
ABSTRACT 

LATIF, TAOHID. Design, Modeling and Control of Electronic Pole-Changing Induction Motors 

for Traction Applications. (Under the direction of Dr. Iqbal Husain). 

 

Pole-changing motors 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 an increased constant 

power region with a lower pole operation. In these motors, electronic pole-changing is 

accomplished by changing the currents in certain windings by using an inverter. Although pole-

changing motors have been studied in the past, there is essentially no research related to how a 

motor can be optimized for improved performance in terms of the overall torque-speed 

characteristics of operation. The control of the pole-changing motor for a smooth torque transition 

is also not properly established and the specifics as to when a pole change is required is yet to be 

determined.    

In this dissertation, we investigate the design, modeling and control of an Electronic Pole-

Changing Induction Motor. We discuss the design and analysis of a 4-pole/2-pole induction motor 

using the Finite Element Analysis and analytical computation tools in Motor-CAD software. An 

induction motor is designed and optimized for improved performance for the entire range of 

operation. Torque and power characteristics of the pole-changing motor are shown to have 

enhanced performance in the constant power region in comparison to the baseline motor. For 

transient control, an 8-pole/4-pole bar wound and 4-pole/2-pole stranded induction motors are 

analyzed. The electronic pole-changing is enabled via a flux stabilizing control method with an 

instantaneous change in torque commands and a gradual change in rotor flux command to obtain 

a smooth and continuous torque. The co-simulation results of the finite element analysis (FEA) 

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



and stator flux during pole-changing. A mathematical d-q model is developed to aid in rapid 

controller tuning of the drive, which is validated with the FEA results. This dissertation shows 

insights into the pole-changing 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 controller initiates 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 Motor-CAD are 

provided to validate the control method. The pole-changing control results demonstrate a smooth 

torque transition while minimizing the motor loss. An experimental testbed is also constructed, 

and a Pole-Changing Induction Motor prototype is obtained by rewinding a commercially 

available Baldor motor to 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 Motors and the increasing regulations on 

emissions and fuel economy, electric and hybrid vehicles are becoming more desirable to the 

automotive industries, government and the general population. Continuous research is required to 

reduce the cost, improve the reliability and increase the efficiency of Electric Traction Drive 

systems. Even though the Internal Combustion Engine Vehicles (ICEV) have been present for over 

100 years, the high emissions resulting from them and the depletion of resources and energy crisis 

of the world are causing us to look more into alternative means of transportation. Although battery 

powered Electric Vehicles (EV) can be used to alleviate these issues, the limitations such as cost 

and fueling time would need to be reduced to make it more desirable for consumers. Hybrid 

Electric Vehicles (HEV) serve as a balance between the ICEVôs and the pure battery powered 

EVôs. In HEVôs, the ICE converts the energy from gasoline or diesel to mechanical energy to drive 

the electric motor for series HEV or drive the wheels together with an electric motor in parallel or 

complex HEV architecture. The electric motor is also used to recover the kinetic energy during 

braking. The excess power of the engine is used to charge the battery 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 optimized operation, the ICE requires less maintenance in 

terms of oil changes, exhaust repairs, etc. compared to conventional ICEVôs. The disadvantages 

of HEVôs are the increased cost, reliability and difficulty in maintenance due to lack of qualified 

electricians in car shops [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 
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reduction in noise pollution. The emissions due to ICEVôs are difficult to regulate unlike the 

emissions due to power generation in various power plants. Thus, EVôs and HEVôs are 

environmentally friendly as emissions can be eliminated in the case of the former if electric power 

is generated from renewable sources whereas the latter produces lower emissions than ICEôs alone 

[6]. 

Electric Vehicles and Drives have come far with research. Their performances have 

improved drastically over the years and are now on par or even better than ICEVôs. However, the 

cost and size of the Electric Vehicles and the components associated with them would need to be 

reduced to make it more appealing to consumers. The Department of Energy (DOE) 2025 targets 

for the EVôs include competitiveness in performance and economics with ICEVôs including cost 

and size reduction for the Electric Motors (30 % cost reduction compared to 2020 and 89 % volume 

reduction compared to 2020) [1].  

1.2 Electric Motors for Traction Drive Systems 

Electric motors can be mainly divided 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 due to its 

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 Motors and 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 design in addition to PM magnets which offer 
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several advantages such as increased torque and power factor. The magnet volume in PMASynR 

Motors is lower compared to the IPM which could make it an ideal choice for scenarios where a 

compromise is desired between cost and performance.  

Figure 1.2 shows the percentage distribution of the various electric motors used in EVôs 

and HEVôs. 59% of the motors are Interior Permanent Magnet Synchronous Motors (IPMSM), 

around 23% are Induction Motors (IM), 9% are Surface Permanent Magnet Synchronous Motors 

(SPMSM) and Wound Rotor Synchronous Motors (WRSM) make up the remaining 9% [6].  

 

 

 

 

 

Figure 1.1: Classification of motors. 
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1.2.1 Interior Permanent Magnet Motors 

Interior Permanent Magnet (IPM) Motors, as shown in Figure 1.3, have high power density, 

high torque density and maintain high efficiency over a high percentage of their operating range 

making it a popular choice for the majority of hybrid and plug-in electric vehicles. As they offer 

higher power density, they are smaller compared to the induction motors with the same power 

rating. The absence of rotor bars also results in them having lower loss compared to induction 

motors [4].  The rotor structure is robust since the magnets are 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. 

 

 

Figure 1.2: Electric Motors used in EVôs/HEVôs. 
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However, PMôs contain rare earth materials like NdFeB (Neodymium Iron Boron) and 

heavy rare earth materials like Dysprosium (Dy) and Terbium (Tb). The high cost associated with 

the rare earth (RE) materials and the heavy rare earth (HRE) materials that cost 8-10 times more 

than rare earth materials makes IPM Motors more expensive compared to non-rare earth motors 

such as Induction Motors. 90% of the rare earth materials are produced by China which further 

makes the cost volatile. US DOE has set its 2025 goals using HRE free PM to reduce the cost. 

Removal of HRE contents from PMôs reduces the cost of machines but it leads to magnet 

demagnetization at higher temperatures. [2]. Thus, the need arises to develop non-rare earth or rare 

earth free electric machines for traction applications. 

