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ABSTRACT

Performance and efficiency are among the most important parameters in electric motors. Improvements to the
engine not only increase engine performance but also affect production costs. Permanent Magnet Synchronous
Motor (PMSM) is a motor widely used in electric vehicles because of its high torque density, high efficiency, and
production advantages. In this study, a 110 kW (Adjust-Speed Permanent Magnet Synchronous Motor) AS-PMSM
was designed for electric vehicle applications. The results of the ANSYS-Maxwell and Particle Swarm
Optimization (PSO) algorithm and the calculations of the optimized design were compared in line with the
obtained data. In the design study, theoretical calculations, the PSO algorithm, and finite element method (FEM)-
based ANSYS-Maxwell software were used. Based on these values, the computer-aided design of the engine was
carried out. First of all, the basic design and performance criteria of the engine were determined. Parameters of the
motor, such as torque ripple, iron loss, efficiency, and electromagnetic analysis, were analyzed and optimized with
ANSYS-Maxwell. Then, electrical, magnetic, and performance analyses of the motor were made. How engine
performance changes with the methods used has been examined in detail. Efficiency values were determined under
various operating conditions in engine performance studies. The validity of the improvement study and the
verification of the design study were examined by comparing the ANSY'S results with the PSO algorithm results.
The analysis results showed that the designed electric motor met the desired power values and design performance
criteria.
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ELEKTRIKLI ARACLARDA KULLANILAN KALICI MIKNATISLI
SENKRON MOTORUN PARCACIK SURU ALGORITMASI VE ANSYS-
MAXWELL YARDIMIYLA TASARIMI VE ANALIZI

OZET

Elektrik motorlarinda performans ve verimlilik en énemli parametreler arasindadir. Motor iizerinde yapilacak
iyilestirmeler sadece motor performansini artirmakla kalmiyor, ayni: zamanda tiretim maliyetlerine de etki ediyor.
Kalict Miknatisli Senkron Motor (KMSM), yiiksek tork yogunlugu, yiiksek verim ve liretim avantajlari ile
elektrikli araglarda yaygin olarak kullanilan bir motordur. Bu ¢alismada, elektrikli ara¢ uygulamalari i¢in 110 kW
(Adjust-Speed Kalic1 Miknatisli Senkron Motor) AS-KMSM tasarimi yapilmistir. ANSYS-Maxwell ve Pargacik
Siirti Optimizasyonu (PSO) algoritmas1 sonuglar1 ve optimize edilen tasarimin hesaplamalari, elde edilen veriler
dogrultusunda karsilastirilmistir. Tasarim ¢alismasinda teorik hesaplamalar, PSO algoritmasi ve sonlu elemanlar
yontemi (SEY) tabanlit ANSYS-Maxwell yazilimi kullanilmistir. Bu degerlere dayali olarak motorun bilgisayar
destekli tasarimu gergeklestirilmistir. Oncelikle motorun temel tasarim ve performans kriterleri belirlenmistir.
Motorun, tork dalgalanmasi, demir kaybi, verimliligi ve elektromanyetik analizi gibi parametreleri ANSYS-
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Maxwell ile analiz edilmis ve optimize edilmistir. Ardindan motorun elektriksel, manyetik ve performans
analizleri yapilmistir. Kullanilan yontemler ile motor performansinin nasil degistigi detayli olarak incelenmistir.
Motor performans ¢aligmalarinda g¢esitli ¢aligma kosullar altinda verim degerleri belirlenmistir. ANSY'S sonuglari
ile PSO algoritmasi sonuglart kargilagtirilarak iyilestirme g¢aligmasinin gegerliligi ve tasarim c¢aligmasinin
dogrulanmas: incelenmistir. Analiz sonuglari, tasarlanan elektrik motorunun istenen gii¢ degerlerini ve tasarim

performans kriterlerini kargiladigini géstermistir.

