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Abstract

The design, simulation and experimental evaluation of an Interior Permanent Magnet
Synchronous Motor (IPMSM) are investigated. The motor is designed to be capable of operation
from either a concentrated single inverter supply or in an “Open-Winding” configuration using

two converters.

In order to investigate the relationships between geometry, circuit parameters and desirable
performance, a parametric design of experiments study based on the changes to the motor
geometry is conducted. Two Dimensional Finite Element Method (2D-FEM) is used to simulate

the impact of geometric design changes on motor operation.

In order to increase the voltage applied to each phase of the machine and extend the operating
region, an [IPMSM is modeled in an open winding structure fed by two isolated Voltage Source
Converters using a dual inverter drive structure. Each converter is controlled to supply only

either real power or reactive power.

The motor performance is experimentally evaluated in single inverter and dual inverter drives.
With a single inverter drive, a wide speed range (6.66 time base speed) is observed, with peak
efficiency above 90%, both of which are close to the expectations from simulation analysis. To
ensure a reliable performance for the open winding IPMSM using a dual inverter drive, a new

control technique is proposed and verified.

Two significant contributions are made. The first is to evaluate the motor geometry changes
and their impact on the IPMSM’s performance, especially for wide speed range open winding
applications. The second is to develop a new control method for the dual inverter open winding

IPMSM in order to extend the operating region, improve the power capability and efficiency.
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Chapter 1

INTRODUCTION

Efficient performance and a wide speed range of an Interior Permanent Magnet Synchronous
Machine (IPMSM) in constant power are desirable characteristics in applications such as Electric
Vehicles (EVs) and machine tools. In this regard, desirable operational characteristics for this
kind of machine should be obtained while limiting unwanted harmonics in the torque and
terminal voltage. These characteristics are all influenced by the machine’s geometry and its
impact on circuit parameters. The relationship between geometry and performance is nonlinear
and not well characterized. In many cases, designers must rely on numerical optimization to fully
understanding the relationship between design choices and performance compromises. Relating
geometry to the circuit parameter, an efficient PMSM with wide speed range may be achieved by
effectively tuning the physical design variables while taking into account the cost of
manufacturing. In order to fulfill this aim the parametric design of experiments procedure is
followed. In this regard, some of the main physical variables of IPMSM are manually adjusted to
introduce an initial design with high potential to be used in wide speed range applications, and

then the design refinement steps are conducted to define a final IPMSM model.

One of the limiting factors on the speed range and Constant Power Speed Region (CPSR) of
an [IPMSM is the available terminal voltage. One option to increase the terminal voltage from a
fixed supply is to use an open winding machine. In a three phase open winding IPMSM, there is
no neutral point, and six separate leads of the machine are connected to two Voltage Source
Converters (VSCs) [1]. In this work, one VSC is connected to a single DC power source, called
the Main Bridge (MB), whilst the other, called the Floating Bridge (FB), uses a floating capacitor
DC voltage source. This approach assists in enabling the machine to operate from a limited DC
voltage; for example it may allow the motor voltage to be increased without increasing battery
voltage in an EV. Compared to the delta connected machine, there are two degrees of freedom to
tune the applied voltage on the machine’s phases in an open winding scheme. However, a
suitable and reliable controller is required to control the two separate voltage sources feeding the
inputs of the open winding machine. Such as control scheme is one of the contributions of this

Thesis.



To understand and predict the performance of an IPMSM, basic definitions and equations are
described and interpreted in Chapter 2. Design of an IPMSM with large d-axis inductance is

discussed and the dual inverter drive structure for extended speed range is introduced.

The steps taken to find a design for an IPMSM with wide range speed capability and
promising efficiency are described in Chapter 3. Cogging torque, Back-EMF harmonic analysis,
and maximum speed assessment for different IPMSMs are evaluated in the presence of various
physical changes on the rotor structure. Magnet pitch, clearance between magnet, and angle
between magnets (y) are manually tuned, and the performance of the IPMSM is evaluated in
each geometry change to introduce an initial model. Additional geometry changes including flux
barrier shape, slot opening and air-gap are applied to the initial model in order to propose a final
IPMSM design. The geometry changes aim to adjust the d- and g-axis magnetization for
inductance assessment and to reduce the harmonic content of the air-gap flux density. Lower loss
density laminations and lower magnetic flux density (B;) magnets are used for the final model.
The main contribution of Chapter 3 is to conduct a step-by-step parametric design of experiments
procedure to finalize an IPMSM model. In first steps, different changes are applied to the rotor
geometry and their impacts on the machine’s performance are evaluated. In next steps, the
further physical and material modifications are applied to the initially designed model to finalize

an IPMSM model with wide speed range performance potential.

Chapter 4 discusses the dual inverter drive structure and how the PMSM can be used and
controlled in an open winding configuration as part of the drive. This chapter studies the vector
diagram as the basic criterion for control approach assessment in the dual inverter drive
structure. An initial control approach is introduced and a series of simulation results carried out
by Matlab/Simulink are included to verify the practicality of the control approach. The FB
voltage is set to be perpendicular to the current by the controller and the MB and FB voltages are
simultaneously applied to the phases of machine to extend the operating region of the machine
compared to the single inverter drive. The magnitude of the MB and FB voltages are the function
of the operating point and the tuned i, current. The final IPMSM design introduced in Chapter 3
is simulated and investigated in an open winding configuration using a 2D-FEM simulation. It is
shown that the newly designed machine can support a wider range speed than the single inverter
drive. Loss analysis and efficiency assessment of the final design are carried out to give broader

information about the machine in the dual inverter drive. 41% operating region extension

2



including the maximum speed, and the efficiency above 87% for the wide range of speeds are

expected by simulation investigations in open winding analysis presented in Chapter 4.

The experimental performance evaluations for the newly designed IPMSM using single and
dual inverter drives are presented in Chapter 5. The prototype design is built and experimentally
investigated in both single and dual inverter drive structures. The test facility is described
together with some discrepancies between the finally simulated design and the actual built
machine. A new control technique is proposed and simulated for the open winding IPMSM
using a dual inverter drive. A 10-15% output power capability improvement is also
experimentally verified. The exact output power capability improvement in each operating point
and speed is clearly included in this Chapter. The main contribution of this chapter is to
introduce the actual built machine and its different parts and testing it in both single and dual
inverter drive structures, as well as proposing a new Floating Bridge (FB) control technique for
the dual inverter open winding IPMSMs. Construction of the machine, preparation of the test rig
and implementation of the different controller schemes using the TI-28335 based Digital Signal
Controller (DSC) are carried out by the author. The utilized converters are not specifically

designed and sized for this research and are bought for the experimental analysis.

The contribution of the Thesis may be improved if additional considerations beyond the scope
of this work are implemented. These considerations may include better quality manufacturing,
using lower loss components in experimental analysis, and the use of converters designed
specifically for operation with this machine. The concluding remarks of the study and the most
important suggestions for future work to improve the Thesis contributions are presented in

Chapter 6.



Chapter 2

THEORY OF OPERATION AND CONTROL

The basic equations and concepts regarding the PMSMs performance are included in this
chapter. It is shown that the circuit parameters of IPMSM including the inductances are affected
by the machine geometry changes. In addition, maximizing the inductance and applying
extended voltage on the machine’s phases are presented as two main alternatives to introduce an
IPMSM with wide speed range characteristic. A compromise should exist between the different

circuit parameters of machine for maximizing the speed range and the torque capability.

Permanent Magnet (PM) machines can be classified into two main groups, depending on the
supply voltage; AC and DC. A Permanent Magnet Synchronous Machine (PMSM) is a category
of AC machine, typically with sinusoidal Back-EMF (Fig 2.1 [2]).

PMAC Machines

Fig 2.1 PM Electric machines classification [2]

PMSMs are classified, depending on the positioning of the magnets in the rotor of the
machine. Magnets can be mounted on the rotor structure; surface mounted PMSMs (SPMSMs),
or they can be implemented in the rotor; Interior PMSMs (IPMSMs), see Fig 2.2 which shows

both introduced structures [3].
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Fig 2.2 Physical structures for a) SPMSM b) IPMSM [3]

SPMSMs usually have a characteristic that the stator windings inductance is independent of
the rotor position, or d-axis inductance (L,) is equal to g-axis inductance (L,), Li~L, [4, 5]. The
rotor of this machine has an iron core that may either be solid or made of punched laminations
for simplicity in manufacturing [6]. On the other hand, the geometry of an [IPMSM is such that
the stator windings inductance is a function of the rotor position. As a result, IPMSMs are
capable of providing reluctance torque in addition to the excitation (Magnetic) torque. In these

types of the machines the d- and g-axis inductances are not same [7].

There are four basic rotor geometries for IPMSMs. These include single-piece/pole,
rectangular shaped magnet design, segmented magnet design, V-shaped magnet design, and the
multi-barrier design [8-10]. In this thesis, the V-shaped magnet IPMSM is considered for the
performance evaluation procedure due to its high flux concentration. An 8-pole, 12-slot, V-

shaped magnet IPMSM and some of its different parts are shown in Fig 2.3.
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Fig 2.3 12 slot- 8 pole V-shaped magnet IPMSM

The PMSM’s phase voltage equation is described in equation (2.1) [11-13]:



Vo = Eq + (R + jweLg)ly = Eq + (Ry + X, 2.1

Where Back-EMF (E,) is the function of rotor permanent magnet flux (¢) and speed (w,) as

follows:

|Eq| = Kopw, (2.2)

A detailed model of the PM motor drive system is required for proper simulation of the
system. The d- and g-axis model has been developed in the rotor reference frame as shown by
Fig 2.4. At any time (¢) the rotating rotor g-axis makes a mechanical angle with the fixed stator
phase axis, and the rotating stator Magnetomotive Force (MMF) makes an angle (o) with the

rotor d-axis. The stator MMF rotates at the same speed as that of the rotor [14].

Fig 2.4 Motor d- and g-axes and MMF vector [14]

The MMF’s simplified equation is as follows [15]:
MMF = B. Ayo;- Ry (2.3)

As the magnet flux and winding inductances are functions of the rotor position, it is usual to
use the Park Transformation referring the current variables to the rotor reference frame, when
analyzing PMSM performance. In the rotor reference frame and assuming no common mode

voltages, the voltage equations in d- and g-axis frame are given by [16, 17]:

. dAgs

Umg = Rsig + weAgs + d;’ (2.4)
. dAgs

Uma = Rsig — woAgs + d: (2.5)

The derivative operator (:—t) in equations (2.4) and (2.5) becomes zero in the steady state

analysis. The flux linkages in d- and g-axis frame are given by:



Ags = Lyig (2.6)

Ads == Ld id + Apm (27)

And the developed torque can be calculated as [18]:

T, = 2(2) pm iq + (La — Lodialy) (2.8)

The developed torque has two components: magnetic torque and reluctance torque. In the case
of SPMSM, L;=L, and the reluctance component is zero. In the case of IPMSM, L,<L, and the
reluctance torque can increase the total torque, if i; is negative. The torque given by equation

(2.8) neglects the harmonic effects in the machine.

There is another type of torque in a PMSM which is unbeneficial and should always be
minimized. This torque is called cogging torque and is described by (2.9) [19].

T — 1 2 dRel

cog 2 Py do, (29)

The cogging torque (7.,¢) 1s the main result of the magnetic variation energy stored in the air
gap. It is principally caused by the movement position between the rotation of the rotor’s

permanent magnets and the fixed stator slots.

An IPMSM is considered for the evaluation assessments for three principal reasons: First,
with a buried magnet design, flux concentration can be achieved, which induces higher air gap
flux density [20]. Secondly, due to the difference between L; and L, values in the IPMSM,
reluctance torque can be employed to increase the developed torque of the machine [21]. Thirdly,
there is more freedom to change the shape, orientation, and organization of the magnets in the
IPMSM’s rotor which gives the manufacturer more options for saliency, speed range, and CPSR

improvement.
2.1 Field Weakening (FW) Operation

Under all operating conditions, the machine current and voltage should be kept below the
maximum value (V. and /,,.c). These limiting constraints in the d-q frame can be expressed by

the following equations [22, 23]:

ia” + " < gy (2.10)



Vma? + Vg ? < Vipay - (2.11)

where;

—

Vn = Vg +JjVma (2.12)

The vector diagram of a PMSM’s voltage in d-q frame using equations (2.4-2.7) is seen in Fig
2.5(a). According to this figure, when a limited voltage is applied to the PMSM’s phases, one of
the most important factors helping the machine to work in higher speeds is the term of w,L;i .
The magnitude of V,, (vector) cannot exceed the radius of the base speed circle. In Fig. 2.5(a),
this area (V) is indicated by the dotted semi-circle, and in Fig. 2.5(b), this limit is indicated by
the current ellipses. Applying the negative d-axis current and having a machine with large L, can
be the useful methods for increasing the speed range of the machine. As the other alternative,
supplying a bigger voltage (V,,) on the machine’s phases (for example using higher rating
converter) enhances the dotted semi-circle radius which makes it possible to extend the speed
range. The current ellipses seen in Fig 2.5(b) are based on equation (2.13). It is worth noting that

the dropped voltage across the resistance has been neglected to find equation (2.13)

+Lgig V. 2
Apm 2 <
2 4 (—) 5 (2.13)

La)e

When the speed increases, the centre of the current ellipses converges to (—2=

regard both voltage and current limitations in the rated power, the machine should work in the

shaded region (A) shown in Fig 2.5(b). This area is called the Field Weakening (FW) region.
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Fig 2.5 PMSM’s a) Voltage vector diagram in d-q frame b) Current ellipses and current circle



According to Fig 2.5(b), if the fraction A}iﬂ is decreased, the centre of the current ellipses can
d

be shifted into the current limit circle. Designing a large d-axis inductance machine is a suitable

method to fulfill this aim. In addition, in order to fully extract the reluctance torque in an

IPMSM, the largest possible saliency (Z—q) should always be taken into account as well. However,
d
when the speed range of an IPMSM is widened by a high d-axis inductance, the saliency of the

machine is reduced, because the denominator of (L—q) as the saliency ratio is increased. As the
d

machine’s circuit parameters are not independent variables, a compromise between a high d-axis
inductance for having wide range speed and high saliency should be taken into account when

designing the machine which makes the design procedure more complicated.

In an IPMSM, permeability of the d- and g-axis inductances is the function of the rotor
laminations. Saturation in the d- or g-axis path results in the smaller inductances. The inductance
of an IPMSM can therefore be adjusted by changing the rotor geometry, including for instance
the magnet’s shape, orientation and angle. In a V-shaped magnet IPMSM, there are more degrees
of freedom to adjust the inductance of the machine such as changing the angle between the two
pieces of magnet, defining the clearance between two pieces of magnets, or changing the shape

of the flux barrier [24].

When defining and predicting the IPMSM performances and speed range, an analytical
method for Ly and L, calculations [25, 26] can be useful. However, many research studies do not
rely on this method due to its complexity and low accuracy under highly saturated conditions of
the machine. This thesis study uses the Finite Element Analysis to the IPMSM structure to
investigate the rotor geometry variations and their impacts on the IPMSM’s performance and

inductances value.

Performance evaluations are carried out for the PMSMs with rotor geometry changes and
various iron bridges in [27]. The main objective of [27] is to design an [IPMSM model with high
saliency that can be used in a wider speed range. In a design proposed by [27], the rotor
geometry utilized a lower volume of magnet compared to the SPMSMs. The V-shaped magnet
structure is selected by [25, 28, 29] for IPMSMs as a suitable configuration offering the widest
speed range. A comparison is carried out in [30] between a V-shaped magnet IPMSM and two

other rectangular shaped magnet IPMSMs showing that the V-shaped magnet IPMSM offers the



widest speed range. [31] indicates that the magnet width of the rectangular magnet IPMSM can
be precisely defined to adjust the L, and L, of the machine for wide speed range and high torque
density operations. [29, 32, 33] investigate how setting the angles between two pieces of magnets
in the V-shaped magnet IPMSM can be done to design a final model with wide speed operation.
In [34], two layers of magnets are inserted into the rotor structure of an [IPMSM increasing the
saliency of the machine and widening the speed range. The segmented magnet rotor structure is
analyzed and offered in [35, 36] to introduce an IPMSM model with wide range speed

performance. In [35, 36], bridges are introduced in each pole to increase the d-axis inductance.

Modifying the flux barrier is helpful to reduce the flux leakage and tune the inductances in the
IPMSM rotor structure. In [37, 38], the flux barrier shape is adjusted in the rotor structure of
IPMSMs to propose an IPMSM with wide speed range characteristic. Another interesting rotor
structure, called Machaon, is proposed by Bianchi et al in [39] for high power density and wide
speed range operations. The main scope of study by [39] is optimizing the flux barrier’s shape to

finalize a proposed IPMSM model.

In another study [40], instead of using the flux barrier, a non-magnetic shaft sleeve is used in
the rotor geometry to adjust the inductances and the saliency of the IPMSM for the high speed
performance. Hybrid rotor structures are also proposed in [41, 42] for wide speed range and high
torque applications: [41] presents a rotor comprised of the buried magnet and surface magnet;
[42] presents one comprised of the radial and circumferential magnet orientations. The hybrid

rotor structure is helpful to enable two rotor capabilities at the same time.

In [43, 44], the stator physical structure modification is considered as another suitable
alternative for high torque density and wide speed range operation. A similar modification is
done by [45] in the form of optimally tuning the stator slot opening to increase the saliency of
machine and support the required power for the wide speed range operation. In addition to the
rotor and stator physical modifications, the stator winding modification is noticed as the other
important alternative in [46- 49] to widen the operational speed range of an IPMSM by reducing

the losses of machine.