1.2.2 Induction Motors  

Induction motors (IM), as shown in Figure 1.4, offer high starting torque and the standard 

Squirrel Cage rotor-based IM or Squirrel Cage IM are considered reliable for traction applications 

due to their rugged structure and low cost. The 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 

lower compared to the IPMôs due to the absence of PMôs in the rotor which also allows it to operate 

at higher temperatures. However, their power density and efficiency are lower compared to the 

 

Figure 1.3: IPM Motor. 
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IPM motors due to the unavailability of loss free excitation from PMôs and losses incurred in the 

rotor bars. There 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 the research community to come up with 

massive improvements in terms of efficiency, cost and weight [6].  

 

1.3 Research Motivation and Objectives 

The dissertation focusses on Electronic Pole-Changing Induction Motors (PCIM) which is 

an option for improving the ever-reliable non rare earth IMôs. Electric Vehicles are required to 

have high starting torque for fast acceleration at low speeds and a constant power operation over 

a wide speed range. Pole-Changing Motors typically 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 explore the Electronic PCIMôs from three avenues, namely 

design, modeling and control. For design, the dissertation explores the winding designs which are 

feasible for an effective Electronic PCIM. Modeling is done for an insight into the behavior of 

Electronic PCIM and as a means to obtain faster processing models as Finite Element Analysis 

 

Figure 1.4: Induction Motor. 
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(FEA) is computationally expensive. Control techniques to establish a smooth pole-changing 

transition is explored by analyzing both the torque and flux patterns. The dissertation also tries to 

establish when a pole-change should take place because the specifics as to when a pole-change 

should be established has not been defined in literature.  

The research objectives are given below: 

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

2. Modeling for an insight into the behavior of the pole-changing transition and an 

analytical modeling for faster processing compared to FEA.  

3. Control for a smooth pole-changing transition on the fly. 

4. Loss minimization control technique to ensure that pole-changing takes place for an 

improved efficiency. 

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

1.4 Outline 

Chapter 2 focusses on PCIMôs. It reviews the past work on PCIMôs and goes over the 

different types of pole-changing operation. The advantages of Pole-Changing Induction Motors 

are also mentioned. 

Chapter 3 is based on the modeling and control of Electronic PCIM. The dynamic d-q 

Modeling is used to model the Electronic PCIM for both individual pole operation and pole-

changing operation. A control technique is used to obtain a smooth pole-changing transition on 

the fly. The torque and flux results are compared with the co-simulation results with the FEA 

Model to show the accuracy of the modeling and control technique. 

Chapter 4 explores the design techniques for an Electronic PCIM. The windings that are 

most suitable and least suitable for pole-changing operation are discussed. A baseline motor is 
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chosen to shed light on the design techniques for an optimized 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 5 features 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 pole-configuration which yields the higher 

efficiency. 

Chapter 6 shows the experimental setup and validation. A commercial motor is rewound 

to obtain the PCIM prototype which is then tested to obtain the torque and power capability curves, 

the vector control and pole-changing transition results. 

Chapter 7 lists the summary of contributions and provides suggestions for future work. 
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CHAPTER 2: Pole-Changing Induction Motors (PCIM)  

2.1 Pole-Changing Operation 

Pole-Changing Induction Machines have existed for over a century with the earliest known 

motor invented by Robert Dahlander in 1897. The motor had a pole ratio of 2:1 and the 

configuration of the windings was switched mechanically from a series connected delta 

configuration to a parallel double Y configuration to vary the speed of the motor [7, 8]. Pole-

Changing or physical winding reconfiguration by mechanical means was the only method of pole-

changing throughout the 20th century. The coils or stator windings needed to be de-energized 

before the no. of poles could be changed by using a mechanical switch. With the advent of power 

electronics-based devices, pole-changing is now possible and is being performed via the use of 

inverter by electronic means and can be seen as usable in traction applications [9].  

 

 

 

 

Figure 2.1: Physical rewinding configuration for 8-pole operation [10]. 
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2.1.1 Physical Pole-Changing 

Physical pole-changing consists of reconfiguration of windings using mechanical switches. 

A machine can be wound with two sets of windings, each representing a different pole count for 

different speeds. Poor winding utilization and oversized machines are some of the disadvantages 

for such an approach [11]. An example of physical pole-changing is the Dahlander winding 

connection where a series connection is obtained by turning on specific switches to result in an 8-

pole connection whereas a parallel connection is obtained by turning on alternative switches to 

result in 4-pole connection [10] as shown in Figures 2.1 and 2.2 respectively.  

2.1.2 Electronic Pole-Changing 

Electronic Pole-Changing is a method for changing the pole and phase count of a machine 

by electronic means via an inverter. Electronic pole-changing can be used to operate the motor in 

one pole configuration for one speed range and then to operate the motor in another pole 

configuration for a different speed range.  

 

Figure 2.2: Physical rewinding configuration for 4-pole operation [10]. 
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Osama and Lipo first showed electronic pole-changing without the need of a physical 

winding reconfiguration with 4-pole/2-pole motor via two 3-phase inverters and six stator 

windings by reversing the current directions of certain stator windings [9]. However, the electronic 

pole-changing was accomplished with an instantaneous change in current commands. This resulted 

in a discontinuous torque production during the transition from 4-pole to 2-pole configuration, i.e. 

the torque decreased from the current operating level to a negative value and reached a stable value 

after a certain time. A ramp change in current commands was also used where at the end of the 

pole-changing transition, the 4-pole current commands were linearly decreased to zero whereas 

the 2-pole current commands were linearly increased to zero. Although, this produced a better 

torque transition compared to the instantaneous change in current commands, the 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 Nm as shown in Figure 2.3.  

Miller et al. [12] used a 9-leg inverter for a 72-slot motor for high pole count for a 12-

pole/4-pole operation with 3-phases and 9-phases respectively. They also provided the open-loop 

torque speed curves for the two pole configurations under the same voltage and frequency which 

showed different torque-speed operating regions as shown in Figure 2.4.  

 

Figure 2.3. Torque results for pole-switching transition with ramp change in current 
commands [9]. 
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Kelly et al. [10] developed an induction motor for 12-pole/3-phase and 4-pole/9-phase 

operation and used vector control for smooth transition during electronic pole-changing with two 

independent orthogonal reference frames or two sets of d-q windings. The flux commands of the 

incoming pole were stabilized before linearly decreasing the torque commands of the current 

operating pole before linearly increasing the torque commands of the next pole. Although this 

resulted in a better torque transition compared to the instantaneous or step pole-change, the lack 

of analysis related to the flux patterns and comprehensible torque plots make it unclear as to how 

effective the control technique is. There was also a discontinuity in torque production during the 

pole-changing transition where the torque briefly reached a value of zero Nm as shown in Figure 

2.5.  

