
Design and Analysis of Dual Rotor Motor for Electric Vehicle Application

Ankit Dalal



TH-1842_11610205



Design and Analysis of Dual Rotor Motor for Electric Vehicle
Application

A

Thesis submitted

for the award of the degree of

Doctor of Philosophy

By

Ankit Dalal

Department of Electronics and Electrical Engineering

Indian Institute of Technology Guwahati

Guwahati - 781 039, Assam, India

November 2017
TH-1842_11610205



TH-1842_11610205



Dedicated to

My Beloved Parents

TH-1842_11610205



TH-1842_11610205



Certificate

This is to certify that the thesis entitled “Design and Analysis of Dual Rotor Motor for Electric

Vehicle Application”, submitted byAnkit Dalal (11610205), a research scholar in theDepartment

of Electronics and Electrical Engineering, Indian Institute of Technology Guwahati, for the award of

the degree ofDoctor of Philosophy, is a record of an original research work carried out by him under

my supervision and guidance. The thesis has fulfilled all requirements as per the regulations of the

institute and in my opinion has reached the standard needed for submission. The results embodied in

this thesis have not been submitted to any other University or Institute for the award of any degree or

diploma.

Date: Dr. Praveen Kumar

Place: Guwahati. Associate Professor

Dept. of Electronics and Electrical Engg

Indian Institute of Technology Guwahati

Guwahati - 781 039, Assam, India.

TH-1842_11610205



TH-1842_11610205



Acknowledgements

First of all, I would like to thank my parents for all the love, support and belief they have given me

over the course of my life. No words are enough to express their selfless love, affection and support.

I feel it as a great privilege in expressing my deepest and most sincere gratitude to my supervisor

Dr. Praveen Kumar, for his excellent guidance throughout my study. His kindness, dedication, hard

work and attention to detail have been a great inspiration to me. My heartfelt thanks to you sir for the

unlimited support and patience shown to me. I have no doubts that finishing my degree in a proper

and timely manner was impossible without his helps, suggestions and advices.

I am also very thankful to my doctoral committee members Prof. Somanath Majhi, Dr. Praveen

Tripathy and Dr. Sisir Kumar Nayak for sparing their precious time to evaluate the progress of my

work and providing constructive criticism. I would also like to extend my gratitude to staff members

of the department for providing all the necessary facility to carrying out this research work. I am

thankful to Electrical Machines Lab, EEE Department, IIT Guwahati for providing all the necessary

resources to complete my work specifically the dSPACE system for testing the DRM. I would like to

extend my sincere thanks to all my beloved friends, past and present - too big to list here. You guys

have been excellent and it would be difficult to find a working group as good as you. I would like to

acknowledge the help extended by NFTDC, Hyderabad. I specially thank the director of NFTDC Dr.

K. Bala Subramanian, Mr. Deepak Kulkarni sir and Mr. Ramaswamy sir for their support at every

stage of DRM development. I thank DST, Govt. of India for funding the project on DRM.

I truly acknowledge the efforts made by co-author Sameer Nekkalapu during the implementation

of the sub domain model of DRM presented in the third chapter of the thesis. I also acknowledge the

help and guidance provided by co-author Mohammed Nasir Ansari to realize the work on electrical

equivalent circuit of DRM, presented in the fourth chapter of the thesis.

Finally, I would like to thank all my beloved friends Saroj, Abhishek, Brajesh, Rakesh, Kashyap,

Upendra, Gautam, Brijesh, Rajendra, Karam, Santosh, Sikandar, Umesh and Sushanta for their help,

love, and support during my stay at IITG. I would like to specially acknowledge all the help extended

by Ranjeet during my stay in Hyderabad. During the course of time, many people have supported

TH-1842_11610205



morally, financially, emotionally at different stages. It is difficult to remember and include name of

all and therefore if I have missed anyone of you please forgive me as a true friend.

Ankit Dalal

x

TH-1842_11610205



Abstract

Increasing global warming and limited reserves of fossil fuels have created the need for

alternatives to conventional internal combustion engines (ICE) based vehicles as primary

mode of transport. In present time, Electric Vehicles (EV) are being seen as the solution

for these problems. EVs integrated with renewable energy sources, completely eliminate

dependence on fossil fuel as well as can drastically reduce emission of greenhouse gases.

Therefore, a lot of attention is being given to the development of efficient, reliable and

cost effective EVs by automobile industry as well as academic institutions.

Electric powertrain consisting of electric motor, drive system and battery as the main

source of energy, is the most important part of an EV. Among all these parts, electric

motor is responsible for driving the vehicle. Therefore, its rating, efficiency, control, cost

etc. are very important factors from EV application viewpoint. Therefore, design and

analysis of a motor suitable for EV application have been chosen as the aims for this the-

sis. Different types of motors can be used for EVs. EVs operating with induction motor,

permanent magnet brushless DC motor and brushed DC motors have been manufactured

by vehicle manufacturers. The thesis begins with a review of various type of motors used

for EVs. A qualitative comparison of different motors has been presented. Subsequently,

a need for a Dual Rotor Motor (DRM) having advantages of these motors and improving

on their shortcomings is highlighted.

The second part of the thesis focuses on various possible configurations of DRM and

describes the approach that has been adopted to finalize a configuration for further design

and analysis.

The third part of the thesis deals with the analysis models developed for understanding of

working principle and performance calculation of DRM. A 2-D analytical model using
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subdomain model approach has been developed to calculate air-gap magnetic field as

well as electromagnetic torque in the motor. For quick performance calculation of DRM

steady state model comprising of electrical equivalent circuit and torque equation has

been developed.

The final part of the thesis describes the design, prototyping and testing of DRM. Detailed

electrical and mechanical design of DRM is presented. Pictures of different motor parts

at different stages of manufacturing are given for practical visualization. The analysis

models developed in the third part of the thesis have been validated with the experimental

results in the testing of DRM section.

The prototype of DRM presented in the thesis is not an optimized one and power density

and efficiency of the motor were not focused on. The presented motor is first prototype in

the ongoing research work and thus considering the mechanical complexities and avail-

ability of resources, the scope of the practical work was limited to proof of concept of

DRM and understanding of challenges involved. The lessons learnt during the process

will be implemented during manufacturing of subsequent prototypes of DRM.
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1.1 Introduction

1.1 Introduction

In recent times, a lot of attention is being given towards development of Electric Vehicles (EVs),

however, commercialized EVs were introduced more than a century ago in the automobile market. In

fact the EVs were the preferred mode of commuting in the late 19th and early 20th century [2,3]. Other

alternatives available at that time were the steam engine vehicles (SEVs) and internal combustion

engine vehicles (ICEVs) [4]. EVs were preferred over the competitors due to the following reasons:

• EVs were cleaner compared to the SEVs and ICEVs.

• SEVs and ICEVs used to produce a lot of noise and vibration, whereas, EVs’ operation was

almost vibrationless and very silent.

• SEVs and ICEVs required manual start using crankshaft and also gear shifts to drive, which

made the drive cumbersome and undesirable.

• At that time, travel was mostly local in nature as roads were not well developed and with their

limited range of operation, EVs were the perfect choice.

In the early 20th century factors such as easy availability of gasoline, invention of electric starter

by Charles Kettering and mass production of ICEVs by Henry Ford made ICEVs affordable and easy

to drive. Moreover, the expansion in the road network improved connectivity among different cities

and fueled the need of long range vehicles. EVs could not fulfil these demands of time and hence

their popularity declined and gave rise to the era of ICEVs.

In recent years, EVs and Hybrid electric vehicles (HEVs) have regained the attention in the auto-

mobile sector [5–7]. This is mainly due to rising concerns of increasing air pollution, depleting fossil

fuel reserves and increased greenhouse gas emissions. Road transport accounts for nearly 75% of

the total transport greenhouse gas emission [8]. These factors are forcing the current transportation

system to be more efficient and less dependent on conventional sources of energy. With the advance-

ments in power electronics, battery technologies, high speed programmable devices; EVs and HEVs

offer promising solution to these challenges [7].
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Figure 1.1: Typical system schematic of EVs.

Fig. 1.1 shows a typical system schematic for an EV [9]. It consists primarily of power source

(battery), power converters, motor and peripheral devices. One of the most important part of an EV

is its motor used for propulsion. An electric motor (EM) can be operated in a wide speed range.

Advanced use of power electronics has enabled the use of conventional motors over wide range while

maintaining its performance. An EM when properly controlled over its operating range can maintain

efficiency of more than 90%, whereas ICE operates in an efficiency range of 30%− 45%. Thus,

in comparison of ICE, EM has very high efficiency and therefore is suitable to be used for vehicle

propulsion. Thus, aim of this thesis is to investigate the different types of motor being used in EVs

presently and attempt to solve the challenges in their further development. In this regard, required

characteristics of an EM for EV application need to be discussed.

1.2 Expected characteristics of motor drives for EVs

In an EV, EM is the only source of traction power. Therefore, it is desired that the operating

characteristic of EM used for EV application must be similar to that of a vehicle. The Fig. 1.2 shows

the desired torque and power characteristic for EM in EV application [10]. From the figure, it can

be seen that the motor used in EV should have a small constant torque region and a large constant

power region. The constant torque region is necessary to meet the starting and acceleration demands

whereas the constant power region is important for high speed operation.
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Figure 1.2: Desired output characteristics of electric motor drives in EVs.

Besides the characteristics shown in Fig. 1.2, the EMs for EVsmust meet the following require-

ments:

• High power density.

• High torque at low speed and high power at high speed.

• Very wide speed range with constant power.

• Fast torque response.

• High efficiency over wide speed range.

• High efficiency in regenerative mode.

• High reliability and robustness for vehicle operating conditions.

• Reasonable cost.

• Fault tolerant.

There is no single motor that can meet all the above requirements. EV manufacturers have used

different types of motors and it is necessary to do a comparative analysis of different types of motors.

Following section presents a comparative study of different motors used for EV application.
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1.3 Motors used in EVs

Different vehicle manufacturers have employed different types of motor for their EVs and HEVs.

This section presents a comparative study of different motors used for EV application.

1.3.1 Brushed DC motor

The first EVs, used in 19th century, were propelled by DC motors. Hence, these are the first motors

to be used in EVs and still some low end EVs use DC motors. The biggest advantage of DC motors is

that their torque-speed characteristic is very similar to that of an EV [11]. The other advantage being

very simple control. However, DC motors suffer from many disadvantages such as bulky construction,

low reliability and need of maintenance mainly due use of brushes for commutation action. The use

of carbon brushes and commutators restrict the maximum speed at which DC motors can operate.

1.3.2 Permanent magnet brushless DC (PMBLDC) motor

PMBLDC motors are most preferred for EV application. This is primarily due to its high power

density and efficiency in comparison to its competitors, which are very important factors from EV

application viewpoint [12]. Due to the use of powerful permanent magnets, volume of PMBLDC

is greatly reduced in comparison to the other motors in the same power range [13]. However, these

motors have relatively small constant power range and in the constant power region magnets may get

demagnetized also [14]. Cost and availability of permanent magnets is also one of the major concern

for wide acceptance of these motors [15,16].

1.3.3 Induction motor (IM)

In recent times, induction motors have emerged as favorable choice for EV application. IMs are

preferred as they are reliable, rugged, require low maintenance and have low cost of manufacturing

[17]. Since they were developed more than a century ago, the technology has matured very much

over the period of time. Moreover, recent developments in power electronics and control techniques

like vector control have enabled the decoupling of torque and field control resulting in precise control

of motor torque and speed over a wide range [18]. Relative low power density and complex control

are some of the disadvantages of IMs in comparison to other motors [19].
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1.3.4 Switched reluctance motor (SRM)

SRMs are gaining much attention and are also being looked upon as a potential candidate for EV

applications. These motors have the inherent advantages of simple and rugged construction, fault-

tolerant operation, simple control, and outstanding torque-speed characteristics [20]. Torque-speed

characteristic of SRM has very long constant power range which is a desirable feature for EV ap-

plication. However, there are several disadvantages also, which for many applications outweigh the

advantages. These disadvantages are acoustic noise, torque ripple, special converter topology, exces-

sive bus current ripple and electromagnetic interference (EMI) [21, 22]. All of the above advantages

as well as the disadvantages are quite critical for EV application.

A qualitative comparison of these motors based on indices which are very important to EV appli-

cation is presented in Table 1.1 [10,23]. For each index, motors are marked out of 5. From the table, it

can be observed that PMBLDCM is most suitable for EV application. This is the reason, PMBLDCM

are used generally in EVs.

Table 1.1: Motor comparison for EV application

DC PMBLDC IM SRM
Power density 2.5 5 3.5 3.5

Efficiency 2.5 5 3.5 3.5
Controllability 5 5 3 4

Cost 4 3 5 4
Total 14 18 15 15

1.4 Motivation

Electric vehicle (EV) application requires motor used in its drivetrain to be highly efficient, com-

pact in size, of high power density and economic [24]. Different conventional motor types suffer

from various disadvantages as discussed in the previous section. Thus, researchers are trying to

develop a hybrid motor which is a combination of different conventional types and can overcome

their shortcomings. An EV powertrain can also have multiple motors to meet better driving require-

ments [25], [26]. However, with multiple motors the powertrain requires multiple power converters,

leading to complex powertrain architecture. In order to overcome this drawback and at the same time

exploit the advantages of multiple motors, dual rotor motor (DRM) can be used [27]. Using DRM, a
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given power output can be achieved with smaller size motor, reduced weight of winding and magnet

materials [25]. DRM thus results in increased power density, reduced losses, high efficiency resulting

in increased mileage per charge for an EV. Having two rotating parts, DRM is relatively complex ma-

chine. However, the potential and possibilities of DRM presents are motivating researchers to explore

and understand different configurations and practical implementation of DRM.

1.5 Aim of the thesis

DRM has been a topic of research interest for last few years. In [28–30], it is shown that a DRM

can be effectively used in hybrid electric vehicle to enhance its performance as a continuously variable

transmission, and to achieve varied operational modes. In [29], multiple operational modes and con-

trol strategies for a dual rotor motor having PM and wound rotor has been presented. Having wound

rotor as inner rotor, this machine requires two electrical connections with converters. In [31], elec-

tromagnetic design, construction and the experimental validation of double rotor permanent magnet

synchronous machine mainly focusing on different slot-pole-slot combinations are presented. Au-

thors in [25] have investigated the electromagnetic performance of double rotor permanent-magnet

motor. In [32], authors have presented dual rotor machine with both the rotors with PMs mounted on

them. The machine has single control. The two shafts of the motor have been connected to two sepa-

rate loads. Electromagnetic analysis of DRM with two rotors with outer PM rotor and inner squirrel

cage rotor is reported in [33]. Simplified equivalent circuit of the motor is also presented in the paper.

However, justification of the equivalent circuit and verification of results is not presented adequately.

It is seen from the literature that the configurations of the DRM investigated by authors are mainly

have both PM rotors or one PM rotor and inner wound rotor. Also, most of the works on this fast

emerging new type of motor, are only confined to applications and electromagnetic performances of

the motor. The analysis of DRM from equivalent circuit and analytical viewpoint could not be found

in the literature. In most of the reported works, the mechanical assembly of the motor is also not

presented which makes practical realization of the concept difficult.

Keeping in view the contributions made in the literature, the aim of this thesis is to thoroughly

investigate different configuration of DRM and then model, analyze and prototype the most suitable

configuration of DRM.
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1.6 Thesis contribution and organization

The major contributions of this thesis are:

(i) Analytical and Finite Element Analysis (FEA) modeling of DRM: Detailed 2-D magnetic

model and equivalent circuit model of the motor are developed. Besides this, the FEA model of

the motor is also developed and the results of the analytical and FEA models are compared. The

analytical model is suitable for understanding the operation of the motor whereas the equivalent

circuit model is suitable of analysis of the motor’s behavior.

(ii) Design: The detailed lamination design of the DRM was done. The initial design was done

using the analytical and equivalent circuit model and the final design was done using FEA.

(iii) Prototyping: A prototype of the motor was made based on the lamination designs obtained in

step 2.

(iv) Testing of the prototype: The prototype of the motor was tested for various load conditions

and its performance was recorded.

The prototype of DRM presented in the thesis is not an optimized one and power density and ef-

ficiency of the motor were not focused on. The presented motor is first prototype in the ongoing

research work and thus considering the mechanical complexities and availability of resources, the

scope of the practical work was limited to proof of concept of DRM and understanding of challenges

involved. The lessons learnt during the process will be implemented during manufacturing of subse-

quent prototypes of DRM. The organization of the thesis is as follows:

Chapter 1:

This chapter consists of introduction of the thesis along with the detailed literature survey. Finally

the motivation for the thesis work and aim of the thesis has been presented.

Chapter 2: This chapter aims to present an introduction to DRM and its various possible con-

figurations. On the basis of the comparison presented in the chapter, a final configuration for further

study has been presented.

9

TH-1842_11610205



1. Introduction

Various configurations are possible for DRM based on different stator and rotor type and positions

of movable and stationary parts. This chapter discussed these possibilities in detail. Finally based

on the operating principle, feasibility, controllability, economy and ease of manufacturing, a final

configuration has been selected for further analysis.

Chapter 3:

Design phase of any electrical machine mostly involves many iterations for various motor param-

eters. Therefore, analytical models are preferred over FEA, due to high computational time required

by the latter [34]. The implementation of the analytical model is also economical and gives us a

basic platform to improve the model further in terms of design and performance [35]. In literature,

researchers have analyzed various configurations of DRM from different view points viz. applica-

tion, operational modes, slot-pole-slot combinations [25, 28, 29, 31]. Along with the viewpoints pre-

sented by the authors, analysis of the motor from electromagnetic viewpoint is also important [36–38].

Therefore, development of analytical model to understand the DRM from electromagnetic viewpoint

has been chosen as the objective of this chapter.

Chapter 4:

In this chapter, development of steady state model (SSM) comprising of electrical equivalent

circuit (EEC) and torque equation is presented.

A SSM of any motor drive helps in understanding its operation, steady state performance char-

acteristics, and an electrical representation for the magnetic field interaction between the motor

parts [39]. During the design stage of a motor which is an iterative process [40], the motor per-

formance can be checked from SSM which gives a much faster results as compared to precise but

time consuming FEA.

