
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 26, 2023

Finite-Element Model-Based Design Synthesis of Axial Flux PMBLDC Motors

Fasil, Muhammed; Mijatovic, Nenad; Jensen, Bogi Bech; Holbøll, Joachim

Published in:
IEEE Transactions on Applied Superconductivity

Link to article, DOI:
10.1109/TASC.2016.2537743

Publication date:
2016

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Fasil, M., Mijatovic, N., Jensen, B. B., & Holbøll, J. (2016). Finite-Element Model-Based Design Synthesis of
Axial Flux PMBLDC Motors. IEEE Transactions on Applied Superconductivity, 26(4), [0602905].
https://doi.org/10.1109/TASC.2016.2537743

https://doi.org/10.1109/TASC.2016.2537743
https://orbit.dtu.dk/en/publications/7e4f57e3-77d8-4e7f-846b-ea0ae240cf74
https://doi.org/10.1109/TASC.2016.2537743


1051-8223 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TASC.2016.2537743, IEEE
Transactions on Applied Superconductivity

MT24-3POBI-13.R1 1

1



1051-8223 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TASC.2016.2537743, IEEE
Transactions on Applied Superconductivity

MT24-3POBI-13.R1 2

Finite Element Model Based Design Synthesis of
Axial Flux PMBLDC Motors

M. Fasil, N. Mijatovic, B. B. Jensen and J. Holboll

Abstract—This paper discusses design synthesis of a permanent
magnet brushless DC (PMBLDC) machine using a finite element
(FE) model. This work differentiates itself from the past studies
by following a synthesis approach, in which many designs
that satisfy performance criteria are considered instead of a
unique solution. The designer can later select a design, based
on comparing parameters of the designs, which are critical
to the application that the motor will be used. The presented
approach makes it easier to define constraints for a design
synthesis problem. A detailed description of the setting up of a
FE based design synthesis problem, starting from the definition
of design variables, FE model of the machine, how the design
synthesis is carried out, and to, how a design is finalised from
a set of designs that satisfy performance criteria, is included in
this paper. The proposed synthesis program is demonstrated by
designing a segmented axial torus PMBLDC motor for an electric
two-wheeler.

Index Terms—Axial flux machines, PMBLDC motor, finite
element model, electrical machine design synthesis, segmented
stator tooth, integer constrained genetic algorithm.

I. INTRODUCTION

Permanent magnet (PM) brushless machines offer higher
efficiency and power density compared to machines that re-
quire externally supplied field current [1]. Radial flux (RF) and
axial flux (AF) are the two major configurations of PM rotating
machines. AF machines offer higher torque density compared
to RF motors for low-speed application such as an in-wheel
motor for electric two-wheelers, where the axial length of the
machine is restricted by the limited space available [2], [3].
Many approaches exist to synthesize an optimized design of
AF machines [4]–[9].

This work implements an FE based design synthesis ap-
proach by developing a design program for a segmented
axial torus (SAT) permanent magnet brushless DC (PMBLDC)
machine. The SAT motor topology [10]–[13] is a variation
of SSDR-NS (single stator dual rotor north-south) axial flux
motor topology [14] and has no stator yoke. Exploded view
of the SAT PMBLDC hub motor is shown in Fig. 1. A SAT
PMBLDC motor with a voltage rating of 48V and produces
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Fig. 1: Exploded view of SAT PMBLDC motor (1. end cover, 2. rotor
yoke, 3. magnets, 4. stator winding, 5. stator and 6. wheel rim).

20Nm at 340 rpm is designed to demonstrate the design
program.

II. FINITE ELEMENT MODEL BASED DESIGN SYNTHESIS

The design synthesis program presented here has two parts.
The first part is an FE based design tool that will estimate
the motor dimensions based on a given specification and
constraints. The second part is a search program that will use
the design tool to identify designs satisfying the performance
criteria specified by the designer. This section will explain
design variables of SAT PMBLDC motor, FE based design
tool, and search program.