 

 

 

 

Figure 2.4. Open-loop torque-speed curves for 4-pole and 12-pole configurations [12]. 
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Baoming Ge et al. [13] worked on the design guidelines for a 1:3 Pole-Changing Induction 

Motor and used the similar control principles as [10]. This resulted in currents with two harmonic 

components during the time of the transition as shown in Figure 2.6. However, the transient results 

for the control technique were not provided.   

 

 

Figure 2.6. Line-to-line voltages and phase current during electronic pole-changing [13]. 

 

Figure 2.5. Torque results for a controlled change [10]. 
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Apart from works related to the control of Electronic PCIM, research on the design of the 

Electronic PCIMôs have also been performed. Srinivas et al. [14] compared several designs and 

tried to optimize a motor to result in an improved performance in terms of both winding factor and 

stack length [13, 14]. He was able to design a machine with pole-changing windings to show that 

the axial length of the induction machine can be reduced to have similar starting characteristics 

and constant power region as a baseline machine as shown in Figure 2.7. 

Although research on design and control for 1:2 and 1:3 pole transitions have been 

performed, several questions related to the workings of an Electronic PCIM still remain 

unanswered. 

This dissertation seeks to address those questions as shown below: 

1. How to design the Electronic PCIM windings for an enhanced constant power region? 

2. What is the best method to enable a smooth transition during electronic pole-changing? 

3. When should a pole-change be established?  

 

Figure 2.7. Comparison of Torque-speed characteristics [14]. 
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2.3 Advantages 

Pole-changing Induction Motor has two main advantages: 

1. Enhancement of the constant power region with a lower pole-operation. 

2. Reduction of the motor cost by reducing the stack length of the motor. In comparison 

with a baseline motor, a pole-changing 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 a literature review of the PCIM works of the past. The advantages 

and research gaps of the Electronic PCIM are mentioned which are the focus of the dissertation. 
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CHAPTER 3: Modeling and Control of Electronic PCIM 

3.1 Dynamic d-q Modeling and Control of IM  

This section is focused on the mathematical modeling of IMôs. The modeling is done in d-

q frame which captures the dynamic behavior of the motor. The IM d-q stator voltages, rotor 

voltages, stator flux linkages, rotor flux linkages are given in (3.1)-(3.8) respectively [9]. The 

electromagnetic torque is given in (3.9). For decoupled control of flux and torque, the rotor flux 

of the motor is aligned along the d-axis as shown in Figure 3.1. This results in a zero value for the 

q-axis component of the rotor flux. From (3.4), (3.7) and (3.8), the slip frequency ɤsl or sɤe can 

be extracted in terms of d-q stator currents as given by (3.10) under rotor flux orientation. From 

(3.3) and (3.7), ɚdr is reduced to only the d-axis stator current in steady state. As ɚqr = 0, the Torque 

in (3.9) is reduced to include only the q-axis stator current and the d-axis rotor flux or stator current 

as shown in (3.12). This allows decoupled control of flux and torque by controlling the d-axis and 

q-axis currents.  

                                                       ὠ ὙὭ ‗‫        (3.1) 

          ὠ ὙὭ ‗‫    (3.2) 

           π ὙὭ ‫ ‗    (3.3) 

           π ὙὭ ‫ ‗    (3.4) 

                                             ‗ ὒὭ ὒὭ    (3.5) 

            ‗ ὒὭ ὒὭ           (3.6) 

            ‗ ὒὭ ὒὭ    (3.7) 

            ‗ ὒὭ ὒὭ    (3.8) 

           Ὕ Ὥ‗ Ὥ‗    (3.9) 

                ‫ ‫ ‫                                          (3.10) 

            ‗ ‗ ὒὭ    (3.11) 
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           Ὕ Ὥ ‗    (3.12) 

 

 

3.2 Field-Oriented Control of IM  

Figure 3.2 shows the block diagram for the Field Oriented Control (FOC) where the d-q 

axis reference currents are used along with the d-q axis currents from the motor obtained via 

current sensors from the stator terminals and inverse park transform [15, 16]. The current regulator 

is used to provide the d-q axis reference voltage for the stator terminals which are then converted 

to the abc frame before being passed into the stator terminals. An encoder is needed for the speed 

and position information for converting the current and voltage quantities from abc to d-q 

reference frames and vice versa. 

 

Figure 3.1: Rotor flux orientation for IM. 
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The general d-q stator voltage equations for the motors for control implementation are given in 

(3.13) and (3.14) whereas the equivalent resistance and inductance along with the other parameters 

for IM are given in Table 3.1 [16]. 

ὠ ὙὭ ὒ ‫ὒὭ Ὡ   (3.13) 

ὠ ὙὭ ὒ ‫ὒὭ Ὡ   (3.14) 

TABLE 3.1. PARAMETERS FOR THE VOLTAGE EQUATIONS 

Simplified Parameters Actual Parameters 
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Figure 3.2: Block diagram for FOC. 
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PI controllers are the most common controllers that are used with FOC. Figure 3.3 shows 

the block diagram of a typical control system with PI implementation. The general plant transfer 

function for PI implementation is given in (3.15). The loop gain is given by (3.16) 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 integral (Kp) and the proportional (Ki) parameters to equal the 

ratio of the resistance, R and inductance, L as shown in (3.17). This allows Kp to set the bandwidth 

of the system as shown in (3.18) and Ki is obtained by using the plant parameters and Kp as shown 

in (3.19). This approach yields a system with one real pole and no zero poles or complex poles as 

shown in (3.20) [17, 18]. 

 

                                                                             (3.15) 

                               Ὃί ὑ ί  (3.16) 

                                                                  (3.17) 

                                                              ὑ ‫ὒ  (3.18) 

                                                              ὑ ὑ    (3.19) 

                                         Ὃ ί   (3.20) 

 

 

Figure 3.3: Control system with PI implementation. 
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When implementing the PI controllers for motor control, the d-axis voltage equation 

includes q-axis current terms in addition to the d-axis currents. The same is apparent in the q-axis 

voltage equation. Thus, the cross-coupling terms are considered as disturbances when designing 

the PI controllers and added to the output of the PI controller via feedforward compensation as 

shown in Figure 3.4. 

