ABSTRACT

LATIF, TAOHID. Design, Modeling and Control &lectronicPole Changing Induction Motar
for Traction Applications(Under the directioof Dr. Igbal Husaii

Polechangingmotors can be very useful for traction applications, which require high
torque at low speeds and an extended speed range of operation. The dual pole operation can be
used to extract high torque during starting with a high pole configuration and anéacteastant
power region with a lower pole operatioin these motors, electronic petbanging is
accomplished by changing the currents in certain windings by using an inyétheugh pole-
changingmotors have been studied in the past, there is eskbemio research related to how a
motor can be optimized for improved performance in terms of the overall tepgesl
characteristics of operatiomhe control of the polehanging motor for a smooth torque transition
is also not properly established ahe specifics as to when a pole change is required is yet to be
determined

In this dissertation, wmvestigatehe design, modeling and control of an Electronic Pole
Changing Induction Motor. We discuss the design and analysis-pbee/pole indu¢ion motor
using the Finite Element Analysis and analytical computation tools in MNGA®QF software. An
induction motor is designed and optimized for improved performance for the entire range of
operation. Torque and power characteristics of the-glwdegng motor are shown to have
enhanced performance in the constant power region in comparison to the baselind-amotor.
transient control, an-pole/4pole bar wound and-pole/2pole stranded induction motoese
analyzed.The electronic polkehanging is enableda a flux stabilizing control methodith an
instantaneous changetorque commargiland agradualchange in rotor flux command to obtain
a smooth and continuous torque. Thesguaulation results of the finite elemeanalysis (FEA)

motor model coupled with a circuit simulator are provided, which shows the behavior of torque



and stator flux during polehanging. A mathematical-q model is developed to aid in rapid
controller tuning of the drive, which is validatedthvthe FEA results. Thigissertatiorshows
insights into the polehanging behavior with optimum transition time of torque and flux
commands, to minimize the torque and flux transients. We also delve into the loss minimization
control where the controll@nitiates a pole change from one pole configuration to another to
minimize the power loss of the motor when the operating region overlaps for the two pole
configurations. Results from Simulink based on parameters extracted from-G¥ibrare
provided tovalidate the control method. The paleanging control results demonstrate a smooth
torgue transition while minimizing the motor loss. An experimetgsibedis alsoconstructed,

and a PoleChanging Induction Motor prototype is obtained by rewinding amiermially

available Baldor motato validate the theoretical concepts.
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CHAPTER 1: Introduction

1.1 Electric Vehicles and Drives

With the advancements in the fields of Electric Motansl theincreasingregulations on
emissions and &l economy electric and hybrid vehicles are becomingrendesirable tdhe
automotive industries, government and the general popul&antinuous esearchs requiredto
reducethe cost,improve the reliability andncrease the efficiency of Electric Traction Drive
systems. Even thoudhe Internal Combugin Engine Vehicles (ICEWave been present for over
100 years, thhigh emissiors resulting fron themandthe depletion of resourceadenergy crisis
of the world areausing us to look more into alternative means of transportatiitnoughbattery
powered Electric ¥hicles(EV) can be used tdleviatethese issues, tHenitations such as cost
and fueling time would need to be reduced to make it more desirable for constiylerisl
Electric Vehicles (HEVserveas a bal ance band theparbatténhppweledC EV 6 s
E V 6l HEVG ,2he ICEconvers the energy frorgasoline or diesel tmechaical energyo drive
the electric motor for series HEV or drive the wheels together with an electric motor in parallel or
complex HEVarchitecture The electric motor is also used to recover the kinetic energy during
braking. The excess power of the emgis used to charghebattery if the engine generates more
power than the demand or to provide additional power to assist the driving if the engine does not
provide adequate power. Due to this optiea operation, the ICE requirésss maintenance in
tems of oil changes, exhaust repairs, et@ mpar ed t o conventional | CE
of HBEW thesikreased costgliability and dificulty in maintenance due toda of qualified
electriciars in car shop$1-5].

With increasing electrification and transportation, the greenhouse gases (such as Carbon

dioxide and Nitrogen oxides) linked to global warming would reduce significantly along with the



reduction in noise pollution. The emissions dud t€ E Vage difficult to egulate unlike the

emissions due to power generation in various power plants. H¥sp s andareHEVO s
environmentdy friendly as emissions can be eliminatedhiacase of the former if electric power

is generated from renewable sources whereasthe latter oduces | ower emi ssi o
[6].

Electric Vehicles and Drives have come far with reseafdteir performances have
improved drastially over the years arate now @ par or even better thanCE V 6 s . However
cost and size of the Electric Vehicles and the components associatédemitivould need to be
reduced to make it more appealing to consumers. The Department of Energy2@X5HEargets
for the B/ disclude competitiveness in perfoance and econaics with ICE/ discluding cost
and size reductiofor the Electric Motor$30 % cost reduction compared to 2020 and 89 % volume
reduction compared to 202[1).

1.2 Electric Motors for Traction Drive Systems

Electric motors can be mainlyvitled into two categories: AC and DC motors as shown in
Figure 1.1 [1]. The former can be further divided into two main categories involving the
Asynchronous and Synchronous Motors. Among the Asynchronous Motors, the squirrel cage
induction motor is the most popular motor that is used in the industry nowadays dse to
reliability. Among the Synchronous Motors, PM and Reluctance motor types are commonplace
owing to their higher efficiency compared to the IM due to the absence of solid rotor bars. The PM
Motor category can be further divided to include Surface PM Maad IPM Motors. The wide
range of operation of the IPM Motor and a greater magnet durability makes the IPM Motor a
superior option compared to the Surface PM Motor. The PMASynR Motor makes use of PM

magnets with the traditional reluctance motor desigraddition to PM magnets which offer



several advantages such as increased torque and power factor. The magnet volume in PMASynR
Motorsis lower compared to the IPM which could make it an ideal choice for scenarios where a
compromise is desired between castl performance.

Figurel2s hows the percentage distribution of
and HBEY0osthe motors are Interior Permanent Magnet Synchronous Motors (IPMSM),
around 23% are Induction Motors (IM)% are Surface Permanent Magnet Synchronous Motors

(SPMSM) and Wound Rotor Synchronous Motors (WRSM) make up the remaifgj.

Electric Motors

AN

AC DC
Asynchronous Synchronous
| /\
Induction Permanent Magnet Reluctance Motor
Motor (IM) {PM) Motor /\
BLDC PMSM SWIItChed Synchronous
Motor Reluctance Reluctance
A
Surface PM Interior PM PM Assisted
Synchronous
Motor {IPM) Motor Reluctance
(PMASynR)

Figurel.1l: Classification of motors
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1.2.1 Interior Permanent Magnet Motors

Interior Permanent Magnet (IPM) Motoess shown ifrigurel.3, have high power density
high torque densitand maintain high efficiency over a high percentage of their operating range
making it a popular choice for the majority of hybrid and pluglectric vehiclesAs they offer
higher power density, they asendler compared to the induction motors with the same power
rating. The absence of rotor bars atesultsin them having lower loss compared to induction
motors f]. The rotor structure is robust since thagnetsare buried inside and does not have the
disadvantage of chipping off as in Surface PM. The eddy and hysteresis losses are negligible since

PM is a poor electrical conductor.



