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Plug-in hybrid electric vehicles (PHEVs) and electric vehicles (EVs) are generally regarded as the
future for a sustainable automobile industry. Encompassing sufficient energy storage on-board is one
of the major hurdles, delaying the proliferation of EVs in the commercial market. Hence, there is a
need to build more efficient, light weight, and compact electric propulsion systems, so as to
maximize driving range per charge. Primarily, there exist two methods to achieve high power
density as well as high efficiency drives. One method includes employing high-speed motors, so that
the motor volume and weight are greatly reduced at the same rated output power. However,
mechanical losses are incurred by the clutch, reduction gear, and differential gear, during power
transmission from the motor to the wheels. An alternate method involves using high-torque low-
speed motors, which can be directly mounted inside the wheel, known as “wheel motor” or “hub
motor.

In order to exclusively understand EV/HEV propulsion system requirements and design issues,
this tutorial will initially introduce various vehicle power system architectures. Thereafter, an
overview of applications of permanent magnet synchronous machines (PMSM) and switched
reluctance machines (SRM) will be addressed. Advanced motor drive solutions for both PMSM and
SRM will be presented, for in-wheel direct drive applications as well as integrated starter-alternator
applications, respectively. In addition, power electronic converter topologies for drive purposes as
well as control algorithms for efficient performance will be discussed in detail for both propulsion
applications. Digital control techniques for SRMs will be introduced, with usage of advanced field
programmable gate array (FPGA) based control techniques.

Another goal of this tutorial is to address practical electric machine design issues for EVS/HEVS.
Design alternatives based on performance requirements, electrical as well as geometrical constraints,
and other criteria, such as cost and efficiency, will be discussed in detail. The design aspects of
popular types of electric motors being currently used in the auto industry will be addressed in detail.
Interior Permanent Magnet (IPM) motor and Induction Motor (IM) design will be introduced.
Furthermore, design issues related to SRM based propulsion systems will also be covered. Finally, a
practical HEV propulsion system design case study will be presented, whereby the advantages and
disadvantages of various machine options will be illustrated.

This tutorial will be useful for engineers with entry-level knowledge of EV/HEV motor drives
and machine topologies.
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Major Topics and Tentative Schedule

The proposed tutorial will be split up into 3 major topics of discussion, each spanning a period of

60 _minutes (including Q&A), with breaks of 10 minutes between each session. The topics

include:

¢ Introduction to Electric and Hybrid Electric Vehicle Propulsion Systems;
e Modeling, Design, and Control of Advanced EV/HEV Motor Drives;

e EV/HEV Machine Design Issues and Solutions.

I. Introduction to Electric and Hybrid Electric Vehicle Propulsion Systems

This topic will introduce the operational characteristics and power system architectures of
various hybrid electric (HEV) and electric vehicle (EV) propulsion systems. The basic performance
requirements for a typical EV/HEV electric drive system will be addressed. The function of electric
machines for electric traction will be addressed, considering practical efficiency issues. The
efficiency analysis of the inverter/motor is of prime importance for the calculation of the overall
efficiency of an EV/HEV drive train. In order to utilize the full value of the high energy storage
system cost, it is imperative that the overall HEV electric drive efficiency be maintained at an
elevated level. In this regard, one of the main issues to be addressed in this topic would be accurate
modeling of the DC/AC traction inverter and motor losses (efficiencies) over typical city and
highway driving schedules.

Efficiency maps are a convenient way to represent motor drive systems of large and complex
systems, like that of an HEV. This topic will introduce the efficiency map based modeling technique
for various traction motor/inverter options, such as induction motors, advanced permanent magnet

motors, as well as switched reluctance motors. A number of case studies will be presented, wherein



the drive train efficiency evaluation of diverse HEV arrangements will be summarized, based on the

efficiency mapping method.

Il.  Modeling, Design, and Control of Advanced EV/HEV Motor Drives

This section will introduce basic as well as advanced power electronic motor drive topologies for
EV/HEV propulsion systems. Various control systems issues and solutions will be highlighted in the
presentation. In addition, the first half of this presentation will consider a case study, specific to an
in-wheel direct drive propulsion system. Such an arrangement is unlike typical EV applications,
wherein a central high speed electric motor is mechanically coupled to the wheels by a single speed
reduction gearbox and a mechanical differential. The modeling, design, and control of a practical
PMSM based in-wheel direct-drive system will be presented. In addition, the developed in-wheel
PMSM drive will be analyzed in terms of converter efficiency, torque ripple, converter rating,
vehicle performance, and cost.

In addition to PMSMs, tremendous attention has been drawn towards the SRM, as a suitable
machine for EV propulsion. This is mainly due to the high starting torque, excellent wide speed
range, as well as its low-cost rugged structure of the SRM. However, a well-known drawback of the
SRM is significant output torque ripple. As opposed to conventional current control, this
presentation will introduce an innovative methodology, wherein the problem of minimizing output
torque ripple is tackled by continuously monitoring the motor phase voltages. A novel FPGA based
control strategy will be demonstrated, which proves to be highly effective over the entire speed
range. Experimental test results of the developed controller and motor drive will be presented,
emulating city stop-and-go type driving conditions for an EV drive train. Overall drive system
performance of the developed control system as well as the motor/controller operating efficiency for

acceleration and regenerative braking capabilities will be presented.



I11. EV/HEV Machine Design Issues and Solutions

This section will address electric machine design alternatives based on performance
requirements, electrical as well as geometrical constraints, and other criteria, such as cost and
efficiency. The design aspects of popular types of electric motors being currently used in the auto
industry will be addressed in detail, including IPM, SRM, and IM. Finally, a practical HEV
propulsion system design case study will be presented, whereby the advantages and disadvantages of
various machine options will be illustrated. The case study will include the following sub-topics:

e  Review of performance based sizing algorithms for electric motors (IPMs, Induction machines,
and SRMs);

e  Design of electric machine components; selection of motor type, drive, winding, and
lamination modeling;

e Analysis and design iteration: calculation of back-emf (if applicable), torque-speed
characteristics, Kr, K, calculations, magnetic field analysis, hysteresis, eddy current and ohmic
loss, and efficiency calculations;

e  Thermal and acoustics calculations of electric machine design. Design validation methods;
FEA based calculations and experimental validation.
The case study will include quantitative comparisons on each of these aspects for the three types

of electric machines mentioned above for the same design task.
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