3.3 AC machine vector diagrams 

AC machine vector diagrams represent the unit vectors created by the flux from sets of 

coils. A coil is comprised of a conductor, c, and its return conductor, cô. Figure 3.5 shows the 

vector diagram of a 3-phase machine. It shows several sets of coils distributed symmetrically with 

the three coils (1 & 1ô), (2 & 2ô) and (3 & 3ô) representing the windings of the three phases. A 

current flowing into conductor 1 returns out of 1ô thereby producing a flux in the direction shown 

by the unit vector u1. Similarly, the unit vectors for u2 and u3 are produced leading to the three 

vectors along the three phase axes. Figure 3.6 shows the vector diagram of a 6-phase machine with 

conductors (1 & 1ô), (2 & 2ô), (3 & 3ô), (4 & 4ô), (5 & 5ô) & (6 & 6ô) producing the proportional 

fluxes in the direction shown by the unit vectors u1 to u6 along the six phase axes [19].  

 

 

 

Figure 3.4: Control system with PI implementation. 
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Figure 3.5: 3-phase AC machine vector diagram [19]. 

 

Figure 3.6: 6-phase AC machine vector diagram [19]. 
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3.4 Dynamic d-q Modeling for Electronic PCIM  

In the literature, modeling and control of Electronic PCIMôs have only been done for fixed 

odd phase configurations [9] with either toroidal or conventional winding topologies and 1:3 pole 

change configurations (e.g., pole-changing from 4-pole / 9-phase to 12-pole / 3-phase and vice 

versa) [10, 15]. However, pole-changing in the case of bar wound and even phase machines have 

not been investigated. The transition has also been accomplished using a simple step change or 

instantaneous pole-changing which leads to a discontinuous torque production [9] and a ramp 

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 pole-changing behavior via a controlled transition using co-

simulation with FEA of a bar wound 8-pole/4-pole PCIM with 16 stator slots (1 bar 

conductor/slot) and 20 rotor bars, as shown in Figure 3.7 and mathematical modeling-based 

simulation of a stranded 4-pole/2-pole PCIM with 36 stator slots and 28 rotor bars as shown in 

Figure 3.8. The choice of 16 stator slots for 8-pole/4-pole PCIM is cost effective compared to 

machines with a higher number of slots and the 1:2 pole configuration allows 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 shown in Figure 3.9, 

is necessary to perform the electronic pole-changing for the 8-pole/4-pole PCIM with 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 form of a-b-c-d-a-b-c-d, the 8-pole 

operation is obtained. Similarly, when the slot connections are supplied with a-b-c-d-e-f-g-h, 8-

phase currents flow through the windings with phase difference of 45° in a 4-pole operation. The 
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pole-changing is accomplished and studied using the FEA model of the motor and co-simulation 

with circuit simulator Activate®. Although FEA models provide accurate results, the high 

processing power required for running such models makes mathematical models ideal for 

development for studying the behavior of a motor. Modeling of induction machines in the d-q 

reference frame allows one to observe the dynamic behavior of the machines which make the 

controller development and implementation easier. A dynamic d-q model is thus developed to 

evaluate the inner workings of the PCIM and compared with the co-simulation results to validate 

its accuracy. Upon establishing the accuracy of the mathematical modeling developed for the 8-

pole/4-pole PCIM, a similar mathematical modeling is developed for the 4-pole/2-pole PCIM. 

The 4-pole/2-pole PCIM is wound with 6 stator windings such that an inverter with 6 legs, as 

shown in Figure 3.10, can be used to perform electronic pole-changing with each stator winding 

connected to each of the 6 legs.  

 

 

 

 

 

(a) 

 

(b) 

Figure 3.7: FEA motor model for (a) 8-pole /(b) 4-pole PCIM. 
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Figure 3.9: Inverter with 8 legs. 

 

 

 

 

 

 

 

 

Figure 3.8: FEA motor model for 4-pole /2-pole PCIM. 

 

 

Figure 3.10: Inverter with 6 legs. 
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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 torque-speed envelope [17, 18]. 

For a PCIM, the motor characteristics can be defined using two torque-speed characteristics, as 

shown in Figure 3.11 where one set of characteristics is specific to the higher pole configuration 

and the other is specific to the lower pole configuration. Once the frequency and thereby the speed 

limits of the higher configuration is reached, pole-changing is done to the lower pole configuration 

to extend the constant power range of the motor. For a smooth transition from one pole to another, 

pole-changing needs to take place in a torque-speed region, which is common to both the pole 

configurations. 

For the 8-pole/4-pole PCIM, when the slot connections are supplied by the phase currents 

for 8-pole configuration, the d8-q8 plane is excited, as shown in Figure 3.12, which rotates at a 

velocity of 8*ɤrm/2, where ɤrm is the mechanical speed of the motor. When the slot connections 

are excited for the 4-pole configuration, the d4-q4 plane, as shown in Figure 3.13, is excited which 

rotates at a velocity of 4*ɤrm/2. Similarly, for the 4-pole/2-pole PCIM, when the stator windings 

are supplied by 3-phase and 6-phase currents, the d-q plane for the 4-pole and 2-pole configurations 

are excited as shown in Figures 3.14 and 3.15 respectively. The torque expressions for the 

 

Figure 3.11: Torque-speed characteristics. 
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individual pole-phase configurations are combined to obtain the torque output of the motor. The 

motor is operated using the principle of the indirect field-oriented control or vector control with 

two q-axis current commands and two d-axis current commands (d-q current commands for the 

higher pole and lower pole configurations). For the purpose of modeling, the rotor flux, ɚr,  and 

electromagnetic torque, T of the motor is given by the summation of the rotor flux and torque of 

the individual pole configurations, as shown in (3.21) ï (3.24), where ɚr,HP and ɚr,LP are the rotor 

flux expressions; Te,HP and Te,LP are the torque expressions; Tr,HP and Tr,LP are the rotor time 

constants for the higher pole (8-pole) and lower pole (4-pole) configurations respectively. 

‗ ‗ȟ ‗ȟ                    (3.21) 

‗ ȟ

ȟ

Ὥȟ
ȟ

ȟ

Ὥȟ                                           (3.22)   

         Ὕ Ὕȟ Ὕȟ                   (3.23) 

Ὕ ȟ

ȟ
‗ȟ Ὥȟ

ȟ

ȟ
‗ȟ Ὥȟ                                  (3.24)     

The controller for the indirect field-oriented control uses the rotor flux and torque 

commands for generating the d-axis and q-axis current commands as shown in (3.25) and (3.26). 

The d-q commands are then converted into the stator winding currents using the inverse park 

transformation matrix from the flux and torque commands for the current mode motor model as 

shown in Figure 3.16. Two such controllers are used for controlling the motor, one for the higher 

pole operation and the other for the lower pole operation. The only difference between the two 

controllers are the reference values and the operational parameters. The stator winding current 

commands from the respective controllers are summed and then sent to the motor for controlling 

the torque and flux.  