However, PM6s <cont aieMdFeBa(NeodyraianT Itorh Bonorg ane r i a | s
heavy rare earth materials like Dysprosium (Dy) and Terbium (Tb). The highssustiatedvith
the rare eartRE) materials and the heavy rare egiRE) materials thatost 810 times more
than rare earth materiatsakes IPM Motors morexpensive compared twonrareearth motors
such as Induction Motor80% of the rare earth materials are produzghina which further
makes the cost volatiléJS DOE has set its 202joals using HRE free PM to reduce the cost.
Remov al of HRE contents from PMO&6s reduces th
demagnetization at higher temperatufg]. Thus, the need arises to develop-nare earth or rare

earth free electric maates for traction applications.

Figurel.3: IPM Motor.

1.22 Induction Motors

Induction motors (IM), as shown Figurel1.4, offer high starting torque and the standard
Squirrel Cageotor-basedM or Squirrel CageM are considered reliable for traction applications
due to their rugged structuamd low costThe rotor bars are short circuited at the ends through
electrically conducting end rings to form the shape of a squirrel cage. The manufacturing cost is
lowercanpar ed t o t hhe labM&EN ckeu e fwhieh\Ballowsitto operate r ot or

at higher temperatureslowever, their power density and efficiency are lower compared to the



| PM motors due to the unavai landlossesihcyrredinhthel os s
rotor barsThere is a dearth of research in recent times due to the motor having reached its maturity
in the technological development and it is unlikely for thgearch community tcome up with

massive improvements in terms of efficiency, cost and w@jht

Figurel.4: Induction Motor

1.3 Research Motivation and Objectives

The dissertation focusses BlectronicPole Changing Induction Motors (PCIM) which is
an option for improving the evére | i abl e non rare earth | Mdés. E
have high startingprquefor fast acceleration at low speeds and a constant power operation over
a wide speedange. PoleChanging Motorsypically operate at higher pole configuration for high
starting torque and an enhanced constant power operation with a lower pole configuration and is
thus suitable for usage in Electric Vehicles.

The dissertation seeks to eamd theElectronicPClI M6s from t hree ave
design, modeling and control. For desitre dissertatioexplores the winding designs which are
feasible for an effective Electronic PCINMlodelingis donefor an insight into the behavior of

Electront PCIM and as a means to obtain faster processing modEleiesElement Analysis



(FEA) is computationally expensiv&ontrol techniques to establish a smooth mdianging
transitionis exploredby analyzingboth the torque and flux patternghe dissdation also tries to
establish when a polehange should take place because the specifics as to whenchaode
should be established has not been defined in literature.

The research objectives are given below:

1. Design of an Electronic PCIM for an enlcad constant power region.

2. Modeling for an insight into the behavior of the polenging transition and an

analytical modeling for faster processing compared to FEA.

3. Control for a smootipole-changingtransitionon the fly.

4. Loss minimizationcontrol technique to ensure that poleanging takes place for an

improved efficiency.

5. Experimental setup and testing for proof of concept and validation.

1.4 Outline

Chapter 2 focusses on PCIl M6s. It revi ews
different types of polehanging operation. The advantages of fhanging Induction Motors
are also mentioned.

Chapter 3 is based on the modeling and control of Electronic PCIM. The dydapmic
Modeling is used to model the Electronic PCIM for both individaale operation and pole
changing operation. A control technique is used to obtain a smootithmoiging transition on
the fly. The torque and flux results are compared with thsiroalation results with the FEA
Model to show the accuracy of the modelargl control technique

Chapterd explores the design techniques for an Electronic PCIM. The windings that are

most suitable and least suitable for polteanging operation are discuss@dbaseline motor is

t



chosen to shed light on the design techniqueariasptimized Electronic PCIM. The torque and
power capability curves are analyzed to show how winding design affects the torque and power
performances of the motor with variations in the operating speed.

Chapter Seatures the loss minimization control of Electronic PCIM where a loss modeling
technique is employed for individual pole operations. An optimization problem is presented and a
technique is chosen to operate the motor in the-pméiguration which yieldshe higher
efficiency.

Chapter 6 shows the experimental setup and validaia@mmercial motor is rewound
to obtain the PCIM prototype which is then tested to obtain the torque and power capability curves,
the vector control angole-changing transitiomesults

Chapter 7 lists the summary of contributions and provides suggestions for future work.



CHAPTER 2: Pole-Changing Induction Motors (PCIM)

2.1 PoleChanging Operation

PoleChangingnduction Machines have existed foover a centuryvith the earliest known
motor inventedby Robert Dahlandein 1897. The motor had a pole ratio of 2:1 and the
configuration of the windingswas switched mechanically from a series connected delta
configuration to gparalleldouble Y configuration to vary the speed of the m¢@i8]. Pole
Changing ophysicalwinding reconfiguration by mechanical means was the only method ef pole
changingthroughoutthe 20" century. The coils or stator windings needed to berdegized
before the no. of poles could be changed by using a mechanical 3itchihe advent of pwer
electronicsbaseddevices,pole-changing is now possibkendis being performedia the use of

inverter by electronic means and can be seen as usable in traction appli€tions [

—» £ phase-belt

3phase Power
supply

Figure2.1: Physical rewinding configuration for@le operatiofl10].



_‘,‘;. ;e phase-belt

3phase Power
supply

Figure2.2: Physical rewinding configuration for@ole operaion [10].
2.1.1 Physical PoleChanging

Physical polechanging consists of reconfiguration of windings using mechanical switches.
A machine can be wound with two setswohdings each representing a different pole count for
different speeds. Poor winding utilization and oversized machiree®me of the disadvantages
for such an approacfill]. An example of physical polehanging is the Dahlander winding
connection where a series connecimabtained by turning ospecificswitchesto result inan 8-
pole connection whereas a parallel conmeris obtained by turning on alternative switches to
result in4-pole connection0] as shown irFigures2.1and 2.2 respectively
2.1.2 Electronic PoleChanging

Electronic PoleChanging is a method for changing the pole and phase count of a machine
by dectronic meansia an inverterElectronic polechanging can be used to operate the motor in
one pole configuration for one speeahgeand then to operate the motor in another pole

configurationfor a differentspeed range

10



Osama and Lipdirst showedelectronic polechanging without the need of a physical
winding reconfiguration withd-pole/2pole motor viatwo 3-phase inverterand six sator
windingsby reversing the current directions of certain stator windi@lgélowever, the electronic
pole-changing was accomplished with instantaneous changecurrent commands. This resulted
in a discontinuous torque production durthg transition from <4ole to 2pole configuration, i.e.
the torque decreased from the current operating level to a negative value and reached a stable value
after a certain the. A ramp change in current commands was also used where at the end of the
pole-changing transition, the-dole current commands were linearly decreased to zero whereas
the 2pole current commands were linearly increased to zero. Although, this prodbetigra
torgue transition compared to timstantaneous changecurrent commandshe torque value was
lower compared to the starting value throughout the transition with a large dip midway through

the transition providing a value close to zero Bsrshavn in Figure2.3.

(0.5[N-midiv)

Time (0.2 s/div)

Figure2.3. Torque results for polswitching transition with ramp change in current
commandsy).