The results of the above mentioned research studies provide evidence of the advantages of

geometry modifications in widening the speed range and operating region. Thus, these motor
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geometry changes can be beneficial in the final [IPMSM design for wide speed range

performance and promising developed torque capability.

In order to introduce an IPMSM with promising saliency, low Back-EMF harmonic contents,
and capable to be used in wide speed range applications, different physical changes are applied
to the rotor geometry of a V-shaped magnet IPMSM in this work,. These changes aim to adjust
the d- and g-axis paths reluctances for inductance increment and to reduce the harmonic content

of the air-gap flux density by the parametric design of experiments procedure.

The speed range over which constant rated power can be maintained is known as the
Constant Power Speed Range (CPSR). Fig 2.6 shows the constant power area in the FW region
above base speed and constant torque area below the base speed. CPSR is the focus of the
analysis carried out in this thesis and constant torque region is only shown for general

information.
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'

The Focus of Research
Constant Power Area Constant Power Area
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Fig 2.6 Curves showing Field Weakening (FW) region, a) Power versus speed and b) Torque versus speed

» Speed (rad/s)

After base speed, the i; current of machine should be set in a way that both current and
voltage limitations are fulfilled and the required power is supported. Using an offline look-up
table is the first method that can be employed to specify the required i; current in each operating
point in FW area [50]. In this method, the required i, current in each operating point is calculated
offline and then used during the experimental analysis of the IPMSM in the wide speed range.
The most important disadvantages of this method are its complexity and lesser accuracy as the
inductances of the IPMSM are not fixed in all operating regions and vary non-linearly. The
offline calculation of the required iy current is not always reliable especially when the L, and L,

of the machine vary considerably in the wide speed range.
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The second method of i; tuning is adjusting it manually. In this method, the i; current is
manually set during IPMSM performance while the current and voltage limitations of the
machine in each operating point are taken into account. This method is utilized in this thesis in a
wide range of speeds. Although the method is not suitable for having optimized efficiency

performance, it is simple and can be easily applied.

In addition to these two methods, a voltage-angle based control method for FW region control
of IPMSM is proposed in [51]. Current regulation control gives a fixed g-axis voltage command
while the d-axis current is actively controlled simultaneously for the FW region [52]. Frozen
permeability technique [53], adjusting the winding turn numbers [54], the physical movement of
magnets in the rotor due to the centrifugal force [55], establishing a partial magnetic short circuit
between rotor permanent magnets [56], and the optimal reference i, current trajectory [57] are

among the other interesting methods used to control the IPMSMs in their FW region.

According to the information described by section 2.1, designing a large L, IPMSM using
motor geometry changes, or applying more voltages on the machine’s phases are the beneficial
methods used to extend the speed range of IPMSMs in the FW region. In addition, the d-axis

current tuning should be effectively carried out in the FW region to offer a reliable performance.
2.2 Concentrated and Distributed Windings

The winding configurations in electrical machines can be classified as either distributed or
concentrated [58, 59]. Distributed windings have been used for different types of electrical
machines for many years. Concentrated winding have become common in the PMSM over the

past decade.

Concentrated windings refer to the windings that attempt to eliminate any end-winding

overlap with other phase windings.

Examples of the overlapping distributed winding and concentrated winding schemes are
shown in Fig 2.7(a) and Fig 2.7(b) respectively. In addition, the nonoverlapping all teeth wound
and alternate teeth wound concentrated winding configurations are indicated by Fig 2.7(c) and

Fig 2.7(d) [59].

For non-overlapping single layer winding: The winding coil is wound around every second

tooth of the stator core. Hence, the pattern number of coil is half of the slot number. There is a
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flexibility to vary the coil pitch in order to improve the machine performance. For the reduction

of cogging torque, variable slot pitch can be used instead of skewing the rotor [60].

For non-overlapping double layer winding: The winding coil is wound around each tooth of
the stator core. Hence, the number of coil is equal to the number of slots. As the coil pitch is

fixed, skewing the rotor can be a useful method for reducing the cogging torque [60, 61].
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Fig 2.7 Typical stator winding configurations (four pole), (a) Twenty-four slot, overlapping. (b) Twelve slot,
overlapping. (c¢) Six slot, nonoverlapping, all teeth wound. (d) Six slot, nonoverlapping, alternate teeth wound [59]
Concentrated windings offer some significant advantages over distributed windings [62].
These include: 1) significant reduction in the copper volume and copper losses in the end region;
2) significant reduction in the machine total length; 3) reduction in machine manufacturing cost;
4) compatibility with segmented stator structures which makes it possible to achieve significantly
higher slot fill factor values. Higher slot fill factor enables more turns in a given slot resulting in

higher inductance.
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Concentrated winding is a suitable winding option in industrial applications. This winding
configuration is preferred for having more power density and wide speed range applications, due
to the higher magnetization in the rotor structure [63]. It is also capable of providing more salient
[64], shorter teeth [65], and high inductance IPMSM [61, 66]. In addition, the inductance of the
IPMSM can be well-adjusted by this winding configuration for high power density and wide FW
applications [67, 68]. Furthermore, concentrated winding is a suitable option for some special
applications like low speed direct drive [69], outer rotor PMSMs [70], and Hybrid Electric
Vehicles (HEVs) [71]. Concentrated winding can be a useful alternative to improve the
efficiency in high speed performance by having an increased number of layers in the winding
configuration [58, 72]. After consideration of these capabilities and advantages over distributed
winding, the concentrated winding structure is selected for the machine design and analysis in

this work.

In addition to the type of winding, the Slots per Pole per Phase (SPP) should be selected in a
careful way. SPP, which sometimes is called ¢ in literatures, is defined in a concentrated winding

PMSM by [58]:

Spp =% (2.14)

pXxXm

The criteria for choosing the preferred SPP values have been identified by many authors [32,

62] as follows:

- The lowest common multiple (LCM) of the number of stator slots (Qs) and the number of
rotor poles (p) should be as high as possible. The harmonic frequency that corresponds to
this LCM order value represents the cogging torque frequency. As a result, choosing SPP
values to increase this LCM value raises the cogging torque frequency and lowers its
magnitude.

- The greatest common divisor (GCD) of the product of the number of stator slots and the
number of rotor poles must be an even number. This GCD value is an indication of the
machine’s symmetry. If it is an even number, the net radial force on the machine will be

very low.

The double-layer winding is selected as the base layout in studies with high frequency

performances due to its lower losses in higher speeds [59]. In addition, a vertically divided layer
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would be better than a horizontally divided layer to reduce the end winding length and loss [73].
According to the mentioned advantages of the concentrated winding schemes especially
including less losses, high inductance and less manufacturing price, so the concentrated, double
layer, vertically divided winding is selected as the desirable winding configuration for the Thesis

study.
2.3 Losses

The main equations and concepts relating to the definition and evaluation of losses in the
PMSM performance are briefly covered. The losses definition and evaluation is the main tool to

predict and assess the efficiency of the designed and the built machine.

The main types of losses to be considered in PMSM application are electrical and mechanical

losses.

Electrical losses include the copper loss, iron (core) losses, and magnet loss. The iron loss
includes hysteresis and eddy current losses. In this study, multiple strands of conductors are used

for each coil, and high frequency effects on the copper loss are neglected.

The iron loss, which is the function of hysteresis and eddy current losses, is expressed by

equation (2.15) [74]:
PIron = keerBmax 2 + khfeBmax st (215)

A general definition of eddy current loss indicates that it is not only a function of the
fundamental component of flux density but also of all other harmonics as well. So the general
definition and equation for eddy current loss anticipation, taking into account the flux density

harmonics, is expressed by equation (2.16) [75].

hic . d w 1 . 2
PEddy —current = 12 (E Bn anl n Sln(nwe t)) (216)

According to equation (2.16), if the amplitude of flux density’s higher frequency components
is reduced, the total eddy current is consequently reduced. Higher frequency components are
always seen in flux density waveform in a concentrated winding PMSM. Using a double layer

winding structure reduces the amplitudes of high frequency components.

The Finite Element Method (FEM) is commonly used to predict the electrical losses of the
IPMSM. This method is employed as an example by [76] and is used in this thesis study as well.
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In addition to the usual FEM analysis, other interesting methods exist to investigate the iron loss
in electric machines. An IEM formula is used in order to include the higher order harmonics of
flux density to precisely calculate the iron loss of machine [77]. Analytical prediction [78],
conventional three term expression [79], a combination of stress analysis and EMF analysis [80],
and surface function fitting process to create a generalized loss function [81] are among the other
attractive approaches for iron loss evaluation. In addition, [82, 83] take into account the magnetic

characteristics nonlinearity for more accuracy in loss evaluation for IPMSMs performance.

An additional type of loss related to the machine’s phase current and phase resistance is
copper loss. Compared to other electric losses, copper loss is usually the largest electric loss in

the machine. Equation (2.17) is presented for copper loss evaluation.
Peopper = 3L,1°Rs (2.17)

If phase current is increased, the total amount of copper loss is enhanced as well. This means
that copper loss is directly affected by the machine’s drawn current. Phase resistance is literally
the phase windings’ resistance. This resistance is function of winding (conductor) length,
conductor’s area and material conductivity. The frequency dependent variations in resistance

value are neglected in this thesis.

The time varying magnetic field may cause other losses on magnets which are thereby called
Magnet losses. In an SPMSM, a magnet loss is more significant due to the structure and
placement of the magnet in the outer surface of the rotor [15]. This physical structure increases
the magnet’s exposure to air-gap flux density variations. As a result, more eddy currents are
induced on a magnet’s surface increasing loss in the magnets. In the IPMSM, however, the
magnets are buried and are therefore not significantly exposed to the air-gap flux density

variations. Accordingly, less magnet loss is expected in the [PMSM [15, 84].

Bearing, friction, and windage losses are the main types of mechanical losses in the
performance of electric machines [85-87]. According to [85-87], Friction and windage loss is
usually bigger and more dominant than bearing loss especially in high speeds. That is why this

loss is evaluated in experimental analysis of this Thesis work.
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2.4 Voltage Source Converter fed PMSM

A Voltage Source Converter (VSC) is used for the motor drive in this thesis work. A
schematic view of a VSC fed IPMSM and its different parts is presented by Fig 2.8 [88].
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Fig 2.8 Diagram for a Voltage Source Converter (VSC) fed IPMSM [8§]

A VSC fed IPMSM drive is comprised of the following different elements:

- A DC link, which is a DC voltage (Vpc) used to support the required power to the
machine phases.

- Switches (S; to Sg), which are responsible for transferring the power to the IPMSM’s
phases based on the operating point of the machine.

- The control unit, which uses a digital signal processor to apply the digital commands to
the gates of the power electronic switches in the VSC.

- Gating or commutation signals, which are commanded by a control unit to exactly specify
which switch should be on or off in the VSC.

- Current measurement unit, which measures the current flowing through the phases of the
machine and are utilized to command the control unit based on the operating point of the
machine.

- Position measurement, which is carried out by an encoder mounted on the shaft of the

PMSM and is used in d-q to abc frame transformation for the motor control purposes.

In a VSC fed IPMSM the maximum phase voltage of the machine supported by the converter
is calculated by equation (2.18):

%4
VPhase —peak = Mg % (2 1 8)
Where, theoretically, m,=1.15 in Space Vector Modulation schemes [89].
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2.5 Open Winding AC Machines

An approach to increase motor voltage from a given DC supply is to use an open winding
machine. Conventional three phase AC machines usually have either Delta (A) or Wye (Y)
connections. The open winding AC machine has the same internal phase winding
implementation. However the winding structure does not include any neutral point or delta
terminations. The six leads of the three phase windings are brought out of the machine and are
supplied by two inverters. These two inverters have two DC power sources which can be isolated
[90] as is illustrated in Fig 2.29 or can be the same [91]. Using two batteries for two inverters as
their sources of energy in their DC links is common, but the cost of batteries and the whole drive
system should always be taken into account. To overcome this issue, the DC input of one
inverter can be supported by using a battery, and the second inverter can be supplied by the DC
voltage from a controlled voltage capacitor. The first source of energy using a battery DC source
is called Main Bridge (MB), and the inverter which has the capacitor in its DC link is called
Floating Bridge (FB). Using these two inverters to apply the voltages simultaneously on the
machine’s phase can increase the machine’s terminal voltage. This results in a wider speed
range and operating region of machine. An open winding AC machine using a dual inverter drive

structure and a floating capacitor is presented in Fig 2.9.

Main Bridge (MB) Floating Bridge (FB)
Open Winding
D, D Ds AC Machine D, D Ds
V. —— —— [~ a . .
T T B IR S S S
D, D, D e D, D, Ds cap
s s s s A s
Voltage Source Converter (VSC) Voltage Source Converter (VSC)

Fig 2.9 The open winding AC machine using a dual inverter drive structure

The performance improvement for the VSC-fed open winding Induction Machines (IMs)
using different bridges and modulation schemes [92-99] and controllers [100] have been
investigated in the recent decades. Despite the IM case, lower attention has been paid to the open
winding PMSM using a dual inverter drive. However, several other studies have been done for
the open winding PMSMs using a dual inverter drive: modulation scheme investigations for the

drive efficiency improvement [101-103]; new inverter topology to improve the power capability
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[91]; contribution in grid connected configuration [104]; and high capability for use in

multiphase structures and fault tolerant capability [105, 106].

Different controlling approaches for the open winding PMSMs using the dual inverter drive
structure are another important research area. Without a reliable controller, applying the required

voltage on PMSM’s phases and employing the machine in a desired performance are impossible.

The research studies investigate the aspect of controller schemes. In [90], a double-ended
inverter-fed PMSM for hybrid vehicles is studied along with a number of other control methods:
unity power factor control method, voltage quadrature control method, and optimum inverter
utilization control method. In the work presented by [90] two fixed DC voltage sources are used
for two inverters. In [107], the FW control of an open winding PMSM is investigated. Both
sides of the open windings are connected to the two isolated inverters with fixed DC link
voltages, which illustrated that the torque capability of the open winding PMSM can be
increased compared to the Y-connected machine. In this case, two sources of energy are
simultaneously used to apply the extended voltage on the machine’s phases and conclude the
operating region extension including the torque capability. Authors in [108, 109] investigate the
possibility of extending the operating region of a PMSM constrained by a given power-supply
voltage by using an open winding motor drive configuration. In their study, a second inverter
with a floating capacitor is controlled to provide reactive power to the motor. The study also
tried to increase the systems equivalent inductance by making the impedance seen from the FB
side to be inductive which forces the characteristic current of PMSM to be consequently less
than its rated current. In [110], a dual inverter drive with floating capacitor is controlled and
investigated for an open winding SPMSM. However, the main trait of the studied machine is its
low inductance, causing the contributions of study to be less influential. The drive has a voltage
boosting function that accomplishes the following: extends the high-speed range of the PMSM;
operates the main inverter bridge at unity power factor above the base speed; and, compensates
for battery voltage fluctuations. In [111], a dual inverter drive with a floating capacitor is
proposed for Hybrid Electric Vehicle (HEV) PMSM. The purpose of this structure is to
accommodate high speed operation without increasing battery voltage. The secondary inverter
does not carry a voltage source and is controlled to do the reactive power compensation in the
motor drive. DC link voltage regulation for the secondary inverter is also achieved through the

control of active power flow. In [112], an open winding PMSM is employed and controlled using
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a hysteresis current regulator for high power wind generation applications. However, the
controller used in this study is not well-defined or clearly explained, so more investigations in
this application are required. Three control techniques based on modification of modulation
scheme are proposed by [113, 114] to improve the FW capability of PMSM by applying more
voltage on machine’s phase, while a same DC link is used for both utilized converters. In [115],
a controller is proposed for a dual inverter open winding PMSM to extend the CPSR of machine.
In this study, the unity power factor from the Main Bridge side of the drive is fulfilled by the
proposed controller, and the capacitor reference voltage is selected based on the operating region
of machine. In [116], the dual inverter open winding IPMSM is designed and investigated by
2D-FEM. A control approach is briefly explained by some vector diagrams; however, the study

presents no experimental verification.

The controller schemes presented by research studies above have one or more of the

following drawbacks:

First, the triangular or rational functions of d-axis and g-axis currents, [(tan™! ;—q)], [(;—q)], are
d d

used to set the reference angle [90, 107, 108, 109, 115], define the magnitude and angle of
voltage vectors especially for Floating Bridge side [90, 107, 110, 111], and shift the d-q axis
plane [108, 109]. Using the rational or triangular function of current is not a reliable way to set
the voltage vector, reference angle, and shifting the d-q plane as there are infinite number of
voltage magnitude and angle combinations when the PMSM is employed in high speeds and low

current magnitudes. The capacitor voltage in the FB side overshoots in this case.

Second, the control approach is complex and hard to implement or requires modulation

scheme changes [113, 114], or it is not clearly defined [112, 116].

Third, the controller is activated only after the maximum possible speed of machine in a
single inverter drive structure [110, 116], and is not activated from the beginning. Activation of

one of the bridges in high speed causes a severe disturbance to the drive performance.

It is also important to note that the PMSM utilized in the studies mentioned above is the
Surface Mounted PMSM. Fewer studies and investigations have been carried out to control and
analyze the open winding IPMSM as more complicated control scheme is required due to the d-

axis current tuning above the base speed which is needed to exploit the reluctance torque.
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2.6 Summary

The basic equations and definitions for PMSMs modeling are included in this chapter. It is
shown that having the magnets buried into the rotor structure can contribute in three main
aspects. The first contribution is to provide higher flux concentration, the second is to increase
the torque capability of machine by adding the reluctance torque and the third one is to provide
more degrees of freedom for changing the d- and g-axis inductances of the machine which all are
helpful in setting the operational characteristics of machine including the maximum speed range

and saliency.

