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Abstract: In this paper, a new method is proposed for design and optimization of a Permanent
Magnet Synchronous Motor (PMSM). In this method, the Particle Swarm Optimization (PSO)
algorithm is combined with Finite Element Analysis (FEA) and information is exchanged
between them online. This information is cost functions and optimization variables. Four
parameters that are related to magnets and slots of machine i.e. pole offset, magnet thickness,
pole embrace, and stator slot dimension are used as optimization variables in the PSO algorithm,
also efficiency and cogging torque are selected as cost functions. In each iteration, optimization
variables enter to the PSO algorithm from FEA, then cost function is calculated and results are
sent back to the FEA. This process is iterated until the best variables is gained to maximize or
minimize the cost function. Also at the beginning, a parametric study is performed on the
geometrical dimension of permanent magnets and stator slots to analyze the effects of
dimensions variations on efficiency and cogging torque. Permanent magnets and stator slots
dimensions are then optimized using PSO algorithm for optimal performance of PMSM. Results
of design and optimization show effectiveness and capability of proposed method.
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1. Introduction

PMSMs has several advantages such as high torque density, high efficiency and high power
factor, but an important drawback of this machine is cogging torque which causes noise and shaft
vibration. Moreover cogging torque causes in pulsating in motor and prevents having a smooth
rotation, specially at light loads and low speed [1-4].

PMSM design for variable applications done in multiple literature and paper [5-9]. In [5], a
PMSM designed for electric vehicles in automotive industry. In order to achieve high dynamic
performance and high efficiency a multi-objective optimization design method based on the
artificial bee colony algorithm proposed. In [6], a five-phase permanent magnet synchronous
machine was investigated. It has features such as high power density and high fault tolerant
capability for electric vehicles. In [7], comprehensive design of a low speed 4 kW, 240 Nm and
159.2 min"! PMSM for gearless elevators evaluated and simulated by using FEA and the results
are validated with the analytical calculations. A new method for achieving maximum efficiency
and power density of PMSM was provided in [8] using the bees algorithm for industrial
applications. In [9], design and optimization of a PMSM for use in hydrodynamic renewable
energy is proposed. At first, analytical calculations and the design process of PMSM explained.
Then, ant colony optimization algorithm used for the optimization of design quantities.

There are different method for increase of efficiency and cogging torque reduction [10-15].
According to different applications and considerations of technical and economical factors,
various cogging torque reduction methods can be employed, such as slot or magnet skewing,
magnet pole shape optimization and stator slot opening width optimization etc [10]. Optimal
dimension of magnet embrace affects the cogging torque and efficiency [11]. A classical one is
choosing magnet pole span, an integer multiple of slot pitch, this solution reduces the magnitude
of the first order harmonic of cogging torque [12]. Another recommended technique is teeth
pairing with different tooth width [13]. In [14], a stator structure with auxiliary teeth proposed
and studied for reducing cogging torque in outer rotor PMSM. In [15], in order to solve this
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problem, the cogging torque calculated as a function of skewing angle of the magnets and by an
appropriate skewing, the cogging torque can be reduced to half theoretically.

In this paper, a new method is proposed for optimization of PMSM. Optimization goals are
reduce of cogging torque and increase of efficiency. Pole offset, magnet thickness, pole embrace
and stator slot dimension are input parameters for optimization. In first, a PMSM designed and
then is evaluated by using FEA, in continue PSO algorithm is combined with FEA and in each
iteration of PSO, FEA is used to calculate the optimization goals. The continuation of this article
is as follows. Section II presents the design equations and specification of designed PMSM. In
section III, proposed the optimization procedure. Finally, this paper introduces an analysis of the
PMSM performance and results of optimization.

2. Design Process of PMSM

Design process of an electrical machine is iterative and the number of steps depends on a
number of restrictions to be met simultaneously. Design process of a PMSM consist of following
steps:
A. Design primary parameters

The primary specification and main parameters of a PMSM for optimization, presented in
“Table 1”.