Miller et al.[12] used a 9eg inverter for a’2-slot motor for high pole count for a 12
pole/4pole operation with phases and-phases respectivelyhey also providethe operAoop
torque speed curves for the two pole configuratiomder the same voltage and frequency which

showed different torquspeed operating regioas shown irFigure2.4.

11
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rpm

Figure2.4. Openloop torquespeed curves for-gole and 1zpbole configurations [L2].

Kelly et al.[10] developed an induction motor for -pple/3phase and -pole/3phase
operation andised vector control for smooth transition during electrpoie-changingwith two
independent orthogonal reference frames or two setsjafindings The flux commands of the
incoming polewere stabilized before linearly decreasing ttoeque commands of the current
operating pole before linearly increasing the torque commands of the next pole. Although this
resulted in a better torque transition conggbto the instantaneous or step pdiange, the lack
of analysis related to the flux patterns aoghprehensibléorque plots make it unclear as to how
effective the control technique is. There was also a discontinuity in torque prodiustiog the
pole-changing transition where the torque briefly reached a value of zerasNimown irFigure

2.5

12



Figure2.5. Torque results for eontrolled changel[)].

Baoming Ge et al1[3] worked on the design guidelines for a 1:3 POleinging Induction
Motor and used theimilar control principles aslf0]. This resulted in currents with two harmonic
components during the time of the transi@sshown irfFigure2.6. However, theransiat results

for the control techniqueverenot provided.

L &
Maint 10k >>

oo

§e23

v, 100V/div
| |

Vhe

§§:w -l i, T1A/div [N
Freq(CZ1)1 4-000000kHz Freq(¢3) 4.545455kHz Freq(C4) 4.166667kiz
[LEERARACS)  49.85045Hz 100. 00ms |

Figure2.6. Line-to-line voltages and phase current during electronic-pladenging 13].
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Apart from works related to thaontrol of Electronic PCIM, research on the design of the
El ectronic PCIlI Mds hariniwasetal.[44p corbparedseveraldesignsamdme d .
tried to optimize a motor to result in an improved performance in terms of both winding factor and
stack lengtfj13, 14] He was able to design a machine with pdt@anging windings to show that
the axial length of the induction machine can be redtwddhve similar starting characteristics

and constant power region as a baseline macsrshown irFigure2.7.

100 \ 1 ,
O Cranking torque —— Baseline
80T % Continuous torque  -@- W-18120°, 1
A Lsracxk=66mm (8-pole)
~ 607 A W=18 120°, :
ZE Lsrack=32mm(8-pole)
3 40k . +  W=18120°,
,;r Lsrack=52mm (4-pole)
= 20F
*
0 + A - L + Iy + T
0 2000 4000 6000 8000 10000
Speed (rpm)

Figure2.7. Comparison of Torquepeed characteristic$4].

Although research on design and control for 1:2 and 1:3 pole transitions have been
performed, several questions related to the workings oElactronic PCIM still remain
unanswered.

This dissertation seeks addresghose questions as shown below:

1. How to design th&lectronic PCIMwindings for an enhanced constant power region

2. What is the best method to enable a smooth transition duringogliegbolechanging?

3. When should a polehange be established?

14



2.3 Advantages

Polechanginginduction Motor has two main advantages:

1. Enhancement of the constant power region with a lowerguéeation.

2. Reduction of the motor cost by reducing the stankgtieof the motorin comparison
with a baseline motor, a petdhanging Induction Motor can be optimized to obtain
high starting torque and similar constant power operation in higher speed regions.

2.3 Conclusion
This chapter provides lgeraturereview of the PCIM works of the past. The advantages

and research gaps thfe Electronic PCIMarementioned whiclarethefocusof the dissertation.
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CHAPTER 3: Modeling and Control of Electronic PCIM

3.1 Dynamicd-g Modeling and Control of IM

This sectionis focused on the mathematical modeling a1 6Tee modeling is done id-
g frame which captures the dynamic behavior of the motor. The-tvstator voltages, rotor
voltages, stator flux linkages, rotor flux lirg@s are given in3(1)-(3.8) respectively 9]. The
electromagnetic torque is given iB9). For decoupled control of flux and torque, the rotor flux
of the motor is aligned along tldeaxisas shown irFigure3.1 This results in a zero value for the
g-axiscomponent of the rotor flux. Fron3.4), (3.7) and 8.8), the slip frequencysio r &
be extracted in terms ofq stator currents as given b$.10) under rotor flux orientation. From
(3.3) and 8.7), ar is reduced to only tha-axisstator current in steady state. &s= 0, the Torque
in (3.9) is reduced to include only tlyeaxis stator current and theeaxisrotor flux or stator current
as shown in3.12). This allows decoupled control of flux and torque by controllingltarisand

g-axiscurrents.

w YQ — 71 _ (3.1)
w YQ — 1 _ (3.2)
nYeQ — 1 _ (3.3)
mn 'YQ — 1 _ (3.4)
_ 0Q 0 Q (3.5)

_ 0Q 0 Q (3.6)

_ 0Q 07 (3.7)
_ 0 Q v7Q (3.8)
Y -——7Q_  Q_ (3.9)
1 1 1 — — (3.10)
_ _ 0 Q (3.11)



Y ——Q _ (3.12)

g-axis
d-axis
Rotor Flux

de

Figure3.1 Rotor flux orientation for IM

3.2Field-Oriented Control of IM

Figure 3.2 shows the block diagram for the Field Oriented Control (FOC) wheré-the
axis reference currents are used along with dkeg axis currents from the motor obtained via
current sensors from the stator terminals and inverse park trandferaf[ The curent regulator
is used to provide the-q axis reference voltage for the stator terminals which are then converted
to theabcframe before being passed into the stator terminals. An encoder is needed for the speed
and position information for convertindgnd current and voltage quantities fraabc to d-q

reference frames and vice versa.
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Figure3.2 Block diagram for FOC
The generatl-q stator voltage equations for the motors for control implementation are given in
(3.13) and B.14) wheraasthe equivalent resistaaand inductance along with the other parameters

for IM are given in Table 3.[11.6].

w YQ 00— 71 0Q Q (3.13
W YQ 00— 7 0Q Q (3.19
TABLE 3.1.PARAMETERSFOR THEVOLTAGE EQUATIONS
Simplified Parameters Actual Parameters
Y 0
Y Y —
V]
0 0&
—— U
P LU
1 1 1 _
- 5
wpiphl 0Q Q 1.0 Y
- R DY 0
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PI controllers are the most common controllers that are used with H@Q@e 3.3 shows
the block diagram of a typical control system with Pl implementation. The general plant transfer
function for Pl implementation is given i3.0l5. The loop gain is gien by 8.16 where the
controller parameters are chosen so that the zero of the controllers can cancel out the poles of the
plant. This results in the ratio of the integigb)and the proportionaK() parameters to equal the
ratio of the resistanc® and inductancd, as shown in3.17). This allowsK, to set the bandwidth
of the system as shown i8.18 andK; is obtained by using the plant parametersknais shown
in (3.19. This approach yields a system with one real pole and no zero polesmexggoles as

shown in 8.20 [17, 18]

 rof K;
is —><‘i>— Kp +— g
S

Figure3.3 Control system with Pl implementation

]

+

v
=
'

S — (3.19

o0 - — -0 = — (3.16
— - (3.17)
O 1 0 (3.18)
0 -0 (3.19

"0 P — — (3.20
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When implementing the PI controllers for motor control, thaxis voltage equation
includesg-axiscurrent terms in addition to tlieaxiscurrents. The same is apparent indkexis
voltage equation. Thus, the crassupling terms are csidered as disturbances when designing
the PI controllers and added to the output of the PI controller via feedforward compensation as

shown inFigure3.4.