It is shown in this chapter that relationship between the physical geometry and the circuit
parameters is not clearly understood and the circuit parameters are not independent variables. A
compromise between machine’s different parameters is recommended to introduce a model
which satisfies the suitable operational characteristics at a same time. This compromise

complicates the machine design procedure.

It is shown that the speed range of an IPMSM is extended by designing a machine with
increased d-axis inductance. In addition, providing more voltage on the phases of machine can be
considered as the second alternative. In order to provide more voltage on the machine’s phases
either the DC link voltage of inverter should increase or two separate voltage sources can be

applied simultaneously on the phases of the machine using the dual inverter drive scheme.

Concentrated winding is selected as the suitable winding configuration for the machine due to
its advantages including less losses, lower manufacturing cost, and higher inductances.
Combination of concentrated winding design with dual inverter open winding structure is
recommended for the lower loss and wide speed range application. This structure can be
considered as a suitable configuration for the fault tolerant applications preventing full voltage to

be applied to the Main Bridge (MB) in the moment of the fault occurrence.

In order to fulfill the contribution of the dual inverter drive scheme in providing more
voltages on the machine for operating region extension, a reliable and easy to implement
Floating Bridge (FB) control approach is required which works finely both in high speeds as well

as low currents operating regions.
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Chapter 3

ELECTRIC MACHINE ANALYSIS AND DESIGN

In order to introduce a final model for an IPMSM, motor geometry changes are selected as the
main tool. The performance evaluation of the 1kW V-shaped magnet IPMSM in different motor
geometries 1s investigated to find a model with high d-axis inductance to provide wide speed
range and promising saliency to support the required torque. During the design procedure,

minimizing the cogging torque value and Back-EMF THD are taken into account.

The simulation investigations presented in this chapter are carried out using a widely used
commercial Finite Element Method (FEM) based software (JMAG-Designer, 2012 version). In
order to simulate the current controlled converter, a three phase controllable Current Source
Inverter (CSI) is utilized and supply currents are modelled as ideal sinusoids. Automatic mesh
generation is used and the mesh exploits 90° rotation periodic symmetry as one quarter of the
machine’s structure is drawn in the geometry editor window for saving the simulation time. The
simulations are carried out and illustrated in the steady state at fixed speed with 128 discrete time
steps per supply cycle. (The mechanical step size increases with supply frequency). The iron loss
evaluation is carried out by the Fast Fourier Transform (FFT) analysis provided by the IMAG-

Designer loss study option.
3.1 Initial Machine Specifications

Mathematical analyses are presented, in order to develop an initial machine design. The

impact on winding design, pole number and external dimensions are investigated and presented.
3.1.1 PMSM Slot-Pole Combination Selection

The slot pole combination is mathematically analyzed and the reliable slot pole combination

for an [IPMSM providing high torque density is introduced.

The permanent magnet field and stator electromagnetic field interaction provides the required
developed torque or electromagnetic torque (7,) for the IPMSM. This developed torque is
comprised of three parts called; reluctance torque (7..), cogging torque (7.,,) and electro

dynamic torque [13]. See Equation (3.1) for the further clarity.
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_1.5,dL, 1 2 dRel . dApm
= - —=1 +kW'NphaselW (31)
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Among the three parts of the developed torque two of them which are reluctance torque and
electro dynamic torque should be maximized as they are positively contributing to the machine’s
power capability. On the other hand, the cogging torque should be minimized as it negatively

affects the power and torque capability of the designed machine.

According to equation (3.1), electro dynamic torque is directly affected by the values of £,
(winding factor), the machine winding turn number (N,iuse), phase current (7), and permanent

magnet flux linkage (4,m).

An electrical machine with a low winding factor needs to compensate for its lower torque
with higher current or a higher number of turns, both of which are inversely proportional to the

winding factor.

In the third term of equation (3.1) the multiplication of the phase winding turn number (N,nase)
with the machine’s current (i) briefly explains the MMF effect on the machine’s torque
production. This implies that the MMF assessment and its effect on machine torque density

increment should be taken into account.
3.1.1.1 Winding Factor Assessment

The winding factor assessment should be carried out as the first step of the machine design
procedure to introduce the slot-pole combination of an IPMSM model with increased electro

dynamic torque capability.
Generally, the winding factor is made up of three parts as shown in equation (3.2) [62].
kW = Kp. Kd' Kskew (32)

In concentrated winding machines, skewing factor (Kg.) is considered as one. Pitch factor

(K},) can be easily obtained mathematically.

Authors in [73, 86] have carried out studies on how the winding factor for a concentrated
winding machine can be calculated. The following equations for winding factor assessment are

based on their definitions and introductions.
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Equation (3.3) shows the main equation for determining the type of winding in the studied

machine as 1* or 2™ grade winding.

Qs _ Z
9= 2pm  n (33)

Briefly, if # in the denominator is an odd number, then the winding structure is 1% grade. If n

is an even number, then the winding structure is nd grade.

The pitch factor (K)) in its n™ harmonic is calculated using equation (3.4) for a concentrated

winding PMSM.

th
K, ey = sin (u) (3.4)

2Tpole

According to equation (3.4), the pitch factor is the function of slot and pole pitches (zy, and

Tpole) 1n the machine.

The winding factor (k,,) for a 1* grade winding PMSM is given by equation (3.5).

sin( L )
2p.m

. v
nq.sin( o )'Sm(Zp.m.q) (3.5

2p.m.nq

k, =

The winding factor (k,,) for a ond grade winding PMSM is given by equation (3.6).

. (vr sin (%) vy
kw = SIn (5) .m. cos (E) (36)

Equations (3.4), (3.5) and (3.6) describe the winding factor assessment in a harmonic
spectrum. The harmonics for 1* grade, and ond grade windings are given by equations (3.7) and

(3.8) respectively.

P=+-((2mg)+1)  g=0,+1,42,43,.. (3.7
§= i%((ng) +2) g=0,%1,42,43,.. (3.8)

In addition, it is clear that the slot pole numbers in a given machine have the most important
role in winding factor determination. So, in order to have a broader investigation, the above
mentioned equations are used for doing the winding factor assessment in different slot pole

combinations.
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3.1.1.2 MMF Assessment In PMSMS

According to equation (3.1), MMF waveform and its assessment have important influence on
machine torque production and prediction. [62, 28] describe an investigation on MMF harmonic
analysis and prediction in single layer and double layer winding PMSMs. This section includes

the main equations for MMF evaluations.

The MMF-wave of order # for a coil fed by sinusoidal current is expressed by equation (3.9).

MMF,y = Wohase i (m'm"t ) . cos(n(f - 19)) . cos(w,t) (3.9)

n.2p.w Tpole

According to equation (3.9), MMF is the function of the machine’s winding number (N,nqse),
poles and slots numbers, current (/) and electrical frequency (w.) of the supplied current,
mechanical place of the point in which MMF is assessed (), and the speed of the MMF vector
rotation ().

Equation (3.9) implies that the MMF can be mathematically separated into two sinusoidal
waveforms, rotating in opposite directions. The sinusoidal waveform must be repeated at least
once over the entire periphery of the machine, due to the need for symmetry, which means that

the minimum harmonic order is 2/poles.

The MMF waveform equation when the forward (M") and backward (M") MMF components

are separated is shown by equation (3.10).

MMFspp(ny = 37_2 Y, sin (ﬂ’—) (M* + M) (3.10)

2p 2 Tpole

M" and M are as follows:
M* =TI cos(w,t —n(§ —9,)). E + cos (2?” (n—1) + 2m.n. ny)] (3.11)
M~ =T cos(w,t +n(& —9,)). E + cos (2?” (n+1) +2n.n ny)] (3.12)

Some examples for the harmonic analysis of winding factor and MMF for three different slot

pole combinations using equations (3.11) and (3.12) are presented by Fig 3.1 for further clarity.
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Fig 3.1 Winding factor and MMF mechanical harmonic spectrums for a, b) 9 slot 6 pole, ¢ ,d) 12 slot 8 pole, ¢, f) 12

slot 10 pole, double layer concentrated winding PMSMs

It is worth noting that, some slot pole combinations like 9 slot - 8 pole, 9 slot - 10 pole, 15 slot

- 16 pole are not considered as the suitable slot pole combinations due to the high radial force

[117]. These slot pole combinations are not considered for MMF and winding factor assessment.

Table 3.1 collects the k,, and MMF harmonic analyses for different slot pole combinations.
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Table 3.1

Detailed winding factor (k,,) and MMF assessment for different slot pole combinations

Slot | Pole | Max k,, | Max MMF | MMFxk,,
9 6 0.866 0.827 0.716
9 12 | 0.866 0.827 0.716
12 8 0.866 0.827 0.716
12 | 10 | 0.933 0.712 0.664
12 | 14 | 0.933 0.712 0.664
12 | 16 | 0.866 0.827 0.716
12 | 20 0.5 0.955 0.477
15 | 10 | 0.866 0.827 0.716
15 | 20 | 0.866 0.827 0.716
18 | 14 | 0.902 0.738 0.665
18 | 16 | 0.945 0.677 0.639
18 | 20 | 0.945 0.677 0.639
21 14 | 0.866 0.827 0.716
24 | 16 | 0.866 0.827 0.716
24 | 20 | 0.933 0.712 0.664

According to the harmonic analysis for winding factor and MMF, the maximum value that
can be obtained as the maximum multiplication of winding factor and MMF is 0.712.
Accordingly, the first three options with 9 slot - 6 pole, 9 slot - 12 pole, and 12 slot — 8 pole slot
pole combinations have the least number of poles and slots and offer the highest MMF and
winding factor multiplication. 12 slot-8 pole combination is selected as it has higher LCM

compared to 9 slot- 6 pole case and lower pole number compared to 9 slot-12 pole case.
3.1.2  Initial Dimensions for the Investigated IPMSM

Analytical calculation is utilized to find out the initial dimensions of the IPMSM based on the

required performance.

As an example, the machine design steps are taken in a way to introduce a model with 1kW
output power, an efficiency of 90% and 0.9 lagging power factor at base speed of 900 rpm or
60Hz of supply frequency. In addition, the DC voltage source of the VSC for machine drive is

320V. By taking into account these requirements and limitations and using some basic power
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engineering equations as well as an influential analytical research by Bianchi [118], the various

dimensions of the motor can be analytically calculated.

Some of the other important parameters which are taken into account during the machine

design and its analytical dimension assessment are shown by Table 3.2.

Table 3.2

Some of the initially defined parameters for obtaining the machine’s dimensions

Parameter Value Parameter Value
Conductor current density (A/mm”) | 6.5 | Back Iron flux peak (T) 2
Specific magnetic loading, B (T) 0.6 Slot packing factor 0.4
Efficiency (%) 90 Strands per turn 1
Winding layers 2 Copper resistivity (Q.m) | 1.68x107
Tooth flux peak (T) 2 Permeability, po (N.AY) | 1.26x10°

Using [118], the most important machine dimensions can be easily calculated. [118] has

assumed the physical structure of the PMSM as shown in Fig 3.2.

Tooth width (WT)

A

Back depth (Iy) ]
! PM width (WPM)

}

ol -l — -

Tooth length (It) :

Stator outer diameter (Do)

Stator inner diameter (Di)

Fig 3.2 Different parts of the PMSM for machine design using analytical assessment [118]

For example, back iron depth (length) can be expressed as a function of the air-gap flux

density (Byir-gap), pole number and stator inner diameter.
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Bair —gap ©D;

The tooth length is found using stator outer diameter (D,), and stator inner diameter (D,) as

shown in equation (3.14):

(3.14)

In this Thesis, the tooth width and back depth are set equal for having least iron losses.

Bianchi has proposed equation (3.15) for tooth width evaluation.

Bair —gap mD;L

W =
T B¢ Qsl¢

(3.15)

Using the analytical calculations described by [118] and [86], and taking into account the
information in Table 3.2, Table 3.3 below offers the initial dimensions and parameters of an

IPMSM that fulfills the desired power requirement in the presence of the drive and machine

limitations.
Table 3.3
PMSM’s general specifications using the analytical assessment
Parameter Value Parameter Value
Power (W) 1000 Conductor area (mm®) 0.5188 (AWG 20)
Rated Speed (rpm) 900 Phase resistance (€2) 3.652
Slot-pole 12-8 Rotor diameter (mm) 90.13
Power factor 0.9 Tooth width (mm) 9.03
Maximum current (A) 5 Yoke (Back) length (mm) 9.03
Fundamental %,, 0.866 | Stator outside diameter (mm) 165
DC link voltage (Vpc) | 320 Air gap (mm) 0.6-1
Conductor type Copper Shoe thickness (mm) 2
Coil turn 135 Stack length (mm) 50

The different parts of the stator and rotor in a V-shaped magnet IPMSM with 90° angle

between two pieces of magnet (y) are shown by Fig 3.3.
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Fig 3.3 A piece of a) Rotor and b) Stator of a V-shaped magnet IPMSM

The most important dimensions required for the different parts of the PMSM are calculated

analytically. But in order to have the best performance, the orientation of the magnets in the rotor
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and some other minor changes, such as changes in the slot opening tuning or the shape of stator
shoes, should be applied before finalizing an IPMSM model with wide speed range, low cogging
torque, low Back-EMF THD, high d-axis inductance and high saliency.

As described in Chapter 2, the machine’s inductance (L;) can be maximized by changing the
machine’s initial geometry. Maximizing the d-axis inductance forces the IPMSM’s characteristic
current to be less than or equal to the machine’s rated current. In this case, wide speed range is
theoretically fulfilled, and the current ellipses’ center is always placed inside of the current
circle. The characteristics current (/.;) and its mathematical relationship with d-axis inductance is

described by equation (3.16)
Apm
L, = |f—d (3.16)

3.2 Impact of Rotor Geometry Changes on Performance of The IPMSM to
Find the Initial Design

Geometry changes area applied to the V-shaped magnet IPMSM designs with different y in
order to introduce an initial model with big d-axis inductance, low cogging torque, and low
Back-EMF harmonic content. The geometry changes affect the level of magnetization in d- and
g-axis paths resulting in inductance adjustment and affect the harmonic content reduction in the

air-gap flux density profile. The three main geometry changes are as follows:

- First, the inductance evaluation and performance assessment are carried out for different
IPMSMs with various vy (30°, 45°, 60°, 75°, and 90°) when there is no constraint on the flux
density of the utilized magnet. The magnet flux density varies from 1T to 1.4T.

- Second, the magnet clearance (OA in Fig 3.3(a)) between two pieces of magnets is tuned to
see the effects on the model’s performance and inductance evaluation.

- Third, the Magnet Pitch (MP) in each pole is arranged, and its effects on inductance changes

and on the machine’s performance are assessed.

For the initial design procedure, the ideal magnets found in JMAG- Designer library are used.
Furthermore, no loss density consideration and limitation are taken into account to select the

lamination for the initial design steps.
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3.2.1 Impact of y Changes with no Constraint on the Magnet’s Flux Density

The performances of five different IPMSMs with different y are evaluated. There is no
constraint on their magnet densities (B;), and the full magnet pitches and wide clearances are
initially set. The B; of the utilized magnets varies between 1T-1.4T. The inductance, Back-EMF
voltages using equation (3.17), Back-EMF THDs using equation (3.18), and cogging torques
comparison for these five cases are illustrated in Fig 3.4. For all cases, the machines should be

able to fulfill the rated power of 1kW in base speed of 900rpm with the peak phase voltage of

m. V% = 184V (m is modulation index which is 1.15 in SVM) and the maximum peak current is

5 A. In equation (3.17) V) = the peak of induced voltage in 4, harmonic obtained from Fast

Fourier Transform (FFT) analysis.

Nyn Jy1
Back — EMF.y, = 2mf, —2Aee o (3.17)
Zf:z th
THD(%) = *—— (3.18)
1
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Fig 3.4 a) Inductance evaluation, b) Back-EMF voltages, c) Back-EMF THDs, d) Cogging torques for five different

machines with different y and without any constraint on the utilized magnets (900 rpm)

The design results using the first series of geometry changes are summarized as follows:
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A v of 90° produces the biggest d-axis inductance results in the magnitude of characteristic
current to be very close to the rated current of machine. Accordingly, a high speed performance

can be expected by this design, although high saliency is still not fulfilled.

To fulfill the rated power, the winding turn number varies in different y. This explains why

the inductance in 90° y is bigger than the other cases as it has more winding turn.

Back-EMF analysis and the THD show that, although a machine with y of 90° has high
inductance, large voltage harmonics are still produced. This should be minimized in the next

steps of the design procedure.

The peak of cogging torque for the machine with a y of 90° is among the lowest peaks of other
machines. However, its peak is still 1N.m, which causes approximately 10% cogging torque

peak. In the final model, this peak will be reduced as much as possible.

When there is no constraint on the magnet flux density, the IPMSM with a y of 90° is
considered a suitable option with the highest d-axis inductance and low cogging torque in
comparison with other IPMSMs with 30°, 45°, 60°, and 75° y. Therefore, the widest speed range
can be expected from 90° y IPMSM case.

3.2.2 Impact of Clearance Changes

Three different V-shaped magnet motors with different y of 60°, 75°, and 90° are simulated
while the Magnet Pitches (Mps) are kept on maximum, and the impact of opening the clearance
between the magnets is investigated on the machines’ performance. Conventionally, in a V-
shaped magnet IPMSM, the clearance between magnets is minimized, so as to reduce leakage
flux from the magnets. The impact of this choice is to significantly reduce L,. If speed range is
not a concern, this is a beneficial step, increasing saliency and providing additional torque

capability.

