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Analytical Design of Permanent-Magnet
Traction-Drive Motors
Chunting Chris Mi
Department of Electrical and Computer Engineering, University of Michigan, Dearborn, MI 48128 USA
This paper presents an analytical method for the design of permanent-magnet (PM) traction-drive motors with emphasis on calculation
of the magnet’s volume and size. The method uses a set of formulas to properly size the magnets without the high effort of finite-element
analysis (FEA). The formulas not only give optimized magnet sizes, but also provide quick solutions for the preliminary designs. The
method can be used in the initial design stage to set up the base for FEA and optimization, as well as throughout the entire design and
optimization process to validate a PM motor design. Numerical methods and experiments confirm the accuracy of the proposed method.
Index Terms—FEA, magnet, optimization, permanent magnets (PMs), PM motors, sizing, traction drives, volume.

I. INTRODUCTION

P

II. ANALYTICAL METHOD

ERMANENT-MAGNET (PM) motors have been the
choices for electrical vehicle (EV) and hybrid electric
vehicle (HEV) powertrain applications due to their high
efficiency, compact size, high torque at low speeds, and ease
of control for regenerative braking [1]. The PM motor in an
HEV powertrain is operated either as a motor during normal
driving or as a generator during regenerative braking and
power splitting as required by the vehicle operations and
control strategies. PM motors with higher power densities
are also now increasingly choices for aircraft, marine, naval,
and space applications.
The most commercially used PM material in traction drive
motors is neodymium–ferrite–boron (Nd–Fe–B). This material
has a very low Curie temperature and high temperature sensitivity. It is often necessary to increase the size of magnets to
avoid demagnetization at high temperatures and high currents.
On the other hand, it is advantageous to use as little PM material as possible in order to reduce the cost without sacrificing the
performance of the machine.
Numerical methods, such as finite-element analysis (FEA),
have been extensively used in PM motor designs, including
calculating the magnet sizes [2]–[7]. However, the preliminary
dimensions of an electrical machine must first be determined
before one can proceed to using FEA. In addition, many
commercially available computer-aided design (CAD) packages
for PM motor designs, such as SPEED [8] and Rmxprt [9],
require the designer to choose the sizes of magnets. The
performance of the PM motor can be made satisfactory by
constantly adjusting the sizes of magnets and/or repeated FEA
analyses.
While sizing of magnets are one of the critical tasks of PM
machine design, modern textbooks and literatures do not provide detailed procedures to the sizing of magnets in PM motors
[10]–[13]. This paper presents analytical methods to calculate
the volume and sizes of magnets for PM motors. The proposed
methods are validated by FEA and experiments.

The equations developed by Balagurov et al. in [14] have
been used to calculate the volume of PM material needed for
PM machines. Gieras and Wing reiterated the use of such equations [15]:
(1)
where
is the total magnet volume needed for the PM motor,
is the rated output power of the PM motor, is the operation
is the residual magnetic flux density and
is the
frequency,
is a coefficient in the range
coercive force of the magnets,
of 0.54 to 3.1.
Although the above formula gives a first approximation to determine the volume of magnets, it does not deal with the sizing
of magnets. Besides, the formula was originally developed for
ferrite and Alnico magnets, which do not possess a linear demagnetization characteristic in the second quadrate. The choice
is also cumbersome or undefined.
of
In this paper, the formula will be derived based on a set of
assumptions and then modified based on practical design considerations. The assumptions include:
• magnetic pole salience can be neglected;
• the stator resistance is negligible;
• saturation can be neglected;
• the air-gap flux is sinusoidal distributed.
Based on the above assumptions, the phasor diagram of a PM
synchronous motor can be shown in Fig. 1. The input power of
the PM synchronous motor can be derived from Fig. 1:
(2)
where is the number of phases, and are the phase voltage
and phase current,
is the induced back electromagnetic force
(EMF) per phase, is the power angle, e.g., the angle between
phasor and phasor , and is the inner power angle, e.g., the
angle between phasor and phasor .
The back EMF of a PM synchronous machine with sinusoidal
air-gap flux can be expressed as
(3)
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Fig. 1. Phasor diagram of PM synchronous motors.

where
is the number of turns per phase, is the total air-gap
is the winding factor.
flux per pole, and
The phase current can be expressed in terms of armature maximum direct axis reactant magnetomotive force (MMF)
[14]:

Fig. 2. Illustration of magnet usage where A is the no-load operation point and
B is the maximum reversal current point.