+ +
et —»O—» PI =O > Vo
A

- ’ +| Vasg
fgs compensation
Fas compensation

Viss g1

) +

f dsref Pl Vdsref

+ +

Figure3.4: Control system with Hmplementation

3.3 AC machine vector diagrams

AC machine vector diagrams represent the unit vectors created ByxHeom sets of
coils. A coil is comprised of a conductay;, and its return conductoe,.GFigure 3.5 shows the
vector diagram of a-Bhase machine. It shows several sets of coils distributed symmetrically with
the three coils& 1) (2 & 2 Yoand @ & 3 Yorepresenting the windings of the three phases. A
current flowing into conductat returns out ofl ¢éhereby producing a flux in the direction shown
by the unit vectou;. Similarly, the unit vectors fan, anduz are produced leading to the three
vectors along the three phase akegure3.6shows the vector diagram of gpase machine with
conductors1& 10 2& 2% B&30P4& 40N (5B&5)D&(6& 6 )Yproducing the proportional

fluxes in the direction shown by the unit vectorso us along the six phase axgk].
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Figure3.6. 6-phase AC machine vectdiagram 19].
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3.4 Dynamic d-g Modeling for Electronic PCIM

In the literaturemodelingand control oElectronicP C | Nhave only been done for fixed
odd phase configurations [9] with either toroidal or conventional winding topologies and 1:3 pole
change configurations (e.g., palkanging from 4oole / 9phase to 1ole / 3phase and vice
versa) [10, 15]However, polechanging in the case of bar wound and even phase machines have
not been investigated. The transition has also been accomplished using a simple steprchange
instantaneous polehangingwhich leads to a discontinuous torque production [®] arramp
change which can result in a torque variation when there is a particular mismatch between the
controller and the motor parameters [10]. The rotor or stator flux behavior has been studied with
only mathematical modeling.

This chapter presents the paleanging behavior via a controlléchnsition using ce
simulation with FEA of a bar woun®-pole/4pole PCIM with 16 stator slots (1 bar
conductor/slot) and 20 rotor bars, as showrFigure 3.7 and mathematicainodelingbasel
simulation of a stranded-gdole/2pole PCIM with 36 stator slots and 28 rotor bars as shown in
Figure3.8. The choice of 16 stator slofisr 8-pole/4pole PCIMis cost effective compared to
machines with a higher number of slots and the 1:2 pole coatiguarallows the motor to
operate with even phase currents. The two opposite stator slots are connected in series to produce
8 stator windings (or slot connections). An inverter with at least 8 legs, as sh&iguie3.9,
is necessary to perform the el@nic polechangingfor the 8pole/4pole PCIMwith each leg
of the inverter connected to each of the slot connections. When the slot connections are supplied
with 4-phase currents (phase difference of 90°) in the forna-bfc-d-a-b-c-d, the 8pole
operation is obtained. Similarly, when the slot connections are supplie@-bithd-e-f-g-h, 8

phase currents flow through the windings with phase difference of 45°-poledperation. The

22



pole-changing is accomplished and studied usiregREA model of the motor and-simulation

with circuit simulator Activat®. Although FEA models provide accurate results, the high
processing power required for running such models makes mathematical models ideal for
development for studying the behavmra motor. Modeling of induction machines in tti
reference frame allows one to observe the dynamic behavior of the machines which make the
controller development and implementation easier. A dynahtjenodel is thus developed to
evaluate the inneraevrkings of the PCIM and compared with thesimulation results to validate

its accuracyUpon establishing the accuracy of the mathematical modeling developed for the 8
pole/4pole PCIM, a similar mathematical modeling is developed for theld/2pole RCIM.

The 4pole/2pole PCIM is wound with 6 stator windings such that an inverter with 6 legs, as
shown inFigure3.10, can be used to perform electronic poleanging with each stator winding

connected to each of the 6 legs.

A
a

,/'4
@

(@) (b)
Figure3.7: FEA motor model for (a)-pole/(b) 4-pole PCIM.
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Figure3.8: FEA motor model fod-pole/2-pole PCIM.

N N

1""IIIZ)[:—

Vm T ——

Figure3.10: Inverter with6 legs
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Figure3.11: Torquespeed characteristics

An induction machine, like all wide speed range machines, are to be operated in the two
regions of constant torque and constant power which defines its tgpged envelope 71 18.
For a PCIM, the motor characteristics can be defined using two teppesl characteristics, as
shown inFigure3.11 where one set of characteristics is specific tohilgaer poleconfiguration
and the other is specific to thtmver poleconfiguration.Once the frequency and thereby the speed
limits of the higher configuration is reached, poleanging is done to the lower pole configuration
to extend the constant power range of the méira smooth transition from one pole to another,
pole-changingneeds to take place in a torgsigeed region, which is common to both the pole
configurations.

For the 8pole/4pole PCIM, when the slot connections are supplied by the phase currents
for 8-pole configuration, thes-gs plane is excited, as shown kigure 3.12, which rotates at a
velocity of 8*m/2, whereym is the mechanical speed of the motor. When the slot connections
are excited for the-pole configuration, thds-q4 plane, as shown iRigure3.13, is excited which
rotates at a velocity of 45/2. Similarly, for the 4pole/2pole PCIM, when the stator windings
are supplied by-phase and-phase currents, tlteq plane for the 4ole and 2pole configurations

are excited as shown iRigures3.14 and 315 respectively.The torque expressions for the
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individual polephase configurations are combined to obtain the torque output of the motor. The
motor is operated usg the principle of the indiredteld-orientedcontrol or vector control with

two g-axis current commands and tvebaxis current commandsi{q current commands for the
higher poleandlower poleconfigurations). For the purpose of modeling, the rotor, fix and
electromagnetic torqud, of the motor is given by the summation of the rotor flux and torque of
the individual pole configurations, as shown32() i (3.24), wherea-np anda-Lp are the rotor

flux expressionsiTe vp and Te,Lp are the torque expressionE;xp and Typ are the rotor time

constants for the higher pole-p®le) and lower pole (pole) configurations respectively.

s (3.21)
_ #H"Qﬁ %Qh (3.22)
YUY Yq (3.23)
N ——h g ——h g (3.24)

i i
The controller for the indirect fieldriented control uses the rotor flux and torque

commands for generating theaxis andg-axis current commands as shown $125) and 8.26).

The d-g commands are then converted into #tatorwinding currents using the inverse park
transformation matrix from the flux and torque commands for the current mode motor model as
shown inFigure3.16. Two such controllers are used for controlling the maioeg for thehigher

pole operation and the other for th@wver poleoperation. The only difference between the two
controllers are the reference values and the operational parametestatbineiinding current
commands from the respective controllers amarmed and then sent to the motor for controlling

the torque and flux.