Chapter 5:

In this chapter, design and prototyping of DRM have been discussed. Electrical and mechanical

challenges faced during the manufacturing of the motor are presented. Various processes involved in

the manufacturing of the motor are presented in detail. Pictures of various motor parts along with their

mechanical designs and the various stages of assembly are also presented for better understanding.

Chapter 6:

10
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This chapter presents testing of the manufactured DRM. Various tests have been performed on

DRM to thoroughly understand its performance. The experimental results are also compared with

FEA model and SSM results.

Chapter 7:

In this chapter conclusions and possible directions for future work are presented.
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2.1 Introduction

2.1 Introduction

An electrical motor is an electromechanical device which converts electrical energy into mechan-

ical energy. Electrical energy to the motor is supplied through windings on stator and rotor of the

motor and mechanical energy is extracted through the rotor of the motor using mechanical coupling

with the load. The parts of the motor, where electrical connections are provided are called electri-

cal ports (EP) and parts where mechanical coupling are done are called as mechanical ports (MP) of

the motor. Most of the conventional motors have at most 2 electrical ports (stator and rotor) and 1

mechanical port (rotor).

DRM has three parts, out of which two parts are movable and one is stationary. Each part of DRM

can be an electrical port. As shown in Fig. 2.1, DRM can thus have at the most two MPs (two movable

parts) [29] and three EPs (one stationary and two movable parts). When the mechanical ports of an

electric machine increase, a lot of new possibilities for different motor configurations emerge.

 
Fig.  1.  Schematic of three EP, two MP motor. 

Figure 2.1: Schematic of 3 EP, 2 MP motor.

Various configurations are possible for DRM based on different stator and rotor type and positions

of movable and stationary parts. Following sections describe the various possible configurations. Fi-

nally based on the operating principle, feasibility, controllability, economy and ease of manufacturing,

a final configuration has been selected for further analysis.

2.2 Possible Configurations of DRM based on conventional motor types

The torque produced by a motor can be broadly classified as interaction torque and reluctance

torque. In Fig. 2.2 classification of machines, based on the type of torque, is shown. Machines in

the category of interaction torque can have same type of electrical winding whereas, for machines

operating with reluctance torque, special winding arrangement is required. Fig. 2.2 shows a broad
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2. Dual rotor motor: Operating principle and possible configurations

classification of motors and almost all the motors fall in this classification table. Any other motor

available in the literature are either variant of these basic types or hybrid combination of them. There-

fore, DRM is also essentially made of these basic motor types. Considering all motor types, a lot of

combinations are possible for a hybrid motor like DRM. Since any motor can have only one stationary

part and generally it is preferred to have electrical winding on the stationary part. Thus, for DRM,

type of machines which can operate with same type of winding have been chosen. These machines

are shown with highlighted area in Fig. 2.2. Using these motor types as different parts (one stationary

and two movable) of DRM, possible configurations are given in Table 2.1.

Reluctance torque

Switched reluctance
machines

Interaction torque

PM motors Wound rotor
Synchronous machines

Synchronous machines Asynchronous machines

Induction motor

AC machines

Figure 2.2: Classification of AC electrical machines based on torque production.
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2.2 Possible Configurations of DRM based on conventional motor types

Table 2.1: Motor configurations on basis of basic motor types.

Type Stator Outer Rotor Inner Rotor
Type I 3-phase winding Squirrel cage Squirrel cage
Type II 3-phase winding Squirrel cage Wound rotor
Type III 3-phase winding Wound rotor Squirrel cage
Type IV 3-phase winding Wound rotor Wound rotor
Type V 3-phase winding PM PM
Type VI 3-phase winding PM Squirrel cage
Type VII 3-phase winding Squirrel cage PM
Type VIII 3-phase winding Wound rotor PM
Type IX 3-phase winding PM Wound rotor

Table 2.1 shows nine configurations. In each configuration, the stator remains same and the con-

figuration and location of rotors differ. For example in type VI, the cage rotor is located inside the

PM motor and in Type VII the PM rotor is placed inside the cage rotor. In order to chose the final

configuration for further analysis, following important points have been considered:

• 3-phase winding has been put on stator because if any moving part is made an EP then brushes

are required for connections causing possibility of sparks and need regular maintenance for the

motor. Therefore, configurations with 3-phase winding on the stator have only been considered

as feasible options.

• As the objective with DRM is to make a motor with high power density, two stators will occupy

more space and will also make the motor heavy. Thus, only configurations with one stators are

considered.

• A three phase stator with distributed winding is chosen because such stators are common for

PM and IM motors.

• With IM rotor, two type of rotors are possible i.e. wound rotor and squirrel cage rotor. In

this work squirrel cage rotor has been preferred due to their well known advantages such as

ruggedness, ease of manufacturing and no maintenance compared to wound rotor motor [17].

• Since the objective of DRM is to develop a motor with high torque and power density in com-

parison to the motor available for electric vehicles (mainly PM motors), one of the rotors has
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2. Dual rotor motor: Operating principle and possible configurations

been chosen as PM rotor. In the initial design of DRM, rare earth permanent magnets have been

used. However, in future, ferrite magnets will be used such that DRM can be more economic

in comparison to PM motors.

• The other rotor can be again PM rotor or squirrel cage rotor. One more PM rotor may have

huge impact on the cost of the motor as rare earth PMs have very high cost, therefore, the other

rotor has been chosen as squirrel cage rotor. To improve the power density, a copper cast cage

rotor is used.

• The configuration with two squirrel cage rotor will not have sufficiently high power density as

out of three parts of DRM only stator will serve as excitation. Also, as the cage rotor does not

have own excitation and is dependent on stator, one more cage rotor will need stator to have

more reactive power for exciting both the rotors

Thus, from this discussion, out of the IX configurations presented in Table 2.1, only the configu-

rations with PM and cage rotor are chosen. The detailed analysis of these configurations is given in

the following section.

2.3 Possible Configurations of DRM based on positions of motor parts

This section describes the feasible configurations of DRM with different positions for the parts

selected in previous section. DRM has three independent parts as shown in Fig. 2.3. Any of these

parts can be stator or rotor. Thus using the type of motor parts selected in previous section, feasible

combinations are presented in Table 2.2.

It can be seen in Fig. 2.3, part III is the innermost part in the motor and thus will have very less

space in comparison to the other parts. Therefore, it will not be practically feasible to place 3-phase

winding in the innermost part as it requires more space for conductor placement as well as better

cooling of the winding, thus configurationsM5 andM6 are ruled out. Figs. 2.4-2.7 show motor

models for remaining four combinationsM1-M4 . In modelM3 andM4, middle part (part II) acts as

stator and excitation for inner and outer rotors thus, it must have two set of windings both the rotors

as shown in Figs. 2.6 and 2.7. For the purpose of easy representation, the PM rotor is presented as

ring of magnets.
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Part I

Inner airgap

Part III

Part II
Outer airgap

Figure 2.3: Hybrid IM-PM DRM schematic.

Table 2.2: Motor classification on basis of motor part type.

Part I Part II Part III
M1 3-phase winding Squirrel cage PM
M2 3-phase winding PM Squirrel cage
M3 Squirrel cage 3-phase winding PM
M4 PM 3-phase winding Squirrel cage
M5 PM Squirrel cage 3-phase winding
M6 Squirrel cage PM 3-phase winding
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NS

N S

Stator core

Outer
airgap

Inner rotor
core

Stator double
layer winding

Inner
airgap

Inner
rotor bar

PM outer
rotor

Figure 2.4: DRM model for configurationM1.

Figure 2.5: DRM model for configurationM2.
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Figure 2.6: DRM model for configurationM3.

Figure 2.7: DRM model for configurationM4.
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Out of the four models, the final model is selected based on feasibility and qualitative analysis of

each model. The next section describes the working principle of DRM and quantitative analysis for

the configurationsM1-M4 .

2.4 Working principle of DRM

The DRM analyzed in this work can be conceptualized to comprise two concentric motors. First

motor is formed with the stator and the permanent magnet rotor, operating as a PMSM. The second

motor is formed with the stator and squirrel cage rotor, operating as an induction motor. With the

stator energized from a three-phase supply, the PM rotor rotates at synchronous speed. The cage rotor

rotates at a speed less than the synchronous speed depending upon the slip at which it is operating. The

DRM has two air-gaps and thus two torque producing ports which can be coupled using a planetary

gear to drive an electric vehicle (EV) [29, 30, 41]. Fig. 2.8 shows the schematic representation of

the analyzed DRM. Possible combinations of the mutually coupled coils in the DRM and the energy

conversion caused by the coupling fields across the two air-gaps are shown in this figure. The stator

and inner rotor copper losses have also been shown in the figure. Core losses in stator, outer rotor and

inner rotor caused due to the rotation of coupling field has been represented as coupling field losses

in the figure. It can also be observed that the electric power supply is given only to the stator and the

mechanical power is extracted from the two rotors.

2.5 FEA analysis of models M1-M4

Figs. 2.9-2.12 present the flux distribution for configurationsM1-M4 using FEA. The FEA anal-

ysis of these and all the models presented in this thesis have been performed with Ansoft Maxwell

software with version 14.0.0. The analysis have been performed with Maxwell 2D, transient solution.

For the FEA analysis triangular elements have been used and the maximum size of the elements was

set to 2 mm. For the computation backward Euler solution method has been used.

All the models presented in this section are voltage excited models with rms phase voltage 415

V. The PMs in the models have remanent flux density of 1.2 T. It can be observed from these figures

that the working flux in the analyzed DRM links all the three cores, i.e. continuous flux lines pass

through both the air-gaps. These continuous flux lines are responsible for producing interdependent

torques in both the air-gaps. Relative speed between the stator flux and synchronously rotating outer
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losses
Coupling field

losses
Coupling field

o/p
power
Mech.

o/p
power
Mech.

Outer air-gap

coupling field

coupling field

Inner air-gap

S

N S

N

loss
copper
Stator

loss
copper

Inner rotor

Mutual

coils

coupling between

Stator

3-Φ
input

ωst ωr

Outer Inner
rotorrotor

Figure 2.8: Schematic representation of analyzed DRM showing mutually coupled coils and electromechanical
energy conversion.

rotor flux is zero, and similarly the relative speed between outer rotor flux and inner rotor flux is also

zero. It can be observed from this discussion that the motor satisfies the condition for average power

conversion, i.e. all the magnetic fields in the motor are stationary w.r.t. each other.
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Figure 2.9: Flux distribution for configurationM1.

Figure 2.10: Flux distribution for configurationM2.
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Figure 2.11: Flux distribution for configurationM3.

Figure 2.12: Flux distribution for configurationM4.
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In order to select one configuration out ofM1-M4 following important points are considered:

• Among all the configurations,M1 andM2 have a very uniform flux distribution in comparison

to M3 andM4. It can be observed from the figures that, inM3 andM4, all the flux lines does

not link all the three parts of motor and the cage rotor in bothM3 andM4 configurations link

very few flux lines. Also the distribution of flux lines is also non-uniform along the periphery

of the motor. Thus, inM3 andM4 configurations may result in local saturation in some parts

of the motor andM1 andM2 configurations will result in better utilization of the core.

• ConfigurationsM3 andM4 requires two sets of 3-phase windings to be placed on the stator.

Practically, it will require large space to place conductors for both the windings.

• It is observed that inM2, some of the flux lines link only stator and cage rotor without linking

the inner PM rotor and thus is not efficient utilization of flux. Whereas, inM1, all the flux lines

links the outer as well as the inner rotor and the flux is also uniformly distributed along the

periphery of the motor. Also, inM2, cage rotor is the outer rotor and does not have sufficient

core width for die cast of the cage rotor. Whereas,M1 has a cage type of rotor which is used in

an IM and thus can be manufactured easily.

Thus, from this discussion it is concluded thatM1 has a good flux distribution and is also relatively

easy to manufacture. Thus, the configurationM1 will be thoroughly analyzed in the rest of the

thesis. However, all methodologies presented for analysis in the thesis are applicable to any other

configuration of DRM.

2.6 Summary and Conclusion

In this chapter, an introduction to DRM and various possible configurations have been presented.

Using different types of conventional motors and their relative positions, many combinations are

possible for DRM. Considering working principle, feasibility, economy and ease of manufacturing,

one configuration has been selected for further analysis. The selected configuration has PMs on outer

rotor and inner rotor is squirrel cage type. Flux distribution in the selected configuration is also

analyzed. This selected configuration will be analyzed in the rest of thesis. Next chapter presents

analytical model to analyze magnetic field in both the air-gap and torque production in the air-gaps.
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3.1 Introduction

3.1 Introduction

The DRM configuration considered for analytical model is the one finalized in the previous chap-

ter with squirrel cage (SC) and PM rotors. The PM rotor rotates at synchronous speed and the SC

rotor rotates at some speed less than the synchronous speed.

Subdomain modeling is a analytical method that involves division of the problem into physical

regions named subdomains in which Maxwell governing equations can be solved analytically [42].

The main goal of this work is to understand the phenomenon of torque production in DRM using the

analytical model. Torque in the motor is calculated from the air-gap magnetic field in both the air-

gaps in the motor. To avoid deviation from the main goals of the work and to keep the mathematical

model simpler, the assumptions made are given in the next section. Governing equations, boundary

condition in the analytical model are presented in Section 3.3. Results from analytical model and their

comparison with FEA are given in Section 3.4.

3.2 Motor Geometry and Assumptions

The basic configuration of DRM considered for this work is same as presented in previous chapter.

The outer rotor has PM on it and the inner rotor has squirrel cage like structure as in case of a squirrel

cage type IM. However, the geometry has been modified to reduce complexity for analytical modeling.

Fig. 3.1 shows the configuration of the DRM motor considered in this work. The outer rotor is made

of ring shaped PM and inner rotor has slots with conducting rotor bars having electrical conductivity

σ. The bars in SC rotor have radial sides and are short circuited by end rings at both ends.η denotes

the angular width of the inner rotor bar. Due to the presence of two rotors, DRM has two air-gaps

namely inner and outer air-gap. To represent the stator current, current sheet distributed over inner

stator surface (r = Rs) has been used. Important parameters defining the geometry and their symbols

are given in Table 3.1. Following assumptions have been made to facilitate the problem formulation:

• End effects are neglected.

• Stator and rotor core are taken to be of infinite permeability.

• All the magnetic vector potentials of various regions have onlyz-direction component.
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3. 2-D Analytical Subdomain Model for DRM

• Permanent magnets have constant permeability and constant remanent flux density.

• The stator windings have been represented with a current sheet.

• The PM region and air-space between magnets (in caseαm , 1) have relative permeabilityµm.

Figure 3.1: Configuration of the hybrid IM-PM DRM motor [1].

Table 3.1: Parameters Defining Motor Geometry and their Symbols

Parameter Symbol Parameter Symbol
Stator inner radius Rs Inner radius of cage rotor bar Rb

PM rotor outer radius Rm Cage rotor outer radius Rr

PM rotor inner radius Ra Angular width of inner rotor bar η

Number of cage rotor slots Q Magnet fraction αm

Development of analytical model, based on the motor geometry and assumptions discussed here,

is described in the next section.

3.3 Analytical model

In the present analysis, field calculation is done using magnetic vector potential. The complete

geometry is divided into the following four regions:
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(i) Outer air-gap region (oa).

(ii) PM region (m).

(iii) Inner air-gap region (ia).

(iv) Rotor bar region (b).

The alphabets in the bracket represent the notation used for that region. The DRM has two types of

excitation i.e. PM excitation and stator current excitation. These are modeled with the help of their

Fourier series representation as explained in subsequent subsections.

3.3.1 Equivalent current sheet distribution

In an electrical machine, excitation windings are placed in the slots on stator or rotor core. An-

alytically it is very difficult to model the exact winding region and hence current sheet is used very

often to represent the stator current. In this work, the stator windings are considered as an equivalent

current sheet distributed over the stator inner radius for simpler analysis. The formulation of [43] is

followed in this subsection. The sinusoidal current density overRs with respect to time forνth space

harmonic component is given as:

Jν (θs, t) = Jmax cos(νpθs − ωstt) (3.1)

where,θs is the angular displacement on the stator,Jmax is the maximum value of harmonic com-

ponent,p is the number of pole pairs,ωst is the angular frequency of stator supply andt represents

time.

In case of 3-phase stator winding with integer slots per pole per phase, harmonics present in the

current sheet are given by (3.2).

ν = 1± 6l where l = 0, 1, 2, 3... (3.2)

The maximum valueJν for νth harmonic is given by (3.3).

Jν =
3NphI

√
2

πRs
Kwν (3.3)
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where,Nph is the number of series turns per phase andI is the stator rms current. The winding factor

Kwν depends on the arrangement of coils in the stator slots and is given by (3.4).

Kwν = sin

(

|ν| π
2

)

sin

(

|ν| λ
2

)

×
sin

(

|ν| π
6

)

q sin

(

|ν| π
6q

)

sin

(

|ν| ε
2

)

(

|ν| ε
2

) (3.4)

where,q is the number of slots per pole per phase,λ is the coil pitch andε is the width of the slot

opening in radians. Absolute values ofν is considered in 3.4 as winding factor can only be a positive

value.

Each harmonic produces rotating magnetic field in the machine. The magnetic field will have

forward or backward motion based on the harmonic number and the mechanical angular speed of the

rotating magnetic field is given by (3.5).

Ωstν =
ωst

νp






Forward ν = 1, 7, 13...

Backward ν = −5,−11,−17...
(3.5)

3.3.2 Magnetization of Permanent Magnet

Permanent magnets in analytical models are represented with Fourier series expression of their

magnetization. Expressions for different types of magnetization such as radial, parallel, radial si-

nusoidal amplitude and constant amplitude sinusoidal can be found in the literature [1, 44, 45]. In

the present work, radially magnetized magnets have been considered. The magnetization vector is

represented by the expression given in (3.6).

−→
M =

−→
Br

µ0
(3.6)

where,µ0 is the permeability of free space andBr is the remanent magnetization of permanent magnet.

In polar coordinates,
−→
M is expressed by (3.7).

−→
M = Mr · −→r + Mθ ·

−→
θ (3.7)
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N δ = π/4
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π

2δ = π/4

(b)

Figure 3.2: Rotor position for different initial angle of outer rotor (a)δ = 0 (b) δ = π/4.

where,−→r and
−→
θ denote the direction vectors in radial and tangential direction.Mr and Mθ are the

magnitudes of radial and tangential components of
−→
M respectively. The Fourier series expressions for

these components are

Mr =

∞∑

ν=1,3,5...