A. Design variables of SAT PMBLDC motor

The set of dimensions that define the geometry of the
SAT PMBLDC motor, excluding the winding is shown in
Fig. 2. The dimensions as seen from the inner periphery of the
motor are indicated in Fig. 2(b). The design variables of SAT

Fig. 2: Variables that define the geometry of the SAT PMBLDC motor
(1. segmented stator, 2. magnets, and 3. rotor). (a) Cutaway model.
(b) Sectional view of inner periphery. The definition of variables are
given in appendix A.
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PMBLDC motor can be grouped into three sets: specification,
primary, and secondary variables as listed in Table I. The
primary variables are those design parameters that can be
changed independently, without affecting the value of other
primary variables. For example, the length of airgap can be
changed alone to generate different designs. The secondary
variables are calculated by the design tool for given values
of specification and primary variables. It is important to note
that some variables can be either primary or secondary. For
example, if the axial length of the machine is a design
constraint, then the outer diameter of the stator can be a
secondary variable.

TABLE I
DESIGN VARIABLES OF SAT PMBLDC MOTOR

Specification Primary Secondary
Rated voltage Number of stator slots Width of stator tooth
Rated power Number of rotor poles Depth of rotor yoke
Rated speed Length of airgap Diameter of a coil turn

Outer diameter of stator Number of turns/coil
Gross slot fill factor Axial length of tooth
Width of slot opening Axial length of motor
Depth of slot lip
Depth of slot mouth
Depth of magnet
Magnet overhang
Diameter ratio of stator
Max. current density
Ratio of pole arc to pole pitch
Max. rotor yoke flux density
Max. stator tooth flux density

B. Finite element model based design tool

When developing a design program for newer machine
topologies, the use of FE models helps to avoid the time
required for development of lumped parameter or analytical
models. Though, the FE model provides accurate solutions,
it requires longer time for solving each design iteration com-
pared to the other two models. The design tool is shown in
Fig. 3 in the form of a flowchart, which will give an overview
of different stages involved in the calculation of secondary
variables and the motor performance.

In the first stage, the rotor yoke depth is calculated iter-
atively using a stator-less three-dimensional (3D) static FE
model of a SAT PMBLDC motor. Iteration starts with a
minimum rotor yoke depth, and the depth will be increased
in each iteration. Iterations stop when the maximum flux
density inside the rotor yoke is below the value of flux density
constraint. Similarly, the program calculates stator tooth width
by gradually increasing tooth width of the FE model from
a minimum value. Iteration stops when the maximum tooth
flux density is below the value set by the constraint. During
this stage, the axial length of the tooth is set as twice the
depth of slot lip and mouth together. The program records
average airgap flux density at the end of this stage, Bg0 for
future calculations. The EMF generated in the phase winding

Fig. 3: Flowchart of design tool showing different stages in the
estimation of secondary variables and the motor performance.

of a PMBLDC motor because of the rotor movement can be
expressed as [15]
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where, P is the number of rotor poles, φ is the flux per pole, Z
is the number of conductors in series per phase, Nr is the rated
speed of machine, Bg is the average airgap flux density, Nc is
the number of turns per coil, Ns is the number of stator slots.
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where, Dct is the diameter of a coil turn, J is the current
density of a coil turn, and Ksff is the gross slot fill factor.
Therefore, the slot area can be calculated as from (2) as

Slot area =
12Tr

KsffNsJBg (D2
os −D2

is)
(3)

where, Tr, is the rated torque of the machine. The axial length
of the tooth can be calculated from the area of stator slot
(refer Fig. 2(b)), and the flowchart of Fig. 4 shows iterative
steps implemented to calculate the axial length of the tooth.
In the next stage, the design tool will calculate the number
of turns per coil and the diameter of a turn iteratively using
back EMF equation (1) as shown in the flowchart of Fig. 5.
The design generation concludes by calculating the motor
performance data such as input current, efficiency, losses, etc.
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Fig. 4: Flowchart for calculating the axial length of stator tooth
iteratively using the FE model of SAT PMBLDC motor. ε is the
tolerance for convergence.