Table 1. Preliminary design specification
Parameter [Symbol (unit)] | Stator | Rotor
Initial Specification
Generator Power [P (kW)] 22
Efficiency [1 (%)] 94
Power Factor [PF] 0.93
Line Voltage [Us (V)] 400
Number of Poles [2p] 8
Number of Phases [m] 3
Frequency [f (Hz)] 100
Assumptions
Linear Current Density [A 35
(kA/m)]
Air-gap Flux Density [Bs 0.9
(T)]
Tooth Flux Density [Bgs (T)] 1.6 -
Yokes Flux Density [Bys, 1.4 1.4
(T)]
Current Density [Js 55 -
(A/mm?)]
Number of Slots [Q;] 48 -
Space Factor of the Core 0.95 0.95
[kre]
Pole-Shoe Arc to Pole Pitch 0.8
Ratio [0=b/1;]
No Load to Rated Load 0.86
Terminal Phase Voltage
Ratio [e=En/Upn]

B. Geometric Dimension of the PMSM

The most interesting mechanical dimension are the actual length of the machine and the stator
outer diameter, because these two roughly determine the machine size. To be able to construct
the mechanical parts of the machine, also the detailed dimensions for the stator and rotor are
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needed. In the case of the stator, the inner and outer diameters of the stator core, the height of
the yoke and the teeth, the width of the teeth, the slot dimension and the number of slots need to
be found. The rotor dimensions in this case are the rotor inner and outer diameter [16-18]. The
geometric dimension of the studied PMSM shown in “Figure. 1”.

-Dri/2

Dr/2 ‘ ‘
-Ds/2 ‘
-Dse/2 ‘

Figure 1. Topology of the studied motor

Stator inner diameter (D;) of motor can be calculated as

D, =3 _Powxe (1)
Cxnyxy
In (1), C is machine constant, n is speed in round per second (rps) and y is ratio of the
effective machine length to the Stator inner diameter. This parameters are as

C=0.57"k,, AB cosg ()
I )
2p
!’ T
= =" 4
X b, = ap p 4)

Therefore effective machine length would be /"= yD, . Also, air-gap length of a PMSM ()
estimated as

A
S=yr, — 5
7Tp B, (5)
Where y is a coefficient and its value for different conditions presented in [17]. Pole pitch in
meter and slot number, slot pitch in meter and number of slots per phase per pole are obtained
by following equation respectively

D
=5, (©)
Yo :f—; ()
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- ®)
o
q5 = 2 9)
2pm
Winding factor can be calculated as
k= sin[i.%}; (10
Yo 2q, sin[”J
N

In this machine chosen a two layer winding for winding of stator and also, in order to reduce
space harmonics coil pitch/pole pitch ratios for stator is chosen as 6/8. The number of the coil
turns in series in a phase winding for stator are obtained by

EWI
Ny=—"o— " (11)
\/577]( wsl¢é' ,PM
@; pyris maximum magnetic flux in the air-gap. Number of conductors per slot becomes
2m
zp =— N, (12)
“ o,

C. Slot and Tooth Dimension
In this design, semi closed slots have been considered in accordance with “Figure. 1”. Areas of
the stator conductors and stator slots determined by

1
S =5 13
o= (13)
zn S
%=§}3 (14)
fill

Where kzy is space factor of the stator slot and depends to voltage level. It’s value in this design
considered 0.5. Now, slot area is obtained through geometric relations

Sux = b2 + by (15)

Where b and b; are as follows
_ (Dg +2hy +2hy) :

b, b, (16)
9,
D, +2h +2h, +2h
b3:77(s+ 1+ em 3)_bd (17)
9,
Also, the teeth width are obtained from following equation
I’ B
by =1 250 mm (18)
kol By

0.1 is influence of punching on the crystal structure and permeability of iron. By solving (15),
(16) and (17), we can obtain two unknown parameters 43 and b3. Values of b,, h; and A are 3, 1
and 1 mm respectively.

In this work, we have been used from semi-closed slots for stator. In case of semi-closed slots
the slotting effect can be taken into account by the Carter factor.

D. Stator and Rotor Yokes Height
Stator and rotor yokes height are calculated as
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_ Ps.pm
) felB

ys,r

Intended iron lamination for stator and rotor core is M19-29G.