Mrν · cos(νp (θs − δ) − ωstνt) ∀ν (3.8a)

Mθ =
∞∑

ν=1,3,5...

Mθν · sin(νp (θs − δ) − ωstνt) ∀ν (3.8b)

where,Mrν and Mθν denote theνth harmonic element of the radial and tangential component,δ is

the initial angle of the outer rotor in mechanical radians w.r.t. stator andωstν is the electrical angular

rotational speed of magnetization for respective harmonic and is given as,ωstν =
2πNORν

60 . Where,NOR

represents the rotational speed of outer PM rotor in rpm. The physical significance ofδ is presented

in Fig. 3.2.

Different types of magnetization affect the field distribution in the motor. However, it does not

change the procedure for magnetic field calculation. For radially magnetized magnetsMrν andMθν

are mathematically expressed as given by (3.9a) and (3.9b).

Mrν = 2
Brαm

µ0
sinc

{
ναmπ

2

}

(3.9a)

Mθν = 0 (3.9b)
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Where,αm is magnet fraction and sinc(x) =
sin(x)

x

Fig. 3.3 represents the pattern of magnetization of radially magnetized magnet showing its radial

and tangential component with respect to spatial angleθ.

Figure 3.3: Radial magnetization of permanent magnet [1].

3.3.3 Inner rotor reference frame

The reference frame is changed from stator to inner rotor in this model. As mentioned earlier,

there are two excitations (current excitation and PM excitation) in the machine. These are considered

separately in the following subsections.

3.3.3.1 Current Excitation in inner rotor reference frame

If the inner rotor rotates with a constant angular velocityNIR, the current sheet expression in

stator reference frame (3.1) can be transformed to the rotor reference frame using (3.10) and is given

by (3.11) [43].

θ = θs − NIRt (3.10)

Jν(θ, t) = Jmax cos(νpθ − ωrνt) (3.11)

where,ωrν is the frequency of the current induced in the cage rotor and is given as:

ωrν = (1− ν(1− s))ωst (3.12)

where,s = Ωst1−NIR

Ωst1
andΩst1 is the mechanical speed of fundamental magnetic field produced by stator

and is given by (3.5).
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3.3.3.2 PM Excitation in cage rotor reference frame

PM excitation given in (3.7) is also transformed in cage rotor reference form in the same way as

current excitation and is expressed as:

−→
Mν (r, θ, t) = Mrν cos(νp (θ − δ) − ωrνt) · −→r

+ Mθν sin(νp (θ − δ) − ωrνt) ·
−→
θ (3.13)

The primary difference between PM excitation and current excitation is that the synchronous speed of

the rotating magnetic field produced by PM excitation changes with respect toν in the PM excitation

but doesn’t vary withν during current excitation. Therefore the following expressions changes in

comparison to the current excitation.

ωrν = (1− ν(1− s))ωstν (3.14)

andωstν =
2πNORν

60 . Where,NOR represents the rotational speed of outer PM rotor in rpm.

While representing current excitation and PM excitation in cage rotor reference frame, the fre-

quencyωrν must be taken carefully as given in (3.12) and (3.14) respectively. The only factor varying

between current excitation and PM excitation, inωrν, is the electrical synchronous speed. In the

case of current excitation the electrical synchronous speed of the field always remainsωst = 2π f ,

whereas in PM excitation the effective synchronous speed becomesωstν =
2πNORν

60 for a particular

space harmonic (ν). This is because, in the former case the synchronous speed depends on frequency

of excitation and thus changes with time harmonics. Whereas, in case of PM excitation it changes

with space harmonics (ν). Figs. 3.4 and 3.5 present the change of poles in one electrical cycle for two

harmonicsν = 1 andν = 2.

S

N

0
T

t

(a)

S

N

0
T

t

(b)

Figure 3.4: One electrical cycle with Current excitation (a)ν = 1 (b)ν = 2

As discussed earlier synchronous speed due to current excitation depends on time harmonic and
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Figure 3.5: One electrical cycle with PM excitation (a)ν = 1 (b)ν = 2

therefore number of poles in Fig. 3.4(a) and 3.4(b) are same. Whereas, in case of PM excitation, the

synchronous speed varies with space harmonicν and therefore number of poles in one electrical cycle

becomes double forν = 2 in Fig. 3.5(b).

3.3.4 Magnetic Field Calculation

3.3.4.1 Governing Equations

Vector potential in each region is governed by the governing equation in that particular region.

In rotor bar region, induced current will be developed due to current sheet and PM rotor and thus

Helmholtz equation is employed and is given as:

∂2Aq
b

∂r2
+

1
r

∂Aq
b

∂r
+

1
r2

∂2Aq
b

∂θ2
= jωrνσµoAq

b (3.15)

Where,Aq
b is the complex vector potential forqth rotor bar region. The outer and inner air-gap regions

are source free and hence are governed by Laplace’s equation, given as:

∂2Aoa,ia

∂r2
+

1
r

∂Aoa,ia

∂r
+

1
r2

∂2Aoa,ia

∂θ2
= 0 (3.16)

Where,Aoa andAia are complex vector potential for outer and inner air-gaps respectively. The region

with PM is governed by Poisson’s equation and is given as:

∂2Am

∂r2
+

1
r
∂Am

∂r
+

1
r2

∂2Am

∂θ2
= −µ0∇ ×

−→
M (3.17)

Where,Am is the complex vector potential for magnet region and
−→
M is the magnetization of the PM.

3.3.4.2 Potential Functions

In this section, potential functions satisfying the governing equations in different regions are de-

fined. In order to find magnetic field in any region either scalar or vector magnetic potentials may be

defined. If the scalar magnetic potential (φ) is considered in region then the magnetic field intensity
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in that region is given by (3.19).

H = −∇φ (3.18)

This definition must satisfy the Ampere’s circuital law i.e.

∇ × H = J = ∇ × (−∇φ) (3.19)

However, the curl of the gradient of any scalar is identically zero. Therefore, if scalar magnetic

potential is to be selected for a region, then current density must be zero throughout the region in

which the scalar magnetic potential is defined, given as

H = −∇φ (J = 0) (3.20)

However, if vector magnetic potential (A) is selected for a region, the flux density is given by (3.21).

B = ∇ × A (3.21)

This automatically satisfies the condition that the magnetic flux density shall have zero divergence

(Gauss’s law) and the curl of vector field is also non zero with vector magnetic potential as shown in

(3.22) and (3.23).

∇ · B = ∇ · (∇ × A) = 0 (3.22)

∇ × H = J =
1
µ0µr
∇ × ∇ × A (3.23)

Thus, magnetic vector potential can be used for all regions whereas, scalar magnetic potential can

be used only in the regions which are free from electric current. Since, for the considered geometry

of DRM, current will be induced in the inner rotor bars, magnetic vector potentials are used for all

the regions. As explained in the Section 3.2, magnetic vector potentials for various regions will have

only z component. The vector potential in rotor reference frame for all the regions vary sinusoidally

with a frequencyωrν. Therefore, all the potentials can be represented with complex notations, given

as:

Aq
b (r, θ, t) = Re

{

Aq
b (r, θ) e jωrνt

}

(3.24)

Aia (r, θ, t) = Re
{

Aia (r, θ) e jωrν t
}

(3.25)
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Am (r, θ, t) = Re
{

Am (r, θ) e jωrνt
}

(3.26)

Aoa (r, θ, t) = Re
{

Aoa (r, θ) e jωrνt
}

(3.27)

where, Re represents real part of complex function andj =
√
−1. It is to be noted that all the

potential functions are evaluated for each harmonicν individually and will have different set of Fourier

coefficients for each harmonic. However,ν has not been used for neatness in all above expressions.

Similarly, current and magnet excitation are also represented with complex notations as given in

(3.28) and (3.29) respectively. The real quantities are differentiated from their corresponding complex

quantities with a bar over them.

Jν(θ, t) = Re
{

Jν(θ)e
jωrν t

}

, Jν(θ) = Jmaxe
− jνpθ (3.28)

−→
Mν (r, θ, t) = Re

{−→
Mν(r, θ)e

jωrνt
}

,

−→
Mν(r, θ) = Mrνe

− jνp(θ−δ) · −→r + Mθνe
− j(νp(θ−δ)−π/2) · −→θ (3.29)

Potential function for a particular region is chosen based on its governing equation as well as geomet-

rical constraints for that particular region. Development of potential functions for different regions

are discussed below.

The various boundary conditions forqth inner rotor bar are shown in Fig. 3.6. Since the iron core

qth bar

∂Aq
b
∂θ
= 0

Aq
b = Aia

∂Aq
b

∂θ
= 0

∂Aq
b

∂r = 0
η

θq

Rb Rr

Figure 3.6: qth inner rotor bar with boundary conditions.

surrounding the rotor bar is assumed to be infinitely permeable, the tangential component of magnetic

field at all the iron boundaries is zero. The formulation of [43] is followed in this subsection. In terms

of Aq
b, these are given as:
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∂Aq
b

∂θ

∣
∣
∣
∣
∣
∣
θ=θq

= 0 and
∂Aq

b

∂θ

∣
∣
∣
∣
∣
∣
θ=θq+η

= 0 (3.30)

∂Aq
b

∂r

∣
∣
∣
∣
∣
∣
r=Rb

= 0 (3.31)

The continuity condition betweenqth bar and inner airgap results in:

Aq
b (Rr, θ) = Aia (Rr, θ) (3.32)

General solution for (3.15) is obtained by using variable separation method.Aq
b is expressed as

product of two functions of one variableθ andr each.

Aq
b (r, θ) = ρq (r) · Θq (θ) (3.33)

Substituting (3.33) in (3.15), following two ordinary differential equations are obtained, whereΛ

is called as separation constant [46].

Θ
q′′
+ ΛΘ

q
= 0 (3.34)

r2ρq′′
+ rρq′

+

(

α2r2 − Λ
)

ρq
= 0 (3.35)

whereα2
= − jωrνσµ0, (3.35) is Bessel differential equation. Using (3.33), the boundary condition

(3.30) become

Θ
q′ (θq) = 0 and Θ

q′ (θq + η) = 0 (3.36)

Now, values ofΛ needs to be obtained which should give nontrivial solutions of (3.34) and also

satisfies the boundary conditions in (3.36). This is standard Sturm-Liouville problem [46]. The

eigenvalues for this problem are:

Λ0 = 0 and Λh =

(

hπ
η

)2

where {h = 1, 2, 3...} (3.37)
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3. 2-D Analytical Subdomain Model for DRM

The eigenfunctions corresponding to these eigenvalues are

Θ
q
0 (θ) = 1 and Θ

q
h (θ) = cos

(

hπ
η

(

θ − θq
)
)

(3.38)

The general solutions of (3.35) forΛ0 andΛh are:

ρ
q
0 (r) = Aq

0J0 (αr) + Bq
0Y0 (αr) (3.39)

ρ
q
h (r) = Aq

hJhπ/η (αr) + Bq
hYhπ/η (αr) (3.40)

where,Aq
0, Bq

0, Aq
h, andBq

h are complex integration constants.Jhπ/η andYhπ/η are Bessel function of

the first and second kind of orderhπ/η respectively. The general solution as the combination of these

individual solutions is given by:

Aq
b (r, θ) = Aq

0J0 (αr) + Bq
0Y0 (αr) +

∞∑

h=1

(

Aq
hJhπ/η (αr) + Bq

hYhπ/η (αr)
)

· cos

(

hπ
η

(

θ − θq
)
)

(3.41)

The general solution is further simplified using boundary conditions (3.31) and (3.32) and the final

expression is given as:

Aq
b(r, θ) = Cq

0

(

J0(αr) −G1Y0(αr)
J0(αRr) −G1Y0(αRr)

)

+

∞∑

h=1

Cq
h

Jhπ/η(αr) −GhYhπ/η(αr)

Jhπ/η(αRr) −GhYhπ/η(αRr)
· cos

(

hπ
η

(

θ − θq
)
)

(3.42)

Where,Cq
0, Cq

h are new constants with following expressions:

G1 =
J1 (αRb)
Y1 (αRb)

(3.43)

Gh =

−αJ1+hπ/η (αRb) + hπ
ηRb

Jhπ/η (αRb)

−αY1+hπ/η (αRb) + hπ
ηRb

Yhπ/η (αRb)
(3.44)

As the potential for inner rotor bars are obtained, similarly potential functions for other regions of

DRM are obtained using separation of variable method. The magnetic vector potential for inner and

outer air-gap are given by (3.45) and (3.46) respectively.
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Aia(r, θ) = Aia
0 +

∞∑

n=1

(

Aia
n rn
+ Bia

n r−n
)

cos(nθ)

+

∞∑

n=1

(

Cia
n rn
+ Dia

n r−n
)

sin(nθ) (3.45)

Aoa(r, θ) =
∞∑

n=1

(

Aoa
n rn
+ Boa

n r−n) cos(nθ)

+

∞∑

n=1

(

Coa
n rn
+ Doa

n r−n) sin(nθ) (3.46)

where,Aia
0 , Aia

n , Bia
n , Cia

n , Dia
n , Aoa

n , Boa
n , Coa

n andDoa
n are the constants. Magnetic vector potential for

PM region, considering the magnetization of PM is given as [47]:

Am(r, θ) =
∞∑

n=1

(

Am
n rn
+ Bm

n r−n) cos(nθ)

+

∞∑

n=1

(

Cm
n rn
+ Dm

n r−n) sin(nθ) +
∞∑

n=1

γn(r)(cos(n(θ − δ)) − jsin(n(θ − δ))) (3.47)

where,Am
n , Bm

n , Cm
n , Dm

n are constants and

γn(r) =






µ0nMrνr
(1−n2) if n = νp, n , 1 with ν = 1, 3, 5...

µ0Mrr ln r
2 if n = p = 1

0 else

3.3.4.3 Boundary Conditions

In order to determine all the constants in the potential functions for various regions in the previous

section, boundary conditions are defined. Each rotor bar on its sides and at its bottom is covered

with iron core of infinitely permeability as shown in Fig. 3.1. Thus, the tangential component of

the magnetic field at these boundaries is zero and are mathematically given in (3.30) and (3.31). The

continuity conditions between theqth rotor bar and inner air-gap result in the following boundary

conditions:
∂Aq

b

∂r

∣
∣
∣
∣
∣
∣
r=Rr

=
∂Aia

∂r

∣
∣
∣
∣
∣
r=Rr

(3.48)

Aq
b(Rr, θ) = Aia(Rr, θ) (3.49)
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3. 2-D Analytical Subdomain Model for DRM

Continuity of tangential component of field intensity and radial component of magnetic field between

inner air-gap and magnet region are mathematically expressed as:

∂Aia

∂r

∣
∣
∣
∣
∣
r=Ra

=
1
µm

∂Am

∂r

∣
∣
∣
∣
∣
r=Ra

(3.50)

∂Aia

∂θ

∣
∣
∣
∣
∣
r=Ra

=
∂Am

∂θ

∣
∣
∣
∣
∣
r=Ra

(3.51)

Similarly, the continuity of tangential component of field intensity and radial component of magnetic

field between magnet region and outer air-gap region results in the following boundary conditions:

1
µm

∂Am

∂r

∣
∣
∣
∣
∣
r=Rm

=
∂Aoa

∂r

∣
∣
∣
∣
∣
r=Rm

(3.52)

∂Am

∂θ

∣
∣
∣
∣
∣
r=Rm

=
∂Aoa

∂θ

∣
∣
∣
∣
∣
r=Rm

(3.53)

In the presence of infinitely permeable stator iron, the boundary condition between outer air-gap and

current sheet is given as:
∂Aoa

∂r

∣
∣
∣
∣
∣
r=Rs

= µ0Jm|r=Rs
(3.54)

In the air-gap regions, the total flux crossing the air-gap must be zero [43]. In case of inner and outer

air-gap, this condition leads to the following equations:

2π∫

0

∂Aia

∂r

∣
∣
∣
∣
∣
r=Rr

Rrdθ =

2π∫

0

∂Aia

∂r

∣
∣
∣
∣
∣
r=Ra

Radθ (3.55)

2π∫

0

∂Aoa

∂r

∣
∣
∣
∣
∣
r=Rm

Rmdθ =

2π∫

0

∂Aoa

∂r

∣
∣
∣
∣
∣
r=Rs

Rsdθ (3.56)

Further development of these boundary conditions result in set of simultaneous equations, which are

solved to obtain the constants of the potential functions. Development of boundary conditions and

final equations are presented in the Appendix 8. The final equation in the matrix form is presented in

(8.28) in Appendix 8. The number of harmonics considered for truncation areH=5 andN=70. Thus

the dimension of the complete matrixA becomes 949x949. The inverse of the matrix was found using

Matlab. The radial and tangential components of magnetic field from potential function in any region
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of the motor can be obtained using (3.57).

Bi
r =

1
r
∂Ai

∂θ
, Bi

θ = −
∂Ai

∂r
{i = oa,m, ia, b} (3.57)

3.3.4.4 Inner rotor bar current calculation

The resultant rotating magnetic field due to stator and PM excitation causes induced current in the

conducting bars of inner rotor. The magnitude of the induced current depends on the resultant air-gap

field as well as rotational speed of the inner rotor (NIR). The induced current density in theqth rotor

bar is given by [43]:

Jq
b (r, θ) = − jωrνσAq

b (r, θ) (3.58)

Where,Aq
b is the potential for the respective rotor bar. The current can be obtained by integrating the

current density over the surface of the bar and is expressed as:

Iq
b =

Rr∫

Rb

θq+η∫

θq

Jq (r, θ) rdrdθ (3.59)

Using the expression of potential the expression is simplified to:

Iq
b =

− jCq
0σωrνη

J0 (αRr) −G1Y0 (αRr)

Rr∫

Rb

r (J0 (αr) −G1Y0 (αr))dr (3.60)

Upon further simplification the mathematical relation to computeqth bar current is given by:

Iq
b =

jCq
0σωrνηRr

α

(

J1 (αRb) Y1 (αRr) − J1 (αRr) Y1 (αRb)
J0 (αRr) Y1 (αRb) − J1 (αRb) Y0 (αRr)

)

(3.61)

3.3.4.5 Electromagnetic torque calculation

Radial and tangential components of air-gap magnetic fields are employed to find the electromag-

netic torque using Maxwell stress tensor method. In order to calculate torque with Maxwell stress

tensor for 2-D cylindrical geometries, a circle enclosing the moving objects in the air-gap is taken as

the integration path. The electromagnetic torque calculation using stress tensor is given as:

Tem =
Lmr2

2µ0

2π∫

0

Re
{

Br (r, θ) · B∗θ (r, θ)
}

dθ (3.62)
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3. 2-D Analytical Subdomain Model for DRM

Where,r is the radius of the circle taken as integration path in the air-gap and∗ is the complex

conjugate notation. Torque presented in (3.62) is applicable for one one harmonic at a time. In case

the magnetic fieldBr andBθ have many harmonic component then all must be computed individually

and then added together to find total torque.