(4)
is the -axis armature reaction coefficient,
is
where
the maximum possible armature current (per unit), and is the
number of poles.
Substituting (3) and (4) to (2), the input power can be expressed as

(5)

Fig. 3. Configuration of series and parallel magnets. (a) Surface mounted with
sleeve rings. (b) Parallel magnets.

For parallel magnets as shown in Fig. 3(b)

In this paper, a new term, the magnet usage ratio , is introduced and defined as follows:

(6)
is the total residual flux per pole,
is the total
where
MMF per pole;
is the total flux per pole at no-load condiis the maximum direct axis reactant MMF of the
tion, and
motor.
The definition of this magnet usage ratio is illustrated in
Fig. 2, where point is the magnet operation point at no load;
and point is the magnet operation point at maximum MMF.
Air-gap flux per pole can be expressed as a function of flux
supplied by the magnet
and flux leakage coefficient

(7)

(9)
where
is the thickness of magnet per pole along the magis the cross section area of magnet
netizing direction, and
under each pole.
Finally, the input power of the motor can be expressed as the
following by substituting (6)–(9) to (5):

(10)
Since the total magnet volume is

(11)
Therefore, the magnet volume used in a PM synchronous
motor can be expressed as

For series magnets as shown in Fig. 3(a)

(8)

(12)
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is a coefficient

(13)
The equation is similar to (1). However, the coefficient calculation is more concise.
III. PRACTICAL CONSIDERATIONS
In order to use the above equation to determine the magnet
volume needed for a PM motor, certain parameters of the motor
need to be identified.
1. Input Power

Fig. 4. Demagnetization curve considering temperature effect.

At design stage, the input power of a PM a motor is given by
5. Inner Power Angle
(14)
where is the target efficiency and
factor of the motor.

is the target power

2. Direct Axis Armature Reaction Factor

The power angle in (13) refers to the rated operation point. In
PM motor designs, this angle is usually kept around 25 to 45 .
can be
By substituting all the above coefficients to (12),
determined. For a reasonable first approximation,
can be
should be adjusted during the design process.
chosen to be 2.
IV. SIZING OF MAGNETS

Salience can be included in the direct axis armature reaction
factor. For a given magnet coverage
is [14]

(15)

3. Magnetic Usage Ratio and Flux Leakage Coefficient
Magnet usage ratio can be designed such that the demagnetization of magnets can be avoided. If one chooses 70%–90%
residual flux and 70%–90% coercive force, then is between
0.5 and 0.81.
Flux leakage for surface-mounted magnets is usually small,
is approximately 1.0. For interior permanent-magnet
e.g.,
(IPM) motors,
and depends on the actual configuration of the motor [16].
4. Maximum Armature Current
Maximum armature current happens during transient conditions, or during starting in case it is a line-start PM motor.
During transient, when the PM synchronous motor runs out of
synchronization, the back EMF and terminal voltage may run
out of phase. Therefore, the maximum armature current always
happens when the terminal voltage is out of phase with the back
EMF, e.g.,

Usually the length of magnet along the shaft direction is
chosen to be the same as the rotor laminations stack length .
The thickness of magnet along the magnetization direction is
determined by the maximum armature current and operating
temperature as shown in Fig. 4.
For series magnets as shown Fig. 3(a), the magnet thickness
is

(17)
For parallel magnets as shown in Fig. 3(b), the magnet thickness
is

(18)
where
is a safety ratio, which can be chosen to be 1.1 [8],
[9], therefore

(19)
The width of rectangular magnets can be determined by

(20)
(16)
The radius of arc-shaped magnets can be determined by
where
is the direct axis reactance of the motor.
A typical value of maximum current is 4 to 8 and must be
verified during the design process.