              Ὥᶻ
ᶻ

                                                                          (3.25) 

                                   Ὥᶻ
ᶻ

                                                                      (3.26) 
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Figure 3.12: Alignment between the winding and d-q currents for 8-pole 
operation. 
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Figure 3.13: Alignment between the winding and d-q currents for 4-pole 
operation. 
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Figure 3.14: Alignment between the winding and d-q currents for 4-pole 
operation. 

 

 

 

 

 

 

 

 

Figure 3.15: Alignment between the winding and d-q currents for 2-pole 
operation. 
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For the voltage mode motor model in Figure 3.17, the d-axis and q-axis current commands 

from the higher pole and lower pole configurations are compared with the d-axis and q-axis current 

commands from the motor model, obtained by using the inverse transformation of the stator 

winding currents, and then passed through the PI controllers for generating the voltage commands 

which are then fed to the motor terminals. The voltage commands in d-q frame are converted to 

abcén commands for each pole configuration. The nth phase voltage commands for each pole are 

summed to generate the modulating signal for each phase as shown in Fig, 3.18. The modulating 

signal is then compared with a high frequency carrier wave to generate the PWM signals for 

switching the inverter.  

 

Figure 3.16: Commands for the current mode motor model. 
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Figure 3.17: Block diagram for the voltage mode motor model. 

 

 

 

 

 

 

 

Figure 3.18: n-phase modulating signals. 
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3.5 Torque and Flux Densities 

The electromagnetic torque of the induction motor results from the interaction of the 

resultant air gap flux density, Bg and the rotor flux density, Br as shown in (3.27). Bg and Br are 

given as a summation of the flux densities for the individual pole operations in (3.28) and (3.29), 

respectively; where BgL and BgH represent the air gap flux densities for the lower pole and the 

higher pole configuration; BrL and BrH represent the rotor flux densities for the lower and higher 

pole configuration; ɤe and ɤr represent the angular frequency for stator and rotor currents; t 

represents the time; PL and PH represent the number of poles for the two pole configurations; ᶫ1, 

ᶫ2, ʟ 3 and ʟ 4 represent the phase offsets and ɗ represents the mechanical position [20]. 

                          Ὕ ᷿ ὄ Ὠ—                    (3.27) 

ὄ ὄ ÃÏÓ‫ὸ — ‰  ὄ ÃÏÓς‫ὸ — ‰                           (3.28) 

ὄ ὄ ÃÏÓ‫ὸ — ‰  ὄ ÃÏÓς‫ὸ — ‰                            (3.29) 

The resultant torque can be given by 

Ὕ
Ὣὰὶ

‘
ςὄ ὄ “ÃÏÓ‫ὸ ‫ὸ ‰ ‰  τὄ ὄ “ÃÏÓς‫ὸ ς‫ὸ ‰ ‰  

(3.30) 

Under steady state (ɤe = ɤr), the torque equation is reduced to 

Ὕ ςὄ ὄ “ÃÏÓ‰ ‰  τὄ ὄ “ÃÏÓ‰ ‰                         (3.31) 

The resultant torque expression shows that the air gap flux density wave of the lower pole 

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 stabilizing controls-based pole transition 

algorithm for the PCIM whereas Figure 3.20 shows the manner in which the d-axis and q-axis 

currents are supplied to ensure the pole transition. The 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 five times 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 the q-axis current or torque command is given before eventually reducing 

the initial d-axis current to zero.  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.19: Flowchart for controlled transition of the PCIM. 
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3.7 Simulation of PCIM 

When the PCIM is operating in the 8-pole configuration, it may be desirable to make a pole 

change to the 4-pole configuration to attain a required operating point, which is outside the domain 

of the 8-pole operation. An example, with a constant speed of 3580 rpm and an electromagnetic 

torque of 11.9 Nm, is considered in this chapter to showcase the pole-changing transition where 

the eight windings of the induction motor are supplied with currents at 240 Hz for 8-pole operation 

and currents at 120 Hz for 4-pole operation. Three pole-changing scenarios are presented here.  

Scenario I is related to an instantaneous change in the d-q currents for both the 8-pole and 4-pole 

configurations; In scenario II, the rotor flux is stabilized before giving the torque commands in the 

 

Figure 3.20: d-q current commands for controlled transition. 
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ramp change and; In scenario III, the rotor flux is stabilized before initiating an instantaneous 

change in torque commands thereby resulting in a controlled transition. 

Figures 3.21 shows the torque results for pole-changing transition with a step change or 

instantaneous pole transition in case of both the co-simulation and mathematical modeling. Figures 

3.22, 3.23 and 3.24 show the flux diagram for the PCIM for 8-pole operation at 0.5s, 4-pole 

operation at 1s and 4-pole operation at 1.5s respectively. Figure 3.25 shows the stator flux results 

for pole-changing transition with an instantaneous pole transition of both the co-simulation and 

mathematical modeling. Figure 3.26 shows the zoomed in results. The windings are initially 

supplied with 8-pole currents of constant magnitudes until 0.6s, whereas only 4-pole currents are 

supplied from 0.6s onwards. When the instantaneous change is initialized, a discontinuous torque 

is produced during the pole change, as the torque for the 4-pole configuration is not affected by 

the rotor flux of the 8-pole configuration. Although the windings are supplied with constant 

magnitudes of currents, the 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 for the 8-pole 

operation builds up and decays according to the rotor time constant of 84 ms whereas the torque 

for the 4-pole operation is dependent on the rotor time constant of 237 ms, which is 2.82 times 

greater than the rotor time constant for the 8-pole operation. The co-simulation results for the 

torque and stator flux are similar to the results obtained from the mathematical modeling with a 

maximum percentage difference of 2 %. 
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Figure 3.21: Instantaneous change results for Torque (scenario 
I). 

 

 

 

 

 

 

 

Figure 3.22 Flux diagram at 0.5s. 
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Figure 3.23: Flux diagram at 1s. 

 

 

 

 

 

 

 

Figure 3.24: Flux diagram at 1.5s. 
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Figure 3.27 (scenario II & scenario III) shows the command profiles for the rotor flux to 

ensure a smooth and continuous torque during pole-changing. Initially, the rotor flux command 

for the 8-pole operation is provided. Before starting the torque command for the 4-pole operation, 

the rotor flux command for the 4-pole operation is provided at 0.8s to stabilize the rotor flux for 

 

Figure 3.21: Results for Stator Flux during the 8-pole operation 

 

 

 

 

 

 

 

Figure 3.26: Results for Stator Flux (zoomed). 