(19)

E. Permanent Magnet Dimension

Permanent magnet used in studied machine is NdFeB30. Specification of this magnet
presented in “Table 2”. Permanent magnet length (/,») would be equal to the effective length of
the machine. Also, magnet width (bp) and thickness (%) can be calculated as

b, =, (20)
Bk Oupy

pm = (21)
B, —Bgsk,

Where k. is carter coefficient and can be calculated as
b
,=—42 (22)
5+ %
Tu

K, =—— 23
¢ Tu_Ksbl ( )

K

Table 2. Specification of the NdFeB30

Parameter Symbol (Unit) | Value
Residual Flux Density B: (T) 1.1
Coercive Force H. (kA/m) 838
Relative Permeability UpM 1.0446

F. Magnetic Circuit Calculation

In this section magnetic flux and air-gap flux density are calculated. For this purpose, a
reluctance network model of the PMSM is employed. In “Figure. 2” a reluctance network for a
surface mounted PMSM is proposed. Air-gap flux can be derived from the equivalent reluctance
circuit

Opy
Ps.pm = R (24)
Rpy +Rs +Rpe + = (Rs + Rpz,)
R52

Where Opy= hpnxH.. The reluctance of the air-gap between the permanent magnets and stator

Rs = O - (25)

HoT 1

The reluctance of the air-gap between two magnets is

R hplﬂ (26)

82T T - L 1
u(z, =b,)l
Reluctance of the permanent magnets is
h l
Rpy = = : (27)

= +
/’loﬂPMbpl' /’lobpl,

Where /; is the thickness of the insulation layer between the rotor and the magnets. The iron

reluctance is

hds W,VS

= +
#O#Febdl' luoluFehySZ’

Rpe (28)
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Where hg; is tooth height, ur. is permeability of iron, wy, is the yoke width and can be calculated
as

_z(D,, + D, +2h,)
4p

Finally, the air-gap flux density is derived from the air-gap flux and width of permanent magnets

as well as from the effective length

Wys

(29)

(%
Ba= Ty CO
14

(I)PM A (D(j

s
Rs2

<T OprMm

Figure 2. Equivalent reluctance circuit for a PMSM with surface mounted magnets

The studied motor in this paper is a Surface Mounted Permanent Magnet Synchronous Motor.
In Surface Mounted PMSM, because of the rectangular air-gap flux density the flux densities in
the stator teeth are constants above the permanent magnets and become zero elsewhere. The
rectangular air-gap flux density of the SPMSM means that the calculation of the saturation form
factor is not any more required here.

3. PSO Algorithm

In this paper, PSO algorithm is used for optimization of studied PMSM. PSO is a population
based stochastic optimization technique, inspired by social behavior of bird flocking or fish
schooling or ant colonies. This algorithm emulates the interaction between members to share
information. PSO has been applied to numerous areas in optimization and in combination with
other existing algorithm. This method performs the search of the optimal solution through agents,
referred to as particles, whose trajectories are adjusted by a stochastic and a deterministic
component. Each particle is influenced by its best achieved position and the group best position,
but trends to move randomly. One of the advantage of PSO optimization over other derivate free
methods is the reduced number of parameters to tune and constraints acceptance [20].

In “Figure. 3” is shown flowchart of presented design and optimization method. In the first
stage initial parameters are determined and then geometric dimensions are calculated. In stage
3, magnet width and thickness are estimated and in stage 4, air-gap flux and flux density are
calculated using (11). In stage 5, slot and tooth dimension are determined. In stage 6, new values
for the air-gap flux and flux density are defined by calculating the iron reluctance. Steps 4-7 are
repeated until the air-gap flux density does not change more than determined error. Then in the
8-9, induced electrical voltage is calculated in full load (£j), and steps 2-9 repeat until the voltage
E in comparison to the no load induced voltage (E,) does not change more than determined
error. The rest of the machine properties are calculated during step 10. After determining all
parameters of machine, results validation are checked by using FEA tools. In step 12-13, goals
optimized by using PSO algorithm. Steps 11-13 repeat until getting the best results.
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4. Optimization Formulation

First considered cost function in this paper is cogging torque. Based on [21], magnet
dimension and slot dimension are solutions for reduction of cogging torque. Therefore, if this
two dimensions of motor optimize, cogging torque will reduction. In this paper we have used a
combination of this two method. In other words, both magnet and stator slot dimension are
supposed for reduction of cogging torque. Optimized dimension is found by an iterative process
and PSO algorithm.