Considering the geometry of the DRM, there are two air-gaps and hence torque needs to be calcu-

lated in both the air-gaps. In (3.62), general expression for calculating electromagnetic torque using

maxwell stress tensor method is presented and is represented byTem. As in case of DRM two torques

will be produced by both the rotors, in order to differentiate them superscripts have been used. Thus,

T ir
em andT or

em represents torques produced by inner and outer rotors respectively. It is to be noted that

Maxwell stress tensor calculates total torque produced by the moving object inside its integration

path. Thus, the torque calculated in outer air-gap using (3.62) also includes the torque produced by

inner rotor and thus it has been represented by total torqueT T
em (total torque i.e. sum of both inner

and outer rotor). Now to separately find the torque of outer rotor (T or
em), the inner rotor torque (T ir

em) is

subtracted from the total torque (T T
em) as given in (3.63). The inner and total torque radii have been

mentioned to indicate where the torques have been calculated. Since the inner rotor torque has been

calculated atr = Rir, it has been represented asT ir
em

∣
∣
∣
r=Rir

. Similarly, the total torqueT T
em is calculated

at r = Ror, its has been represented asT T
em

∣
∣
∣
r=Ror

.

T or
em = T T

em

∣
∣
∣
r=Ror
− T ir

em

∣
∣
∣
r=Rir

(3.63)

3.4 Results and Discussion

Validation of the analytical model proposed in Section 3.3 is presented here. Results obtained from

analytical model are compared with those from the FEA. FEA is performed using Ansys Maxwell

14.0.0. The remaining setting for the FEA analysis are same as explained in Section 2.5. Internal

algorithms of Maxwell has been used for meshing and torque calculation. Fig. 3.7 shows the FEA

model for the DRM considered for analysis. Important parameters required for FEA and analytical

model are given in Table 3.2.

In order to use the analytical model for radial magnetization, computation is done for each har-

monic (ν) of magnetization separately and the final result is obtained with addition of results due to
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Figure 3.7: FEA model of analyzed DRM.

each respective harmonic. Thus, computation of any performance parameter (magnetic field, rotor

bar current, electromagnetic torque) involves evaluation of analytical model for all current density

and PM magnetization harmonics. For example, the calculation of torque in inner air-gap due to both

current and magnet is done with following expression:

T ir
em

︸︷︷︸

Total torque

= T ir
em

∣
∣
∣
ν=1

︸  ︷︷  ︸

From Current

+

∑

ν=1,3,5...

T ir
em

︸      ︷︷      ︸

From PM

(3.64)

For current excitation one harmonic and for PM excitation 31 harmonics have been considered.

The operation of the DRM depends on both initial angle of outer rotor (δ) and inner rotor speed

(NIR). In order to validate the developed analytical model, results at differentδ andNIR values have

been presented in comparison with those from FEA. Fig. 3.8 and 3.10 shows the radial and tangential

components of magnetic fields in inner and outer air-gap respectively forδ = 15◦ and NIR = 500

rpm. Fig. 3.9 presents the induced bar currents in inner rotor. It can be easily observed that all

the analytical results closely match with the results from FEA, validating the developed analytical

model. However, a slight mismatch in the tangential component of outer air-gap magnetic field (Fig.

3.10(b)) is observed. This is due to the flux concentration near the pole ends which is difficult to

model analytically. The same set of results forδ = 45◦ andNIR = 0 rpm are presented in Fig. 3.11 -

3.13.
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3. 2-D Analytical Subdomain Model for DRM

Table 3.2: Specification of the DRM motor

Parameter Value Unit

Stator inner radius (Rs) 67.00 mm

PM rotor outer radius (Rm) 65.00 mm

PM rotor inner radius (Ra) 62.00 mm

Cage rotor outer radius (Rr) 60.00 mm

Inner radius of cage rotor bar (Rb) 40.00 mm

Motor length (Lm) 1 m

Cage rotor bar number (Q) 18

Pole pairs (p) 2

Supply frequency (f ) 50 Hz

PM remanent flux density (Br) 1.20 T

Rotational speed of PM rotor (NOR) 1500 rpm

Inner rotor slot opening (η) 6 degrees

Relative permeability of PM (µm) 1.05

Electrical conductivity of inner rotor bar (σ) 35·106 S/m

Peak value of theνth harmonic component of current sheet
(Jmax)

8·104 A/m

Total number of harmonics for inner, outer air-gap and PM
region (N)

70

Total number of harmonics for bar region in cage rotor (H) 5

Radius of integration path in inner air-gap (Rir) 61 mm

Radius of integration path in outer air-gap (Ror) 66 mm

Magnet fraction (αm) 1

As discussed in Section 3.3.4.5, presence of inner and outer rotor leads to production ofT ir
em and

T or
em. Analytically, the torques are calculated using Maxwell stress tensor as given in (3.62) and (3.63).

T ir
em andT or

em depends onδ andNIR. Therefore, the torques are analyzed for varyingδ andNIR, where

if one parameter is varying then the other is kept constant. Fig. 3.14 shows the variation of inner and
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Figure 3.8: Inner air-gap magnetic field distribution atr = Rir with δ = 15◦ and NIR = 500 rpm (a) radial
component (b) tangential component.
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Figure 3.9: Currents in rotor bars atδ = 15◦ andNIR = 500 rpm.

outer rotor torque with respect toδ at NIR = 750 rpm. It can be observed that the variation of torque is

similar to PM motor. Variation of torques with respect toNIR atδ = 30◦ is presented in Fig. 3.15. It is
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Figure 3.10: Outer air-gap magnetic field distribution atr = Ror with δ = 15◦ andNIR = 500 rpm (a) radial
component (b) tangential component.
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(b)
Figure 3.11: Inner air-gap magnetic field distribution atr = Rir with δ = 45◦ and NIR = 0 rpm (a) radial
component (b) tangential component.
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Figure 3.12: Outer air-gap magnetic field distribution atr = Ror with δ = 45◦ and NIR = 0 rpm (a) radial
component (b) tangential component.
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Figure 3.13: Currents in rotor bars atδ = 45◦ andNIR = 0 rpm.

noted that unlike an IM and synchronous motor, DRM is able to produce torque at both synchronous

and non-synchronous speed.

Fig. 3.16 presents output powers for inner rotor (Pir), outer rotor (Por) and total output power (PT )

49

TH-1842_11610205



3. 2-D Analytical Subdomain Model for DRM

0 20 40 60 80 100 120 140 160 180
0

100

200

300

400

500

δ (mechanical degree)

T
emir

 (
N

m
)

 

 
Analytical
FEA

(a)

0 20 40 60 80 100 120 140 160 180
−400

−300

−200

−100

0

δ (mechanical degree)

T
emor

 (
N

m
)

 

 

Analytical
FEA

(b)

Figure 3.14: Variation of torques with respect toδ at NIR = 750 rpm (a) inner rotor (b) outer rotor.
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Figure 3.15: Variation of torques with respect toNIR at δ = 30◦ (a) inner rotor (b) outer rotor.
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Figure 3.16: Variation of output powers with respect to Nr atδ = 30◦.

w.r.t Nr at δ = 30◦. It can be observed that in very small regionPT is positive. Thus, from the figure,

it can be observed that operating point for DRM must be chosen such that output power of both the

rotors are positive.

3.5 Summary and Conclusion

In this chapter, an analytical model for hybrid IM-PM DRM is presented. The model is useful

for quick analysis of the complex motor. Analytical model can be used to compute air-gap magnetic

field in both the air-gaps. Electromagnetic torques produced by both the rotors can also be calculated

accurately using the analytical model. Results for radial and tangential magnetic fields, inner rotor

bar induced currents and torques due to both the rotors have been presented for various operating

conditions of the motor. All the results match closely with the results obtained from FEA.
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4.1 Introduction

4.1 Introduction

A steady state model (SSM) of any motor helps in understanding its operation, steady state per-

formance characteristics, and an electrical representation for the magnetic field interaction between

the motor parts [39]. During the design stage of a motor which is an iterative process [40], the motor

performance can be checked from SSM which gives a much faster results as compared to precise

but time consuming FEA. The novelty of this work lies in the development of a steady state model

for a DRM that comprises an electrical equivalent circuit (EEC) and performance equations. EEC

is developed by deriving the voltage equation and performance of the motor is evaluated from the

torque equation derived. The SSM is obtained starting with definition of motor inductances, winding

flux linkages and lastly applying the electromechanical energy conversion principles in DRM. For

validating the results of the DRM model developed, comparison is made with those obtained from the

FEA.

4.2 Development of Steady State Model of DRM

The steady state model of analyzed hybrid IM-PM DRM comprising the EEC and the torque

equation is developed in this section. The voltage equation is used to develop the EEC. The voltage

equation is derived using the flux linkage equations for each of the motor windings. Further, the torque

equation is developed using the energy conversion principles and co-energy. With the motor model

developed, the operation of the motor can be understood and important steady state characteristics

can be quickly obtained.

All rotating electrical motors have a common feature that they use magnetic field for energy con-

version, where a coupling field interacts between the electrical and mechanical systems for the energy

conversion [48]. The geometrical and electrical symmetries in DRM are exploited in developing the

model. To further facilitate the development of the SSM, the following assumptions are made in this

work:

• Magnetization curve of stator and inner rotor core is assumed to be linear.

• The supply voltage is considered free from harmonics.

• The motor has smooth air-gaps.
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• Motor cores are considered to be loss free.

4.2.1 Development of Electrical Equivalent Circuit for DRM

The per-phase EEC of any electrical motor is basically the circuit representation of its per-phase

voltage and current equations. EEC can be easily drawn from the careful observation of terms present

in these equations. Hence, the objective is to find the per-phase voltage equation in terms of known

motor parameters. However, it is to be noted that EEC is only applicable for fundamental components

of excitation and thus current, torque obtained from EEC also corresponds to fundamental compo-

nents. In case the practical excitation is not sinusoidal in nature, equivalent fundamental components

may be used for analysis.

The stator of DRM is considered to be voltage excited from a three-phase source. The stator

per-phase voltage equation in the general form is given by (4.1), the steady state form of the same is

given by (4.2). While deriving the stator phase-a voltage equation, the stator phase-a flux linkage is

required. In DRM, each phase winding of stator and inner rotor is linked by fluxes of other windings

in the motor as well as flux due to permanent magnet. Thus, the stator phase-a flux linkage is given

as (4.3).

vas = iasRs +
dλas

dt
(4.1)

Vas = IasRs + jωstΛas (4.2)

λas = Lsias + Mas bsibs + Mas csics + Mas ariar

+Mas bribr + Mas cricr + φmax s cos
(

θst pm

) (4.3)

In order to frame these flux linkage equations, winding inductances of various motor parts needs

to be defined. Thus, the voltage equation and hence the EEC of DRM is developed using a set of

steps, starting with defining the various motor inductances as described successively.

Step V1: The stator coils and inner rotor bars can be represented as three-phase systems having

self and mutual inductances. The outer rotor is made from permanent magnets and does not have

any coils thus, it does not have any inductance associated with it. To facilitate the understanding

of winding arrangement in different parts of DRM and their respective mutual inductances Fig. 4.1

shows lumped representation of stator and inner rotor windings.

It is a conventional practice in machine analysis to assume electrical linearity, i.e. no saturation
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S

N

Inner rotor

Inner rotor

axis

outer rotor
axis

Inner rotor

θst pm

Ms s

Mr r

(c) axis
Stator (c) axis

(a) axis

Stator (a)

Stator (b) axis

ωst

ωr

θst im

(b) axis

Figure 4.1: Lumped representation of stator and inner rotor windings with outer and inner rotor positions w.r.t.
stator.

in stator or rotor magnetic material. Since, DRM considered is having smooth air-gaps as a result the

field produced by each DRM part is unaffected by rotor position. Therefore, all the self-inductances,

mutual inductances between the stator phases, and the mutual inductances between the inner rotor

phases remain independent of rotor position. Whereas, mutual inductances between stator and inner

rotor phases are function of inner rotor position (θst im). Mutual inductance of a stator phase w.r.t.

inner rotor phase is maximum (Mmax sr) when they are aligned with each other. Mutual inductances

of stator phase-a w.r.t. three phases of inner rotor or vice versa is given by (4.4).

Mas ar = Mar as = Mmax sr cos(θst im)

Mas br = Mbr as = Mmax sr cos
(

θst im +
2π
3

)

Mas cr = Mcr as = Mmax sr cos
(

θst im − 2π
3

)

(4.4)

In a similar manner the mutual inductances of stator phase-b and phase-c w.r.t. three phases of inner

rotor can also be framed with proper consideration of angles existing between them as shown in Fig.

4.1. Mutual inductances between the stator phase windings that are independent of rotor position are
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given by (4.5).

Mas bs = Mas cs = Mbs as = Mbs cs = Mcs bs

= Mcs as = Ms s

(4.5)

Similarly, mutual inductance between the inner rotor phases is given by (4.6).

Mar br = Mar cr = Mbr ar = Mbr cr = Mcr ar

= Mcr br = Mr r

(4.6)

Step V2: The DRM has three motor parts out of which two are the rotating members. Based on

the operating speeds of these rotors, the relations defining the position of three motor parts w.r.t. each

other are given in (4.7)-(4.9). Fig. 4.2 explains the angles associated with different fields present in

the motor. The fields of the stator (ϕs) and outer rotor (ϕpm) are at an initial angle ofδst pm. The inner

rotor mainly sees the field of the outer rotor and therefore its induced emf (Er) lags the field inducing

it by π2 radians. The inner rotor current and field (ϕim) produced by it lagsEr by its power factor angle

(β). All these angles are in electrical radians. Physical representations of these rotor positions are

shown in Fig. 4.1.

θst im = ωrt + δst im (4.7)

θpm im = (ωst − ωr) t + δpm im (4.8)

θst pm = ωstt + δst pm (4.9)

ϕs

ϕim

δst pm

β

ϕpm

Er

Figure 4.2: Relationship amongst the different initial shift angles in DRM.

Step V3: Having defined the various inductances appearing in (4.3), the other quantities that

remains to be defined are stator and inner rotor currents. The stator is energized with three-phase
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balanced supply, therefore the resulting currents in the stator phases are defined by (4.10).

ias = Imax s cos(ωstt)

ibs = Imax s cos
(

ωstt − 2π
3

)

ics = Imax s cos
(

ωstt − 4π
3

)

(4.10)

Step V4: In (4.3) the inner rotor currents also appear which needs to be determined in terms of

stator currents given in (4.10). For this, using the fact that inner rotor terminals are short circuited in

an IM type rotor, the voltage equation for phase-a of inner rotor is given by (4.11). Since, the induced

voltages and currents in inner rotor are at slip frequency as in case of an IM, the steady state form of

the voltage equation is given by (4.12).

var = iarRr +
dλar

dt
= 0 (4.11)

Var = IarRr + j(ωst − ωr)Λar = 0 (4.12)

The flux linkage for each phase of inner rotor in (4.12) can be determined in the same way as done

for the stator phase in (4.3) and is given in (4.13).

λar = Lriar + Mar bribr + Mar cricr + Mar asias

+Mar bsibs + Mar csics + φmax r cos
(

θpm im

) (4.13)

Similarly, voltage equations can be written for the other two phases of inner rotor. Solving this

set of voltage equations for inner rotor currents gives us the result for an inner rotor phase current in

terms of stator current as given in (4.14) for phase-a. In (4.14) self and mutual inductances of inner

rotor phases are written in terms of leakage inductances and are related by (4.15).

iar =

3
2 (ωst − ωr)





2
3φmax r cos

(

ξ + δpm im

)

+Mmax srImax s cos(ξ + δst im)





√

R2
r + L2

rr(ωst − ωr)
2

(4.14)

where,

ξ = (ωst − ωr)t −
π

2
+ tan−1

(

(ωst − ωr)Lrr

Rr

)
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Lrr = Lr − Mr r (4.15)

Step V5: Substituting the quantities obtained in (4.3)-(4.14) in (4.2) and its subsequent mathe-

matical simplification results in the per-phase stator voltage equation for phase-a. Using the mutual

inductance relationship between three-phase and single-phase system defined as (4.16), phase-a volt-

age equation is given by (4.17).

Mmax sr ph =
3
2

Mmax sr (4.16)

vas = RsImax s cos(ωstt) + ωstLssImax s cos
(

ωstt + π2
)

+ ωstφmax s cos
(

ωstt + δst pm +
π

2

)

+





ωst cos
(

ωstt + δpm im + δst im − ε
)

·Mmax sr ph (−ωstt + ωr) φmax r





√

R2
r + (ωst − ωr)

2L2
rr

+

ωstM2
max sr phImax s cos(ωstt − ε) (−ωstt + ωr)

√

R2
r + (ωst − ωr)

2 L2
rr

(4.17)

Stator voltage equation (4.17) is simplified and converted to the phasor form as given in (4.18). All

the excitation terms (vas, Imax s, φmax s, φmax r) have been replaced with their rms equivalents (Vs, Is,

φs, φr).