 

 

 

 

 

 

 

Figure 3.25: Instantaneous change results for Stator Flux (scenario 
I). 
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the 4-pole operation. During the ramp transition, Figure 3.28, the torque command of the 8-pole 

operation is linearly decreased while the command for the 4-pole operation is linearly increased 

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

transition scenario, Figure 3.29, the Torque commands are given an instantaneous change at 2 s. 

Figure 3.30 shows the torque results during the pole-changing transition 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 controlled transition reaches steady 

state with a shorter transient torque ripple. Thus, the controlled transition is preferable to the ramp 

transition. 

 

 

 

 

 

Figure 3.27: Command profile for rotor flux (scenario II & III ). 
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Figure 3.28: Command profile for Torque (scenario II). 
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Figure 3.29: Command profile for Torque (scenario III). 

 

 

 

 

 

Figure 3.30: Torque during pole-changing transition (scenario II, III). 
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Figure 3.31: Controlled transition torque results (scenario III). 

 

 

 

 

 

 

 

Figure 3.32: Controlled transition stator flux results (scenario III). 
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Figure 3.33: Controlled transition stator flux results (zoomed in). 

 

 

 

 

 

 

 

 

Figure 3.34: Flux diagram at 0.75s. 
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Figure 3.35: Flux diagram at 1.5s. 

 

 

 

 

 

 

Figure 3.36: Flux diagram at 2s. 
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Figure 3.37: Flux diagram at 2.5s. 

 

 

 

 

 

 

 

Figure 3.38: Flux diagram at 3.5s. 
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Figure 3.31 shows the torque for the controlled transition change with the voltage mode 

model for both the co-simulation and the mathematical modeling. The torque for the mathematical 

model is closely aligned with the Co-simulation results for both transient and steady scenario 

except for the instant of torque transition at 2s. The inaccuracy of the transient ripple could be 

attributed to the fact that the parameters were kept constant for both the controller and the motor 

model of the mathematical model unlike the Co-simulation where the FEA motor is more dynamic. 

Figure 3.32 shows the stator flux results and Figure 3.33 shows the zoomed in results for the stator 

flux with the controlled transition change in the midpoint region of the stator flux transition. The 

stator flux from the mathematical modeling is closely following the results from the co-simulation 

on a cycle-by-cycle basis. Figures 3.34-3.39 show the flux diagram of the PCIM for 0.75s, 1.5s, 

2s, 2.5s, 3.5s and 4.5s respectively. The PCIM was in 8-pole at 0.75s as shown by the 8 circular 

flux regions in Figure 3.34. As the electronic pole-changing transition was initialized at 0.8s and 

ended at 3.2s, the flux diagrams in Figures 3.35, 3.36 and 3.37 are distorted due to the presence of 

both 8-pole and 4-pole 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 regions in Figures 3.38 and 3.39 respectively. 

 

Figure 3.39: Flux diagram at 4.5s. 

 

 

 

 

 

 



   

46 

 

Overall, the torque and stator flux results between the co-simulation and mathematical modeling 

are similar with a percentage difference within 1-2 %.  Thus, the mathematical modeling can be 

used for studying the pole-changing characteristics of the motor for further analysis. 

Figures 3.40, 3.41 and 3.42 show the airgap flux density plots for the PCIM at 0.6s, 2s and 

4.5s respectively. Figure 3.40 shows the PCIM in 8-pole operation at 0.6s as evidenced by the 4 

positive and negative peaks. In Figure 3.41, there is not a continuous pattern of positive and 

negative peaks as the PCIM is in the process of transitioning from 8-pole operation to 4-pole 

operation. Figure 3.42 shows the PCIM in 4-pole operation at 4.5s as evidenced by the 2 

continuous positive and negative peaks.   

 

 

 

 

 

 

 

 

 

 

As the mathematical modeling results for the 8-pole/4-pole PCIM are similar to the co-

simulation results, the mathematical modeling for the 4-pole/2-pole PCIM is developed in a similar 

fashion by adding the rotor flux and torque expressions for the PCIM of the 4-pole and 2-pole 

configurations. Figures 3.43 and 3.44 show the torque results for the 4-pole/2-pole PCIM for 

 

Figure 3.40: Airgap Flux Density at 0.6s (8-pole operation). 
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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 pole-changing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.41: Airgap Flux Density at 2s (Torque Transition). 

 

 

 

 

 

 

 

 

Figure 3.42: Airgap Flux Density at 4.5s (4-pole operation). 
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Figure 3.43: Instantaneous transition torque results for 4-pole/2-pole 
PCIM. 

 

 

 

 

 

 

 

 

Figure 3.44: Controlled transition torque results for 4-pole/2-pole PCIM. 
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3.8 Conclusion 

The development of a mathematical d-q model and control of the 4-pole / 8-pole induction 

motor using a controlled transition are presented in this chapter. It is observed that the controlled 

transition results in a continuous torque production during pole-changing with a shorter time 

required to reach steady state and a shorter transient torque ripple as opposed to both the 

uncontrolled transition and the ramp transition. While a co-simulation of the FEA motor model 

with a 1 s duration takes approximately 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 PCIM in a shorter time in comparison the FEA. The co-simulation 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 PCIM in general. 
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CHAPTER 4: Design of Electronic PCIM 

4.1 Pole-Changing Windings 

The stator slots of a pole-changing induction motor are wound such that multiple stator 

windings can be accessed from the motor instead of the traditional three-phase windings 

commonly found in the conventional three-phase motors. The direction of currents in certain coils 

or slot connections is varied using an inverter where appropriate to electronically change the 

operating pole configuration. The ideal method of operating such a motor is to start with the high 

pole configuration when accelerating and to change to the low pole configuration during cruising 

or operating in the later stages [9, 10, 13, 14, 15]. 