[ 1- Determining initial parameters )

v

[ 2- Calculation of geometric dimensions )4;

[ 3- Calculation of magnet width and thickness )

'

( 4- Calculate a new initial value for the B; and @ py )4—

( 5- Calculate of slot and tooth dimension )
l No | No

(6— Calculate a new value for iron reluctance, Bs and s, PA/B

[ 7- Bspew-Bsoa<error )—

Yes

A 4

( 8- Calculate the back induced EMF (E,,) )

A 4

9- E,-E<error )7

Yes

y

10- Calculation of other machine characteristics

/

A 4

(
(
(11 Valdaron by FEA ool 5. Mamwell sofvare
(
(

A 4

12- Determining optimization goals

A 4

13- Optimization by using PSO algorithm

Figure 3. Flowchart of the design and optimization process
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Other cost function in this paper is efficiency. If we can reduce motor losses, efficiency will
improve. Two motor losses are copper loss and core loss of stator and resistance of stator is
effective on them. Stator and rotor resistance also depends on Slot dimensions. This problem
affects the copper loss and core loss i.e. the variation in slot dimensions causes change in copper
loss and core loss and finally the variation in mentioned losses is effective in efficiency. Stator
resistance can be calculated as [19]

R= {(kRu - 1)12—1’ + 1}12[, (31

av
Where R, is the resistance without consideration skin effect, /,, is the average length of the coil
turn and kg, denotes the average resistance factor that its value is calculated as
_ o Sinh2£+sin2f zk -1 5z sinh & —sing
Ru™> cosh2&—cos2é 3 7 coshé +cosé

/1 b
=h, |—ouoc, = 33
§ 3 2 fu cb3 ( )

Where z; is the number of conductor layers, w is the angular frequency, o. is the specific
conductivity of the copper or aluminum used as conductor. b';, b3 and /3 are also shown in Figure.
4,

(32)

U s B
b5 —=

Figure 4. Dimensions required for calculate of stator and rotor resistance

5. Design and Optimization Results

In this section, the results of the designed PMSM are presented. Air-gap flux density final
value reaches to 0.85 T. In order to verify the analytical design process with Matlab software,
considered PMSM were simulated in Maxwell software which is a FEA tool. A comparison
between analytical and FEA design results are done and presented in “Table 3”. Magnetic flux
density and flux lines distribution at 2 second and in one eighth cross section of PMSM shown
in “Figure. 5”. As can be seen from this Figureure, the created rotor and stator flux density in
different parts of machine are lower than the magnetic saturation value of the lamination material
(2.5 T). Also, meshing diagram of PMSM finite element model shown in “Figure. 6.
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Table 3. Comparison between analytical and FEA design

Symbol (unit) | Analytical Design FEA
Stator | Rotor | Stator | Rotor
B;s (T) 0.85 0.831
Bas (T) 1.6 - 1.56 -
Bys: (T) 1.4 1.4 1.39 1.389
Js (A/mm?) 5.5 - 5.509 -
A (kA/m) 35 35.8
Efficiency (%) 94.4 95.2
Cogging 6.32 6.87
torque

Bltes1al

2, 5HER e +HER
2, 3214 e+0EE
2, 1429 +088
1. 964 3e+080
1, 7857 e+0@E
1, 6B71le+@@E
1. 4286e+080
1, 2500 +BEE
1.871%e+0EE
8. 9286e-0@1
Fol4E9e-B@1
5, 3571e-0@1
3. 5714%e-0A1
1. 7857e-0@1
O, DE0E e +BE6

AlWh/n]

2, 2595e-BB2
1. 9870e-A62
1.5542e-BE2

1.281%e-082
8. 4866e-BE3
4. 9588e-A63
1. 4311e-BE3
-2, B966e-803
-5.62453e-BEB3
-9.1521e-883
-1, 2680e-BB2
-1.6286e-B02
-1.9735e-BB2
-2.3265e-BB2
-2.6791e-8602

(b)
Figure 5. (a) Magnetic flux density and (b) Magnetic flux lines of the designed PMSM
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Figure 6. Meshing diagram of the designed PMSM
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Sensitivity analysis has been done and results have been shown in Figure. 7. Pole offset and
bs2 selected as sensitivity variable parameters and their effect studied on Efficiency and cogging
torque. Effect of two mentioned parameters on efficiency and cogging torque has been shown in
Figure. 7 (a) and Figure. 7 (b) respectively. It can be seen from Figure. 7 (a) that lower value for
pole offset causes higher efficiency. We can also see from Figure. 7 (b) that lower value for

cogging torque is gained by higher value for pole offset.