The Back-EMF voltage waveforms, their THDs, and cogging torques comparison for the
three introduced IPMSMs with different y using a minimum clearance between adjacent pieces
of magnets are shown in Fig 3.5. The minimum clearance is set at Imm for all cases. On the
other hand, the performance evaluation in wide clearance is illustrated by Fig 3.6. The wide

clearance varies between 3.5mm to 4mm in the evaluated IPMSMs.
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Fig 3.5 a) Back-EMF voltages, b) Back-EMF THDs, ¢) Cogging torques, for three different machines with different

v and minimum clearance (900 rpm)
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Fig 3.6 a) Back-EMF voltages, b) Back-EMF THDs, ¢) Cogging torques, for three different machines with different
v and wide clearance (900 rpm)
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The d-axis and g-axis inductance evaluation for the IPMSMs using three different y (60°, 75°,

90°) and in minimum and wide clearances are shown by Fig 3.7.
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Fig 3.7 Ly and L, evaluation using the wide and minimum clearances in three different V-shaped magnet IPMSMs

The summaries of design steps in this section are as follows:

The 90° y IPMSM design shows the highest L; inductances in both minimum and wide

clearances, due to higher winding turn number compared to the other .

When a wide clearance is set between the two pieces of magnets in each pole, higher
inductances are seen for all three different y. In the wide clearance the reluctance of d-axis flux

path is reduced causing the bigger L,.

Increasing the clearance increases the L, at the expense of saliency, especially at wider angles
between the magnets. In order to maintain 4,,, the magnet strength has to be increased by 0.2T,
and the number of turns has to be increased from 135 turns with the minimum clearances to 145
turns with the wide clearances. With inductance proportional to turns squared, it is clear the

change in L, seen in Fig 3.7 is due to more than just the change in the number of turns.

7% of rated torque is seen for the cogging torque profile of the designed 90° y IPMSM with

the wide clearance. This should be minimized further in the final design.

Unfortunately, high Back-EMF THD is seen for six designed machines. The reduction of
THD in the Back-EMF for the final model should be the other main objective.

The B, of the magnet for 90° y case is 1.4 T which is too high. In the final design, lower flux

density magnet should be taken into account to reduce the cost and demagnetization problem.

Briefly, setting the wide clearance between the adjacent magnets in each pole can result in a

big d-axis inductance and low cogging torque.
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3.2.3 Impact of Magnet Pitch Changes

At the third design stage, further evaluation is carried out for Back-EMFs and their THDs,
cogging torque and inductances for three different y of 45°, 60°, and 75° using wide clearance,

while their magnet pitches are set on 85% and 100% (See Fig 3.8, Fig 3.9, Fig 3.10).
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Fig 3.8 a) Back-EMF voltages, b) Back-EMF THDs, ¢) Cogging torques, for three different machines with different
v and 85% magnet pitches (900 rpm)
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Fig 3.9 a) Back-EMF voltages, b) Back-EMF THDs, c¢) Cogging torques, for three different machines with different
v and 100% magnet pitches (900 rpm)
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Fig 3.10 L, and L, variations in 100% and 85% magnet pitches for three different y IPMSMs

The summaries from the analysis carried out in this section are as follows:

An inspection of Fig 3.8 shows that reducing the magnet pitch will have two positive impacts:
(a) the harmonic content of the air-gap field will be reduced, improving voltage THD; (b) the g-

axis flux path will have lower reluctance, resulting in higher L, and saliency ratio.

The simulations demonstrate that reducing the magnet pitch to 85% can reduce the cogging

torque to even 3% of the rated torque.

In the case of a reduced magnet pitch, the higher B, magnet is used to provide the required

torque.
Briefly, reducing the magnet pitch is a useful option to increase the machine’s inductances.
3.2.4  Initial Design Summary

The impacts of clearance changes and magnet pitch changes when there is no constraint on
the B; of the utilized magnet and in different y are thoroughly evaluated especially on inductance
changes, cogging torque assessment, and Back-EMF harmonic analysis. Some benefits and
disadvantages are briefly explained in each section, and accordingly a 90° y, with wide clearance
and 85% magnet pitch is selected as the initial design showing the highest potential for
inductance increment, least cogging torque and low harmonic contents. The physical structure of

the initial design using the introduced investigations is shown in Fig 3.11.

The main drawbacks for this initial design are the high B, for the utilized magnets, no
considerations on the loss density, and sharp edges on the stator’s teeth. These drawbacks are
resolved in the final model by applying some physical and material refinements to the initial

model.
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Fig 3.11 The initial design of the IPMSM
3.3 Design Refinement

The initially designed IPMSM presents a number of problems in its physical structure as well
as in the cores and magnets used in its structure. Therefore, the following physical and material

modifications are applied to the design to produce a more reliable final model:

- In the IPMSM design results described in section 3.2, all the shoes are T-shaped. These
should be changed to an angled shape so that loss reduction and saturation are seen in the
stator part. In addition, other sharp angled edges that are seen in the junction of the teeth and
yoke of machine should also be modified into a circular curve for the same reason.

- The other sets of physical changes such as the flux barrier shapes, air-gap length, and slot

opening reduction can have some beneficial impact on the machine’s performance.

In addition, more reliable metal cores for the stator and rotor laminations should be used as
well. In the design steps of section 3.2, the lamination used for rotor and stator structures are
selected from the standard lamination found in JMAG library. No limitations are applied to have
low less density for the selected lamination. To solve this problem, lower loss density and

thinner lamination, 29 gauge M 19 (36X250), is used for the final model verification.

Furthermore, in the initial design presented by Fig 3.11 the ideal magnet found from JIMAG-
Designer library with 1.4T is used to do the simulations. However, in this part, the real magnet

of NEOMAX-52, which has the B, of 1.4T, is used.

To understand the impact of the design changes on the IPMSM’s performance, five specific

cases are chosen, taking into account the mentioned physical and material considerations.
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Case 1: The initially designed IPMSM shown in Fig 3.11 plus removing the sharp edges in the
stator structure and taking into account the material (magnet and cores) considerations; Case 2 is
like Case 1 plus reduced slot opening from 4 mm to 2 mm; Case 3 is like Case 2 plus additional
flux barrier between magnets; Case 4 is like Case 2 but with magnet pitch further reduced to
75%; and Case 5 is like Case 2 plus air-gap increased from 0.6 mm to 1 mm. The physical

structures of these five different cases are shown in Fig 3.12.

BESTERRIRaRIRaERTREN -}

(e)
Fig 3.12 The physical structures and flux density plots in presence of different changes applied on the initial design,
a) Case 1, b) Case 2, ¢) Case 3, d) Case 4, ¢) Case 5
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In these five cases, the B, of the magnet utilized in the machine structure is NEOMAX-52
which is very susceptible to demagnetize and usually more expensive than the weaker magnets
[119]. The B-H curve versus temperature changes for NEOMAX-52 form JMAG-Designer
library is shown in Fig 3.13.

E
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Fig 3.13 B-H curve versus temperature changes for NEOMAX-52

According to Fig 3.13, the B, of NEOMAX-52 is the function of temperature changes. In high
speed applications, the temperature of the rotor increases and results in lower magnetic flux
density for the utilized magnet (demagnetization). Lower torque density and efficiency are seen

in this situation.

Despite the high remnant flux density magnets, lower B; magnets are demagnetized in higher
temperatures and in more reverse magnetic field intensity. To solve the demagnetization problem

of NEOMAX-52 magnet, using the lower B; is considered as a useful method.

NEOMAX-35EH with B=1.2T is used instead of NEOMAX-52. Although this magnet has
lower B, its demagnetization trend is more reliable in the higher temperatures. In addition,
NEOMAX-35EH belongs to the NdFeB magnet series and has the beneficial characteristics of
this series of magnets. The B-H curve of NEOMAX-35EH is shown by Fig 3.14 for further
clarity.
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JMAG-Designer: Material Editor
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Fig 3.14 B-H curve versus temperature changes for NEOMAX-35EH

According to Fig, 3.14, NEOMAX-35EH has the B; of almost 1.2 T and is demagnetized in

100°C while its reverse magnetic field intensity (coercivity H,) is 2 times that of the NEOMAX-

52 magnet. So, this type of magnet is considered more reliable, especially in higher speeds and

higher temperature performances. Four different IPMSMs using NEOMAX-35EH magnet with

fixed B; of 1.2T and y of 45°, 60° 75° and 90°, with wide clearance, and 85% Magnet Pitch

(Mp) have been simulated for inductance evaluation prediction. The inductance evaluation is

seen in Fig 3.15.
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Fig 3.15 Inductance as the function of ¥ when there is a specific constraint on the utilized magnet flux density

The total volumes of the utilized magnets in cases shown in Fig 3.15 are collected in Table

3.4.
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Table 3.4

The total volume of the utilized magnets in different y

v (Degree) | Total Magnet Volume (mm3)
45 35.84
60 32.8
75 27.2
90 26.24

As less amount of magnet is required for 75° y case compared to 45° angle one, so 75° vy, an
85% magnet pitch and wide clearance IPMSM are selected as the sixth case for performance

investigations. The physical structure of Case 6 is shown by Fig 3.16.

Fig 3.16 75° y IPMSM using NEOMAX-35EH, case 6

3.4 Final Design

The final design of the IPMSM with widest speed range, lowest Back-EMF harmonic content,
and lowest cogging torque is selected based on the performance evaluation carried out on the six
cases presented in section 3.3. The field weakening method is used for finding the maximum
speed capability of the machines in the constant power region. The mechanical losses, which
include bearing losses, friction and windage losses, are neglected for verifying the maximum
speed of the machines. On the other hand, when the angle and magnitude of the current flowing
through the machine’s phases change, the level of saturation in machine’s phases is affected as
well. This phenomenon causes the d-axis and g-axis inductances of the IPMSM to have dynamic
behavior versus current changes [24]. Like the impacts seen on the Back-EMF harmonic
contents, and cogging torque by the various changes applied to the rotor geometry presented in

Section 3.3, it is expected that the Back-EMF and cogging torque of the machine are mainly
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affected again by the new applied physical changes and modifications. Maximum speed range in
constant power, L, evaluation and saliency as |LsL, in 4.5A current, Back-EMF THD
comparison, and cogging torque comparison for the six cases introduced in the section 3.3 are

shown by Fig 3.17.
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Fig 3.17 Comparison for the six cases a) Maximum speed, b) L,, c)Saliency, d) Back-EMF THD, e) Cogging Torque

The main findings based on the comparison of the six cases are as follows:

The widest speed range, which is 6300 rpm, is seen for Case 5 and Case 6. Two low values of
L, are seen for cases 1 and 2. On the other hand, when the bridge is narrower in one structure,
like Case 3, less Ly is expected due to the high reluctance of d-axis. A shorter field weakening
region is expected for the cases having less L;. In addition, the PM flux of Case 4 is low, but it
has a higher d-axis inductance which may indicate a wide speed range. In Case 4, it appears that
as the pole pitch has been reduced, and due to the low PM flux, the excitation torque will require

excessive current to maintain the torque.
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Regarding the THD evaluation in the Back-EMF waveform, it is pointed out that increasing
the air gap by 0.4 mm and reducing the magnet pitch to 85% and 75% can filter some of the
unwanted harmonics in the air gap flux waveform and reduce the THD value. Reducing the slot
opening and making the iron bridge in the rotor smaller are not indicated as useful approaches in
Back EMF harmonic content reduction. The minimum Back-EMF THD is seen for Cases 5, and

6.

According to the cogging torque analysis, increasing the air gap and reducing the slot opening
cause the cogging torque of the machine to be minimized. On the other hand, having a smaller
iron bridge in the rotor is not indicated as a promising method for cogging torque minimization.

Accordingly, least cogging torque is seen for Cases 5 and 6.

By comparing the performance evaluation for all the six cases, Case 6 is selected as the final
model with 75° y, wide clearance, 85% magnet pitch, 1 mm air gap, and B, of 1.2T (NEOMAX-
35EH). The widest speed range, lowest cogging torque and lowest Back-EMF harmonic contents

are predicted for Case 6.

The Back-EMF waveform and its harmonic spectrum, L; and L, variation versus current

magnitude and angle for the final model (Case 6) are shown in Fig 3.18.
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Fig 3.18 The final model a) Back-EMF waveform in 900 rpm, b)Back-EMF harmonic spectrum, ¢) L,, and d) L,
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As the Fig 3.18 shows, the peak of 5™, 7" , and 11" harmonics in Back-EMF is not high in the
final model which causes its THD to be even less than 3%. In addition, big L, and L, inductances
are predicted by simulation which causes the machine to have wide speed range and torque
density. Furthermore, L, is more affected by current angle than L, which concludes the dynamic
saliency of the machine in the wide speed region of performance. In higher speeds and when the
current angle is larger, more L, is expected; therefore, the characteristic current of the machine

gets smaller while less saliency is expected in the larger current angles.
3.5 Loss and Efficiency Analysis

The electrical loss analysis for the final design of the IPMSM (Case 6) is presented using

FEM. The mechanical loss is ignored in the simulation but is included in the experiment.

The main electrical losses, including copper loss and iron loss, are used to predict the
efficiency of the designed IPMSM. Using the loss assessment, the efficiency of the machine can

be predicted by equation (3.19).

n=- Pout (3.19)

out TPIron —Loss +PCopper —Loss TPFriction &Windage

AK Steel, 29 gauge, M19 lamination is used for the rotor and stator lamination of the final
design. The thickness of this lamination is 0.036 mm and its loss density is 2.5 W/kg in 50Hz of
supply frequency and 1.5T magnetic flux density.

The M19 lamination B-H curve and loss density profile, which is defined as a new material in

the JIMAG-Designer library, are shown in Fig 3.19.

The B-H curve presented by Fig 3.19 shows that when the magnetic field intensity increases,
the flux densities increase, saturating after the knee point. For M19 lamination, the maximum

flux density is 1.7 T with a field intensity of 7100 A/m.

The loss density rapidly enhances in lower applied flux density when the applied frequency is

increasing. That shows larger iron loss in higher speed applications.

45



1.8 -
— 16 7
14 - f
212 -
2] 1 i
608 -
© 06 -
304
“ 0.2
0 T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
Magnetic Field (A/m)
(a)
1.6E+06 -
1.4E+06 - —+-50Hz
P~ %60 Hz
TE 1.2E+06 - —-—100 Hz
= ==200 Hz
% 1.0E+06 —~—300 Hz
=
= 8.0E+05 - --400 Hz
S 1000 Hz
O 6.0E+05 - 2000 Hz
7]
7]
< 4.0E+05 -
2.0E+05 -
0.0E+00 | | T . .

0O 02 04 06 08 1 12 14 16 1.8
Flux Density (T)

(b)
Fig 3.19 a) B-H curve, and b) Loss density variations for M19 lamination

The copper loss, iron loss, including hysteresis loss and eddy current loss, for the final design
using M19 lamination in the machine’s structure are shown by Fig 3.20. The loss evaluation is
presented from base speed (900 rpm) to the maximum possible speed of 6300 rpm. The current
change profile, the magnet loss and power-torque versus speed taking into account the friction
and windage (F&W) losses for the finally designed IPMSM with M19 lamination are shown in
Fig 3.21.
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Fig 3.20 Copper loss, iron loss, eddy current loss and hysteresis loss evaluation, for the designed IPMSM using 29

gauge M19 lamination

6 s 6
— 5 B \\\SsL . 5 7
sS4 54
G 3 | = 3
52 2 2 -
O1q € 1 | I
0 T T T T T T 1 E 0 T - T . T T T
0 900 1800 2700 3600 4500 5400 6300 900 2000 3000 4500 5500 6300
Speed (rpm) Speed (rpm)
(a) (b)
1200 - Ideal Power (Without the Mechanical Loss)
T 10
1000 -  pR===Focoooommmmmmmmmmmm—
-8
§800 ‘ ‘ z
%’600 "8 2 ——power
2 ©
£400 | L4 § ==-Torque
S
[t
200 L2
0+ T T T T -0
0 900 1800 2700 3600 4500 5400 6300
Speed (rpm)
(©

Fig 3.21 a) Current profile b) Magnet loss ¢) Power-Torque versus speed profile taking into account the mechanical

loss including friction and windage (F&W), for the designed IPMSM using M19 core

The significant contribution of eddy current loss in the total iron loss is clearly seen in Fig
3.20. The iron loss, eddy current loss, and hysteresis loss values are all functions of supply

frequency, and their values are increased in higher speed applications.
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Copper loss in higher speeds is smaller than in lower speeds (See Fig 3.20). This is due to the
reduction of the required current in higher speeds. As is shown in Fig 3.21(a), when the machine
is working in higher speeds, smaller current is required to fulfill the rated power for the designed
IPMSM. This is because of the increment of the machine’s L, and L, inductances which are

shown by Fig 3.18(c), and 3.18(d), and also due to less required torque in the high speed region.

The copper loss of the machine varies between 142W to 92W in the wide speed range, and the
eddy current loss is between 11W to 46W from base speed to seven times base speed. It is worth

noting that the frequency-dependent copper loss changes have been neglected.

According to Fig 3.21(b), the magnet loss is less than 6W and is not high enough to affect the
total efficiency significantly. In addition, if the mechanical loss including friction and windage
loss, is taken into account, even a 200W reduction in output power is observed at high speeds
(See Fig 3.21(c)). Using equation (3.19) and the evaluated losses, the efficiency profile in the
wide speed range for the designed IPMSM using the M19 lamination is shown by Fig 3.22.