0° (3.25)

(3.26)
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b (B1, B2)

dg
c(C1,C2) a (A1, A2)
Figure3.12: Alignment between the winding adej currents for &ole
operation
c (C1, C2) d,

d (D1, D2)

e (E1, E2) a (A1, A2)

f(F1, F2) (H1, H2)
g (G1, G2) "

Figure3.13: Alignment between the winding adelj currents fod-pole
operation
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(B1, B2) b d,

a (A1, A2)

('C]., CZ) c 44

Figure3.14: Alignment between the winding adelj currents fod-pole
operation

Figure3.15: Alignment between the winding adelj currents fo2-pole
operation
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Figure3.16: Commands for the current mode motor model

For the voltage mode motor modelrigure3.17, thed-axisandg-axiscurrent commands
from thehigher poleandlower poleconfigurations are compared with tik@xisandg-axiscurrent
commands from the motor model, obtained by using the inverse transformation stéttire
winding currents, and then passed through theoRirollers for generating the voltage commands
which are then fed to the motor termindlie voltage commands id-q frame are converted to
a b ¢ éommands for each pole configuratidine nth phase voltage commands for each pole are
summed to generateghmodulating signal for each phase as shown in Fi@g, $he modulating
signal is then compared with a high frequency carrier wave to generate thesiRywalsfor

switching the inverter
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Figure3.17: Block diagram for the voltage mode motoodel

Vq (4-pole)
dq ->abc..n
vd (4-pole) | "
Vq (2-pole)
\. dq -» abc..n
vd (2-pole) /'

—» a3

an/

Phase a modulating signal
(O—"

Phase n modulating signal

Figure3.18: n-phase modulating signals

30

Y

n




3.5 Torque and Flux Densities

The electromagnetic torque of the induction motor results from the interaction of the
resultant air gap flux densitg and the rotor flux densityBr as shown in (3.27B4 andB; are
given as a summation of the flux densities for the individual pole operations in (3.28) and (3.29),
respectively; wher@&g. and By represent the air gap flux densities for the lower pole and the
higher pole configuratiorB,. andB:+ represent the tor flux densities for the lower and higher
pole configuration;¥e and ¥ represent the angular frequency for stator and rotor currents; t
represents the tim&_. andPy represent the number of poles for the two pole configuratioris;

L 2t &and: 4epresent the phase offsets amidepresents the mechanical position [20].

Y o — 5 — Q— (3.27)
6 6 AITDO — % 6 Al @ 0 —— % (3.28)
6 6 ATPDO — % 6 Al Q 0 —— % (3.29)
The resultant torque can be given by
w, QO . . . o .
Y — ¢6 6 “Al100 1 0 % %o 10 0 “Al® 0 @ 0 % %o
(3.30)

Under steady stater¢ = ¥r), the torque equation is reduced to
Y — 6 6 AR % 16 6 “ATR % (3.31)

The resultant torque expression shows that the air gap flux density wavdafengole
configuration does not interact with the rotor flux density wave of the higher pole configuration
and vice versa. Thus, the torque of one pole configuration is not dependent on the rotor flux density

waveform of the other pole configuration.
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3.6 Flux-Stabilizing Pole Transition Controller

Figure 3.19 gives the flowchart for the flux stabilizingontrolsbasedpole transition
algorithm for the PCIMwhereasFigure 3.20 shows the manner in which tloeaxis and g-axis
currents are supplied to ensure the pole transifitie d-axis current of the incoming pole
configuration is initially supplied to begin the transition. As the rotor flux is dependent on the rotor
time constant, a wait time equivalent to at least fiuees rotor time constants of the incoming
pole configuration is required to stabilize the rotor flux of operation. After the wait time, an
instantaneous change in th@xjs current or torque command is given before eventually reducing

the initial d-axiscurrent to zero.

e W d-axi ¢ Set g-axis current of
( Start - Suppy —al)(ﬁs cuentol | o ongoing pole configuration
\ / incoming pole configuration to.arn
\J
rd ™ Set d-axis current of the Instantaneously set g-axis
( End l«+— ongoing pole configuration |«— current of incoming pole
'\\ / to zero configuration to high

Figure3.19: Flowchart forcontrolled transition of the PCIM.
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Figure3.20: d-q current commands for controlled transition

3.7 Simulation of PCIM

When the PCIM is operating in theg®le configuration, it may be desirable to make a pole
change to the-pole configuration to attain a required operating point, which is outside the domain
of the 8pole operation. An example, with a constant speed 80 3pm and an electromagnetic
torqgue of 11.9 Nm, is considered in this chapter to showcase theh@oiging transition where
the eight windings of the induction motor are supplied with currents at 240 Hptide ®peration
and currents at 120 Hz forpble operation. Three pclghanging scenarios are presented here.
Scenario | is related @aninstantaneous changethed-q currents for both the-Bole and 4pole

configurations; In scenario Il, the rotor flux is stabilized before giving the torque commands in the
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ramp change and; In scenario lll, the rotor flux is stabilized before initiatingstantaneous
change in torgel commandghereby resulting in a controllécansition

Figures3.21 shows the torque results for polehanging transition with a step change
instantaneous pole transitioncase of both the esimulation and mathematical modelifggures
3.22, 323 and 324 show the flux diagram for the PCIM forg@le operation at 0.5s-gble
operation at 1s andpdole operation at 1.5s respectivafygure3.25 shows the stator flux results
for polechanging transition witlan instantaneous pole transition of bdkie cesimulation and
mathematical modelingrigure 3.26 shows the zoomed in results. The windings are initially
supplied with 8pole currents of constant magnitudes until 0.6s, whereas gudjedcurrents are
supplied from 0.6s onwards. When thetanaineous changs initialized, a discontinuous torque
is produced during the pole change, as the torque for-gfimdedconfiguration is not affected by
the rotor flux of the &ole configuration. Although the windings are supplied with constant
magnitudes of currentshe torque will not change instantly, as it is dependent on the rotor flux,
which in turn rises and decays according to the rotor time constant. The torque fepdiee 8
operation builds up and decays according to the rotor time constant of 84 ms wherteague
for the 4pole operation is dependent on the rotor time constant of 237 ms, which is 2.82 times
greater than the rotor time constant for thpoBe operation. The esimulation results for the
torgue and stator flux are similar to the resultsamigd from the mathematical modeling with a

maximum percentage difference of 2 %.
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Figure3.21: Instantaneous changesults for Torque (scenarit

).