Vs = IsRs + jIsωstLss +
Ise− jεsω2

stM
2
max sr ph

√

R2
r + s2ωst

2L2
rr

+ V1 + V2 (4.18)

where,

V1 = V1max∠

(

δst pm +
π

2

)

, V1max = ωstφs

√
2

ε = tan−1

[

(ωst − ωr) Lrr

Rr

]

,V2 = V2max∠

(

δpm im + δst im − ε
)

V2max =
ωst

2sMmax sr phφr

√
2

√

R2
r + s2ωst

2L2
rr

, s =
(ωst − ωr)
ωst

Step V6: The first three terms in the voltage equation (4.18) appears as voltage drop across passive

elements as they contain stator current (Is). Whereas, the last two terms do not containIs and can be

treated as voltage sources in the EEC for DRM. The terms withIs in (4.18) are similar to that of an

IM voltage equation and the remaining two terms (V1 & V2) appear as the back emf in stator and
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inner rotor due to permanent magnets in outer rotor. The first two terms of this equation represent the

voltage drop in the stator and the last term represents the voltage drop across parallel combination of

inner rotor and magnetizing branch similar to that of an IM. The expanded form of voltage equation

in (4.18) is given in (4.19). Based on the discussion and the expanded form of voltage expression, the

circuit representation of stator voltage equation (4.18) is shown in Fig. 4.3.

Vs = IsRs + jIsωst

(

Lss − Mmax sr ph

)

+ V1 + V2

+Is · ( jωst(Lrr−Mmax sr ph)+ Rr
s )·( jωst Mmax sr ph)

( jωst(Lrr−Mmax sr ph)+ Rr
s )+( jωst Mmax sr ph)

(4.19)

Figure 4.3: Electrical equivalent circuit of hybrid IM-PM DRM.

The EEC formed gives a quick and easy understanding of the DRM operation. Since the DRM

considered in this work is a hybrid IM-PM DRM, the EEC formed for DRM resembles with that of

an IM. The addition of outer permanent magnet rotor brings the change in the motor operation and

its performance as compared to a normal IM. The magnets in outer rotor interact with both the stator

and the inner rotor, which is represented byV1 andV2 in EEC. Having derived the per-phase stator

voltage equation the phasor diagram of the DRM is drawn and is shown in Fig. 4.4.

In order to realize the derived voltage equation for practical cases, the relationship amongst the

various angles appearing in (4.17) can be understood with the help of Fig. 4.2 and relations (4.7)-(4.9).

In reference with Fig. 4.2, following relations can be obtained.
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Figure 4.4: On load phasor diagram of hybrid IM-PM DRM.

β = tan−1





ωst

(

Lrr − Mmax sr ph

)

Rr

s




(4.20)

δst im = δst pm − δpm im (4.21)

The complex form of the stator voltage equation (4.18) is used to get the stator current in complex

form. The amplitude of thus obtained stator current is the maximum value (Imax s) and its argument is

the lag angle (α).

The voltage equation and hence EEC has been developed in this section. The next part of the work

describes the development of the most important performance equation of DRM i.e. its torque equa-

tion. The stator voltage equation developed is solved for the stator current to be used in determining

the torque expression for DRM.
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4.2.2 Derivation of Torque Equation for DRM

Electromagnetic torque is developed in a rotating system if its magnetic field is affected by a dif-

ferential rotation of the rotating part, with the other part remaining stationary. The torque expression

of DRM is developed using the electromechanical energy conversion principles, specifically using

the co-energy. The hybrid IM-PM DRM considered in this work is conceptualized as two concentric

motors having two torque producing ports. As discussed earlier, a common working flux links all

the three parts of DRM and is responsible for producing torque in both the air-gaps. Therefore, the

torque in these two air-gaps are not independent of each other. The torque expression developed in

this section represents the overall torque of DRM i.e. the torque expression gives a combined torque

of both outer and inner rotor. The torque for any rotating system is obtained using co-energy as given

in (4.22), whereθrotor represents the rotational displacement of the rotating part of the considered

rotating system.

The co-energy in (4.22) is determined using (4.23), whereλxs & λxr are the flux linkages in stator

and inner rotor andixs & ixr are the currents in each winding of stator and inner rotor respectively.

T =
d

dθrotor

(

Wco f ld

)

(4.22)

Wco f ld =

∑

λxsixs +

∑

λxrixr −W f ld (4.23)

For the analyzed DRM, the three phases of both stator and inner rotor, result in sets of six flux

linkages and six currents equations. Considering this the co-energy for DRM is given by (4.24).

Wco f ld = λasias + λbsibs + λcsics + λariar

+λbribr + λcricr −W f ld

(4.24)

Thus, in order to obtain torque expression for DRM, flux linkages, stator currents, inner rotor

currents andW f ld need to be determined in terms of known motor parameters. The development of

the torque expression is carried out following a sequence of steps as explained.

Step T1: The stator and inner rotor flux linkages required in (4.24) are same as defined in (4.3)

and (4.13) in Section 4.2.1 respectively. Similarly the flux linkage equations for the other phases of

stator and inner rotor can also be framed.
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Step T2: The flux linkages defined in the previous step are in terms of various self and mutual in-

ductances associated with stator and inner rotor. Definition of these inductances are same as described

in Step V1 of Section 4.2.1.

Step T3: The magnetic field energy stored in an electromagnetic system having current (i) and

flux linkage (λ) is given by (4.25).

W f ld =

λ f∫

0

idλ (4.25)

The magnetic field energy stored in DRM is obtained as the integration of motor phase current w.r.t.

corresponding flux linkage, with proper path of integration as given in (4.26).

W f ld =





λas f∫

0

iasdλas





x1

+





λbs f∫

0

ibsdλbs





x2

+





λcs f∫

0

icsdλcs





x3

+





λar f∫

0

iardλar





x4

+





λbr f∫

0

ibrdλbr





x5

+





λcr f∫

0

icrdλcr





x6

(4.26)

where,

x1 ≡ (λcr = λbr = λar = λcs = λbs = 0)

x2 ≡ (λcr = λbr = λar = λcs = 0, λas = λas f )

x3 ≡ (λcr = λbr = λar = 0, λas = λas f , λbs = λbs f )

x4 ≡ (λcr = λbr = 0, λas = λas f , λbs = λbs f , λcs = λcs f )

x5 ≡ (λcr = 0, λar = λar f , λas = λas f , λbs = λbs f ,

λcs = λcs f )

x6 ≡ (λbr = λbr f , λar = λar f , λas = λas f , λbs = λbs f ,

λcs = λcs f )

With proper inductance relations defined in the previous step, we get a set of six flux linkage

equations. To determine the magnetic field energy stored in the motor, the set of flux linkage equations

are solved for stator and inner rotor currents in terms of flux linkages to be used in (4.26). The proper

path of integration used in (4.26) is explained in Appendix 9 with an example of system having three

windings.

Step T4: Co-energy expression developed following the previous three steps in sequence is further
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used to obtain the torque expression as given in (4.22). However, in case of the DRM considered in

this work there are three relations governing the rotor positions as explained instep V2 of Section

4.2.1. In such systems having multiple moving parts, the co-energy needs to be differentiated partially

w.r.t. position of each moving part [48]. Thus, in order to derive torque expression for the considered

DRM, co-energy obtained is differentiated w.r.t.θst im andθst pm as given in (4.27). This gives torque

produced by outer as well as inner rotor and thus represents the overall torque of DRM as presented

in (3.66).

T =
∂

∂θst im

(

Wco f ld

)

+
∂

∂θst pm

(

Wco f ld

)

(4.27)

Step T5: The torque equation obtained using (4.27) is in terms of stator and inner rotor currents,

both these currents needs to be determined. The stator currents are defined as given in (4.28). Here,

Imax s andα are determined from the voltage equation developed in the Section 4.2.1.

ias = Imax s cos(ωstt + α)

ibs = Imax s cos
(

ωstt − 2π
3 + α

)

ics = Imax s cos
(

ωstt − 4π
3 + α

)

(4.28)

Step T6: Following the above steps, we get the torque expression having inner rotor current terms

also, which are not available to us in practical case and needs to be converted in terms of stator current.

In order to represent these inner rotor currents in terms of stator current quantitiesStep V4 of Section

4.2.1 is followed. Using these converted inner rotor currents the final torque expression of DRM in

the desired form is given by (4.29).

T =
P
2
· 3 ·





(

Imax s√
2

) (

φmax s√
2

)

sin
(

α − δst pm

)

+

ωstRr sM2
max sr ph

(

R2
r + s2L2

rrω
2
st

)

(

Imax s√
2

)2

+

(

Imax s√
2

) (

φmax r√
2

)

·
Mmax sr phsωst cos(δpm im + δst im − α − ε)

√

R2
r + s2L2

rrω
2
st



 (4.29)

where,

ε = tan−1

[

(ωst − ωr) Lrr

Rr

]

s =
ωst − ωr

ωst
, and Mmax sr ph =

3
2

Mmax sr

The torque expression in (4.29) represents the overall torque of DRM. It is clearly seen from the
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expression that the torque developed has contribution from each motor part. It can be deduced that

the first term is due to interaction of stator and outer rotor fields, the second term is due to interaction

of stator and inner rotor fields and the third term is due to interaction between inner rotor and outer

rotor fields. Thus, the torque represented by the first term is delivered by outer rotor and that by the

second term is delivered by inner rotor, whereas the torque given by the third term is shared by both

the rotors.

Torque developed in outer rotor has contribution from both stator and inner rotor and represented

in (4.29) by first and third terms respectively. Similarly, torque developed in inner rotor is due to

stator and outer rotor represented by second and third terms respectively. The torque developed in

DRM depends upon the number of pole pairs (P/2). Since, throughout the development of the torque

expression a single pole pair was considered, as a result for a motor withP number of poles, the

developed torque expression is multiplied with pole pairs (P/2).

4.2.3 Verification of the Developed Torque Expression

The torque expression in the previous section has been obtained with energy method. The torque

can also be obtained from the equivalent circuit developed in Section 4.2.1. In this section torque

obtained from EEC has been obtained and is verified with that given by (4.29).

In order to obtain electromagnetic torque from EEC, air-gap power needs to be calculated first.

Then, air-gap power divided by the mechanical synchronous speed will provide us the torque ex-

pression. It can be seen from Fig. 4.3, there are three sources for air-gap powerV1, Rr/s andV2.

Total air-gap power (Pg) contributed by these three in symbolic form is given by (4.30) and complete

expression are given in (4.31).

Pg = V1Is + (Ir
′)2Rr

s
+ V2Is (4.30)

Pg = ωstIsφs cos(δst pm +
π

2
− α) +

ω2
stRr sM2

max sr phI2
s

R2
r + s2L2

rrω
2
st

+
ωstIsφrMmax sr phs cos(δpm im + δst im − α − ε)

√

R2
r + s2L2

rrω
2
st

(4.31)

Air-gap power presented in (4.31) is single phase power as the equivalent circuit is per-phase.

Thus, for three phase air-gap power it needs to be multiplied by 3. In order to obtain electromagnetic

torque from three phase air-gap power, it is divided by mechanical synchronous speed ((2/P)ωst).
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The torque obtained from the EEC is presented in (4.32).

Tg =
P
2
· 3 ·





Isφs cos(δst pm +
π

2
− α)

︸                        ︷︷                        ︸

T1

+

ωstRr sM2
max sr phI2

s

R2
r + s2L2

rrω
2
st

︸                 ︷︷                 ︸

T2

+
IsφrMmax sr phs cos(δpm im + δst im − α − ε)

√

R2
r + s2L2

rrω
2
st

︸                                                    ︷︷                                                    ︸

T3





(4.32)

Torque equation in 4.32 has three terms named asT1, T2 andT3. Out of these termsT1 andT3

have terms corresponding to magnet flux and are also sensitive to initial angle of PM rotor. Whereas,

the termT2 only has terms corresponding to cage rotor. Thus, termsT1 andT3 can be considered as

torque of outer rotor (PM rotor) andT3 as torque of inner rotor (cage rotor).

It can be easily observed that torque obtained from EEC and by energy method in (4.32) and

(4.29) respectively matches and thus validates the torque expression for the considered DRM.

4.3 FEA Validation

In Section 4.2 SSM of DRM comprising the EEC and torque equation are developed. In order

to validate the model developed, the results are compared with those obtained from the FEA model

analyzed using ANSYS Maxwell 14.0.0. The remaining setting for the FEA analysis are same as

explained in Section 2.5. Internal algorithms of Maxwell has been used for meshing and torque

calculation. Torque in both outer and inner air-gaps have been computed in FEA and their sum is

compared with the overall torque obtained using SSM. All the torque values are average values after

the motor has achieved steady state.

4.3.1 Determination of parameters of EEC

The parameters for EEC were determined mainly from FEA model. The FEA model for the DRM

was created in two steps:

• Firstly, an induction motor model with Ansys RMxprt is created with an leaving the space for

outer PM rotor as air-gap. This model is analyzed and Maxwell 2D design is created from

RMxprt.
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• A separate geometry is created for outer rotor and is inserted in the 2D model created in the

previous step.

The induction motor model created in the first step gives all the parameters related to induction

motor model i.e.Rs, Rr, Lrr, Lss, Mmax sr ph and the same are used in EEC calculations.

The parameterφmax s is calculated analytically using flux per pole as presented in (4.33).

φmax s = Bav ·
2πROR

P
· L · Nph (4.33)

where,Bav is the average outer air-gap flux density,ROR is the outer radius of outer rotor,L is the

length of the machine andNph is the series turns per phase. With DRM is was observed that,Bav

of 0.25 T is obtained with FEA. For the present DRM modelROR=318.6 mm,L=834 mm,P=12 and

Nph=288. The parameterφmax r has been calculated in the similar way asφmax s. First equivalent

number of turns for three phase winding for the cage rotor is found and then using the turns ratio of

stator and rotor, stator referred value ofφmax r is calculated. The procedure of determining equivalent

turns for cage rotor is presented in Appendix 9. The equation forφmax r calculation is given by (9.12).

φmax r = Bav ·
2πRIR

P
· L ·

3Nph

Nb
(4.34)

The various motor parameters appearing in the voltage and torque equations are given in Table

4.1. Other specification required to make the FEA model of DRM are given in Table 4.2. The slot

dimensions for stator and rotor are presented in Fig. 4.5.

Table 4.1: DRM Parameters

Symbol Value Unit Symbol Value Unit

Rr 0.59 Ω Rs 0.23 Ω

f 50 Hz P 12

φmax s 9.82 Wb φmax r 0.37 Wb

Lrr 0.09 H Lss 0.09 H

Nr 495 rpm Mmax sr ph 0.07 H

VL 6000 V αm 1
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1.75 mm
1.05 mm

53.2 mm

11.4 mm

9.4 mm

(a)

1.5 mm

30.05 mm

10.05 mm

3.0 mm
(b)

Figure 4.5: Slot dimensions (a) Stator (b) Inner rotor.

Table 4.2: Specifications of DRM.

Symbol Value Unit

Stator outer diameter 850.0 mm

Stator inner diameter 640.6 mm

Outer rotor outer diameter 637.2 mm

Outer rotor inner diameter 607.2 mm

Inner rotor outer diameter 603.2 mm

Inner rotor inner diameter 450.0 mm

Outer air-gap length 1.7 mm

Inner air-gap length 2.0 mm

Length of motor 834.0 mm

Number of stator slots 108

Number of inner rotor slots 78

Coil pitch for stator winding 10 slots

µr for permanent magnets 1.05

Br for permanent magnets 0.5 T

The cut-out section of the DRM in FEA at standstill is as shown in Fig. 4.6 and under rotation is

shown in Fig. 4.7. As explained in the previous section, the outer rotor rotates at synchronous speed

and inner rotor rotates at slip speed. It can be seen from Fig. 4.7 that the two rotors under rotating

condition have different positions at a particular instant of time.
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Figure 4.6: FEA model cut-out section of hybrid IM-PM DRM at standstill.

Figure 4.7: FEA model cut-out section of hybrid IM-PM DRM under rotation.

As discussed in the previous section, the torque in DRM depends on slip (s) of inner rotor and

initial angle of outer rotor (δst pm). The torque developed in DRM can be analyzed by keeping either

s or δst pm constant and varying the other. It is known that the stable operation of an IM lies within a

very small range of slip (0-3%). Firstly, to analyze the operation of DRM,s is kept constant andδst pm

is varied from 0− 360 electrical degrees.

The torque and maximum current variation in DRM against the initial shift angle of outer rotor

δst pm are as shown in Fig. 4.8 and Fig. 4.9 respectively.
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Figure 4.8: Comparison of total torque obtained from EEC and FEA w.r.t.δst pm at s = 0.022.
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Figure 4.9: Comparison of maximum input current obtained from EEC and FEA w.r.t.δst pm at s = 0.022.

Second set of validation has been performed by varying slip (s) of inner rotor for specificδst pm.

The torque and stator current results for this variation are presented in Figs. 4.10 and 4.11 respectively.
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Figure 4.10: Comparison of total torque obtained from EEC and FEA w.r.t. slip (s) for variousδst pm.

The first and third terms of torque expression (4.29) have sineand cosine function ofδst pm and

hence alternate between positive and negative values. Whereas, the second term is independent of

δst pm and hence is always positive. Observing the torque plot in Fig. 4.8 and 4.10, the negative torque
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Figure 4.11: Comparison of maximum input current obtained from EEC and FEA w.r.t. slip (s) for various
δst pm.

represents that torque contributed by first and third terms are opposing the torque contributed by the

second term (which is always positive). Therefore, to avoid opposition of torques DRM should be

operated over a range ofδst pm that results in torque near its maximum positive value.

The input current drawn by a motor gives the indication of the electrical power input and hence

the mechanical power output also. The plots of maximum input current of DRM in Fig. 4.9 and 4.11

showing the values from EEC and FEA matches very closely, indicating that motor model developed

that is an electrical representation of DRM, draws same current as that of the FEA model. Maximum

value of input current (Imax s) is selected for comparison as from the voltage equation in (4.17), we can

directly obtainImax s. Results from Figs. 4.8 - 4.11 show that the performance of the DRM predicted

by the developed EEC and torque expression closely matches with that of FEA, thus validating the

work. Additional results showing performance of DRM over 0◦ − 360◦ range ofδst pm for various slip

(s) values have been presented in Fig. 4.12-4.13.

Having validated developed EEC with FEA, it can be further used to analyze the DRM torque

characteristic for otherδst pm ands values. Fig. 4.14 and 4.15 shows torque characteristics for DRM

for various values ofδst pm ands obtained from EEC.