Mechanical losses have been neglected in the efficiency analysis.
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Fig 3.22 Efficiency analysis for the designed IPMSM

The efficiency between 86.5% and 90.2% is predicted by the FEM analysis in the wide speed
range operation of the designed IPMSM.

3.5.1 Harmonic Iron Losses

As is shown in the iron loss analysis, iron loss is more greatly affected by eddy current loss
variations, especially in higher speeds. So, if the eddy current loss is correctly interpreted, iron
loss can be better explained. According to the eddy current loss equation introduced by equation
(2.20) in Chapter 2, this loss is affected by air-gap flux density variations and its harmonics. As
is shown by Fig 3.23, air-gap flux density is not pure sinusoidal waveform and has some

harmonics, resulting in harmonic iron losses for the designed IPMSM.
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Fig 3.23 Designed IPMSM’s a) Air gap flux density, b) Harmonic analysis for the air gap flux density in 900 rpm

Fast Fourier Transform (FFT) analysis has been utilized to predict the iron loss of the

designed IPMSM using 29 gauge M19 lamination in different harmonics (See Fig 3.24).
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harmonic, ¢) 9™ harmonic
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The summary of harmonic iron loss is described as follows:

By increasing the machine’s speed, iron loss increases for all harmonics.

The highest iron loss is seen in fundamental and third harmonics for all speeds.
Fundamental harmonic iron loss is minimal at 2000 rpm speed.

Iron loss analysis versus harmonic order in base speed and maximum speed for the designed

[PMSM using M 19 lamination is shown in Fig 3.25.
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Fig 3.25 Percentage of total iron loss for each harmonic in a) Base speed (900 rpm), b) Maximum speed (6300 rpm)

An 85% contribution to the total iron loss is seen for the fundamental harmonic of the
machine at base speed, while the third harmonic only has less than 7% contribution. No major

contribution is observed in other harmonics.

At maximum speed, fundamental and third harmonics have the highest contributions to the

total iron loss. Fundamental harmonic contribution is 41%, and third harmonic contribution is

30%.
3.6 Summary

The influence of geometry changes on motor performance is investigated. In order to fulfill
the aim of a machine with a wide speed range, high efficiency and low parasitic harmonic
effects, a parametric design of experiments approach is conducted to improve the operational
characteristic and specify the circuit parameters of the IPMSM in each step. It has been
attempted to change the motor’s physical variables in each step in a way to increase the
inductance especially d-axis inductance, reduce the cogging torque and reduce the Back-EMF
harmonic content for the final model. Although the final model is not optimized, but the most

important operational characteristics and circuit parameters of the model have been investigated
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to be improved at a same time during the design of experiment procedure while some

compromises are taken into account if needed.

A 12 slot-8 pole IPMSM is chosen as a suitable candidate for high torque density performance
based on the winding factor and MMF assessment. This slot pole combination maximizes the
MMF and winding factor multiplication. The analytical calculation based on the magnetic and
electrical loading is carried out to introduce the initial dimensions of the machine to offer a

model with 1kW power in rated speed of 900 rpm and in 320VDC.

The parametric design of experiments procedure is conducted and the impact of rotor
geometry changes, including y changes, magnet pitch changes, and changing the clearance
between two adjacent pieces of magnet, are investigated. Rotor geometry changes are mainly
employed to adjust the level of magnetization and reluctance in each axis for the inductance
justification and tuning the harmonic content of air-gap flux density profile. As a result of this
analysis, a design with y= 90°, wide clearance, 85% magnet pitch is introduced as the initial
model [IPMSM. The initial model provides the high d-axis inductance (60 mH), low Back-EMF
harmonic content (less than 6% THD) and low peak cogging torque (less than 7%). Increasing
the magnet pitch enhances the harmonic content of the Back-EMF voltage. On the other hand,
increasing the clearance between two adjacent magnets in each pole increases the d-axis

inductance value as the d-axis path is not saturated compared to the narrower clearance case.

Further physical and material modifications are applied to the structure of the initially
designed IPMSM to finalize a reliable model with lower cogging torque and Back-EMF
harmonic content. The simulations predict a wide range speed of 6300 rpm, 3% Back-EMF
THD, and less than 5% cogging torque peak for the finally designed [IPMSM.

Electrical loss analysis is presented using FEM, and efficiency between 86.5% and 91% in the
wide speed range is predicted by simulation analysis for the final design. In the efficiency

prediction, the mechanical losses have been neglected.

The main contributions of this chapter are to illustrate the relationships between geometry,
circuit parameters and overall performance; and to introduce a reliable design with wide range

speed operation and promising efficiency.
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Chapter 4

DUAL INVERTER ANALYSIS

A basic explanation and vector diagram for the dual inverter open winding PMSM is
discussed. This discussion gives a clear view of how a controller can be defined. The controller
performance is examined by simulation results in Matlab/Simulink. A 41% extension in
maximum speed of the designed IPMSM is illustrated by FEM analysis when the machine is
employed in open winding structure using an ideal dual inverter drive. Loss analysis and

efficiency assessment for this configuration are included for wide speed range operation.

The Simulink simulations are conducted by Matlab R2011b using the SimPower Systems
toolbox. The utilized converters are modeled as three phase average-value model VSCs which
receive the three phase sinusoidal waveforms as the gating signals. The Space Vector
Modulation (SVM) is assumed for the machine’s control purposes; therefore the peak of the
gating signals to the VSCs can be 1.15 at most. The conventional abc to d-q transformation is
used for defining the voltages and currents to control the machines performance in wide range of
speeds and various operating points. During the open winding FEM simulation analysis, the
neutral point of the Y-connected FEM coils is removed and this terminal is connected to the
second controllable voltage source supply which models the terminals of the Floating Bridge
(FB). The phases of the voltage provided by the voltage source are defined to be perpendicular to
the current source that represents the MB side. The other details about FEM analysis are similar

to that of Chapter 3.

An initial control approach is introduced and simulated based on the vector diagram and basic
definition of an open winding PMSM using dual inverter drive structure. The dual inverter drive

uses a controlled voltage floating capacitor on the FB side.

Although the explanations and vector diagram are shown using the case of an SPMSM, this is
done merely to present a simple example to understand. The approach, however, can be extended
to an IPMSM as well. In the equation below, the non-salient structure of an SPMSM gives the
following developed torque [120]:

T, =2(2) pm i) 4.1)
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Equation (4.1) demonstrates that the electric torque is only tuned by g-axis current, flux

linkage of permanent magnet and the number of the machine’s poles.

In a steady state condition, the steady state d-axis and g-axis components for the machine’s

terminal voltage are formulized by the following equations:
Vgm = Rslg + Wedpy + weLgiy (4.2)
Vim = Rsid - (l)eLq iq (43)

The main aim of using an SPMSM in an open winding structure is to enable the machine to
receive two separate voltages from two sources at the same time. This causes the machine to

have an extended operating region by increasing the phase voltage.

The conceptual vector diagram of the studied open winding PMSM using a dual inverter drive

and its simplified circuit are shown by Fig 4.1.
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Fig 4.1 a) Conceptual vector diagram and b) Circuitry of the dual inverter scheme

The vector diagram is based on equation (4.4).
Vi = Vi + Vip (4.4)
The current flowing through the winding must be perpendicular to the FB voltage. So,

Treg — _la (4.5)

VEBd iq
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Briefly, three regions should be considered to fulfill the requirements of dual inverter open
winding PMSM in the wide speed range. Before base speed, d-axis current is not required for
tuning the speed. Above base speed, the FW control should be employed. In this range, i, is no
longer zero, and i, is decreasing to may be keep the rated power. For this area, the machine’s
terminal voltage is always kept to its nominal value (1 per-unit). The final region is when the
machine reaches its maximum speed. In this situation, the FB’s contribution is employed, and an
increased voltage may be applied to the machine’s terminal. In this introduced region, the
machine’s terminal voltage vector is increasing from 1 per unit to 1.41 per unit while still giving
the rated power. A 1.41 per-unit voltage on the machine’s terminal is seen in the case that both
MB voltage vector and FB voltage vector have the same magnitudes and are perpendicular to
each other. In the control method, the FB voltage magnitude and angle are forced to be set in a

way that FB is always perpendicular to the current.

In order to fully understand the FB’s contribution in widening the operating region, Fig 4.2 is
presented. As is seen by the conceptual vector diagram, the FB is capable of injecting or

absorbing reactive power according to the operating point of the machine.

+ 2 Rotation Direction 4 Rotation Direction

Rotation Direction

(a) (b) (©

Fig 4.2 Dual inverter drive conceptual voltage vector diagram, a) In 1.1 times machine’s rated voltage (lagging
power factor), b) In 1.2 times machine’s rated voltage (leading power factor), ¢) In 1.41 times machine’s rated
voltage (leading power factor)

Assuming that the demand torque and speed are within the limits of the system, the control of
the motor may be broken down into four different stages. In the first stage, the rotor position
should be detected using the derivation of the machine’s speed over time changes. The rotor
position can be determined by an encoder in experiments. This rotor position can be used to

transfer d-q voltage and current components to abc frame and vice versa in the three-phase
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system. The second stage is the identification of the machine’s operation mode. This means that,
in some speeds, the machine is working using only the MB, and in some other speeds, FB and its
related controller should be added. In the third stage, the MB and FB voltages should be
precisely defined by the studied controller in order to supply the machine’s terminal voltage and
take into account the perpendicularity of the FB and the machine’s current. For the fourth and
final stage, in the introduced controller, one PI controller is used to control the capacitor voltage

on the FB side by tuning the real power flow in machine’s windings.

For implementing the controller, the mathematical relationship of d-q axis voltages for the

machine, the MB and FB are given by equations (4.6) and (4.7).
Vg1 = Vgm + Vg2 (4.6)
Vg1 = Vgm + Va2 4.7)
Indices 1 and 2 represent the MB and FB’s components, and m shows the motor’s component.

The required reactive power of the machine is given by equation (4.8).
3 . .
Q=3 (Vgm ia — Vamiq) (4.8)

Using equations (4.5) and (4.8), the d-q axis voltage components of FB calculated by reactive

power transfer can be formulized as described in equations (4.9) and (4.10).

Q

Va2 = — 5 7. (4.9)
E(lq+?
i

quQ = —i.vsz (4.10)

The FB real power flow (called P, in this chapter) is controlled to adjust the bridge’s capacitor
voltage using an error signal and a PI controller. The capacitor voltage PI controller in Laplace

domain is shown by equation (4.11).

P, = (kp + %) (VCap -ref VCap) (4.11)

The FB capacitor voltage component regulation represented by P, is considered for real power
injection into the bridge, so this voltage component must be in phase with the motor current. This

characteristic is described by equation (4.12).
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e (4.12)

Vd2p Iq

Consequently, FB’s d-q voltage components calculated by real power flow are described by

equations (4.13) and (4.14).

P
Vg2p = 72 (4.13)
E(lq+7
_la
Vazp = 7+ Vq2p (4.14)

lq )
Using superposition theorem, the d- and g-axis voltage components for FB are given by

equations (4.15) and (4.16).
qu = qup + quQ (415)
Vg2 = Vazp + Vazg (4.16)

The d-q voltage components for the machine’s terminal are obtained from speed and d-axis
current controllers. So, the MB’s d-q axis voltages can be calculated using equations (4.15),

(4.16), (4.6), and (4.7).

As the FB is the component of the drive responsible for the reactive power required by
machine, and it is always set to be perpendicular to the current, so the MB voltage components
are adjusted by the controller in a way that supports the real power required by the machine. In
the introduced controller, the MB voltage and the machine’s current are aligned, causing the
terminal voltage of the machine and its maximum speed range to be extended by 41% when two
MB and FB have the same ratings. In this situation, the output voltages of both MB and FB are 1

per-unit.

The block diagram for the introduced controller is shown by Fig 4.3.
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Fig 4.3 Dual inverter open winding PMSM controller block diagram for the maximum speed to 1.41 times

maximum speed region, rated power is fulfilled

57



4.1 Drive Simulation

The concept of a dual inverter drive structure for feeding the open winding PMSM has been
briefly introduced and a suitable controller for extending the operating region is developed. In
order to examine the applicability of the introduced controller, some simulation analyses are
presented in this section. The machine specifications are based on an SPMSM built by Baldor
Company which can be found in the datasheet uploaded in its website. The type of machine is a
BSMO0N-275AA eight pole SPMSM. The machine’s specifications and the utilized drive are
collected in Table 4.1.

Table 4.1
Specifications of BSM90N-275AA PMSM and the utilized drive

Parameter Value Parameter Value
Maximum Cont. Stall Torque Lb-In (N-m) 88.00 (10.00) Poles 8
Voltage Constant V,/KRPM (Vrys/KRPM) 81.5 (57.65) Type of magnet NdFeB
Resistance (Q) 0.52 Type of machine SPMSM
Inductance (mH) 0.66 Main bridge DC link (V) 160
Inertia Lb-In-s* (Kg-cm?) 0.0056 (6.3224) | Floating bridge capacitor voltage (V) 160
Base speed at 160 Bus Volts RPM (rad/s) 1785 (186.92) | Maximum modulation index (SVM) 1.15

Before going through the simulation results, the Simulink configuration used to model the

open winding PMSM drive is shown by Fig 4.4 and Fig 4.5.

Modulation signals for MB
Main Bridge (MB)

Uref
V-Balter}'l J_I * VSO A Load torque abc current >
vt B :
E T Bore [ Average model . Vat Developed Torque >
| 1 a
Speed
- Vb+
abc voltages >
Uref [d— VC’-I—
+ dgq current >
- i VSC A -
V Capaﬂt:ll‘ 1 Va Rotor position >
T C2p | Average model
| B Vb- Motor q axis voltage »
[= Ve- Motor d axis voltage >
Floating Bridge (FB) Open winding SPMSM Scope

Modulation signals for FB ——
Fig 4.4 The open winding SPMSM fed by two VSCs in Simulink space

Fig 4.5 shows how the open winding SPMSM block is modeled.
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Fig 4.5 The open winding SPMSM modeled in Simulink

The general configuration depicted by Fig 4.4 and the modeling of open winding PMSM

shown in Fig 4.5 merit closer consideration.

In Fig 4.4, the MB and FB are modeled by two average model VSCs found in Simulink power
system library.

As is shown in the controller algorithm, the controller sets the V;, Vai, V2, and Vs, as the
MB and FB voltage components using a series of maths and capacitor voltage control. These d-
and g-axis voltages are transferred to the abc reference frame by Park Transformation. The
output abc voltages are used as the modulation signals and are applied to the average model of
VSC seen in Fig 4.4. Since SVM is used in this study, the peak of modulation signals should not
exceed 1.15 at all.

Each phase of the open winding PMSM is modeled by a current source in order to enable the
controller to adjust the current flowing through the phases. A big resistor is used in each phase
and the MB and FB voltages are supplied across the resistor. Va+, Vb+, and Vc+ are for the MB
side voltages, and Va-, Vb-, and Vc- are for the FB side voltages. Three voltage measurement
units are used to monitor the voltage across the phases of the open winding PMSM (Va, Vb, and

Ve).

The modeled machine has relatively low inductance (0.66 mH, 0.08 pu) as is seen in Table
4.1, so unfortunately, it does not show a wide range speed operation. The modeled machine is

able to support the rated power only until 1.13 times base speed (210.18 rad/s) in a single
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inverter drive and using FW control. If the machine is used in a dual inverter drive structure, the

maximum speed in rated power is extended to 210.18 X V2 = 297 rad/s.

The following simulation results (Fig 4.6 - Fig 4.8) show the capacitor voltage control
performance, machine’s speed control, and the MB and FB modulating signals assessment below
maximum speed (210.18 rad/s), i.e. 150 rad/s with having only MB activated for control, above

maximum speed in rated power, i.e. 250 rad/s with having both MB and FB, and a higher speed

that rated power is no longer available, i.e. 425 rad/s.
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Fig 4.6 a) Capacitor voltage control, b) Speed control, c) Modulating signals assessment in 150 rad/s

These figures show an acceptable control performance using the introduced controller. Since

the machine is working below base speed, there is no need to activate the FB to provide more
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voltage on the machine’s phases. The very low modulating signal for FB confirms this claim.
However, there is a low amplitude modulating signal for FB in order to control the capacitor

voltage and keep it on the desired value.
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Fig 4.7 a) Capacitor voltage control, b) Speed control, ¢c) Modulating signals assessment in 250 rad/s
According to Fig 4.7, when the machine is working above its maximum speed (210.18 rad/s),
both bridges are utilized to supply the machine’s terminal voltage in the rated power. In addition,
it can be seen that the voltages of the two bridges are perpendicular, which verifies the vector
diagram explanations. Another finding shows that the MB voltage modulating signal is set to
1.15, which is its maximum value, while the FB modulating signal varies from low values to

1.15, depending on the machine’s operating point.
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Fig 4.8 a) Capacitor voltage control, b) Speed control, c) Modulating signals assessment in 425 rad/s

According to Fig 4.8, when the machine is working beyond the CPSR area, there is a phase

difference of more than 90 degrees between the MB and FB voltage vectors. In this case, the

controller sets the MB and FB modulating signals to their maximum values (1.15). In this region,

the rated power is no longer available. However, capacitor voltage control and speed control are

both precisely fulfilled in this operating region.