Figure3.22 Flux diagram a0.5s.
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Figure3.23: Flux diagram at 1s

Figure3.24: Flux diagram at 1.5s
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Figure3.25: Instantaneoushange results f@tator Flux(scenario
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Figure3.26: Results for Stator Fluzoomed)

Figure3.27 (scenario 1l & scenario 1ll) shows the command profiles for the rotor flux to
ensure a smooth and continuous torque during-gud@ging. Initially, the rotor flux command
for the 8pole operation is provided. Before starting the torque command forgbke 4operation,

the rotor flux command for the-gole operation is provideak 0.8sto stabilize the rotor flux for
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the 4pole operation. During the ramp transitidiigure 3.28, the torque command of thep®le
operation is linearly decreased while thenooand for the 4ole operation is linearly increased

from 2-3 s to ensure a constant and continuous torque durinecpafeging. For the controlled

Rotor Flux commands vs Time
0.012 . , . : : :

— L

0.01

— FIL.m‘1

0.008

0.006

0.004

Rotor Flux command (Wb

0.002

o 0.5 1 15 2 25 3 5 4 45
Time (s)

Figure3.27: Command profile for rotor flux (scenario&l Il ).
transitionscenarioFigure 3.29, the Torque commands are giveniastantaneous change?2 s.
Figure 3.30 shows the torque results during the pabanging trasition with the current mode
model for both the ramp and controlled step transition where the torque commands are changed in
a step fashion after stabilizing the rotor flux. The torque for the conttodiesitionreaches steady
state with a shorter trarent torque ripple. Thus, the controlkednsitionis preferable to the ramp

transition.
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Figure3.28: Command profile for Torque (scenario. )
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Figure3.29: Command profile for Torque (scenario ll1)
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Figure3.30: Torque during pokehanging transition (scenario I, 1)
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5 Torque comparison
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Figure3.31: Controlledtransitiontorque results (scenario llI)
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Figure3.32 Controlledtransitionstator flux results (scenario Ill)
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Figure3.33. Controlledtransitionstator flux results (zoomed in)

Figure3.34: Flux diagram at 0.75s
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Figure3.35: Flux diagram at 1.5s.

Figure3.36: Flux diagram at 2s.
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Figure3.37: Flux diagram at 2.5s.

Figure3.38: Flux diagram at 3.5s.
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Figure3.39: Flux diagram at 4.5s.

Figure 3.31 shows the torquefor the controlledransitionchange with the voltage mode
model for both the cgimulation and the mathematical modelimge torque for the mathematical
model is closly aligned with the Ceimulation rsults for bothtransient and steady scenario
except for the instant of torque transition at 2s. The inaccuwftye transient rippleould be
attributed tathe fact that the parameters were kept consianboth the contrter and themotor
modelof the mathematical model unlike the-Simmulation where the FEA motornsore dynamic
Figure 3.32 shows the stator flux results &iglire3.33 shows the zoomed in results for the stator
flux with the controlledransitionchange in the midpoint region of the stator flux transition. The
stator flux from the mathematical modeling is closely following the results from thiencdation
on acycle-by-cycle basis.Figures3.34-3.39 show the flux diagram of the PCIM for 0.75s54,
2s, 2.5s, 3.5s and 4.5s respectively. The PCIM waspolé3at 0.75s as shown by the 8 circular
flux regions inFigure3.34. As the electronic polehanging transition was initialized at 0.8s and
ended at 3.2s, the flux diagramdHigures3.35, 3.36 and 337 are distorted due to the presence of
both 8pole and 4pole operating currents. After the end of the transition at 3.2s, the PCIM-is in 4

pole operation as shown by the 4 circular flux region&igures3.38 and 339 respectively.

45



Overall, the drque and stator flux resulbetween the cgimulation and mathematical modeling
are similar with a percentage difference withi@ %. Thus, the mathematical modeling can be
used for studying the polehanging characteristics of the motor for furthealgsis

Figures3.40, 3.41 and 342 show the airgap flux density plots for the PCIM at 0.6s, 2s and
4.5s respectivelyrigure 3.40 shows thePCIM in 8-pole operation at 0.6s as evidenced by the 4
positive and negative peakk Figure 3.41, there is not a continuous pattern of positive and
negative peaks as the PCIM is in the process of transitioning frpaie8operation to 4ole
operation.Figure 3.42 shows the PCIM in 4ole operation at 4.5s as evidenced by the 2

continuous positive and negative peaks.

Airgap Flux Density

l F f |

1.5

0.57

Flux Density(T)

-05 1 s _ .

0 100 200 300
Angle(Degrees)

Figure3.40: Airgap Flux Density at 0.6s {Bole operation)

As the mathematical modeling results for thpdde/4pole PCIM are similar to the €o
simulation results, the mathematical modeling for tpek/2pole PCIM is developed in a similar
fashion by adding the rotor flux and torque expressions for the PClieotpole and Zpole

configurations.Figures3.43 and 344 show the torque results for thepdle/2pole PCIM for
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instantaneous pole transition and controlled transition. The instantaneous pole transition results in

discontinuous torque production whereas the controlled transition results in continuous torque

production during electronic pofehanging.

Airgap Flux Density

Flux Density(T)

0 100 200 300
Angle(Degrees)
Figure3.41: Airgap Flux Density at 2s (Torque Transition)

T Airgap Flux Density

Flux Density(T)

0 100 200 300
Angle(Degrees)
Figure3.42: Airgap Flux Density at 4.5s {dole operation)
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Figure3.44: Controlledtransitiontorqueresultsfor 4-pole/2pole PCIM
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3.8 Conclusion

The development of a mathematiday model and control of the-dole / 8pole induction
motor using a controllettansitionare presented in this chapter. It is observed that the controlled
transitionresults in a continuous torque production during qoblenging with a shorter time
required to reach steady state and a shorter transient torque ripple as opposed to both the
uncontrolledtransitionand the ramgransition While a cesimulation of the FEA motor model
with a 1 s duration takespproximately 4 and a half hours in an Intel Core i7 and 32 GB RAM
computer, the same simulation can be accomplished within a minute by using the PCIM
mathematical modeling. This highlights the importance of having a model for performing analysis
of the PAM in a shorter time in comparison the FEA. Thesomulation results for the torque and
flux are within acceptable error margin of the mathematical modeling results, which show that the

modeling is adequate, and can be used for detailed study of PCHviénad
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CHAPTER 4: Design of Electronic PCIM

4.1 PoleChanging Windings

The stator slots of a poelghanging induction motaarewound such that multiple stator
windings can be accessed from the motor instead of the traditionalptimse winding
commonly found in the conventional thrpbase motors. The direction of currents in certain coils
or slot connections is varied using averter where appropriate to electronically change the
operating pole configuration. The ideal method of operating such a matmstart with the high
pole configuration when accelerating and to change to the low pole configuration during cruising
or operating in the later stage [LO, 13, 14, 15

In the literature pole-changinginduction motors have been studied while takinginly
the control aspects of the motor into account where the direction of currents is reversed in certain
windings to result in pokehanging 9, 10, 13, 1 A motor built for 4pole operation may not be
suitable for 2pole operation as the flux linkage asated with the Zoole operation is higher than

that for the 4pole operation and is more likely to result in the saturation of the yoke. As the motor

Figure4.1. Motor-CAD 36 slot induction motor model.
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.II"'II-DC

Figure4.2. Inverter with six phase legs.
iswound with a fixed coil span, it is not possibdeobtain a desirable winding factor with both the
pole configurations anthis resuls in certain winding arrangements not suitable for the-pole
changing motor. Thus, the gap in the literature related to the optimization of the motor with respect
to winding arrangements and saturation have so far been overlooked.

In this chapter a designstudy is carried out for a -4ole/2pole indwction motor for
electronic polechanging with 36 stator slots, 28 rotor bars, as shavagure4.1, for electronic
polechanging by using a standard 5 HPpale motor available commercialps the baseline
motor. The polechanging motor gives an improved performance in comparison with the
commercial or baseline motor in terms of torque and output powapjpdications where extended
speed range of operation is required. The stator slots are wound with six stator windings or two
sets of thregophase windings (Al, B1, C1 and A2, B2, C2) to be controlled using an inverter with
six legs, as shown iRigure4.2. When the stator windings are supplied with thpease currents
in the same direction, as shownFigure4.3, a 4pole operation is obtained. When the direction
of currents in one set of windings is reversed while keeping the current in the othersseh¢he

as before, as shown igure4.4, a 2pole operation is obtained. The motor is simulated using the
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Finite Element Analysis (FEA) and the analytical computation tools in Mo&dD to find the
design most suitabler the ideal polechanging motor. Seval windings optimized for-pole and
4-pole configurations are studied to find the most suitable typgénaling and criteria for thpole-

changing induction motor.