In Fig. 4.14 variousδst pm have been selected including one having maximum torque (δst pm =

330◦) in Fig. 4.8 for analysis. It is observed from Fig. 4.14 that the torque characteristic looks similar

to that of an IM. Unlike IM the torque at synchronous speed (s = 0) is not zero, this is due to the

presence of torque due to outer rotor. Fig. 4.15 shows the torque characteristic of DRM w.r.t.δst pm

for various slip values. It is observed from the figure that with decrease in slip of inner rotor the torque
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Figure 4.12: Comparison of total torque obtained from EEC and FEM w.r.t.δst pm for various slip (s).
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Figure 4.13: Comparison of maximum current obtained from EEC and FEM w.r.t.δst pm for various slip (s).
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Figure 4.14: Torque characteristic obtained from EEC for DRM w.r.t. slip (s) for variousδst pm.
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Figure 4.15: Torque characteristic obtained from EEC for DRM w.r.t.δst pm for variouss.

characteristic shifts downwards i.e. torque decreases for everyδst pm. It can be deduced that the motor

will produce minimum torque ats = 0, and that will be torque only due to outer rotor. At this point

DRM will behave as permanent magnet synchronous motor (PMSM).

4.4 Conclusion

The SSM comprising a novel EEC and the torque expression for a new type of motor in the form

of a hybrid IM-PM DRM is developed in this work. This model developed provides an in-sight to the

operation and the characteristics of DRM which are not known precisely till now. The method used in

the development of the model is very simple, systematic and general and has thus resulted in a model

which is easy to interpret in-spite the fact that the motor construction was complex. The EEC and the

torque expression developed for DRM, convey the interaction amongst the three motor parts not just to

explain its operation but also brings out the differences in DRM as compared to a normal IM and PM.

The model also describes some important issues that should be considered to operate the DRM for
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better performances. The SSM parameters determination of DRM is also presented. The input stator

current obtained from the EEC closely matches the values obtained from FEA to validate the EEC.

Similarly the torque determined from the torque expression developed also closely matches with that

of FEA results, to validate the work done. The method is also presented in a simple and systematic

manner and can be easily implemented for any new type of motor with different configuration.
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5.1 Introduction

5.1 Introduction

In this chapter design and prototyping of DRM has been discussed. The first prototype of the

motor has been made keeping the following objectives in mind:

• Practical feasibility of the proposed DRM configuration.

• Practical understanding the working principle of DRM.

• Validation of FEA and EEC models with practical results.

• Finding out the suitable control strategy for DRM.

• Determine the possible mechanical designs for the proposed DRM configuration.

5.2 Design of DRM

The design of DRM has been discussed in two parts i.e. electrical and mechanical design. Fol-

lowing subsections present the electrical design for the selected configuration.

5.2.1 Electrical design of DRM

Since the major objectives of first prototype of DRM are validation of proposed models and un-

derstanding of its working, the design has been made such that it can be tested with the available

resources in the laboratory. Thus, the motor is designed such that it is compatible with the avail-

able platform and can be coupled with other motors and generators available in the laboratory. The

electrical design of DRM has been further discussed in detail in the following subsections.

5.2.1.1 Design of stator

Design of any electrical motor or its part starts with the constraints which need to be satisfied. For

the stator of DRM, following constraints were given:

• The outer diameter of the stator must not be greater than 150 mm, for the motor to fit into

available platform in the laboratory.

• The stator current of the motor must not be greater than 2 ampere.

• Rated line to line voltage for stator must be 380 V.
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In view of the above constraints the outer diameter (Ro) of the motor had been chosen to be 150

mm. As the inner rotor of the DRM is PM rotor, DRM can be considered an Interior Permanent

Magnet (IPM) type motor. As with increased number of poles, the motor volume decreases, for DRM

8 poles are chosen [49]. Since the outer diameter of the stator has a constraint of 150mm, number

of slots in the stator should be such that it can accommodate 3-phase winding for 8 poles and also,

there should be sufficient tooth width to avoid saturation. Hence, the number of stator slots have been

chosen as 36. Fig. 5.1 shows the dimensions for the stator slots. With 36 number of slots, it is feasible

to make double layer fractional slot winding (slots/pole/phase,1) for 8 poles. 36 number of slots also

helps to avoid cogging torque also as slots per pole is not an integer (36/8 = 4.5) [14].

The voltage and current specification of the motor are 380V and 2A respectively. Table 5.1

presents the winding details for the stator.

3.4 mm

2.5 mm

11 mm

0.6 mm

2.5 mm

Figure 5.1: Dimensions of slots on Stator.

5.2.1.2 Design of outer rotor

The outer rotor of DRM is IPM type rotor. As discussed in Chapter 2, for proper operation of

DRM the complete stator flux has to link both, the inner and outer rotor. Therefore, all the flux must

pass to inner rotor via the outer rotor. Thus, the magnets cannot be placed on the surface of the rotor

and have to be embedded in the core like in an IPM motor. Many configurations of PMs are reported

in literature and are used practically [50]. Some of the configurations are shown in Fig. 5.2.

In all the configurations shown in Fig. 5.2, except for 5.2(a), all makes flux loop with adjacent

magnets and thus their flux will not flow to inner rotor. However, for magnet configuration in Fig.

5.2(a), with proper flux guides (or flux barriers), the flux can be made to flow towards inner rotor.
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Table 5.1: Winding details for stator of DRM

Parameter Value Unit

Number of slots 36 Number of poles 8

Number of phases 3 Slots/pole/phase 1.5

Winding type Lap Winding connection Delta/star

Parallel paths 1 Current density 3.42A/mm2

Coil throw 4 Winding wire AWG 22

Number of strands 1 Number of turns 55

Slot fill factor 50 % Mean turn length 216mm

Turns per phase 660 Insulation class F

Thus, configuration in Fig. 5.2(a) is used for outer rotor of DRM. The final slot shape for outer rotor

is shown in Fig. 5.3.

Figure 5.3: Dimensions of slots on outer rotor.

It can be observed from Fig. 5.3 that flux guides have been made on all corners of the bar magnets

to guide the flux towards stator and inner rotor and prevent any flux loop with adjacent magnets.

5.2.1.3 Design of inner rotor

The inner rotor of DRM is squirrel cage type rotor like the rotor of an IM. To decide the number

of bars and shape of the bar, standard design principles have been followed [51]. Since the cage rotor

is placed inside the outer rotor, relatively less space is available for the cage rotor. Therefore, unlike

most of the IM, the number of bars for cage rotor have been selected less than number of slots of

stator i.e. 34. The dimensions of the slots for the cage rotor are shown in Fig. 5.4.
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(a) (b)

(c) (d)

Figure 5.2: Configurations of IPM rotors based on magnet shape (a) Bar type (b) V type (c) Spoke type (d)
Tub type.

12.141 mm

0.8

0.58 mm

1.5 mm

0.6 mm

Figure 5.4: Dimensions of slots on squirrel cage type inner rotor.
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5.2.1.4 FEA modeling of DRM

The design of DRM discussed in previous sections has been validated with FEA analysis using

Ansys Maxwell 14.0. The remaining setting for the FEA analysis are same as explained in Section

2.5. The model was voltage excited and hence the currents were induced in the rotor bars. Holes were

created for outer rotor bolts in the FEA model as the bolts were made of non-magnetic steel. The

FEA model of the DRM is shown in Fig. 5.5. The flux lines for the model are shown in Fig. 5.6. It

can be observed from the figure that the flux lines link all the parts i.e. stator, outer rotor and inner

rotor of the motor. With the flux barriers on the outer rotor, all the possible flux loops are prevented

and flux is guided towards stator and inner rotor.

Figure 5.5: FEA model for the finalized design of DRM.
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Figure 5.6: Flux distribution for the FEA model of DRM.

5.2.2 Mechanical design of DRM

Electric motors have been around for more than century and its mechanical design has become

quite mature considering cooling, mechanical strength and vibration viewpoints. However, being a

new configuration, the standard mechanical design with rotor mounted on two bearing cannot be used

for DRM. The DRM has two concentric rotors and both the rotors rotate independently. The inner

rotor is inside the outer rotor and rotate at different speed. The inner rotor can be mounted on shaft but

the outer rotor cannot be connected to this shaft as both rotate at different speed. Therefore, a hollow

shaft has been designed for outer rotor and its output is taken through a gear arrangement. Thus,

the mechanical design of the motor has been made such that output of both the rotors are available

independently. This design will help in performing tests on either of the rotor independently and thus

will help to understand the motor. The required CAD drawings for manufacturing have been made

using the design platform CATIA. Figs. 5.7-5.11 show final CAD drawing for DRM and its different

parts. Fig. 5.7 shows the inner cage rotor with both side bearings mounted. Fig. 5.8 shows the outer

rotor with its bearing and gear mounted. The gear on the outer rotor has been made so that its torque

can be taken independently as shown in Fig. 5.9. Fig. 5.10 and 5.11 show the complete assembly and

cross section view of the DRM.
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Figure 5.7: CAD drawing for inner cage rotor with both side bearings mounted.

Figure 5.8: CAD drawing for outer PM rotor with both side bearings and gear mounted.

Figure 5.9: CAD drawing for DRM showing two output shaft.
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Figure 5.10: CAD drawing for the complete assembly of DRM.

Figure 5.11: CAD drawing showing cross sectional view of the DRM.
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5.3 Manufacturing of DRM

The dual rotor motor is manufactured at NFTDC (Non Ferrous Material Technology Development

Centre), Hyderabad. The steps involved in prototyping the motor are shown in Fig. 5.12.

Table 5.2: Mechanical specification used for DRM prototyping.

Parameter Value Unit
Stator outer radius (Ro) 75.00 mm
Stator inner radius (Rs) 51.50 mm
PM rotor outer radius (Rm) 51.00 mm
PM rotor inner radius (Ra) 42.50 mm
Cage rotor outer radius (Rr) 42.00 mm
Shaft radius 14.00 mm
Motor stack length (Lm) 50.00 mm
Number of stator slots 36
Number of inner rotor slots 34
Width of the magnet 20.00 mm
Height of the magnet 4.00 mm
Pole pairs (p) 4
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Figure 5.12: Flowchart depicting various processes involved in the manufacturing of DRM.
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Table 5.2 gives the mechanical specifications finalized for DRM manufacturing. Fig. 5.13 -

5.16 show the pictures of the lamination cut from the sheet of the material 50C350AP with laser

cutting machine. Fig. 5.17 - 5.24 present pictures of various DRM parts during different stages of

manufacturing. Fig. 5.26 shows the complete DRM after assembly operation.

Figure 5.13: Lamination for Stator.

Figure 5.14: Lamination for PM rotor.
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Figure 5.15: Lamination for Rotor.

Figure 5.16: Picture of all lamination put together.

(a) (b)

Figure 5.17: (a) DRM frame (b) frame with stator stack.
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(a) (b)

Figure 5.18: DRM stator under winding operation.

(a) (b)

Figure 5.19: Finished DRM stator ready for assembly.
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(a)

(b) (c)

Figure 5.20: (a) Copper caste cage rotor (b) and (c) Finished cage rotor ready for assembly.
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(a) (b)

(c)

Figure 5.21: (a) PM rotor lamination stack (b) PM rotor with end supports (c) Permanent magnets.
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(a)

(b)

Figure 5.22: (a) and (b) PM rotor with inserted magnets.
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(a) (b)

(c)

Figure 5.23: Finished PM rotor ready for assembly.
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(a)

(b)

Figure 5.24: (a) Gear, circlips, bearings required for assembly (b) All DRM components ready for assembly.
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(a) (b)

(c)

Figure 5.25: DRM under assembly operation.
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(a) (b)

(c)

Figure 5.26: Final DRM after assembly completion.

5.4 Installation of Hall sensors in DRM

The position of the Hall sensor depends upon the number of poles and number of stator slots of

the motor. For proper operation of the motor, the Hall sensors have to be electrically 120◦ apart from

each other. Thus using the number of poles of the motor mechanical position of the Hall sensor is

calculated. The calculation for Hall sensor position for DRM is explained below:

No. of stator slots for DRM= 36

Slot pitch in mechanical degrees= 360◦/36= 10◦

No. of poles for DRM= 8

Mechanical degrees for 120 electrical degrees for 8 poles= 120◦/(8/2) = 30◦
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Number of slot pitches between two Hall sensors= 30◦/10◦ = 3

Thus, Hall sensors have to be placed at a difference of 3 slot pitches between two sensors. Since,

the Hall sensor surface cannot be under the core of the stator otherwise it will not get sufficient field

intensity to detect the magnets; they could not be inserted inside the slots. Thus, stator teeth were cut

and Hall sensors were inserted in the grooves made. Fig. 5.27 shows the three Hall sensors placed in

the stator. After the correct placement of Hall sensor its leads were fixed to the stator winding with

silicon rubber such that they do not move and reliability in operation is ensured.

HS1

HS2

HS3

Figure 5.27: Position of Hall sensors in stator.

5.5 Summary and Conclusion

Complete design of DRM including electrical and mechanical design has been discussed in this

chapter. The main objective with the first prototype of the motor is to validate the working principle

and testing of the motor for better understanding. With the finalized design, output of both the ro-

tors can be obtained independently. For a practical application, the mechanical assembly has to be

modified based on the requirement.

The next chapter presents various tests performed on the manufactured DRM. The control strategy

used to run the DRM is the same as used for PMBLDC motor and is also discussed briefly in the

chapter.
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6.1 Introduction

6.1 Introduction

In this chapter, testing of DRM is presented. DRM has two torque producing components i.e.

inner and outer rotor. In order to properly understand its working principle and effect of loading on

both its rotors, different tests are preformed and are discussed in subsequent sections of this chapter.

The objectives of testing of DRM are as follows:

(a)

(b)

Figure 6.1: Experimental setup for DRM testing (a) front view (b) top view.

• Check the back emf waveform and Hall sensors outputs.

• Understand the working principle of DRM.

• Effect of loading any of the rotors individually.

• Effect of loading both the rotors.
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• Validation of SSM and FEA model with experiments.

Fig. 6.1 shows the mounting of the motor and arrangement made to load both the rotors. For

better understanding of the arrangement, front and top view of the setup are shown in Fig. 6.1(a)

and 6.1(b) respectively. Flange mounting is used for DRM to fix it to the experimental platform. DC

generators with resistances connected to their armature terminals have been used as loads for both

the rotors. The inner rotor is coupled directly with the load as in case of any conventional motor

whereas, the outer rotor is coupled to load through a gear arrangement as shown in the figures. The

torque for both the rotors has been measured from the output power of the DC generators divided by

mechanical speed in rad/sec. The output power of the DC generator are obtained as sum of power

consumed by load resistance (RL) as well as copper loss in generator windings as shown in (6.1).

Since, due to mechanical constraints DRM was operated with low rpm throughout the experimental

testing (maximum 150 rpm), the friction and windage losses were neglected. Considering the error

due to friction and windage losses, it can be stated that, the torque measurement was done with an

accuracy of 90%.

PG = I2
GRL + I2

GRG (6.1)

The electrical excitation to the motor has been provided using an inverter. The switching signals

for the inverter switches are being generated using the dSPACE 1103 system. Following section

describes the control strategies used to run the motor.

6.2 Control strategy for DRM

The working principle of the DRM has been presented in detail in the previous chapters. It was

discussed that, when the stator is excited, the outer rotor rotates similar to a rotor in PM motor. This

rotating outer rotor creates a rotating magnetic field in the inner air-gap and thus forces the inner

rotor to rotate to minimize the electromagnetic induction. It can be observed from this discussion the

rotation of outer rotor is vital for the operation of DRM and since the air-gap field of inner air-gap

cannot be directly controlled, the outer air-gap field has to be controlled. Therefore, it is concluded

that, DRM has to be operated as PM motor.
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6.2.1 120◦ commutation technique

The simplest and widely used control technique of 120◦ commutation of stator phases based on

Hall sensors output has been employed for DRM. The block diagram for the control technique is

presented in Fig. 6.2.

3-phase inverter output 

VB VC 

HA HB HC 

Hall sensor output 

Switching 

pulses 

dSPACE 1103 system 

Driver and inverter circuit 

DRM 

VA 

Figure 6.2: Experimental setup for DRM testing.

If the phases of the motor are commuted properly in synchronism with the rotor position then

the outer rotor rotates smoothly and the inner rotor also rotates in order to catch up with the rotating

field created by outer rotor. Circuit representation of the 3-phase inverter is shown in Fig. 6.3. The

switching signals for the six switches in the inverter are produced based on the Hall sensor output of

DRM using dSPACE 1103 system as shown in Fig. 6.2. Every switch in the inverter remains on for

120 electrical degrees as shown in Fig. 6.4. The control strategy is such that at a particular time only

two switches are in ON state. Thus, at a time,VDC is applied across two phases of motor. These states

with their respective motor phases are presented in Table 6.1.
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DRM 

Q1 Q3 Q5 

Q4 Q6 Q2 

VDC 

VA 

VB 

VC 

Figure 6.3: Experimental setup for DRM testing.

HA 

HB 

HC 

Q1 

Q2 

Q3 

Q4 

Q5 

Q6 

0◦ 60◦ 120◦ 180◦ 240◦ 300◦ 360◦ 

Figure 6.4: Experimental setup for DRM testing.
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Table 6.1: Switching states of inverter switches based on Hall sensor outputs.

Hall sensors (HA, HB, HC) Phases ON switches

101 A − B Q1, Q6

100 A −C Q1, Q2

110 B −C Q3, Q2

010 B − A Q3, Q4

011 C − A Q5, Q4

001 C − B Q5, Q6

6.2.2 Sine Pulse Width Modulation (SPWM) technique

It is discussed in the previous section that the rotating magnetic field in the inner air-gap is pro-

duced by outer rotor. Since outer rotor behaves similar to rotor of PM rotor, it can be operated as

synchronous motor. Thus, DRM is also tested as a synchronous motor i.e. it has been given voltage

excitation through an inverter using SPWM technique. With this technique, the motor is given very

low frequency and is increased slowly once the rotor starts rotating. Fig. 6.5 shows a block diagram

for DRM using SPWM technique.

Frequency 

3-phase sine 

wave 

generator 

Ramp 

generator 

Comparator Inverter DRM 

VA 

VB 

VC 

Gate 

pulses 
SA 

SB 

SC 

Figure 6.5: Block diagram for sine PWM technique.

6.3 Testing of DRM

In order to understand various possible operating modes of DRM, various tests have been per-

formed. Following subsections present different tests performed on DRM. In order to test DRM, the

present test system was modified. Thus, in the absence of dedicated test rig and involvement of gear

arrangement, the motor was tested only upto 25 Hz. As the test frequency was low, iron losses in the
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DRM

Induction
motor

Gear

Figure 6.6: Figure showing outer rotor coupled to an IM for open circuit tests.

motor were neglected during the tests.