Fig. 5: Flowchart for calculating the number of turns of the coil
and the diameter of a turn iteratively using the FE model of SAT
PMBLDC motor.

using the FE model of the developed design. The design tool is
implemented using Excel-VBATMand commercial FE software
package, MagNetTM.

C. Search program

The search program finds designs that meet performance
targets set by the designer. The objective function of the
search program uses the design tool described in section
II-B, and the search program is implemented using integer

constrained genetic algorithm available in MATLABTM. The
integer constrained algorithm helps to define discrete realistic
set of values for primary variables. All intermediate points of
the optimisation process are recorded, and the search program
is stopped when there is no major improvement in the value
of the objective function.

III. DESIGN SYNTHESIS OF SAT PMBLDC MOTOR FOR
ELECTRIC TWO-WHEELER POWERTRAIN

A SAT PMBLDC in-wheel motor for a battery operated
two-wheeler has been designed using the FE based synthesis
program. The specification of the powertrain, shown in Table
II, has been identified using the methodology described by
Ehsani et al. [16].

TABLE II
SPECIFICATION OF SAT PMBLDC MOTOR POWERTRAIN FOR

THE ELECTRIC TWO-WHEELER

Parameter Value
Maximum mass of vehicle including load 130 kg
Maximum speed of vehicle 30 kmh−1

Time to reach maximum speed 20 s
Rated speed of motor 340 rpm
Rated torque of motor 20Nm
Rated voltage of battery 48V

The number of primary variables that require optimisation
has been reduced considerably by following the design guide-
lines of PMBLDC motor [17] and values of these variables
are listed in Table III. The airgap length is decided based on

TABLE III
PRIMARY VARIABLES OF SAT PMBLDC MOTOR, EXCLUDING

OPTIMISATION VARIABLES, AND THEIR VALUES

Variable name Value
Number of slots-poles 18–16
Length of airgap 0.4mm
Outer diameter of stator 260mm
Gross slot fill factor 50%
Width of slot opening 1mm
Depth of slot lip 2mm
Depth of slot mouth 2mm
Current density of coil 4.5Amm−2

Ratio of pole arc to pole pitch 1
Max. flux density of rotor yoke 1.2T
Max. flux density of stator tooth 1.6T

the manufacturing tolerances. The maximum possible outer
diameter of the motor for a 14 inch wheel is selected to
limit the axial length. The SAT topology allows a higher fill
factor than the 30 to 40% used in classical machines. The
sections around the slot opening are made sufficiently thick
based on FE studies of the motor to avoid the saturation
in these areas. As the motor is not force-cooled, a current
density of less than 5Amm−2 is selected. The machine will be
using bonded rare earth magnets with a remanence of 0.58T
and a coercivity of 330 kAm−1. The ease of assembly of
magnets was given higher priority than the cost saving via
magnet material reduction, hence a pole arc to pole pitch
ratio of one is selected. Solid soft-iron is used to make the
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rotor yoke; therefore, the maximum flux density is set to
1.2T to reduce the core loss. The cold rolled silicon steel
lamination of grade M-36 is used to make the stator tooth, and
a maximum flux density 1.6T is achievable in this material
without considerable core loss.