In the literature, pole-changing induction motors have been studied while taking mainly 

the control aspects of the motor into account where the direction of currents is reversed in certain 

windings to result in pole-changing [9, 10, 13, 15]. A motor built for 4-pole operation may not be 

suitable for 2-pole operation as the flux linkage associated with the 2-pole operation is higher than 

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

 

Figure 4.1. Motor-CAD 36 slot induction motor model. 
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is wound with a fixed coil span, it is not possible to obtain a desirable winding factor with both the 

pole configurations and this results 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 design study is carried out for a 4-pole/2-pole induction motor for 

electronic pole-changing with 36 stator slots, 28 rotor bars, as shown in Figure 4.1, for electronic 

pole-changing by using a standard 5 HP, 4-pole motor available commercially as the baseline 

motor. The pole-changing motor gives an improved performance in comparison with the 

commercial or baseline motor in terms of torque and output power for applications where extended 

speed range of operation is required. The stator slots are wound with six stator windings or two 

sets of three-phase windings (A1, B1, C1 and A2, B2, C2) to be controlled using an inverter with 

six legs, as shown in Figure 4.2. When the stator windings are supplied with three-phase currents 

in the same direction, as shown in Figure 4.3, a 4-pole operation is obtained. When the direction 

of currents in one set of windings is reversed while keeping the current in the other set the same 

as before, as shown in Figure 4.4, a 2-pole operation is obtained. The motor is simulated using the 

 

Figure 4.2. Inverter with six phase legs. 
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Finite Element Analysis (FEA) and the analytical computation tools in Motor-CAD to find the 

design most suitable for the ideal pole-changing motor. Several windings optimized for 2-pole and 

4-pole configurations are studied to find the most suitable type of winding and criteria for the pole-

changing induction motor. 

4.2 MMF Diagrams and Airgap Flux Density 

Figure 4.5 shows the MMF of the a-phase winding of the baseline motor. It represents the 

pattern for 4-pole configuration as there are two positive and two negative peaks. Figures 4.6 and 

4.7 show the MMFôs of the PCIM for the a-phase winding, obtained by the combination of the 

MMFôs of the individual windings a1 and a2, for 4-pole and 2-pole configuration respectively. 

The current direction is reversed in a2 to change the number of poles from four to two as evident 

 

Figure 4.3. Phase distribution for 4-poles. 

 

Figure 4.4. Phase distribution for 2-poles. 
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by the change in the number of peaks from 4 in Figure 4.6 to 2 in Figure 4.7. The pattern of the 

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

 

 

Figure 4.5. MMF diagram for baseline motor. 

 

Figure 4.6. MMF diagram for 4-pole PCIM operation. 
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4.3 Induction Motor Capability Curve  

 Figure 4.8 shows the per-phase equivalent circuit of an induction motor where Vs, Is, Rs, 

e, Xls, Xm, Xlr, Rr 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 Induction Motor Capability Curve where Te, Vlim, I lim, b, sl and sl_pk 

 

Figure 4.8. Equivalent circuit of induction motor [16]. 

 

Figure 4.7. MMF diagram for 2-pole PCIM operation. 
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represent the torque, stator voltage limit, stator current limit, base angular frequency, slip angular 

frequency and peak slip angular frequency. The capability curve is the maximum torque-speed 

range under DC bus voltage and current limitations. The flux of the motor is held at the rated value 

in the constant torque region until the base speed, where the DC bus voltage limit is reached. Once 

the voltage limit is reached (Vs = Vlim), the flux of the motor is decreased proportionally with respect 

to the speed (1/ e) to mark the flux or field weakening region. This ensures that voltage across the 

magnetizing inductance, Em is held at a constant value for the field weakening region as Em = e. 

ɚm. As the speed increases, the leakage reactance of the rotor, e Llr, increases and thus the slip 

frequency is increased accordingly to keep both the rotor current, Ir, and the stator current constant. 

As e = r + sl, where r is the motor speed, the output power of the motor (Po = Te. r) is 

maintained constant assuming the slip frequency and voltage drop due to the stator leakage 

inductance is negligible. Once the peak slip frequency is reached and the pull-out torque occurs, 

the slip frequency is held at a constant value and the stator and rotor current decreases with further 

increase in speed. The torque then decreases at a rate inversely proportional to the square of e 

since Ir is decreasing inversely proportional to ɤe along with the decreasing flux.  
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4.4 Pole-Changing Motor Design 

The winding for the baseline motor yields a zero-winding factor for 2-pole operation and 

is thus unsuitable for pole-changing operation. Therefore, different single layer and double layer 

windings are analyzed to find the ideal winding arrangement for pole-changing, i.e. the winding 

that results in high torque with one pole configuration and an enhanced constant power region with 

the other pole configuration, while keeping the number of conductors per slot and the slot fill factor 

the same as the baseline motor for an accurate comparison. The 4-pole/2-pole motor can be wound 

for having an improved performance in either 4-pole or 2-pole configuration. As shown in Table 

4.1, a motor winding optimized for 4-pole configuration will have a better winding factor, and 

thereby, a better copper utilization and an increased torque response in the 4-pole operation. 

 

Figure 4.9. Torque-speed capability curve of an induction machine [16]. 
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Similarly, winding optimized for 2-pole configuration will yield a better winding factor and 

improved torque performance for the 2-pole operation. The magnetizing inductance (Lm) for the 

motor is given by Eq. (4.1) where µ0, D, L, ge, k, N, and p represent 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 poles [14]. The torque (Te) for the motor is given by Eq. (4.2) where 

Xm, Im, Ir, cos ɲ r, s and ɤe represent the magnetizing reactance, magnetizing current, rotor current, 

air gap power factor, slip and angular frequency [16].   

ὒ
А

                                                 (4.1) 

Ὕ ȿὢ ὍȿȿὍȿÃÏÓɲ                       (4.2) 

With all the other parameters remaining the same, Lm for the 2-pole configuration is greater 

than the Lm for the 4-pole configuration as the effect of the operating poles is more pronounced 

compared to the winding factor. However, in some cases, Xm, i.e the product of the inductance and 

the operating frequency for the 2-pole operation could turn out to be greater than the Xm for the 4-

pole operation and vice versa as the frequency of the two operating poles are different. This in turn 

TABLE 4.1. WINDING FACTOR FOR DIFFERENT WINDINGS 

Optimized 

pole 

Winding type Operating 

Poles 

Winding 

Factor 

Magnetizing 

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 Double Layer 2 0.83 141 
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affects the torque which is higher for the 4-pole operation for certain regions and higher for 2-pole 

operation in other cases. This pattern can be exploited to achieve a pole-changing induction motor, 

which utilizes the benefits of having a dual mode of operation under the same DC bus constraints 

of voltage and current [17]. 

4.4.1 Single Layer Winding 

Figure 4.10 shows the comparison of the torque-speed characteristics of the baseline motor 

with single layer pole-changing windings optimized for 4-pole operation. As the torque is 

proportional to the winding factor, the single layer winding results in a torque-speed performance 

which is comparable to that of the baseline motor due to the two having similar values of winding 

factor (0.95 and 0.96 for the baseline motor and single layer pole-changing motor, respectively). 