To have a clear view of the machine’s performance using the dual inverter drive and single

inverter drive, the torque-power versus speed profile in single and dual inverter drives are shown

in Fig 4.9 for wide range of speeds. The extended operating region from 210 rad/s in a single

inverter drive to 297 rad/s using a dual inverter drive shows the contribution of employing the

PMSM in an open winding structure and using the dual inverter drive scheme.
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Fig 4.9 Torque-Power versus speed profile showing different regions of operation for the comparison purposes

The required controller for the dual inverter open winding SPMSM is mathematically
analyzed and some simulations verifying the performance of the controller are included by
Simulink simulations. The simulation analysis shows that appropriate voltages are applied to the
machine’s phase, and the operating region of the PMSM can be extended by 41% if the

introduced controller is precisely implemented.
4.2 Finite Element Analysis of Open Winding Operation

The designed IPMSM introduced in Chapter 3 is employed in the open winding structure and
is fed by two inverters using the dual inverter drive. The vector diagram and control approach are
based on what has been previously described in this chapter. The main contribution of this
section is to provide more voltage on the designed IPMSM to extend its operating region,

including its maximum speed using the open winding structure.

The machine’s phases are modeled by FEM coils found in the JMAG-Designer circuit
definition table. In addition, since there should be a way to control the current flowing through
the machine’s phases, the first inverter used in the analysis is a Current Source Inverter (CSI).
For all the performance analyses in different speeds and torques, the fundamental component
(acquired by FFT analysis) of two converters voltages are monitored and kept within the
limitations. For the current study, since the DC link voltage of both converters are the same and

equal to 320 V, the fundamental component of the phase voltage for both MB and FB should be
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184 Vpeax at most. The IMAG-Designer circuit for the dual inverter drive structure is shown by

Fig 4.10.
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Floating Bridge (FB)

Fig 4.10 The dual inverter open winding IPMSM model in IMAG-Designer

The phase current (peak values) changes in a wide range of speeds to offer the rated power

with and without FB activation is evaluated by FEM analysis and is reflected by Fig 4.11. In the

single inverter drive, only the MB is used, while in the dual inverter drive, both bridges are

activated simultaneously.

Peak Current (A)

6

Single Inverter Drive (No FB) Dual Inverter Drive (FB is activated)
< ><€ >
—t——
==&l —Current
cd =lid|
iq

T T T T T T I T 1 1
900 1800 2700 3600 4500 5400 6300 7200 8100 9000
Speed (rpm)

Fig 4.11 Peak current changes in wide range of speeds
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According to Fig 4.11, at seven time base speed (6300 rpm), the machine requires 4 Amps
peak current to generate the maximum possible power. After seven time base speed, the FB is
employed, and FEM analysis shows that less current (3.8 Amps) is required to offer the
maximum power. In this area, the g-axis component current is small, and the main portion of the
current amplitude is supported by the d-axis component. FEM analysis shows that if the dual
inverter drive is used, the maximum speed of the machine can be shifted from 6300 rpm to 8800
rpm. In order to see the d- and g-axis components’ changes in the FB voltage vector, Fig 4.12 is

shown in a wide range of speeds.
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Fig 4.12 The Floating Bridge (FB) voltage components in wide range of speeds

In Fig 4.12, the FB’s contribution is more clearly seen after 6300 rpm. In this range, current is
almost adapted to the d-axis, and since the FB voltage is perpendicular to the machine’s current,
its d-axis voltage component is too small to be observed. On the other hand, by increasing the
machine’s speed, the g-axis component of FB voltage is increased to supply the machine’s

required terminal voltage.

Power-torque versus speed profile analyzed by 2D-FEM in wide speed range is shown by Fig
4.13. The mechanical losses, including friction and windage losses described in [80], are taken

into account.
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Fig 4.13 Power-torque versus speed profile for showing the contribution of the dual inverter drive structure

Although it is assumed that employing the second inverter may extend the speed range of the
machine, due to the mechanical losses (especially friction and windage loss), the rated power
cannot be fulfilled in higher speeds. However, the maximum speed of the machine is extended

from 6300 rpm (found in single inverter drive) to 8800 rpm in the dual inverter drive structure.
4.2.1 Open Winding IPMSM’S Loss Analysis and Efficiency Assessment

Iron loss, copper loss and efficiency evaluation for the designed IPMSM in open winding
structure using dual inverter drive are investigated in this section. All the physical and material
considerations are similar to those presented in Chapter 3. But the phases of the designed

IPMSM are opened and are fed by two separated converters as shown by Fig 4.10.

For the comparison between the single inverter and dual inverter drive structures, the loss
analysis and efficiency profiles are depicted for the whole range of speed. Before seven times
base speed, only the MB is used to provide the required power to the [IPMSM. On the other hand,
for speeds between seven times (6300 rpm) and 9.8 times base speed (8800 rpm), the FB is
activated and employed, as MB is not able to provide the required voltage after seven time base

speed.

The main electrical losses, including copper loss and iron loss, are shown by Fig 4.14. The

frequency-dependent copper loss evaluation has been neglected in the copper loss analysis.
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Fig 4.14 Copper loss, and iron loss analysis in wide range of speeds using single and dual inverter drives
The analysis reveals that, since the required current for having the rated power in the dual

inverter drive is lower compared to the single inverter, the copper loss is lower than in single

inverter drive.

The efficiency analysis for the wide speed range operation, including the single and dual
inverter drive regions, is shown by Fig 4.15.
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Fig 4.15 Efficiency analysis for the designed IPMSM in the wide range speeds
The analysis shows that the machine’s efficiency in speeds above 6300 rpm for the open
winding structure is still promising and is more than 87%. The lower efficiency seen in the dual
inverter drive structure compared to lower speeds fulfilled by the single inverter drive is due to

the higher iron loss in the rotor and stator structures because of the higher applied electrical

frequency on the machine’s phases.
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It is shown by Chapter 3 that the total iron loss is affected by iron loss changes in different
harmonics. FFT analyses have been carried out to find out the trend of harmonic iron loss
variation versus speed, and the results are presented for the designed IPMSM in the wide speed

range operation (See Fig 4.16).
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Fig 4.16 Iron loss harmonic analysis in single and dual inverter drive structures for the designed IPMSM in a)
Fundamental harmonic, b) 3™ harmonic, ¢) 5™ harmonic, d) 7™ harmonic, ) 9™ harmonic
The fundamental component of iron loss has the highest amplitude compared to the other
harmonics. The third harmonic is placed in the second rank. Iron losses in fifth, seventh, and
ninth harmonics are much significantly lower than fundamental and third harmonic iron losses.

This trend confirms that most of the iron loss seen in the machine’s structure is due to the
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fundamental and third harmonic iron losses. In Chapter 3, the contribution of each harmonic in
total iron loss production is shown for the base speed and seven times base speed. Now, this
contribution is shown by Fig 4.17 for 9.8 times base speed (8800 rpm) which is the maximum

possible speed that can be provided by the dual inverter drive structure.
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Fig 4.17 The contribution of each harmonic to the total iron loss of machine in 8800 rpm

According to Fig, 4.18, fundamental harmonic has almost 48% contribution to the total Iron
loss of the machine, while third harmonic has 30% contribution. Other harmonics have less than

5% contribution to the total Iron loss assessment.
4.3 Summary

In this chapter conceptual vector diagrams are introduced to explain the concept of the dual
inverter feeding the machine in the open winding structure using a FB. The diagrams show that,
if two same magnitude and perpendicular voltages (MB and FB) are simultaneously applied to
the machine’s phases, the maximum speed and operating region of the machine can be extended
by factor of 1.41. In addition, the FB is capable to provide or absorb the reactive power based on

the operating point of the machine.

A control approach is introduced to enable the MB and FB to supply the required voltage of
the machine in the dual inverter drive structure. FB is activated after the maximum possible
speed of the machine seen in the single inverter drive, and is utilized to support the reactive
power requirement of the machine. MB, on the other hand, is used to support the real power
required by the open winding machine. The MB voltage and current are set to be always in phase
while the current and the FB voltage are perpendicular in all operating points. The introduced

controller performance is evaluated by Simulink simulation using an SPMSM example. In
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Simulink simulation, the average model VSCs are used and the open winding IPMSM is
modeled in d-q reference frame without taking into account the mechanical losses and
electromagnetic losses. The result of the evaluation shows a 41% extension in the operating
region of the SPMSM. Although the performance of the machine is examined in ideal case
scenario by neglecting some important loss sources, but the simulation analysis verifies how the

control approach works in wide range of speeds.

The designed IPMSM introduced in Chapter 2 is employed in an open winding structure.
FEM analysis is carried out to obtain the torque-power versus speed profile. The Main Bridge
(MB) is modeled by controllable Current Source Inverter (CSI) while the Floating Bridge (FB) is
modeled by the controllable Voltage Source Inverter (VSI) picked up from the circuit library of
JMAG-Designer software. The phases of machine are modeled by the FEM coils which are
defined by number of turns and the resistance per phase. The simulations show that, when only a
single inverter drive is used and the machine is employed in a Y- connected case, the machine’s
maximum speed is 6300 rpm. Alternatively, when the machine’s phase windings are rearranged
in an open winding structure and the dual inverter drive structure is used, the maximum speed of
the machine and its operating regions are extended to 8800 rpm. However, due to the mechanical
loss including friction and windage losses especially in high speeds, the expected rated power
cannot be supported for the entire wide speed range. The operating region extension is due to the

increased voltage provided on the machine’s phases in the dual inverter drive structure.

The loss and efficiency analysis are presented in wide speed range operation. The iron loss
has be evaluated using Fast Fourier Transform (FFT) option in JMAG-Designer’s loss analysis
toolbar and the efficiency has been verified by taking into account the iron loss and copper loss
evaluation in wide range of speeds. The FEM evaluation illustrates that the efficiency of the

machine in an open winding structure is still more than 87%.

FFT analyses are included to show the contributions of each harmonic on the total iron loss
production at the maximum possible speed of the IPMSM in the dual inverter drive structure.
The analyses show that the contributions of the fundamental and third harmonic components are

more than those of the other harmonics in the total iron loss of the machine.
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Briefly, the contribution of Chapter 4 is to show how the operating region of a PMSM can be
extended by applying more voltage on the machine’s phases using a reliable controller in a dual

inverter drive scheme.

71



Chapter 5

EXPERIMENTAL VERIFICATION

The IPMSM introduced and analyzed in Chapters 3 and 4 is built, and its performance is
experimentally evaluated in both Y-connected winding configuration and open winding
configuration. In this evaluation, the Back-EMF voltage, inductance, losses, efficiency, and
speed range assessment are presented. Additionally, a new control technique is proposed and
implemented for the open winding IPMSM using the dual inverter drive to verify the operating

region extension.
5.1 Machine Construction

The stator lamination, rotor lamination and magnet are shown in Fig 5.1 and Fig 5.2,

respectively. The drawn models include the most important dimensions.
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Fig 5.1 The stator lamination and its different dimensions in Auto-CAD
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Fig 5.2 a) Rotor, b) Magnet dimensions

In these figures, all the dimensions are equal to those used in the FEM simulations. However,
in building the machine, some minor modifications are made on the rotor and magnet
dimensions. For instance, one key way hole is installed on the rotor’s shaft to fix the lamination.
Furthermore, notches on the stator lamination models are used to do the suitable alignment of the
stator laminations, especially when welding the stator laminations. In addition, the length and the
width of the drawn magnet are slightly smaller than those of the magnet used in the simulation.
This modification allows the magnet to be inserted into the rotor tolerances more easily and

without the severe pressure.

The drawn stator and rotor models have been manufactured by 150 laser cut 29 gauge M19
laminations from Proto Laminations Inc. The magnet has been manufactured by Allstar

Magnetics Company in the U.S.

The cut 29 gauge M19 laminations for the rotor and stator of the machine are shown in Fig

5.3.
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(b)
Fig 5.3 Actual laminations for a) Rotor, b) Stator

137 stator laminations have been welded and aligned to have the 5 cm stator stack. The rotor
laminations have been punched together and fixed by two fibre glass layers and two screws. The

welded stator stack and the rotor of machine are shown by Fig 5.4.

Rotor Laminations

(a) (b)
Fig 5.4 a) Welded stator stack, b) The rotor fixture

The NEOMAX-35EH magnets have been ordered from Allstar Magnetics Company. A

sample magnet is shown by Fig 5.5.

Fig 5.5 NEOMAX-35EH used in the built machine structure
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The welded stator stack is wound by Bata Electric Company (located in Calgary, Alberta)
using the winding requirements utilized in the simulation analysis. Each coil consists of 135

turns of AWG 20 copper wire. Coils in each phase are connected in series.

The winding arrangement for the 12 slot 8 pole IPMSM is shown by Fig 5.6, and the actual

wound stator structure is shown by Fig 5.7.
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Fig 5.7 The actual wound stator

The internal view of the built machine including all the introduced parts is shown by Fig 5.8.
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Fig 5.8 The built machine

The schematic depictions of the complete frame on the base plus the actual machine in its

frame are shown by Fig 5.9.

Housing End Winding Bolt /

Shaft /

Nut

(a) (b)

Fig 5.9 a) Schematic side view of the machine’s frame and housing, b) The built machine ready for the tests

5.2 Test Rig

To control and monitor the machine performance, two independent DSC control-based
schemes are used for the motor side and load side. Each DSC is a TI28335 and is part of a
PowerCon controller which handles all signals conditioning between the hardware and DSC.
Control is implemented in C using TI code composer and is monitored in real time via JTAG
emulator connection to a PC. The load is a 1kW 12 slot, 10 pole IPMSM, and it is used to tune
the load applied to the built V-shaped magnet IPMSM. A Semikron IGBT Inverter is used to

control the load side and a Semiteach IGBT Inverter is used for controlling the motor side. The
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DC links of the two converters are linked, enabling power circulation at the DC level, with the

AC supply providing losses through a rectifier.

The Y-connected IPMSM is controlled and investigated using the single inverter drive

structure. The conventional single inverter drive structure scheme including the speed and

current controllers plus the feedbacks and different parts of the system are shown by Fig 5.10.

The schematic diagram of the test rig used in the single inverter drive experiments is shown by

Fig 5.11.

i —

id e—o|

Fig 5.10 The conventional PMSM drive with the control structure
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Fig 5.11 The schematic view of the system for the single inverter drive tests

The black Semikron used for the Dyno control, and the Semiteach unit utilized for the motor

control are shown in Fig 5.12.
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: Earth connection

: Fan power supply

: Thermal trip

: Rectifier inputs

: DC rectifier outputs

DC IGBT inverter inputs

ACIGBT inverter

PWM input of inverter

: PWM input of brake chopper

: Error output

10: 15V driver power supply

- ; 3 11: OV driver power supply

CN3 S ' Y, i . . 12: Temperature sensor
Rectifier input ) . /

(a) (b)

Fig 5.12 a) Semikron inverter for the load side control, b) Semiteach inverter for the motor side control [121]
The test rig and the motor stand with their different parts prepared in the laboratory are shown
in Fig 5.13 and Fig 5.14. The torque transducer used for monitoring the load changes is a Futek
rotary torque sensor which can be used for loads up to 20 N.m. The bellow type couplers are

used for coupling the motor and load’s shafts to the torque transducer.

: Three Phase Supply
. Auto-Transformer

: Load side Converter
: Load-Motor D
: Current Sensor S f ,
: Motor side Convertef |~ H
: Motor side DSC@?
H: Load side DSC

Fig 5.13 Complete test bench in the lab
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Fig 5.14 Close-up of the motor stand
5.3 Single Inverter Testing

The most important characteristics of the tested machine in the Y-connected configuration

using single inverter drive structure are illustrated in this section.

5.3.1 Back-EMF Waveform

To verify the Back-EMF voltage of the built IPMSM, the 12 slot 8 pole IPMSM which is used
for load is employed as the prime mover and spins the shaft of the built machine in the speed of
900 rpm. The Back-EMF voltage in the experiments and simulation, taking into account the built

machine’s specifications and limitations, are shown in Fig 5.15.
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Fig 5.15 Back-EMF voltage verification in open circuit analysis, a) Simulation, b) Experiment in 900 rpm
The THD of the open circuit voltage is 3% in the simulation and 6% in the experiment. In
addition, the peak of the fundamental component of voltage is 128 V in the simulation and 114V
in the real time tests. The Permanent Magnet (PM) flux linkage is 0.33Wb in the simulation and
0.303 Wb for the actual machine. The PM flux linkage difference causes a 10% reduction in the
power density of the built machine compared to the simulated one. In addition, the Back-EMF

harmonic analysis indicates that there is a second harmonic component which implies on
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unbalanced magnetic field. The combination of the reduced peak flux density and second
harmonic are probably due to the manufacturing variation on the introduced magnet as well as

2D analysis approximation.
5.3.2 Inductance Evaluation

The values of the d-axis and g-axis inductances depend on different phenomena such as
saturation in the iron or cross-coupling between the two axes. Hence, analytical calculations of

the inductances may be inaccurate [122].

The AC standstill method using reactive power measurement investigated in [123] is utilized
to measure the machine’s d-axis and g-axis inductances. The inductance measurement for the AC

standstill approach is carried out using the circuit shown in Fig 5.16.

Ra=Rb=Rc
la .

r-—- -— > Phase Resistance
I Ra
| Va Phase Inductance

8 /
| g La
= )

V=Va-Vb g §n®

; =
| = Re Rb

@]
. <
l Ve Vb
i Le Lb

ic ib

i._.__®;, —

Ammeter

Fig 5.16 Inductance measurement circuit for AC standstill approach

In the AC standstill method, the rotor is locked, and two phases are connected in parallel as in
Fig 5.16. The static d-axis and g-axis inductances are calculated from the measurements of the
reactive power O, RMS current / and supply electrical frequency f., with a rotor in the d- and g-

axes positions respectively [124]. These are illustrated in equations (5.1) and (5.2).