95.25

95 95.35
20
Tt 99
10 5y e P 93
Pole offset (mum) 5 Sy fl 87
0 75 . bs2 (mm)

Cogging Torque (N.m)

Figure 7. Effect of pole offset and stator slot dimension variation on (a) Efficiency

(b) Cogging torque
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Table 4. Optimization parameters boundaries

Parameter Lower Upper
(mm) limit limit
b 2.7 3.3
by 5 6.5
b3 7.8 9.8
h3 18 28
Pole embrace 0.6 0.9
Pole offset 0 20
hpm 5.5 7.5
Table 5. Optimization results
Parameter (unit) Reference Low Cogging High
model torque efficiency
b; (mm) 3 3 3
b, (mm) 5.6936 6.3888 5.6213
bs (mm) 8.7961 9.0840 8.0085
h3 (mm) 23.7012 22.106 24.2176
Pole embrace (mm) 0.7479 0.84 0.858
Pole offset (mm) 0 18.6283 0
hpm (Mm) 6.9 6.6455 6.924
Efficiency (%) 95.2 94.9 96.16
Cogging torque 6.87 0.347 5.158
(Nm)

Output torque (Nm) 140.098 140.105 140.115
Output power (kW) 22.0066 22.0076 22.0092
Js (A/mm?) 5.509 5.68 5

A (kA/m) 35.8 36.2 34.1
Bs (T) 0.831 0.82 0.89
Bgs (T) 1.56 1.62 1.52
Bys (T) 1.39 1.38 1.58
By, (T) 1.389 1.42 1.54

Reduction of cogging torque and increase of efficiency are optimization goals and magnet
pole embrace, pole offset and magnet thickness are optimization input parameters. Boundaries
of input parameters presented in “Table 4”. Optimal parameters for each cost function obtain by
PSO algorithm and then in each step this parameters insert in Ansys Maxwell model. This
process is repeated until the best results for each cost function are obtained. Optimization results
i.e. reduce of cogging torque and increase of efficiency are presented in “Table 5. As can be
seen from “Table 5” input and output parameters have been compared between reference model,
low cogging torque and high efficiency. While optimization goal is “low cogging torque”,
cogging torque value reaches to 0.347 Nm, however, this value for reference model is 6.87 Nm.
Also, while optimization goal is “high efficiency”, efficiency value reaches to 96.16%, however,
this value for reference model is 94.92%. Other important parameters e.g. current density, linear
current density, flux density in yokes, teeth and air-gap are in allowed range.

Moving torque of designed PMSM for reference model, cogging torque reduction and high
efficiency goals are shown in “Figure. 8”. As can be seen from this Figureure, cogging torque in
second state is lower than two other state. Also, the total losses are shown in “Figure. 9”. In this
state, the total losses in third state are lower than two other state.
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Figure 8. Moving Torque in (A) Reference model (B) Low cogging torque and (C) High

Figure 9. Total losses in (A) Reference model (B) Low cogging torque and (C) High efficiency
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6. Conclusion

In this paper a new method for optimization of a PMSM is presented. Optimization goals are
low cogging torque and increase of efficiency. Pole embrace, pole offset, magnet thickness and
stator slot dimension are considered as input parameters for optimization. PSO algorithm which
is a population based stochastic optimization technique used for optimization of goals. In first
by using analytical method, motor is designed and then for validation of designed motor a FEA
tool e.g. Maxwell or Flux software is used. In continue, PSO in combination with FEA used to
increase of efficiency and reduce of cogging torque in a PMSM. In each iteration of PSO, FEA
is used to calculate the optimization goals. Results of design and optimization show effectiveness
and capability of proposed method.
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