6.3.1 Open circuit tests

This test is named as open circuit test, as the stator terminals of DRM are kept open during the

tests. The outer rotor of DRM is run with an induction motor and its back emf (BEMF) and Hall

sensor outputs are recorded. Fig. 6.6 shows the setup for open circuit tests. The IM is excited with

sine PWM technique with different fundamental frequency. IM runs the outer rotor of DRM, as the

outer rotor has magnets, it produced BEMF in the stator terminals. Also Hall sensor outputs can also

be seen during this test. Fig. 6.7 presents the outputs of the Hall sensors. Ideally, output of Hall

sensors should have duty ratio of 50% and should be displaced 120◦ from each other. However, it can

be observed that duty ratio of Hall sensors are 53%, 55% and 63% for phasesA, B andC respectively.

This can be due to the reason that the Hall sensor placed in the motor are unipolar Hall sensors and

detects magnetic field due to south pole. And thus, at the edges of the poles due to insufficient flux

density, its unable to detect the magnetic pole. Also it can be observed that outputs of Hall sensors are

not exactly 120◦ apart. This can be due to improper physical placement of Hall sensors in the motor.

As the outer rotor is rotated with IM, it produced rotating magnetic field in the inner air-gap and

thus the inner rotor rotates due to induction effect. BEMF at the terminals of DRM is affected by

the speed of inner rotor. Therefore, BEMF waveforms for DRM during open circuit tests with inner

rotor freely moving and blocked inner rotor are presented in Fig. 6.8 and 6.9 respectively. It can be
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Figure 6.7: Output of Hall sensors.
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Figure 6.8: BEMF waveform at 9 Hz with cage rotor freely moving.

observed that the shape of the waveform is different gets distorted in Fig. 6.9 due to the opposition

field created by blocked inner rotor.
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Figure 6.9: BEMF waveform at 8 Hz with cage rotor blocked.

Tables 6.2 and 6.3 present result for open circuit tests for the two cases of inner rotor freely moving

and blocked inner rotor respectively. WhereNOR andNIR are the speeds of outer rotor and inner rotor

respectively andBEMF is the rms value of the phase voltage measured at the terminal of the motor.

Freq is the fundamental frequency of electrical excitation given to IM. It can be observed that as the

excitation frequency increases, the BEMF also increases. The increase in BEMF is almost linear in

nature and can be observed from the ratio of BEMF andNOR in Tables 6.2 and 6.3, which is almost

constant.

Table 6.2: Results with inner rotor freely moving.

Freq (Hz) NOR (rpm) NIR (rpm) BEMF (V) BEMF/NOR

1 14.55 14.00 2.30 0.16
3 44.47 44.00 5.40 0.12
5 74.11 73.40 8.80 0.12
7 104.02 102.70 12.00 0.12
9 134.20 134.00 15.70 0.12

Table 6.3: Results with inner rotor blocked.

Freq (Hz) NOR (rpm) NIR (rpm) BEMF (V) BEMF/NOR

1 14.02 0.00 2.40 0.17
3 44.20 0.00 5.50 0.12
5 74.11 0.00 9.00 0.12
7 104.55 0.00 11.60 0.11
9 135.00 0.00 16.00 0.12
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Figure 6.11: Phase current and phase voltage waveforms during load testing of inner rotor.

6.3.2 Inner rotor loading tests

During this test the DRM is given excitation from inverter controlled with SPWM technique and

is operated at different frequencies. The inner rotor is loaded with the help of coupled DC generator

while the outer rotor is left to rotate. Fig. 6.10 shows the experimental setup for this test. The inner

rotor is coupled to a DC generator whereas, the outer rotor coupling gear has been removed and it is

kept free. Fig. 6.11 shows the waveform for phase voltage and phase current of DRM during this test

at 20 Hz. It can be observed that the phase voltage is a stepped waveform as the SPWM technique

has been used for the test.

 

(V)  

Figure 6.10: Experimental setup for inner rotor loading tests on DRM.

During the test DRM is operated with constant excitation voltage with particular frequency and

loading is increased on inner rotor in steps. Tables 6.4 and 6.5 present results for inner rotor loading
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with DRM operating at 20 and 25 Hz respectively.VA andIA represent the phase voltage and phase

current for DRM during the test. It can be observed from the results that with higher operating

frequency, higher torque is achieved. This is due to the reason that, at higher speed, even for the same

operating slip, the stator voltage is higher and thus it is able to deliver more torque for the same slip.

The operating slips (sIR) for inner rotor are shown in Tables 6.4 and 6.5.

Table 6.4: Test results for inner rotor loading test at 20 Hz.

VA (V) IA (A) NIR (rpm) NOR (rpm) TorqueIR (Nm) sIR Pin PIR E f f (%)

60.14 0.60 297.60 300.00 0.00 0.01 86.60 0.00 0.00

60.20 0.70 287.00 300.00 0.91 0.04 101.14 27.51 27.20

59.58 0.90 274.70 300.00 1.94 0.08 128.69 56.04 43.55

59.40 1.10 263.60 300.00 2.61 0.12 156.82 72.15 46.00

58.50 1.30 254.00 300.00 3.03 0.15 182.52 80.82 44.28

Table 6.5: Test results for inner rotor loading test at 25 Hz.

VA (V) IA (A) NIR (rpm) NOR (rpm) TorqueIR (Nm) sIR Pin PIR E f f (%)

75.20 0.72 372.20 375.00 0.00 0.01 129.40 0.00 0.00

74.47 0.81 364.00 375.00 0.79 0.03 144.77 30.20 20.86

73.90 0.90 356.00 375.00 1.41 0.05 159.62 52.56 32.93

73.00 1.10 344.00 375.00 2.37 0.08 192.72 85.34 44.28

73.27 1.30 331.00 375.00 3.17 0.12 228.60 109.87 48.06

73.50 1.50 313.00 375.00 3.85 0.17 264.60 126.29 47.73

Tables 6.4 and 6.5, also presents the input power (Pin) and output power of inner rotor (PIR) and

efficiency (E f f ) in (%). As thePin was not measured at the time of experiment, an approximation

is presented with an assumed power factor of 0.8 from the Fig. 6.11. It can be observed that as the

output power increases the efficiency of the motor increases. Since, the motor was operated upto half

the rated speed (750 rmp), maximum efficiency of around 48% was achieved.
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6.3.3 Outer rotor loading tests

During loading test of outer rotor, the outer rotor is coupled to a DC generator through a gear

assembly as shown in Fig. 6.12. The inner rotor is made free to rotate. The DRM is run with 120◦

conduction mode using the Hall sensor outputs. The load test on outer rotor is performed with its

speed and hence the stator frequency is maintained constant. As the load is increased on the outer

rotor with the excitation voltage of DC generator, its speed slows down. The speed is maintained by

increasing the input voltage. Fig. 6.13 shows the input phase voltage and phase current during load

test on outer rotor at 10 Hz. It can be observed from the figure that the waveform phase is carrying

current for approximately 120◦ in each direction as in case of 120◦ commutation technique. The

current conduction is not exactly 120◦ due to commutation time of switches.

Figure 6.12: Experimental setup for DRM testing.

Tables 6.6 and 6.7 present results for outer rotor loading performed at 10 and 8 Hz respectively.

Table 6.6: Test results for outer rotor loading test at 10 Hz.

VA (V) IA (A) NOR (rpm) NIR (rpm) TorqueOR (Nm) Pin POR E f f (%)

29.00 0.76 145.59 145.00 2.33 52.90 35.52 67.16

33.00 0.94 152.47 152.00 2.80 74.37 44.72 60.13

37.00 1.18 150.35 150.00 3.70 104.78 58.19 55.53

42.00 1.50 147.71 146.80 4.96 151.2 76.79 50.79
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Figure 6.13: Phase current and phase voltage waveforms during load testing of outer rotor.

Table 6.7: Test results for outer rotor loading test at 8 Hz.

VA (V) IA (A) NOR (rpm) NIR (rpm) TorqueOR (Nm) Pin POR E f f (%)

24.30 0.70 120.49 119.00 2.11 40.99 26.62 64.94

30.00 1.05 122.56 120.00 3.17 75.60 40.67 53.79

32.47 1.18 120.71 122.10 3.67 91.96 46.47 50.54

35.40 1.39 119.12 119.00 4.47 118.09 55.72 47.18

Tables 6.6 and 6.7, also presents the input power (Pin) and output power of outer rotor (POR) and

efficiency (E f f ) in (%). As thePin was not measured at the time of experiment, an approximation

is presented with an assumed power factor of 0.8 similar to the case of inner rotor loading. It can be

observed that as the output power increases the efficiency of the motor decreases.

6.3.4 Both rotors load test

During this test DRM is run with the same control strategy as used for outer rotor testing. The

test setup for loading both rotors is show in Fig. 6.14. Both the rotors are loaded with DC generators

and the loads are varied by varying the excitation voltages of the generators. Initially the outer rotor

is loaded with a fixed load and the inner rotor load is increased in steps. The same loading process

is followed for different initial load of outer rotor. Fig. 6.15 shows the waveforms for phase voltage

and phase current during the test. It can be observed that the waveforms are similar to the waveforms

during outer rotor loading test. This is due to the use of same control strategy in both the tests.
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Figure 6.15: Phase current and phase voltage waveform during load testing of both rotors.

Figure 6.14: Experimental setup for both rotor load testing of DRM.

Table 6.8: Test results for both rotors loading test at 10 Hz.

VA (V) IA (A) NOR (rpm) NIR (rpm) TorqueOR (Nm) TorqueIR (Nm)

31.00 0.83 150.09 148.00 2.70 0.00

35.00 1.06 151.94 151.00 3.31 0.00

36.00 1.15 150.88 143.00 3.31 0.60

39.00 1.28 153.00 135.00 3.34 1.28
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Table 6.9: Test results for both rotors loading test at 10 Hz.

VA (V) IA (A) NOR (rpm) NIR (rpm) TorqueOR (Nm) TorqueIR (Nm)

31.80 0.87 150.88 149.00 2.90 0.00

37.40 1.20 152.47 148.00 3.93 0.00

39.10 1.30 151.68 142.00 3.93 0.61

40.90 1.40 150.88 135.00 3.86 1.27

Table 6.10:Test results for both rotors loading test at 10 Hz.

Pin POR PIR PTotal E f f (%)

61.75 42.44 0.00 42.44 68.72

89.04 52.72 0.00 52.72 59.20

99.36 52.42 9.00 61.42 61.82

199.80 53.60 18.10 71.70 59.85

Table 6.11:Test results for both rotors loading test at 10 Hz.

Pin POR PIR PTotal E f f (%)

66.32 45.82 0.00 45.82 69.08

107.71 62.79 0.00 62.79 58.29

121.99 62.53 9.08 71.60 58.70

137.42 61.00 18.02 79.02 57.50

Tables 6.10 and 6.11 presents the input power (Pin) and output power of outer rotor (POR), inner

rotor (PIR), total output power (PTotal) and efficiency (E f f ) in (%). As thePin was not measured at

the time of experiment, an approximation is presented with an assumed power factor of 0.8 similar to

the case of inner and outer rotor loading.

6.4 Validation with FEA

FEA model for the DRM is presented in Section 5.2.1.4. In this section, results obtained from

FEA are presented in comparison with practical results for validation purpose. Figs. 6.16 and 6.17

present BEMF waveforms obtained during open circuit tests in comparison with those obtained from

FEA. It can be observed that the waveforms match in terms of periodicity and magnitude. However,
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Figure 6.16: Comparison of experimental and FEA BEMF waveforms at 9 Hz with cage rotor freely moving.
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Figure 6.17: Comparison of experimental and FEA BEMF waveforms at 9 Hz with cage rotor blocked.

the practical waveform has many harmonics in it whereas, thatfrom FEA is very smooth. This is due

to the reason that, during experiment, the DRM was run with IM through gear assembly. This caused

non-uniform speed of DRM thus resulting in non-smooth waveform. Also a deviation from sinusoidal

nature can be observed in Fig. 6.17 in both FEA and experimental results. This is due to the effect of

magnetic field of inner rotor. As the inner rotor is blocked, it produces huge current in cage rotor and

field due to this distorts the field in outer air-gap resulting in deviated BEMF waveform.

Fig.6.18 and 6.19 present comparison of torque obtained from experiment and FEA for inner rotor

loading tests at 20 and 25 Hz respectively.

Tables 6.12 and 6.13 present comparison of results for both rotor loading test. Ratio of experi-

mental and FEA torques for both the rotors are presented in 6.14 for comparison of torques. It can be

observed from the results that torque values obtained from FEA are very close to those obtained from
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Figure 6.18: Comparison of experimental and FEA torque results during inner rotor loading at 20 Hz.
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Figure 6.19: Comparison of experimental and FEA torque results during inner rotor loading at 25 Hz.

118

TH-1842_11610205



6.5 Validation with SSM

Table 6.12:Comparison of experimental and FEA torque results during both rotors loading at 10 Hz.

Experimental FEA

NOR (rpm) NIR (rpm) TorqueOR (Nm) TorqueIR (Nm) TorqueOR (Nm) TorqueIR (Nm)

150.09 148.00 2.70 0.00 2.70 0.14

151.94 149.00 3.31 0.00 3.72 0.00

150.88 143.00 3.31 0.60 3.48 0.50

153.00 135.00 3.34 1.28 3.35 1.00

Table 6.13:Comparison of experimental and FEA torque results during both rotors loading at 10 Hz.

Experimental FEA

NOR (rpm) NIR (rpm) TorqueOR (Nm) TorqueIR (Nm) TorqueOR (Nm) TorqueIR (Nm)

150.88 149.00 2.90 0.00 2.90 0.00

152.47 148.00 3.93 0.00 4.10 0.00

151.68 142.00 3.93 0.61 3.80 0.50

150.88 135.00 3.86 1.27 3.78 1.09

Table 6.14:Ratios of experimental and FEA results for both rotor loading test.

Ratio Expt./FEA torques for 6.12 Ratio Expt./FEA torques for 6.13

Outer rotor Inner rotor Outer rotor Inner rotor

1.00 0.00 1 0.00

0.89 0.00 0.96 0.00

0.95 1.20 1.03 1.22

0.99 1.28 1.02 1.16

experiments validating the FEA model.

6.5 Validation with SSM

SSM for DRM was developed in Chapter 4. In this section validation of experimental results with

SSM is presented. The parameters for the DRM have been computed in the similar way as presented

in Section 4.3.1. Torque equation in 4.32 has three terms named asT1, T2 andT3. Out of these terms

T1 andT3 have terms corresponding to magnet flux and are also sensitive to initial angle of PM
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rotor. Whereas, the termT2 only has terms corresponding to cage rotor. Thus, for torque calculation

from EEC, sum ofT1 andT3 is considered as torque of outer rotor (PM rotor) andT3 is considered

as torque of inner rotor (cage rotor). Comparison of experimental results and those from SSM for

different tests are presented in this section. The parameters for SSM of DRM are given in Table 6.15.

Table 6.15:DRM Parameters for SSM

Symbol Value Unit Symbol Value Unit

Rr 4.72 Ω Rs 10.5 Ω

φmax s 0.36 Wb φmax r 0.024 Wb

Lrr 0.38 H Lss 0.38 H

P 8 Mmax sr ph 0.36 H

Fig 6.20 and 6.21 show the comparison of results for inner rotor loading tests. Table 6.16-6.19

present the comparison of experimental and SSM results for outer rotor and both rotor loading tests

for different operating conditions.
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Figure 6.20: Comparison of experimental and SSM torque results during inner rotor loading at 20 Hz.
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Table 6.16:Comparison of experimental and SSM torque results during outer rotor loading at 10 Hz.

Experimental SSM Ratio

VA (V) IA (A) NOR (rpm) NIR (rpm) TorqueOR (Nm) TorqueOR (Nm) Expt./SSM

29.00 0.76 145.59 145.00 2.33 2.32 1.00

33.00 0.94 152.47 152.00 2.80 2.87 0.98

37.00 1.18 150.35 150.00 3.70 3.61 1.02

42.00 1.50 147.71 146.80 4.96 4.58 1.08

Table 6.17:Comparison of experimental and SSM torque results during outer rotor loading at 8 Hz.

Experimental SSM Ratio

VA (V) IA (A) NOR (rpm) NIR (rpm) TorqueOR (Nm) TorqueOR (Nm) Expt./SSM

24.30 0.70 120.49 119.00 2.11 2.15 0.98

30.00 1.05 122.56 120.00 3.17 3.20 0.99

32.47 1.18 120.71 122.10 3.68 3.61 1.02

35.40 1.39 119.12 119.00 4.47 4.25 1.05
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Figure 6.21: Comparison of experimental and SSM torque results during inner rotor loading at 25 Hz.

It can be observed from the presented torque ratios that, results from SSM are very close to the

experimental results. Thus, SSM can be used effectively for performance calculation of DRM. In

some higher deviation in the results can be observed. This can be due to variation in the equivalent

circuit parameters at different operating points in practical, whereas, they are assumed constant in

SSM calculations.
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Table 6.18:Comparison of experimental and SSM torque results during both rotors loading at 10 Hz.

Experimental SSM

NOR (rpm) NIR (rpm) TorqueOR (Nm) TorqueIR (Nm) TorqueOR (Nm) TorqueIR (Nm)

150.09 148.00 2.70 0.00 2.54 0.04

151.94 149.00 3.31 0.00 3.24 0.08

150.88 143.00 3.31 0.60 3.38 0.60

153.00 135.00 3.34 1.28 3.35 1.35

Table 6.19:Comparison of experimental and SSM torque results during both rotors loading at 10 Hz.

Experimental SSM

NOR (rpm) NIR (rpm) TorqueOR (Nm) TorqueIR (Nm) TorqueOR (Nm) TorqueIR (Nm)

150.88 149.00 2.90 0.00 2.66 0.05

152.47 148.00 3.93 0.00 3.67 0.10

151.68 142.00 3.93 0.61 3.84 0.87

150.88 135.00 3.86 1.27 3.66 1.61

Table 6.20:Ratios of experimental and SSM results for both rotor loading test.