(B1,B2)b

a (A1, A2)

(C1,C2)c

Figure4.3. Phase distribution for-gdoles

(B1) b -c(C2)
(A2) -a a (A1)
(C1)c -b (B2)

Figure4.4. Phase distribution fd-poles

4.2 MMF Diagrams and Airgap Flux Density

Figure4.5 shows the MMF of thephase winding of the baseline motor. It represents the
pattern for 4pole configuration as there are two positive and two negative Fegkses4.6and
4.7 show t he MMF 0 sphasd winditgeobt&ned byl thé combinatibneof thee
MMF6s of the i ndivi dupmleandpaleconfiggrationaespedively. a 2 ,

The current direction is reversed in a2 to change the numberesf fpoin four to two as evident
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by the change in the number of peaks from Bigure4.6 to 2 inFigure4.7. The pattern of the

airgap flux density would be similar to the MMF plots for both the baseline and the PCIM [17].

MMF of a-phase winding

=
a
L
=
=
0 5 10 15 20 25 30 35
Slot
Figure4.5. MMF diagram for baseline motor
MMF of a-phase winding
al a2
El
=
(N
=
=

0 é 1I[} 1I5 ZID 2I5 ?:I[} ?;5
Slot
Figure4.6. MMF diagram for 4pole PCIM operation
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MMF of a-phase winding
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Figure4.7. MMF diagram for 2pole PCIM operation

4.3 Induction Motor Capability Curve

Figure4.8 shows the pephase equivalent circuit of anduction motor wheré&/s, Is, Rs,
e Xis, Xm, Xir, R- and s represents the stator voltage, stator current, stator resistance, angular

frequency, stator leakage reactance, magnetizing reactance, rotor leakage reactance and slip.

Figure 4.9 shows the InductioMotor Capability Qirve whereTe, Vim, lim, b, s and s pk

R; J@:Lis=j X Pap ja.Liy=iX;,
—_—
O N\ o0 Y ——————
— :

+
|
IS ! § R,.
Em % j(UeLm:ij
1=5

4
— R,
S

Figure4.8. Equivalentcircuit of induction motor16].
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represent the torque, stator voltage limit, stator current limit, doagpalar frequencyslip angular
frequency and peak sligngularfrequency.The capability curve is thenaximum torquespeed
rangeunderDC busvoltage and current limitatien The flux of the motor is held thte rated value

in the constant torque regiomtil the base speedhere the DC bus voltage limit is reach@ace

the voltage limit is reachd®s= Viim), the fluxof the motoiis decreaseproportionally with respect

to the speedl/ ¢) to mark theflux or field weakening regiorirhis ensures thabltage across the
magnetizing inductance-&s held at a constanglue for the field weakening regi@sEmn= .

am. As the speed increases, the leakage reactance of the rekar,increases and thus the slip
frequency is increased accordingly to keep both the rotor curtemtdithe stator current constant.
As e= + g, Where is the motor speed, the output power of the m@er= Te. /) is
maintained constant assuming the slip frequeaicgl voltage drop due to the stator leakage
inductancds negligible.Once thepeakslip frequency is reached and the pulit torque occurs,
the slip frequency is held at a constant value and the stator and rotor current decreases with further
increase in speedhe torque then decreases at a rate inversely proportional to the square of

sincel, is decreasing inversely proportionahtealong with the decreasing flux.
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Figure4.9. Torquespeed capability curve of amduction machinellg].

4.4 Pole-Changing Motor Design

The winding for the baseline motor yieldgercwinding factor for 2pole operatiorand
is thusunsuitable for polehanging operation. Therefordifferentsingle layer and double layer
windings are analyzed to find the aevinding arrangement for petshanging,.e. the winding
that results in high torque with one pole configuration and an eatdl@onistant power region with
the other pole configuratiomhile keeping the number of conductors per slot and the slot fill factor
the same as the baseline motor for an accurate comparisonpoled2pole motor can be wound
for having an improved parfmance in either-pole or 2pole configuration. As shown in Table
4.1, a motor winding optimized for-gole configuration will have a better winding factor, and

thereby, a better copper utilization and an increased torque response Hpdlee cperation
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Similarly, winding optimized for ole configuration will yield a better winding factor and
improved torque performance for the@le operationThe magnetizing inductanckq for the

motor is given by Eq4(1) whereuo, D, L, ge, k, N, andp represat the permeability of free space,
stator inner diameter, axial length, effective air gap, winding factor, number of series turns per
phase winding and number of poléd][ The torque Te) for the motor is given by Ec4.@) where

Xm, Im, Ir, COS/7;, sand¥ e represent the magnetizing reactance, magnetizing current, rotor current,

air gap power factor, slip and anguleequency 16].

A — (4.1)

TABLE 4.1. WINDING FACTOR FOR DIFFERENTWINDINGS

Optimized Winding type Operating Winding Magnetizing
pole Poles Factor Inductance (mH)

4 Baseline Motor 4 0.95 60.6
4 Single Layer 4 0.96 62

4 Single Layer 2 0.70 96.1
2 Single Layer 4 0.48 18.1
2 Single Layer 2 0.96 151
4 Double Layer 4 0.83 48.9
4 Double Layer 2 0.68 90.4
2 Double Layer 4 0.72 40

2 DoubleLayer 2 0.83 141

Vo —2 OSGA 10— 4.2)

With all the other prameters remaining the sarhgfor the 2pole confguration is greater
than theLm for the 4pole configuration as the effect of the operating poles is more pronounced
compared to the windingd¢tor. However, in some case&,, i.e the product of the indtance and
the operating frequency for thepdle operation could ta out to be greater than tie for the 4

pole operation and vice versa as the frequency of the two operating poles are different. This in turn
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affects the torque which is higher for #hgole operation for certain regions and higher fpok
operation in other cases. This patternloaexploited to achieve a petbanging inductiomotor,
which utilizes the benefits of having a dual mode of operation under the same DC bus constraints
of voltage and currentf].
4.4.1 Single Layer Winding

Figure4.10shows the comparison of the toreggeed characteristics of the baselmotor
with single layerpole-changing windings optimized for-gole operation. As the torque is
proportional to the winding factor, the single layer winding results in a tespeed performance
which is comparable to that of the baseline motor due to the two having similes eahvinding
factor (0.95 and 0.96 for the basel motor and single layer petdianging motor, respectively).
However, in this winding configuration, there is no incentive for switching to tpele
configuration as the torguspeed curve of the-Role configuration is always below that for the
curve of the 4pole configuration due to the low winding factor of 0.Fiyure4.11 shows the
magnetizing reactance for the two opemtpoles for single layer polehanging windings
optimized for 4pole operatin. The magnetizing reactance for thpdle operation is also either
less than or equal to the magnetizing reactance for-gwedoperation. Thus, although a single
layer winding gives a good performance duringode operation, the lack of an improvent in
the constant power region during the@e operation makes it an improper choice folepo

changing operation.
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The single layer winding optimized for thepdle configuration results in a torque speed
performance where the torggpeed characteristics of thegp@le operation is the same as that of

the basline motor and is always greater than that for #p®lé operation, as shown kigure