However, in this winding configuration, there is no incentive for switching to the 2-pole 

configuration as the torque-speed curve of the 2-pole configuration is always below that for the 

curve of the 4-pole configuration due to the low winding factor of 0.70. Figure 4.11 shows the 

magnetizing reactance for the two operating poles for single layer pole-changing windings 

optimized for 4-pole operation.  The magnetizing reactance for the 2-pole operation is also either 

less than or equal to the magnetizing reactance for the 4-pole operation. Thus, although a single 

layer winding gives a good performance during 4-pole operation, the lack of an improvement in 

the constant power region during the 2-pole operation makes it an improper choice for pole-

changing operation. 
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The single layer winding optimized for the 2-pole configuration results in a torque speed 

performance where the torque-speed characteristics of the 2-pole operation is the same as that of 

the baseline motor and is always greater than that for the 4-pole operation, as shown in Figure 

 

Figure 4.10. Baseline motor comparison with single layer windings (4 pole optimization). 

 

Figure 4.11. Magnetizing reactance of the two operating poles (4-pole optimization). 
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4.12. This is due to the poor winding factor of 0.48 for the 4-pole operation which is much lower 

than the winding factor of 0.96 for the 2-pole operation. The magnetizing reactance for the 4-pole 

operation is also lower than that for the 2-pole operation throughout the whole range of operation, 

 

Figure 4.12. Baseline motor comparison with single layer windings (2 pole optimization). 

 

 

Figure 4.13. Magnetizing reactance of the two operating poles (2-pole optimization). 
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as shown in Figure 4.13. Thus, the single layer winding configuration is not suitable for a pole-

changing motor either as there is no added benefit of switching from one pole configuration to 

another. 

4.4.2 Double Layer Winding 

When the motor is wound with double layer winding optimized for the 4-pole operation, it 

results in an improvement in the torque-speed characteristics, as shown in Figure 4.14 and an added 

benefit for switching from the 4-pole configuration to the 2-pole configuration. Although the 

torque obtained in the initial constant torque region is lower with the 4-pole configuration 

compared to the baseline motor due to the reduced winding factor of 0.83, there are benefits to 

switching from the 4-pole configuration to the 2-pole configuration for an improved torque and 

power response. This pattern is also reflected in the magnetizing reactance graph, Figure 4.15, 

which shows higher values for the 4-pole operation in comparison with the 2-pole operation from 

3000 rpm onwards. 

 

Figure 4.14. Baseline motor comparison with double layer windings (4 pole optimization). 
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The double layer winding optimized for the 2-pole configuration results in a decreased 

torque for both the 4-pole and the 2-pole operation compared to the baseline motor where the 2-

pole curve always stays above the curve for the 4-pole operation as shown in Figure 4.16. This is 

due to the low winding factor values of 0.72 and 0.83 for the 4-pole and 2-pole operations, 

respectively which are much lower than the 0.95 winding factor of the baseline motor leading to 

considerable decrease of the torque performances in turn. The magnetizing reactance values for 

the 4-pole operation is also lower than that for the 2-pole operation as shown in Figure 4.17. 

Therefore, the only winding arrangement suitable for pole-changing operation is the double 

layer winding optimized for 4-pole 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. 

 

Figure 4.15. Magnetizing reactance of the two operating poles (4-pole optimization). 
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Figure 4.16. Baseline motor comparison with double layer windings (2 pole optimization). 

 

 

Figure 4.17. Magnetizing reactance of the two operating poles (2-pole optimization). 
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4.4.3 Winding Design Summary 

As the baseline motor winding is not suitable for pole-changing operation, two single 

layer and two double layer windings were studied to find the ideal pole changing motor type. 

With the same dc bus constraints, the double layer winding optimized for 4-pole operation 

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 optimized for 4-pole configuration is suitable for pole-

changing, it results in a lower torque response in the low-speed 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 operation, there are chances of saturation with the 2-pole operation when the motor is 

rewound for pole-changing operation. Thus, the design of the baseline motor is modified, with the 

aid of parameter sweep in Motor-CAD FEA, to increase the initial torque response and avoid 

saturation during 2-pole operation. As shown in Table 4.2, the number of turns and consequently 

the number of conductors in the slot is increased from 68 to 84 to result in a higher torque 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 the baseline motor to 19 in the pole-changing motor. 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 2-pole operation which has a higher flux linkage. The tooth width is reduced from 4 to 3.5 

mm to allow sufficient space for the conductors. The number of turns and the number of strands 

in hand are kept the same for the pole-changing 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 pattern, the linear winding pattern and the circular winding 

pattern of the six stator or phase windings with the slot numbers are given in Figures 4.18, 4.19 

and 4.20 respectively. The phases in a single set of 3-phase windings are 120 degrees apart whereas 

the spatial difference between two successive windings, e.g., a1 and c2, is 60 degrees. Figure 4.21 

and 4.22 shows the linear and circular winding patterns for the a-phase windings a1 and a2. The 

windings are kept 180 degrees apart. The current directions for the two three-phase windings are 

kept in the same direction for 4-pole operation whereas the direction of the one set of three-phase 

windings, marked in red, are reversed for 2-pole operation. The linear and circular winding pattern 

for the individual stator windings a1, b1, c1, a2, b2, and c2 are shown in Figures 4.23-4.34. The 

dimensions and design parameters of the PCIM are shown in Table 4.3. The flux density maps for 

the 4-pole and 2-pole operation are given in Figures 4.35 and 4.36, respectively which show that 

flux values are below the saturation limit of 1.7 T. 
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TABLE 4.2. DESIGN CHANGES 

Parameter Baseline motor Pole changing 

Winding 

arrangement 

Single Layer Double Layer 

Number of turns 34 21 

Strands in hand 2 2 

Conductors per slot 68 84 

AWG 18 19 

Fill factor 0.4 0.4 

Slot depth (mm) 20 18.5 

Tooth width (mm) 4 3.5 

 

 

Figure 4.18. Winding pattern. 

 

Figure 4.19. Linear winding pattern. 
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Figure 4.21. Linear winding pattern for the a-phase windings. 

 

Figure 4.20. Circular winding pattern. 
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Figure 4.22. Circular winding pattern for the a-phase windings. 



   

69 

 

 

 

 

 

Figure 4.23. Linear winding pattern for the a1 windings. 

 

Figure 4.24. Circular winding pattern for the a1 windings. 
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Figure 4.25. Linear winding pattern for the b1 windings. 

 

Figure 4.26. Circular winding pattern for the b1 windings. 
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Figure 4.27. Linear winding pattern for the c1 windings. 

 

Figure 4.28. Circular winding pattern for the c1 windings. 