2 Qd—axis position
L, == (5.1)
d 3 2nfe.(Ia—axis position )2
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Qq —axis position

2 f, -(Iq —axis position )2

L

= % (5.2)

q

The value of the RMS current is varied up to the rated current. The static inductances versus

the applied RMS current are plotted in Fig 5.17.
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Fig 5.17 d- and g-axes static inductances using AC stand still method (Experiment)

For a better comparison of the inductance of the built machine with what is expected in the
simulation (using the built machine specifications), an inductance evaluation versus current
magnitude changes and angle is shown by Fig 5.18. The profiles presented by Fig 5.18 are
obtained by the FEM simulations.
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Fig 5.18 a) L, and b) L, as the function of current magnitude and angle for the built machine, (Simulation)
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According to the inductance profiles, Fig 5.18(a) and Fig 5.18(b), when the current magnitude
is increased, both L; and L, decrease. This is because the d-axis and g-axis paths are more
magnetized which causes the saturation and the smaller inductances. In larger current angles, the
larger field weakening current (iy) is applied to the phases of machine. The larger i, causes the

demagnetization in both d-axis and g-axis and increases the inductances.

The other finding is that the L, values in the simulation and in the experiment are close while
the L, value in the built machine is much bigger than its value in the simulations. The L, in the
simulation is approximately 40 mH (zero degree current angle), while in the experiment, it varies
between 70 mH to 90 mH. The inductance discrepancy is due to the difference between the
permeability of the utilized steel in the built machine and that which has been used in the
simulation. On the other hand, the iron bridge in the built machine is not highly magnetized like
the iron bridge used in the simulation. This accounts for a bigger L, in the experiment. The end
winding, which has been neglected in 2D simulation, is the other reason for a bigger L, in the
built machine. Having a bigger L, causes more reduction in saliency and power density of the

built machine.
5.3.3 Current Profiles for the Tested Machine

The Field Oriented Control (FOC) is used to control the machine. To fulfill this kind of
control approach in the field weakening area, d-axis and g-axis current profiles play an important
role in the no load and loaded performance of the machine. The three phase currents in no load
condition and in 80% load condition are shown by Fig 5.19(a) and Fig 5.19(b). As an example,

the d-axis and g-axis currents in an 80% loaded case are shown by Fig 5.19(c).
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Fig 5.19 a) Three phase currents in no load, b) Three phase currents in 80% load, c) d- and g-axis currents in 80%
load (Experiment, 900 rpm)
According to the Fig 5.19(a) and Fig 5.19(b), it is shown that in the no load case, the
amplitude of the required current is smaller than 0.5 Amps, while in the bigger loads, the
amplitude of the required current is approximately 6 Amps. The d-axis and g-axis current values

are not fixed DC values, and 0.4 Amps fluctuations are seen on the d- and g-axes profiles.
5.3.4  Field Weakening and Maximum Speed of the Tested Machine
The field weakening control method is used to evaluate the speed range of the built machine.

It is demonstrated by Chapter 3 that the designed IPMSM is able to provide a wide speed
range up to seven times base speed in FEM simulations. When the FW control method is
employed, the experimental investigations illustrate that the maximum speed range of the built

machine is 6000 rpm or 6.66 times base speed.

The torque versus speed capability of the built machine and simulated machine plus the d-axis

and g-axis currents during FW control are shown by Fig 5.20.
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Fig 5.20 a) Torque versus speed capability of the machine in simulation and experiment, b) d- and g-axis current

profiles in FW region (Experiment)

As is seen in Fig 5.20(a), the built machine’s developed torque is less than what it is expected
in the simulation, particularly in higher speeds. A part of the reason is that the mechanical losses
in experiment are much more than what has been taken into account in simulations and the PM
flux linkage of the built machine is at least 10% less than the simulations which causes the
magnetic torque of the built machine to be less in experiments. However, the machine still shows
a promising wide speed range operation. In addition, according to Fig 5.20(b), smaller currents

are required for the high speed regions, as lower loads are needed in higher speeds.

Although the built machine’s performance analysis is not exactly similar to what has been
expected, the wide range speed operation up to 6000 rpm or 6.66 times base speed has been
fulfilled experimentally. The experimental assessments verify the method for designing a

machine with wide speed range operation using the geometry changes method.
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5.3.5 Losses and Efficiency

To have more accurate loss analysis comparison between the built machine and the simulated

machine, the following physical considerations of the built machine are taken into account:

- In simulations the coil resistance is estimated based on approximate coil length. In the built
machine the end windings are larger than the estimate. This issue causes the phase resistance
of the built machine to be 3.9 Q, which is larger than the simulation estimate of 3.6 Q2.

- In the built machine. The width of the magnet should be a slightly smaller than the tolerances
in the rotor structure. Otherwise the magnets cannot fit into the tolerances. So in the final
design simulation, there should be an airgap around the magnets for having more accurate
model. This issue reduces the effective magnet’s flux density and machine’s power density.

- In the simulation the stack factor should be set to a number less than 100%, because in
manufacturing process that is not possible to have the 100% stack factor. This factor is set to

93% in the simulation to make the final model design more similar to the built machine.

The Back-EMF and inductance evaluations illustrated by Fig 5.15(a) and Fig 5.18 have taken
into account the above mentioned physical limitations and considerations. The expected copper
loss and iron loss of the final model taking into account the real physical considerations of the

built IPMSM is simulated by FEM analysis and is presented by Fig 5.21.
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Fig 5.21 Loss evaluation for the final model in 1kW power (FEM Simulation)

In addition to the electrical loss analysis, the JMAG-RT has been used to predict the
efficiency scatter of the designed machine taking into account the electrical losses of machine,

and the important physical considerations of the built machine. The torque-efficiency profile
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versus speed for the final model is shown by Fig 5.22. It is worth noting that the mechanical
losses have been neglected in simulation analysis. As is seen, the efficiency of more than 90% is

expected for the designed machine using the IMAG-RT simulations.
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Fig 5.22 Efficiency assessment of the finally designed IPMSM in wide range speeds and loads using JMAG-RT

(Simulation)

To measure the friction and windage loss plus iron loss, equation (5.3) is used;

PF&W+ Iron Loss — Pi - Pout - PCopper (53)

P, is the output power of the machine which is the function of the developed torque and
speed of the machine. Pc,pper 15 calculated as the function of the phase resistance (3.9 €) and the
measured current flowing through the phases shown in Fig 5.20(b). It is worth noting that the
copper loss evaluation associated with frequency changes has been neglected. P;, is the average
value of the input power calculated by two current meters method, see Fig 5.23 and equation

(5.4).

The built machine has been tested up to 6000 rpm and the copper loss, and iron loss plus
friction and windage losses of the tested machine from 900 rpm to 6000 rpm are shown in Fig 5.
24 and Fig 5.25.
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Fig 5.23 Circuit configuration to measure the input power of the machine

In order to measure the input power of machine equation (5.4) is used.

Pin = (Vab X ia) + (Vcb X ic) (54)

]

o

o
]

-

93]

o
1

100 -

Copper Loss (\W)
o
o

o

0 900 1800 2700 3600 4500 5400 6300
Speed (rpm)

Fig 5.24 Copper loss analysis (Experiment) in the maximum possible power (it is assumed that the resistance is not

the function of frequency changes)
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Fig 5.25 Summation of friction, windage and iron losses (Experiment)
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According to Fig 5.24, the copper loss versus speed of the built machine is descending, as less
torque and current is required in higher speeds. In addition, summation of friction, windage and

iron loss is ascending as it is the function of the machine’s speed, see Fig 5.25.

According to Fig 5.21, and Fig 5.24, the copper losses in experiments are smaller than their
values in the simulation. This is because that the copper loss shown in Fig, 5.21 is for the ideal
case that machine is providing 1kw in the simulation, while the built machine cannot support this
much power and developed torque in experiments. So less current is drawn by machine in

experiment compared to the simulation analysis.

To evaluate the performance of the built machine, it has been tested in various speeds and
various load levels. In each test, the average of input power described by equation (5.4) and
output power of the machine are measured and the efficiency of the machine is calculated for

each operating point. See Fig 5.26.
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Fig 5.26 Efficiency assessment of the built machine in wide range of speeds and load levels (Experiment)

As is seen in Fig 5.26 the built machine can support the efficiency of more than 88% in wide

range of speeds.

88



5.4 Dual Inverter Test Rig

After experimentally investigating the performance of the built machine in a Y-connected
winding and only by one inverter in section 5.3, the phases of the built IPMSM are now arranged
in an open winding structure, and a test rig is prepared to do the experimental analysis for this

configuration.

There is no neutral point in the open winding IPMSM structure, so the existing machine has
six leads comprised of two sets of three phase inputs. In this format, two inverters, called Main
Bridge (MB) and Floating Bridge (FB), are used to feed the machine’s phases which provides
more voltage on the machine’s windings and extends the machine’s operating region. The dual

inverter open winding IPMSM is shown by Fig 5.27.

Main Bridge (MB) Floating Bridge (FB)
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Voltage Source Converter (VSC) Voltage Source Converter (VSC)

Fig 5.27 Dual inverter open winding [IPMSM

The machine’s actual structure showing two sets of MB and FB inputs is shown by Fig 5.28.

Fig 5.28 The Main Bridge (MB), and Floating Bridge (FB) inputs in the built machine
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The schematic of the test rig system for the dual inverter drive tests is very similar to what has
been shown for the single inverter system. The only difference is that another Semiteach unit is

added to the other end of the open winding machine as the FB. The schematic depiction of the

T-I eT Semiteach

dual inverter system is shown by Fig 5.29.

Reference Load PWM Signals from yse |mverter
- PI PWM Signals FB Controller "] TFB PWM Signals from MB Controller
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Actual Load
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B=—+—{ Auto Transformer |—— AC/DC VSsC ‘I;:é: _1_
C L
Three Phase Rectifier Semikron o4 Motor  Semiteach
Supply Inverter Inverter

Fig 5.29 The schematic view of the system in dual inverter drive structure

The different parts of the test rig for the dual inverter drive studies are shown by Fig 5.30.

. —

} Supply

B: Auto-Transformer
: Load side Converter
D: Load-Motor
E: Current Sensors
F: Main Bridgé
G: Floating Bridge
H: Motor side DSC--
I: Load side DSC
J: Load side PC
K: Motor side PC

Fig 5.30 Complete test bench in lab for the dual inverter drive experiments
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5.5 New Floating Bridge Control Technique

In Chapter 4, an initial controller has been proposed, and its capability is examined by
simulation analysis. The introduced control method described in Chapter 4 presents two main

disadvantages and weak points.

To begin with, the FB is activated after the maximum possible speed of the single inverter
drive. This means that the FB is not employed in low speeds and, after a specific speed, it is
added to the controller scheme to provide voltage on the machine’s phases. Adding and
activating the FB while the machine is working in speed such as 6000 rpm is a risky task and
definitely causes the system to sense a disturbance and make the control susceptible to
instability. Secondly, in the control approach studied in Chapter 4, FB voltage magnitude and
angle are set using the rational function of d-axis and g-axis currents, and the FB vector is forced
to be perpendicular to the current. Having any ripples on the current profiles or working in high
speeds which require the low amplitude current may cause the rational function of d- and g- axis
currents not to be a fixed number and result in an infinite number of combinations for FB voltage
magnitude and angle. In simulation analysis, since i; and i, currents are DC, the unstable
situation is not seen. However, in the experiments, the i; and i, currents are no longer DC as

there exist some ripples and fluctuations on their profiles (See Fig 5.19(c)).

In order to solve the above mentioned problems, a new control scheme is proposed in the

experiment. The different parts of the proposed controller have the following main duties:

Real power requirement of machine supported by the MB side: The MB is the part of the
drive responsible for supporting the real power required by the IPMSM and does not contribute
to reactive power requirement of the machine. So first the real power requirement of machine is

calculated as follows:

3 . .
PDemand = 2 (vqm g + Vam ld) (55)

The real and reactive components of the MB voltage vector, assuming that only real power is

supported by MB, are calculated as follow:

2 i
Vg1a = E(PDemand ) X - = (56)

lmag
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) .
Vg14 = 3 (Ppemand ) X -ldF (5.7)

lmag

where, i, and iyr are the g-axis and d-axis currents after being filtered by a low pass filter.

imag 18 @ function calculated as:

. 2 . 2
Imag = lgr”~ + lar (5.8)

Capacitor voltage controller for the FB side: Like the initial control method described in
Chapter 4, a PI controller is used for the new control approach to keep the capacitor voltage at
the desired value. As the MB and FB are assumed to be equal in rating, the capacitor reference
voltage is set at equal to the DC link of MB which is 320VDC. The PI controller for the

capacitor voltage control and its inputs and output are shown by Fig 5.31.

1.-’{-_-}11] - -_V P Demand-FB

+
Vcap-ref

Fig 5.31 Inputs and output of capacitor voltage PI controller

Voltage components to keep the capacitor voltage at a safe and desired value: The output of
the capacitor voltage PI controller is called Ppemanars and is used for tuning the required g-axis
and d-axis voltage components for capacitor voltage charging according to equations (5.9) and
(5.10). For controlling the capacitor voltage, only real power flowing on the FB side is taken into
account, so there is no reactive power flowing on the FB side for charging the capacitor and

keeping it at the desired voltage.

2 i
Vg—cap = 3 (PDemand —FB) X - £ (59)

lmag

2 .
Vd—cap = 3 (PDemand —FB) X - (510)

lmag

MB d- and g-axes voltage components: The MB is the bridge that supports the entire real
power requirements of the system, including the real power required for the machine and for the
capacitor voltage regulation and control. Therefore, the real and reactive components of the MB

vector are calculated according to the following equations:

Uq1 = vqlA + Uq_cap (511)
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Vg1 = Va14 + Va—cap (5.12)

FB d- and g-axes voltage components: The d-axis and g-axis voltage components of the
machine can be obtained from the speed controller and the d-axis current controller. On the other
hand, the d-axis and g-axis voltage components of MB have already been defined by equations
(5.11) and (5.12). So the d-axis and g-axis voltage components of FB can be calculated by
equations (5.13) and (5.14) taking into account the required voltage for keeping the capacitor

charged.
Vg2 = Vg1 = VUgm + Vy—cap (5.13)
Va2 = Vg1 — Vgm + Vd —cap (514)

As is seen, there is no equation or any constraint forcing the FB voltage vector to be
perpendicular to the current. In a steady state and when the capacitor voltage is controlled and
fixed on the desired value, the voltage of FB automatically becomes perpendicular to the current,
and FB only supports the required reactive power of the system. In addition, both MB and FB are
activated from zero speed to the high speed, and the required voltage of machine is shared
between these two sources from the outset. This characteristic solves the problem of FB

activation in high speed which is seen in the introduced controller described by Chapter 4.

The block diagram used in the experiments for the dual inverter drive structure based on the

new control technique is shown by Fig 5.32.
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Fig 5.32 Block diagram used in experimental analysis for the dual inverter drive structure
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The built open winding IPMSM with the specification described in Table 5.1, is modeled by
MATLAB/Simulink. The applicability of the new proposed controller is examined by a series of
simulations using the block diagram in Fig 5.32. The simulation results for capacitor voltage
control and speed control of the dual inverter open winding IPMSM in speeds of 900 rpm, 6300
rpm, and 8100 rpm are shown in Fig 5.33.

Table 5.1
Machine specifications for SIMULINK modeling and control
Parameter Value Parameter Value
d-axis inductance (mH) | 80 Phase resistance () 3.9
g-axis inductance (mH) | 100 Flux linkage (Wb.N) 0.303
MB DC link (V) 320 | FB Capacitor voltage (V) | 320
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Fig 5.33 a) Capacitor voltage control, and the speed control in b) 900 rpm, ¢) 6300 rpm, d) 8100 rpm

The results presented by Fig 5.33 clearly show that the control approach is reliable in

capacitor voltage control and speed control in rated power and in a wide range of speeds.
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The modulating signals for the MB and FB plus the current flowing through the machine’s
phase in different speeds are shown by Fig 5.34. Fig 5.34 verifies that the MB and FB voltages
are perpendicular and that the current is in phase with the MB voltage and perpendicular to the
FB. It is worth noting that the modulation technique used in this thesis is SVM, so the peak of
the MB and FB modulating signal can be 1.15 at most.