The three remaining primary variables: depth of the magnet
(Lm), ratio of magnet overhang to radial length of the stator
(h), and diameter ratio of the stator (λd) are optimised to
generate SAT PMBLDC motor designs. The discrete set of
values for these parameters are shown in Table IV. The SAT

TABLE IV
PRIMARY VARIABLES USED AS OPTIMISATION VARIABLES IN
DESIGN SYNTHESIS OF SAT PMBLDC MOTOR AND THEIR

RANGE

Variable name Range
Depth of magnet 7mm to 10mm in steps of 0.5mm
Magnet overhang 0%, 5%, 10%
Diameter ratio of stator 45% to 60% in steps of 2.5%

PMBLDC motor topology has a lower core loss compared
to topologies with stator yoke [18]. In addition, the low flux
density threshold selected for the rotor yoke and the stator
tooth will help to reduce core losses generated in them.
Therefore, the synthesis program is devised to identify the
designs with low conduction losses (Pcu), with the assumption
that the core loss variation among these designs will be
negligible.

The 3D FE model of SAT PMBLDC motor utilizing the
geometrical symmetry, excluding the elements of air volume,
used in the design synthesis of the in-wheel motor is shown
Fig. 6. Only one coil belong to each phase is modelled and

Fig. 6: The FE model of SAT PMBLDC motor used in the design
synthesis of in-wheel motor.

the phase back EMF is calculated with the help of winding
factor presented by Ishak et al. [19]. The synthesis took
73.6 hours and generated 551 designs. The result of genetic
algorithm optimisation is shown in Fig. 7. The design synthesis
is stopped at tenth generation because there was no significant
change in minimum loss from the fourth generation onwards.
Moreover, the average loss is moving towards the minimum
loss shows the convergence.

The minimum loss designs from the design synthesis that
satisfy geometrical constraints are listed in Table V. The SAT
PMBLDC motor is designed for battery operated two-wheeler,
and a motor with a lower current (I) at rated load will improve
the range of the vehicle. Therefore, design #410 is selected
because it is the one with the lowest rated current.
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Fig. 7: The results of FE based design synthesis of SAT PMBLDC
in-wheel motor using genetic algorithm.

TABLE V
MINIMUM LOSS DESIGNS FROM THE DESIGN SYNTHESIS OF SAT

PMBLDC IN-WHEEL MOTOR

Design #

Parameters 63 88 124 143 158 270 410a

Lm (mm) 7.5 9.5 8 7 7 7.5 7
h (%) 0 10 5 0 5 10 0
λd (%) 50 52.5 50 47.5 45 47.5 45
Lyr (mm) 7 7 7 8 8 8 8
Wt (mm) 11.3 11.9 11.3 10.8 10.2 10.8 10.2
Nc 24 24 24 28 22 22 28
Dct (mm) 2.8 2.8 2.8 2.6 2.8 2.9 2.5
Lt (mm) 32.4 30.6 32.2 32.6 33.4 32.6 32.8
La (mm) 62.2 64.4 63 63.4 63.9 64.4 63.6
I (A) 28.0 28.4 28.2 23.4 28.5 29.4 22
Pcu (W) 56.8 56.1 57.2 56.3 55.2 55.8 54
a Design #410 is selected because it is the one with the lowest current,

and a powertrain motor with a lower current at rated load will
improve the range of the electric vehicle.

IV. CONCLUSION

An FE based design synthesis approach is demonstrated
by developing a design program for SAT PMBLDC motor.
Even though, the time taken for each design iteration with FE
model is considerably more compared to analytical or lumped
parameter models; accurate results can be achieved with
significantly less program development time. The developed
program is demonstrated by designing a traction motor for an
electric two-wheeler.

APPENDIX

A. The variables defining the geometry of SAT PMBLDC
motor

TABLE VI
GEOMETRICAL VARIABLES OF SAT PMBLDC MOTOR AND THEIR

DEFINITION

No. Variable Variable definition
1. Dos Outer diameter of stator
2. Dis Inner diameter of stator
3. Lg Axial length of airgap
4. Wso Width of slot opening
5. Lsl Depth of slot lip
6. Lsm Depth of slot mouth
7. Lm Depth of magnet
8. Lyr Depth of rotor yoke
9. Wt Width of stator tooth
10. Lt Axial length of stator tooth
11. La Axial length of motor
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