported in Chapter 4 could give a more accurate sets of performance indicator contour maps.
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In experimental analysis, one of the most important factors is to read the input power of the
machine as accurately as possible. The power analysers used in this study showed some reading
fluctuations in some operating speeds that made the input power measurements and efficiency
evaluation hard. Using a better power analyser with more accurate reading may cause the
experimental analysis to be more accurate and the discrepancies between simulations and tests
smaller.

The efficiency of the dual inverter drive case I and case 2 can be improved by minimizing
the effect of the third-order harmonic components in the currents that circulate inside the drive
circuitry. A new or modified PWM modulation strategy can be introduced to minimize the CMV
of the dual inverter drive. The losses of the floating capacitor in case 3 can be minimized using
low-loss capacitors in VSC-2. By doing that, efficiency of the case 3 can be improved and be
closer to the Single inverter drive case. As another solution to make a more accurate prediction, a
loss model can be developed for the floating capacitor in case 3 and it can be included in the
analysis to estimate the VSC-2 losses.

6.3 Publications

Two research papers are already presented in highly reputed IEEE international electrical

machines conferences and one IEEE journal paper is under review at the time of writing this thesis.

1. Gayan Watthewaduge, Mohammad Sedigh Toulabi, and Shaahin Filizadeh, “Performance

prediction of a dual inverter open winding IPMSM drive considering machine’s saturation

and losses,” in Proc. IEEE 2018 Int. Conf. on Electr. Machines (ICEM), Greece, 2018, pp.
1643-1649.

2. Gayan Watthewaduge, Mohammad Sedigh Toulabi, and Shaahin Filizadeh, “Analysis and

control considerations of an open winding IPMSM drive in MTPA and FW regions,” in
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Proc. IEEE 2018 Int. Conf. on Electr. Machines and Systems (ICEMS), South Korea, 2018,

pp. 137-142.
Gayan Watthewaduge, Mohammad Sedigh Toulabi and Shaahin Filizadeh, “Performance

analysis and operating limits of a dual inverter open winding IPMSM drive,” IEEE Trans.

on Energy Convers., submitted (TEC-01053-2018).
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