Ratio Expt./SSM torques for 6.18 Ratio Expt./SSM torques for 6.19

Outer rotor Inner rotor Outer rotor Inner rotor

1.06 0.00 1.09 0.00

1.02 0.00 0.97 0.00

0.98 0.99 1.03 0.70

0.99 0.95 1.05 1.79

6.6 Comparison with conventional SPM motor

A comparison of the DRM and conventional SPM motor is presented in this section. The PM

motor has been considered with surface mounted full arc magnets. The stator of the PM motor has

been kept same as that of DRM. Magnet thickness of the PM motor has been chosen such that the

magnets have same volume as that of original DRM. The FEA model of the PM motor is shown in

6.22.
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Figure 6.22: FEA model of the PM motor for comparison.

Comparison of the motors have been performed for the both rotor loading condition at 10 Hz.

Same current excitation has been used for both the motors and speed of the inner rotor has been taken

as 145 rpm for DRM. The resulting torque and power are presented in tables 6.21 and 6.22. It can be

observed from the results that the power produced by the DRM is significantly less than the power

produced by the PM motor. This is mainly due to the reason that the PM motor has full arc magnets

which increases the active surface area of the magnet in comparison of DRM. In order to validate this,

a modified DRM model has been made where the outer rotor has been assumed to be same as that of

PM motor with full arc magnet. The modified DRM is analyzed for the same operating condition and

the results are presented in tables 6.21 and 6.22.

Figure 6.23: FEA model of the modified DRM for comparison.

It can be observed that the total output power with modified DRMis almost same as that of PM
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Table 6.21:Torque results for comparison of DRM with PM.

Actual DRM Modified DRM

TPM (Nm) TOR (Nm) TIR (Nm) TOR (Nm) TIR (Nm)

4.47 3.5 0.03 3.18 1.24

Table 6.22:Power results for comparison of DRM with PM.

Actual DRM Modified DRM

PPM (W) POR (W) PIR (W) PT (W) POR (W) PIR (W) PT (W)

70.20 54.98 0.45 50.95 49.98 18.76 68.74

motor. Thus in this configuration the power density is same as that of PM motor. As the manufactured

DRM is the first prototype, during its design and development, validation of the concept of DRM had

been made as the major focus and a design of DRM had been chosen such that it is easy to manufacture

and thus performance of the motor was not much focused on. Having validated the concept of the

DRM and solved the mechanical complexities, further prototype will consider the issues of optimally

utilizing the volume of the motor and other performance parameters.

6.7 Summary and Conclusion

In this chapter testing of DRM in laboratory is discussed. As DRM has two torque producing

components, various different tests have been performed to understand the behavior of the motor. It

has been observed that both the rotors can be loaded individually as well as simultaneously. The

control strategy employed to run the motor is also discussed briefly. Validation of FEA model with

experimental results is also presented towards the end of the chapter. A comparison study has also

been carried out with surface mounted full arc PM motor. It has been concluded from this study

that the present DRM does not has the power density as that of conventional PM motor. However a

modified DRM design is presented to highlight the reason for reduced power density and motivation

for further development of the DRM. Next chapter presents thesis conclusions and directions for

future work for further development of DRM.
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7.1 Conclusion

7.1 Conclusion

Electric motor is the main component of any EV powertrain. Thus, it is desirous to have a motor

with high power density and high efficiency to be used for EV powertrain. Various types of motor

used for EV application and their limitations have been discussed in this thesis. The thesis has mainly

focused on design and development of Dual Rotor Motor. Various possible configurations and differ-

ent analysis models have been discussed in detail. Finally, a prototype of the finalized configuration

and its test results have been presented. The specific contributions made are listed below.

7.2 Summary of Contributions

Keeping in view the requirement of EV for future and the status of electric motors used for EV

application, this thesis has proposed a new type of motor named as Dual Rotor Motor. All the works

presented in the thesis are towards design, analysis, prototyping and testing of this motor.

• The concept of a motor having two mechanical ports has been discussed. Its various possible

configurations are presented and based on the conventional motors used for EV applications,

selection of IM and PM based DRM has been described in detail.

• An analytical model is presented to understand the concept of torque production in DRM. The

analytical model has been developed using the individual analytical models of IM and PM

motor. The presented model not only gives a great insight to the operation of motor, it also

provides air-gap magnetic fields in both the air-gaps, which is very important from magnetic

viewpoint of any motor.

• An electrical equivalent circuit is also presented for the DRM. The approach that has been used

for the development of EEC has been discussed in great detail. Thus, in case the configuration

of the motor is changed, using the same approach EEC for motor with any configuration can

also be developed. EEC helps in quick performance calculation of DRM.

• A prototype of the DRM has been made and tested in laboratory. The design and manufacturing

process of DRM is presented in detail with pictures at every stage of its development. The
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difficulties faced during the mechanical design due to the complexity of the motor and devised

solutions are also discussed.

7.3 Future work

Based on the work presented in this thesis, the following directions are suggested as possible

extensions for further development of DRM technology.

• The performance of DRM can be tested in comparison to and IM or PM motor with the same

power and volume to ascertain the actual gain in terms of torque or power density as well as

from cost and operation viewpoints.

• During the development of analytical model presented for DRM, many assumptions such as

radial geometry of cage rotor slots, ring type permanent magnets, infinite permeability of stator

and rotor core, have been made. The analytical model can be improved by including the actual

geometry of motor parts and actual property of the material into the model.

• Various parameters for EEC developed for DRM are found using FEA method. However, for

practical purpose, it is preferred that the parameters for equivalent circuit for any type of motor

is found with some basic tests on motor. Thus, some tests needs to be devised such that all the

parameters in the EEC of DRM can be determined with practical results.

• Presently the output of the two rotors of DRM have been measured individually. However,

for some practical application where only one output is required, these two outputs have to be

combined. This can be done using the planetary gear arrangement which has three moving

parts and out of three parts two can be input and one can be output. Fig. 7.1 shows a schematic

representation of planetary gear arrangement with two of its moving part connected to two

rotors of DRM [52]. A practical prototype of such system can be made in future and the

combined output of DRM can be compared with the output of conventional motors of the same

size.
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Planetary
carrier

Sun
gear

Ring
gear

(a) H

shaft
DriveInner

rotor

Outer
rotor

(b) H

Figure 7.1: Schematic of planetary set gear arrangement (a) Front view (b) Cut section view

• Present experimentation of DRM has been performed with 120◦ commutation technique observ-

ing that outer rotor is the main driving rotor and hence control of PMCLDC must be employed.

However, it is worth exploring that how the presence of cage rotor affect the performance of

this control strategy and what modifications are required to make it more suitable for DRM

application.

• In the present configuration of DRM rectangular magnets have been used in the outer rotor. The

magnet shape should be optimized such that a larger surface area is achieved with minimum

flux leakage and space for required mechanical support.
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Integrals frequently encountered in this section can be denoted as [43]:

f1 (n, h, q) =

θq+η∫

θq

cos(nθ) cos

(

hπ
η

(

θ − θq
)
)

dθ (8.1)

f2 (n, h, q) =

θq+η∫

θq

sin(nθ) cos

(

hπ
η

(

θ − θq
)
)

dθ (8.2)

f3(n, q) =

θq+η∫

θq

cos
(

nθq
)

dθ (8.3)

f4(n, q) =

θq+η∫

θq

sin
(

nθq
)

dθ (8.4)

for hπ = nη

f1 =
η

2

(

cos
(

nθq
)

+
1

2hπ

(

sin
(

n
(

θq + 2η
))

− sin
(

nθq
))
)

(8.5)

f2 =
η

2

(

sin
(

nθq
)

− 1
2hπ

(

cos
(

n
(

θq + 2η
))

− cos
(

nθq
))
)

(8.6)

for hπ , nη

f1 =
−nη2

(

(−1)h sin
(

n
(

η + θq
))

− sin
(

nθq
))

h2π2 − n2η2
(8.7)

f2 =
nη2

(

(−1)h cos
(

n
(

η + θq
))

− cos
(

nθq
))

h2π2 − n2η2
(8.8)

f3 =
1
n

(

sin
(

n
(

η + θq
))

− sin
(

nθq
))

∀ h (8.9)

f4 =
1
n

(

− cos
(

n
(

η + θq
))

+ cos
(

nθq
))

∀ h (8.10)

Equations (8.11) and (8.12) are derived by equating the coefficients of cos(nθ) and sin(nθ) respec-

tively of both sides of (3.48) [43].

n
Rr

(

Aia
n Rn

r − Bia
n R−n

r

)

− K1× f3 − K2× f1 = 0 (8.11)

n
Rr

(

Cia
n Rn

r − Dia
n R−n

r

)

− K1× f4 − K2× f2 = 0 (8.12)
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where,

K1 =
1
π

Q∑

q=1

Cq
0

−αJ1 (αRr) +G1αY1 (αRr)
J0 (αRr) −G1Y0 (αRr)

K2 =
1
π

Q∑

q=1

∞∑

h=1

Cq
h

J′hπ/η (αRr) −GhY ′hπ/η (αRr)

Jhπ/η (αRr) −GhYhπ/η (αRr)

Equations (8.13) and (8.14) are written using (3.49), where atr = Rr, this continuity equation becomes

Fourier series expansion ofAia (r, θ) over an interval of
[

θq, θq + η
]

.

Cq
0 =

1
η

θq+η∫

θq

Aia (Rr, θ) dθ (8.13)

Cq
h =

2
η

θq+η∫

θq

Aia (Rr, θ) cos

(

hπ
η

(

θ − θq
)
)

dθ (8.14)

Further development of (8.13) and (8.14) leads to (8.15) and (8.16) respectively.

Cq
0 − Aia

0 − K3× f3 − K4× f4 = 0 (8.15)

Cq
h − 2 · K3× f1 − 2 · K4× f2 = 0 (8.16)

where,

K3 =
∞∑

n=1

(

Aia
n Rn

r + Bia
n R−n

r

)

K4 =
∞∑

n=1

(

Cia
n Rn

r + Dia
n R−n

r

)

Equations (8.17) and (8.18) are derived by equating the coefficients of cos(nθ) and sin(nθ) respec-

tively of both sides of (3.50).

n
Ra

(

Aia
n Rn

a − Bia
n R−n

a

)

− 1
µm

n
Ra

(

Am
n Rn

a − Bm
n R−n

a

)

=
1
µm
γ′nRa (cos(nδ) + j sin(nδ)) (8.17)

n
Ra

(

Cia
n Rn

a − Dia
n R−n

a

)

− 1
µm

n
Ra

(

Cm
n Rn

a − Dm
n R−n

a

)

=
1
µm
γ′nRa (sin(nδ) − j cos(nδ)) (8.18)
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Equations (8.19) and (8.20) are derived by equating the coefficients of cos(nθ) and sin(nθ) respec-

tively of both sides of (3.51).

Aia
n Rn

a + Bia
n R−n

a − Am
n Rn

a − Bm
n R−n

a

= γnRa (cos(nδ) + j sin(nδ)) (8.19)

Cia
n Rn

a + Dia
n R−n

a − Cm
n Rn

a − Dm
n R−n

a

= γnRa (sin(nδ) − j cos(nδ)) (8.20)

Equations (8.21) and (8.22) are derived by equating the coefficients of cos(nθ) and sin(nθ) respec-

tively of both sides of (3.52).

n
Rm

(

Aoa
n Rn

m − Boa
n R−n

m

)

−
1
µm

n
Rm

(

Am
n Rn

m − Bm
n R−n

m

)

=
1
µm
γ′nRm (cos(nδ) + j sin(nδ)) (8.21)

n
Rm

(

Coa
n Rn

m − Doa
n R−n

m

)

−
1
µm

n
Rm

(

Cm
n Rn

m − Dm
n R−n

m

)

=
1
µm
γ′nRm (sin(nδ) − j cos(nδ)) (8.22)

Equations (8.23) and (8.24) are derived by equating the coefficients of cos(nθ) and sin(nθ) respec-

tively of both sides of (3.53).

Aoa
n Rn

m + Boa
n R−n

m − Am
n Rn

m − Bm
n R−n

m

= γnRm (cos(nδ) + j sin(nδ)) (8.23)

Coa
n Rn

m + Doa
n R−n

m − Cm
n Rn

m − Dm
n R−n

m

= γnRm (sin(nδ) − j cos(nδ)) (8.24)

By expanding (3.54), we get equation (8.25) and (8.26).

n
Rs

(

Aoa
n Rn

s − Boa
n R−n

s

)

=






µ0Jν if n = ν · p

0 if n , ν · p
(8.25)
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n
Rs

(

Coa
n Rn

s − Doa
n R−n

s

)

=






− jµ0Jν if n = ν · p

0 if n , ν · p
(8.26)

Solving equation (3.55) with (3.48) and (3.50) results in the following equation:

Q∑

q=1

Cq
0 = 0 (8.27)

The resultant equations (8.11-8.27) are written in a matrix form (8.28) to find the unknown con-

stants. Table 8.1 describes the equations corresponding to particular rows of (8.28).

[A](12N+Q(H+1)+1)×(12N+Q(H+1)+1) × [X](12N+Q(H+1)+1)×1 = [B](12N+Q(H+1)+1)×1 (8.28)

Table 8.1: Equations corresponding to the rows of (8.28)

[A] [X] [ B]

Row1 LHS(8.11) Cq
0 RHS(8.11)

Row2 LHS(8.12) Cq
h RHS(8.12)

Row3 LHS(8.15) Aia
0 RHS(8.15)

Row4 LHS(8.16) Aia
n RHS(8.16)

Row5 LHS(8.17) Bia
n RHS(8.17)

Row6 LHS(8.18) Cia
n RHS(8.18)

Row7 LHS(8.19) Dia
n RHS(8.19)

Row8 LHS(8.20) Am
n RHS(8.20)

Row9 LHS(8.21) Bm
n RHS(8.21)

Row10 LHS(8.22) Cm
n RHS(8.22)

Row11 LHS(8.23) Dm
n RHS(8.23)

Row12 LHS(8.24) Aoa
n RHS(8.24)

Row13 LHS(8.25) Boa
n RHS(8.25)

Row14 LHS(8.26) Coa
n RHS(8.26)

Row15 LHS(8.27) Doa
n RHS(8.27)
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Illustration for path of integration in calculating the field energy in Step T3 of torque calcu-

lation.

For a magnetic system having three windings, stored magnetic energy calculation is illustrated

here. The general expression for stored magnetic energy is given by (9.1).

W f ld =

λ f∫

0

idλ (9.1)

As lossless magnetic energy storage system is a conservative system, the value ofW f ld is uniquely

determined by the final values of flux linkages which are its state variables (λa f , λb f , λc f ). Magnetic

system being a conservative system,W f ld in (9.1) is the same regardless of how the state variables

(λa, λb, λc) are brought to their final values [53].

λc

λb

λa

λa f

λc f

λb f

W f ld(λa f , λb f , λc f )

2x

2y

1
2z

Figure 9.1: Integration path to obtainW f ld.

Considering Fig. 9.1, in which two separate paths are shown over which (9.1) can be integrated

to find W f ld at point (λa f , λb f , λc f ). Path 1 is difficult to integrate unless all the currents are known

explicitly as function of flux linkages. However, as the integration in (9.1) is path independent, path 2

gives the same result and is much easier to integrate. Thus, choosing the path 2 for integrating, (9.1)

can be presented as (9.2) and can be further evaluated as given in (9.3).

W f ld =

∫

path 2x

idλ +
∫

path 2y

idλ +
∫

path 2z

idλ (9.2)
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W f ld =





λa f∫

0

iadλa





x1

+





λb f∫

0

ibdλb





x2

+





λc f∫

0

icdλc





x3

(9.3)

where,

x1 ≡ (λc = λb = 0)

x2 ≡ (λc = 0, λa = λa f )

x3 ≡ (λa = λa f , λb = λb f )

In a similar manner, stored magnetic field energy can also be obtained for systems having more than

three windings.

Determination of φmax r by finding equivalent number of turns for cage rotor. Flux linked by

two adjacent bars is found in the same way as that for stator using the concept of flux per pole and is

given by (9.4).

φbar = Bav ·
2πRIR

P
· L (9.4)

In order to findφmax r, φbar needs to be referred to stator side. Thus, the cage rotor needs to be

transformed to and equivalent 3-phase winding to find turns ratio. The procedure adopted for trans-

formation of cage rotor to equivalent 3-phase winding is described below.

Each bar of the cage rotor is considered as phase having (1/2) turn [54]. Thus, a cage rotor having

Nb bars will haveNb phases of half turn each.

TheseNb phase system is transformed to 2 phase system in the similar way as 3 phase is trans-

formed to 2 phase. In the transformation, the current magnitude is kept same hence the number

of turns in the transformed windings will change to keep the mmf constant [55]. Fig. 9.2 shows

schematic representation the transformation.

Assuming sinusoidal distribution of current in all the bars, the current innth bar can be represented

as:

in = ibm sin

(

ωcgt −
(

n − 1
Nb

)

2π

)

(9.5)
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Figure 9.2: Transformation of cage rotor to equivalent 2 phase system.

From Fig. 9.2, equating the components of all the bar mmf to themmf alongd axis:

T2−phid =

Nb∑

n=1

1
2

in cos

(

θc +
(n − 1) 2π

Nb

)

(9.6)

Consideringid = ibmsin(ωcgt) and bar currents from (9.5), (9.6) is simplified to:

N2−phibm sin
(

ωcgt
)

= Nb
1
2

ibm sin
(

ωcgt
)

(9.7)

which upon further simplification results into:

N2−ph =
Nb

2
(9.8)

Similar result can be obtained by consideringq axis current. Thus, from (9.8), it is concluded that, if

a cage rotor havingNb bars are transformed into a 2-phase winding, each winding will haveNb
2 turns

carrying the same current as that of one bar. The relation between the number of turns of 3-phase and
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2-phase system for constant mmf and same phase current is [55]:

N3−phase =
2
3

N2−phase (9.9)

Thus, considering, (9.8) and (9.10), for cage rotor, the equivalent number of turns for three phase

system is given by:

N3−phase =
Nb

3
(9.10)

Thus, the turns ratio between stator and equivalent 3-phase winding of rotor is:

Tratio =
Nph

3− phase
=

3Nph

Nb
(9.11)

Therefore,φmax r is obtained by multiplyingφbar with Tratio and the final equation is given by:

φmax r = Bav ·
2πRIR

P
· L ·

3Nph

Nb
(9.12)
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