(21)
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V. NUMERICAL METHOD
Once the initial magnet volume and sizes have been determined, FEA can be used for further design analysis and
optimization. The numerical calculation will help to identify
whether the volume of magnets from the preliminary design is
sufficient, insufficient, or excessive. Therefore, magnet volume
can be further optimized during the numerical calculations.
In PM motor design and optimization, there are many conflicting design objectives [17]–[21]. Multiobjective optimization is usually necessary in order to meet design criterion. In
this paper, the optimization objective is defined as the minimal
usage of PM material while satisfying the performance requirements. The optimization problem is defined as
(22)
subject to
(23)
where
length

is vector of the magnet width, thickness, and axial

(24)
are motor performance requirements. In this paper, these
requirements are defined as back EMF, efficiency, maximum
torque, and short circuit current. These performances are calculated during the optimization process.
The optimization process starts with the preliminary design
of the motor. The no-load magnetic field is first calculated using
FEA to verify the back EMF and short circuit current. The
load magnetic field is then calculated to confirm the maximum
power/torque and efficiency. During each FEA, the magnet size
is adjusted for given constraints.
The optimization implemented using FEA is shown in Fig. 5.
Saturation, salience, and air-gap flux waveform can also be verified during numerical calculations.
VI. DESIGN EXAMPLES
Since most motor design CAD programs require the designer
to input the preliminary design including magnet sizes, the proposed analytical method can be used to perform the preliminary
design including sizing the magnets. The preliminary design can
be used as input to CAD program. The design is finally optimized by using FEA.
The first design example is rated at 40 kW, 6000 rpm, fourpole, three-phase PM synchronous motor. It is designed for a
parallel hybrid electric passenger vehicle.
The expected efficiency is 95% and power factor 0.95 at rated
is chosen to be
power and rated speed. To start the design,
kW. Choose NdFeB material that
2.0. Using (14),
has
T,
A/m.
Hz. Using
(13), the volume of PM material can be determined to be
m .
During the design process, a preliminary size can be
chosen based on this calculated magnet volume. It is then

Fig. 5. Optimization of magnet usage.

Fig. 6. Flux distribution of the 40 kW, 4-pole, 6000 rpm motor.

adjusted during the iteration of electromagnetic design. Ac. The final electromagnetic design gives
tual
m .
Finally, the motor is analyzed and optimized using FEA.
Fig. 6 shows the field distribution.
A second design example is a PM motor rated at 0.8 kW,
50 Hz, six-pole, three-phase PM synchronous motor, used for a
small electric car. The required efficiency and power factor were
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TABLE I
MEASUREMENTS OF THE 0.8 KW PM MOTOR

TABLE II
COMPARISON OF ANALYTICAL, NUMERICAL, AND MEASURED RESULTS
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mining the size and volume of permanent magnets. The FEA
and experiments validated the proposed method. Although the
derived formulas take the form of classical theory, it gives a
more concise explanation of the coefficients used. Combined
with FEA, the proposed method can provide more accurate design of magnet volume and sizes, and speed up the process of
PM motor design.
The PM motor design is a rather complicated issue. General
design process will involve the determination of a preliminary design, magnetic field computation using numerical
method, calculation of motor parameters and performance, and
optimization.
Modern numerical methods give today’s engineers more
powerful tools during the process of design and optimization.
These methods generally require a preliminary design. Much
iteration is needed before one can achieve a good design. The
proposed analytical method in this paper provides a tool for
the preliminary design and verification of the design during the
process of iteration.
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