- Torque vs Speed
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Figure4.10. Baseline motor comparison with single lay@ndings (4 pole optimization)
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Figure4.11. Magnetizingreactance of the two operating polegple optimization)
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Torque vs Speed
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Figure4.12. Baseline motor comparison with single layéndings (2 pole optimization)
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Figure4.13. Magnetizing reactance of the two operating polegql2 optimization)

4.12. This is due to the poor winding factor of 0.48 for thpole operation which is much lower
than the winding factor of 0.96 for thepdle operation. The magnetizing reactance for thelé

operation is also lower than tifar the 2pole operation throughout the whole range of operation,
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as shown irFigure4.13. Thus, the single layer winding configtica is not suitable for a pole
changing motor either as there is no added benefit of switching from oneqmdiguration to
another.
4.4.2 Double Layer Winding

When the motor is wound with double layer winding optimized for theléd operation, it
results in an improvement in the torgs@eed characteristics, as showhRigure4.14 and an added
benefit for switching from the-gole configuration to the-fole onfiguration. Although the
torque obtained in the initial constant torque region is lower with tpelel configuration
compared to the baseline motor due to the reduced winding factor of 0.83, there are toenefits
switchingfrom the 4pole configuratiorto the 2pole configuration for an improved torque and
power response. This pattern is also reflected in the magnetizing reactance-grapgv.15,
which shows higher values for thepdle operation in comparison with thepg@le operation from

3000 rpmonwards.
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Figure4.14. Baseline motor comparison with double layer windings (4 pole optimizatio
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- Magnetizing Reactance vs Speed
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Figure4.15. Magnetizing reactance of the two operating polegalé optimization)

The double layer winding optimized for thep@le configuration results in a decreased
torque for both the-bole and the -pole operation compared to the baseline motor where-the 2
pole curve always stays above the curve for tpelé operatioras shown irFigure4.16. This is
due to the low winding factor values of 0.72 and 0.83 for #pmld and Zpole operations,
respectively which are much lower than the 0.95 winding factor of the baseline motor leading to
considerable decrease of the torguegformances in turn. The magnetizing reactance values for
the 4pole operation is alslower than that for the-Bole operation as shown kigure4.17.

Therefore, the only winding arrangement suitable forqgbknging operation is the double
layer winding optimized for 4bole configuration as it results in an improvement in the constant
power region when switching from one pole configuration to another under the same DC bus

constraints.
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Torque vs Speed
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4.4.3 Winding Design Summary

As the baseline motor winding is not suitable for pcianging operation, two single
layer and two double layer windings were studied to find the ideal pole changing motor type.
With thesame dc bus constraints, the double layer winding optimizedgotedoperation
yielded the most suitable arrangement of a high starting torque combined with an enhanced
constant power region.
4.5 PCIM Design Changes

Although the double layer winding optized for 4pole corliguration is suitable for pote
changing, it results in a lower torque response in theslp@ed region in comparison to the
baseline motor due to the low winding factor of the former. As the baseline motor is designed for
4-pole opertion, there are chances of saturation with thgo2 operation whe the motor is
rewound for polechanging operation. Thus, the design of the baseline motor is mogiftadhe
aid of parameter sweep in MotG®AD FEA, to increase the initial torque response and avoid
saturation during-pole operation. As shown in Table2, the number of turns and consequently
the number of conductors in the slot is increased from 68 to 84 to result ireatoigiue response
for the pole-changing motor while keeping the slot fill factor, (ratio of copper area to slot area)
fixed at 0.4 by reducing the size of the wire i.e., increasing the AWG (American wire gauge) from
the 18 used in theaseline motor to 19 in the petdanging motn The slot depth in the selected
design is reduced from the 20 mm used in the baseline motor to 18.5 mm to allow a thicker yoke
for the 2pole operation which has a higher flux linkage. The tooth width is reduced from 4 to 3.5
mm to allow sufficient spaci®r the conductors. The number of turns and the number of strands

in handare kept the same for the palanging motor.
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The design optimization problem is
maximize Torque
such that
slot depth and tooth width are the variables
slot fill factor = 0.4
slot number, rotor bars, stator outer/inner diameter, airgap and stack length
remain unchanged
The double layer winding patterthe linear winding patterand the circular winding
patternof the six stator or phase windinggth the slot numberare givenin Figures4.18, 4.19
and 420respectivelyThe phases in a single set ghBase windings are 120 degrees apart whereas
the spatial difference between two successive windagsal and c2, is 60 degre€sgure4.21
and 422 shows thdinear and circulawinding patters for the aphase windigs al and a2. The
windings are kept 180 degrees ap@he current directions for the two thrpbase windings are
kept in the same direction forpble operation whereas the direction of the one set of-flirase
windings, marked in red, are reversedZguole operationThe linear and circular winding pattern
for the individual stator windings al, bl, cl1, a2, b2, and c2 are shokigures4.23-4.34. The
dimensions and design parameters of the PCIM are shown in Tabldd fux density maps for
the 4-pole and 2pole operation are given Figures4.35 and4.36, respectively which show that

flux values are below the saturation limit of 1.7 T.

65



TABLE 4.2. DESIGNCHANGES

Parameter Baseline motor| Pole changing
Winding SingleLayer Double Layer
arrangement
Number of turns 34 21
Strands in hand 2 2
Conductors per slo 68 84
AWG 18 19
Fill factor 0.4 0.4
Slot depth (mm) 20 18.5
Tooth width (mm) 4 3.5
Slot 1| 2| 3] 4| 5| 6] 7| 8] 9]10|11|12|13| 14|15]|16]17]|18
Upper Layer |A1]|A1|A1]|A1|A1|AL|C2|C2|C2|C2|C2|C2|B1|B1 |B1|B1|B1|B1
Lower Layer |cl |cl |cl [b2]|b2]b2[b2 [b2]|b2]|al]al]allal|al |al |c2 |c2 |c2
Slot 19| 20| 21| 22|23]| 24| 25{26| 27| 28| 29(30(31| 32| 33| 34| 35|36
Upper Layer |[A2|A2|A2|A2|A2|A2|C1|C1|C1|C1|C1|C1|B2|B2 |B2 B2 |B2|B2
Lower Layer |c2 |c2 |c2 |b1]|b1]|b1|b1 |bl|bl |a2 |a2|a2|a2|a2 [a2|cl |cl |cl
Figure4.18. Winding pattern
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Figure4.19. Linear windingpattern
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Figure4.20. Circularwinding pattern.
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Figure4.21 Linear winding patterrfor the aphase windings
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Figure4.22. Circularwinding patterrfor the aphase windings
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Figure4.23. Linear winding pattern for the agindings.

Figure4.24. Circular winding pattern for the atindings.
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Figure4.25. Linear winding patteror thebl windings.

Figure4.26. Circularwinding pattern for th&1 windings.
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Figure4.27. Linear windingpattern for thecl windings.

Figure4.28. Circular windingpattern for thee1 windings.
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