- 6 ;.“ .'"‘ ==== Phase Current 1 5 - [ o EEE MB
54 R H % | | m==— MB Modulating Signfll ..’ ',{ ol .: ‘i’\ H -{ e FB
@ s E N : - : 3 7
z N 5 H - - H s = 0.5 - - v H .
= . H N ] . . = H . - - .
£ &3 : I : % Ik : L :
= : : : s s : @ HE % A :
s . . d : - 5 o0 . ‘. - - H
2 o N\ 7N\ Pd A W t R
= A NS~ NS~ NS~ = : F O R
< : s |2 EO I 2 : 2\ AR W
S Tl o7 Tl s H ! PR H
£ : L P E 0.5 P 3
E 42 T . : \/ 5 \ / 5 V
s H x 2 = bo» ¥ “ .
O 6““: "t‘ 'l. ‘0‘: “.,: 1’1' “»’ .
™ 1.01 1.02 1.03 1.04 1.05 1.06 1 1.01 1.03 1.04 1.05 1.06
Time (s) Time (s)
(a) (b)
15 15 ;
----- MB } =ss=s MB
1 ] PN NN = FB 1 . 2% A\ N\ = FB
2 xi002 N ‘( M o _ : f‘.l'??é Y 5 -
= » Yi1056 * } N - X \ ) N 3 ‘ SR 3 . H i \
SHAHAHAHAEHAHAHAHA
@n s . H . H [ . . ) N b - P . . . .
) L : A 3 N £ : . : : I N
AR RTREEMHRTHH R
= . b i . I3 H M s =] . . . - s - . %
Z051\: S . « \- . S-0.5% \+ . R T A T3 .
] P . » % = ) A % % -
2 SVARLVIRY VRN AV VARY VAR ) VR
v Yoo [ - S k! - 1% LAY ) A -
1 v\ v S ACIE 4 g v AV 4 “ 'V Yov \J + \J *
-1.5 1.5
1 1.002 1.004 1.006 1.008 1.01 1 1.002 1.004 1.006 1.008
Time (s) Time (s)
(c) (d)

Fig 5.34 Simulated control signals, a) Phase current and the MB modulating signal in the rated power and 900 rpm,
the MB and FB modulating signals in the rated power and speeds of b) 900 rpm, ¢) 6300 rpm, d) 8100 rpm

As is seen by Fig 5.34(a), the phase current and MB voltage are in phase, causing the MB to
have unity power factor and only to support the real power of machine. According to Fig 5.34(b)
and in 900 rpm and rated power, the i,; current has been tuned in a way that both MB and FB
have the same voltages, and the controller automatically sets the FB only to support the reactive
power of the machine and be perpendicular to the current and MB voltage. When the speed is
increased, as is seen in Fig 5.34(c) and Fig 5.34(d), the MB and FB are still perpendicular, but
their peaks increase up to their possible maximum values which are about 1.15. The simulation

results show that none of the voltage and current constraints are disturbed and the machine can
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support the rated power from base speed to up to 9 times base speed in the dual inverter drive
structure.

The mechanical limitation is not taken into account in Simulink simulations that is often
revealed in experiments. For instance, on some occasions, the coupling or torque transducer or
other mechanical elements of the test rig are incapable of handling high speed performance and
consequently prevent the system from working at such speeds. In order to show the controller’s
contribution without having the machine accelerate to very high speeds, the controller should be
capable of supporting more power in the same speed compared to the single inverter drive. To
verify this claim, the introduced dual inverter drive controller is used to support 1.3 times rated
power (7A phase current) in the base speed while all the voltage and current limitations are taken
into account. The phase current and modulating signal of the MB are shown by Fig 5.35(a), and
the modulating signals of the MB and FB are presented by Fig 5.35(b).
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Fig 5.35 Simulated control signals, a) Phase current and modulating signal of the MB, b) Modulating signals for the
MB and FB, in base speed and 1.3 times rated power

As is seen, the introduced dual inverter controller can support 1.3 times rated power in base

speed without disturbing any current or voltage limitations. Again, MB voltage and phase current

are in phase, and MB and FB voltages are perpendicular. i; has been set in a way to tune the FB

voltage magnitude be equal to 1.15.

Generally, the contribution of the introduced controller can be established by two means.
First, it can extend the operating region of the machine to include its maximum speed. Second, it

can show that the drive can support more power compared to the single inverter drive in the

same speeds.
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5.5.1 Experimental Investigations

To verify the simulations, experiments have been carried out to show the contribution of the
dual inverter drive structure. Under the testing, vibrations were observed when the motor was
operated at high speeds, therefore testing was limited to 7000 rpm at most. As a result, this study
attempts to show the contribution of the dual inverter drive by extracting more power from the

machine.

The most important characteristic of the introduced controller is that it can cause the MB and
phase current to be in phase, and the FB to be perpendicular with the phase current. In this
situation, the real power of the machine is supported by the MB, and its reactive power is
supported by the FB. The MB PWM voltage, FB PWM voltage, phase current, and capacitor
voltage in half load and 900 rpm are shown in Fig 5.36. The MB and FB signals are for line to
line voltages which lead the phase current and phase voltage by 30 degrees. The MB PWM
voltage signal and phase currents in high speeds of 4500 rpm, 5400 rpm and 6000 rpm in their
maximum possible powers are shown in Fig 5.37. Experimental results described by Fig 5.37
verify the alignment of the MB voltage and phase current and the reliable performance of the
controller in high speeds. The fundamental harmonic of the MB voltage leads the phase current

by 30 degrees.
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Fig 5.36 The MB voltage, FB voltage, phase current and capacitor voltage in 900 rpm
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Fig 5.37 The MB Line to Line voltage (V,,), and phase current in maximum possible power for a) 4500 rpm, b)
5400 rpm, ¢) 6000 rpm, the fundamental component of MB voltage leads current by 30 degrees

The introduced controller is employed in a wide range of speeds, and the i, is set to minimum
possible value and in a way that voltage and current limitations are not disturbed and more
developed torque can be supported. The comparison between the developed torque and power in
single inverter drive and in a dual inverter drive in a wide range of speeds is shown in Fig
5.38(a), and Fig 5.38 (b). The d- and g-axis currents in a wide speed range using the dual inverter

drive are shown in Fig 5.38(c).
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Fig 5.38 a) Developed torque for single and dual inverter drives, b) Output power for single and dual inverter drives
¢) d- and g-axis currents for the dual inverter drive

As is seen in Fig 5.38(a) and Fig 5.38(b), when the introduced controller for the dual inverter

drive is employed, at least 10 to 15% more developed torque and output power can be supported.

The detailed comparison between the developed torques in single and dual inverter drives are

presented by Table 5.2. One of the main reasons that more developed torque cannot be
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supported is due to the losses in the FB side which consumes some of the injected real power

supported by the MB side.

Table 5.2

Detailed comparison for the developed torques using single and dual inverter drives

Speed (rpm) 900 | 1800 | 2700 | 3600 | 4500 | 5400 | 6000

Developed Torque in
8.65|1429 | 285|199 | 144 | 1.04 | 0.52

Single Inverter (N.m)

Developed Torque in
Dual Inverter (N.m)
Diftference (%) 1051102 | 105 | 14 | 152 | 153 | 153

The current drawn in the dual inverter drive presented by Fig 5.38(c) is bigger than in the

956 | 473 | 3.15 | 227 | 1.66 | 1.2 | 0.6

single inverter drive as the developed torque in the dual inverter drive is larger and more losses
are associated with the FB. However, more voltage room is available on the machine’s phases,
supporting more developed torque and output power while taking into account the voltage and

current limitations.

To find the efficiency profile, the output power is calculated by multiplying the speed and
developed torque of the machine. The input power from the MB side is calculated using equation
(5.4) and the circuit depicted in Fig 5.39. The average value of the input power is used for the

efficiency assessment.
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Fig 5.39 The circuit for the input power calculation from the MB side of view
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As some examples, the input power measured by Fig 5.39 circuit and its average value

(dashed line) for high speeds of 4500 rpm, 5400 rpm and 6000 rpm from the MB side are shown

by Fig 5.40.
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Fig 5.40 The input power signal from the MB side in a) 4500 rpm, b) 5400 rpm, and ¢) 6000 rpm

For the dual inverter open winding IPMSM, the efficiency analysis in different speeds and
power levels using the average value of the input power and the actual value of output power is

presented by Fig 5.41.
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Fig 5.41 Efficiency assessment of the built machine in wide range of speeds and load levels from the MB side of
view (Experiment)

According to the efficiency plot presented by Fig 5.41, the dual inverter drive system shows
92% peak efficiency. This peak efficiency is higher than that obtained with a single inverter
drive, even though this efficiency measurement includes the additional losses in the floating
bridge. In the maximum possible load level, the efficiency of the system is between 70% and
80% up to 6 times base speed. At some operating points, the efficiency of the dual inverter drive
is lower than the single inverter drive at the same speed and load levels. This is due to the losses
associated with using second converter on the FB side. The improvement in efficiency for the
dual inverter drive structure is mainly the function of the specified reference i; current which
should be fulfilled in a careful and efficient way. If the i; is not effectively tuned for the
maximum efficiency extraction, the efficiency profile is not optimized for all speeds and power
levels. The iy values in each operating point have been tuned manually for both single and dual
inverter drives, and there is an additional freedom in setting i; as the winding voltage limit is
relaxed. When setting the i; values, the voltage and current limitations have been given the first

priority while attempting to fulfill the highest possible efficiency.

103



5.6 Summary

The first contribution of this chapter is to describe the construction and test performance of
the designed IPMSM it in single and dual inverter drive structures. The second contribution is
the proposal of a new control approach for the operating region extension of open winding

IPMSMs and verifying this new approach by simulations and experiments.

The designed machine’s different parts including its rotor, stator and magnets were drawn by
the author and components obtained from external suppliers. The rotor and stator laminations
were supplied by Proto Laminations Inc, and the magnets from Allstar Magnetics Company
(both located in the U.S). Assembly of lamination stacks, welding of stator laminations and
machining of the housing and rotor assembly were carried out in the Engineering machine shop
at the University of Calgary, stator winding was carried out by a company in Calgary, AB,
Canada. Final assembly of the machine, development of the test facility and implementation of
the controller scheme in C language using a TI28335 microcontroller based Digital Signal

Controller (DSC) was conducted by the author.

Results of a full series of experimental investigations are presented, namely: the Back-EMF

voltage, inductance, loss analysis, torque capability, and speed range.

A number of differences between the results of the simulations and the outcome of the
experiments are revealed. In terms of the Back-EMF voltage, the experimental verification
shows that the permanent magnet flux density of the built machine is 10% smaller than in the
simulations. In terms of inductance, the L, of the built machine is larger than the L, in the
simulated IPMSM. However the L, of both the built and simulated machines are very close.
Although the discrepancies resulted in a smaller saliency for the built machine compared to the
simulated one, a wide speed range of up to 6000 rpm or 6.66 times base speed is experimentally
verified. The reasons of the differences between the performance and specifications of the

designed machine and the built machine are covered in the chapter.

Subsequently, the built machine is prepared by changing its winding arrangement for use in
an open winding configuration using a dual inverter drive. A new control technique is proposed
and simulated for the dual inverter drive system. The simulation shows that the operating region
including the maximum speed of the IPMSM can be extended in a dual inverter drive by a factor

of 1.4. Although mechanical limitations prevented the test rig from being used in more than 7000
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rpm, the contribution of dual inverter drive is verified by extracting more power in the same
speed compared to the single inverter drive. The experiments reveal a 10 to 15% increment in
power capability for the dual inverter drive structure. The exact power capability improvement in
each operating point and speed is clearly included in the chapter’s content. Part of the reason that
more power could not be supported is due to the high losses associated with the Semiteach unit
in the FB side. Still, the proposed control technique is easy to implement and has not been

previously proposed by other research studies.
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Chapter 6

CONCLUSIONS

The main concluding remarks, contributions and some suggestions for the future work are

described in this chapter.
6.1 Conclusions and Contributions

The main objective of this thesis is to introduce a V-shaped magnet [IPMSM to provide wide
speed range operation. In order to fulfill this aim, different rotor geometry changes are applied to
the structure of the IPMSM to increase the d-axis inductance of the final model while taking into
account a promising saliency. Geometry changes affect the d- and g-axis paths magnetization
and reluctance as well as the harmonic contents of the air-gap flux density profile for fulfilling
the objectives. To extend the operating region and maximum speed of the final model IPMSM,
its winding arrangement is changed to an open winding structure, and two VSCs are used to
provide more voltages on the machine’s phases using a dual inverter drive structure. The

significant contributions of each chapter are summarized below.

It is shown by Chapter 2 that the speed range of an IPMSM is the function of the d-axis
inductance of machine. The larger d-axis inductance causes the characteristic current of machine
to be shifted into the current limitation circle. The geometry change is considered as a suitable
approach for tuning the magnetization and inductance in d-axis path for the designed machine.
The other alternative method to extend the speed range of the machine is to apply more voltage
on the machine’s phases. This alternative can be fulfilled using the IPMSM in an open winding
structure and dual inverter drive in this thesis work. Briefly, the concentrated open winding
PMSM design is introduced as a suitable option for wide range speed applications however a

reliable and robust FB control scheme is needed to ensure the safe performance of the system.

The analytical approach is used in Chapter 3 to specify the slot pole combination and the
dimensions of an [IPMSM. A number of rotor geometry changes are applied to the physical
structure of the machine in order to propose an initial IPMSM. These changes include the angle
between the two pieces of magnets in a V-shaped magnet IPMSM (y), the clearance between the

two pieces of magnets, and the Magnet Pitch (MP). The geometry changes aim to adjust the d-
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and g-axis magnetization and inductance and reducing the harmonics in the air-gap flux density.
Widening the clearance and setting the magnet pitch to 85% are recommended to introduce a
high d-axis inductance machine with low harmonic content Back-EMF profile. The 90° y V-
Shaped magnet IPMSM is proposed as the initial model. More physical and material
modifications and considerations are applied to the initial design to specify the final model with
a wide speed range, low cogging torque, and low Back-EMF harmonic contents. For the final
design of the IPMSM, the FEM simulations fulfill in the following: Seven times base speed
operation, 3% THD in Back-EMF waveform, and less than 5% peak cogging torque. The final
design uses the 75° y, lower magnet flux density, and more reliable rotor and stator laminations
compared to the initially designed IPMSM. Promising efficiency is presented in wide speed
range verifying the reliable performance of the designed IPMSM. Thus, the main contribution of
Chapter 3 is to prove how the geometry changes can be used to adjust the inductance of an

IPMSM and affect its performance in a desired way.

The concept of open winding PMSMs and the vector diagram of this machine are presented in
Chapter 4. An initial controller is introduced for the open winding PMSM using a dual inverter
drive, and the performance of a PMSM is evaluated by Simulink simulation. Two VSCs are used
for the open winding PMSM: one is responsible for real power injection, while the other
converter, FB, is for the machine’s reactive power compensation. Using two converters at the
same time enables more voltage room on the machine’s terminal, resulting in the extension of the
operating region and maximum speed. A 41% extension in the operating region for the open
winding PMSM is presented. The final design of the IPMSM presented in Chapter 3 is used in an
open winding structure, and its performance is evaluated using the open winding PMSM vector
diagram concepts. It is shown by the FEM simulations that the maximum speed of the IPMSM
shifts from 6300 rpm up to 8800 rpm using the dual inverter drive structure. The loss and
efficiency analysis are presented in Chapter 4 for a wide range of speeds, including single
inverter and dual inverter drive modes of operation. More than 87% efficiency is still expected
using the dual inverter drive. Thus, the contribution of Chapter 4 is to demonstrate how the
operating region of an IPMSM can be extended by providing more voltage on the machine’s

phases using a controlled dual inverter drive.
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Chapter 5 describes the experimental verifications of the FEM and Simulink simulations. The
designed IPMSM is built and tested in normal Y-connected winding configuration using a single
inverter drive and in an open winding configuration using a dual inverter drive. A 10% lower
permanent magnet flux linkage is seen in the built machine compared to the simulation analysis.
The L, of the built machine is much bigger than the L, in the simulated IPMSM. These two
discrepancies cause lower torque density for the built IPMSM compared to the simulated
IPMSM. However, a wide speed range operation up to 6000 rpm or 6.66 times base speed is
verified experimentally for the built machine. Loss and efficiency analysis are presented in
Chapter 5 taking into account the mechanical losses. The winding of the built machine is
rearranged to be used in an open winding structure. A new control technique is proposed and is
studied by Simulink simulations. In the proposed controller, the required real power of the
machine is supported by the MB, and the required reactive power is supported by the FB. The
proposed controller is easy to implement and does not use any rational or triangular functions of
d-axis or g-axis currents for FB voltage magnitude and angle regulation. The proposed control
technique is utilized in a wide speed range, and the experiment shows that a 10 to 15% output
power improvement can be guaranteed by the dual inverter drive structure. Thus, the
contribution of Chapter 5 is to verify the simulation expectations by constructing the designed
model and testing it in the single and dual inverter drives as well as proposing a new control

technique for the dual inverter fed open winding IPMSMs.
6.2 Suggestions

Some important suggestions can be considered for improving the results of this study.

To begin with, due to low LCM of 12 lost 8 pole machine, ripples are always evident on the
generated developed torque of machine. Future research can investigate how these ripples can

be reduced by implementing more design modifications or using a new control approach.

While this study applied specific rotor geometry changes to find the final model, other
geometry changes or systematic methods for finding an optimal model can be studied further to

elevate the contribution of this thesis.

Another area for further inquiry is losses. Thinner laminations with lower loss density can
help the designed machine to have lower losses and higher efficiency. In addition, having more

accurate loss data for the laminations can increase the reliability of the simulation results.
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To obtain better and more precise experimental results, higher quality manufacturing of the
different machine parts, and the provision of a tool such as a special fan for reducing the

temperature of the machine in high load applications can be useful.

A further suggestion for the experimental stage is to have a more reliable load. Using a
Mechanical Dynamometer instead of using another IPMSM as the load can be a better option as
it does not have the associated problems for controlling. Having another electric machine as the
load causes the control scheme of the test rig to be more complicated and sometimes cause
unwanted physical interaction with the motor. In addition, the magnetic properties of the load
machine may change during long term experiments which cause the loading of the tested motor

to occasionally become harder and less efficient.

For the dual inverter drive experiments, having a lower loss converter for the FB side is

helpful to elevate the contributions of the research.

With regard to both the single and dual inverter drive structures, the i; values have been
manually set taking into account the voltage limitation. Introducing an accurate method for
finding the optimal i; current trajectory to have maximized efficiency at different operating
points of the single and dual inverter drive systems is highly recommended for future research

work.

Finally, by applying these suggestions and improvements, the contributions of this thesis can
also be employed in wider fields of application, such as in variable speed drive Hybrid Electric

Vehicles (HEVs) and wind generation systems.
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