Anahtar Kelimeler: KMSM, SEY, Verimlilik, Tasarim, PSO

1. Introduction

Due to reasons such as decreasing oil resources, increasing oil prices, and an increase in
environmental emission values, the tendency toward electric-driven vehicles has been increasing in
recent years. It is a clear fact that important environmental problems have arisen as a result of the
increasing use of fossil fuels with the development of industrialization and increased transportation. This
negative environmental impact has led technology developments to more environmentalist approaches.
Electric vehicle technology, which is probably the most prominent of these approaches, is entering daily
life with an increasing speed [1-3]. A large number of electric passenger cars, electric bicycles and light
electric vehicles are taking their place on the roads. For this purpose, vehicle manufacturers have
introduced many electrically driven commercial vehicles to the market. These include vehicles such as
the Toyota RAV4 EV, Chevrolet Volt, Tesla Model S and Renault Twizy. These trends bring along
important developments in technologies related to electric vehicles. Today, most automotive
manufacturers concentrate on research and development activities in the field of electric vehicles [4].

Many optimization problems arise when designing automobile engines [5-7]. Many involve
multiple conflicting purposes. One of the most important stages in engine design is engine calibration
[8-11], which is the adjustment or replacement of an internal combustion engine or control unit so that
engine power achieves optimal fuel performance.

The engine control unit is one of the key parts in the engine that controls a series of actuators to
achieve optimum performance. The control system reads values from a set of sensors and interprets the
data using multidimensional performance maps to manipulate the motor actuators. An engine has a
number of control systems, including air-fuel ratio control, idle speed control, engine start control,
charge control, engine speed control, and fuel injection control. Optimizing engine control systems is
an important task in the design of car engines.

Another research area in engine design is modeling of different parts of engines [12-14]. Modeling
is done for different reasons. An example of this is the design and optimization of the controller system.
Designing a controller using the real motor during the design process is an expensive and time-
consuming action. For this reason, many researchers first build a model of the engine and then design,
test and optimize their controllers on that model.

The efficiency of the electric motor, which is the key component of the electric drive system, is
crucial because efficient energy use is required [15—17]. The objective of many academics and producers
is to maximize the efficiency of electric motors while minimizing their losses [18]. Utilizing drive
systems that consume the least amount of energy has two primary advantages: it extends the range of
the vehicle and lowers the energy consumption per unit of distance per kilometer [19].

Many companies producing electric motors and automotive manufacturers that have started to
produce electric vehicles are required to have high efficiency, high torque and low volume-weight
characteristics. With the developments in magnetic materials and motor topologies, advances in electric
motor designs continue rapidly [20-23].

Electric vehicles consist of four main subsystems. These are respectively battery and battery
control system, electric propulsion system, electric motor driver and vehicle main control unit. The
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power required by the vehicle is supplied from the battery system. The battery control system constantly
checks the temperature and charge status of the battery, depending on the power needs of varying
duration and value, and transmits information to the vehicle main control unit. An electric motor is used
in the vehicle propulsion system. Various types of motors such as permanent magnet synchronous
motor, squirrel cage PMS motor and switched reluctance motor, AS-PMSM can be used in electric
vehicles. Efficiency in PMSM motors also depends on many interrelated parameters. A four-zone driver
is used to provide variable frequency torque control of the selected motor.

In this study, the design and analysis of AS-PMSM at 110 kW at maximum operation for an
electric vehicle propulsion system is demonstrated. The results are achieved by running the design
equations of PMSM and specific parameters into MATLAB Simulation, which is performed by the PSO.
The engine created to examine the findings is assessed with FEM-based software (ANSYS Electronics
Desktop). As a result of the analyzes carried out, it has been seen that the designed electric motor
provides the targeted performance values depending on the design constraints.

2. Material and Method

2.1. Design of PMSM

Since most of the PMS motors used in the industry are operated without a driver, they are designed
for a fixed operating voltage and frequency depending on the mains voltage and frequency. These data
assist the designer in the selection of relevant design parameters such as number of poles, number of
slots, slot type, air gap, current and flux densities during design. However, as in electric vehicles, PMS
motors working with driver work at variable frequency, voltage and power values. Due to this, the
majority of the information supplied, including the stator-rotor groove combination chosen for PMS
motors produced for fixed operating points, is no longer applicable. In Figure 1, the speed-dependent
torque and power characteristics of the electric motors working with the driver used in electric vehicles
are shown [17].
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Figure 1. Speed-dependent torque and power characteristics of driver-operated electric motors in
electric vehicles

In the PMSM design to be used for the electric vehicle, first of all, the fundamental frequency
value, from which the nominal power value is desired, must be determined. The point to be considered
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here is that the motor operating frequency range does not reach high values when determining the
number of poles. This causes an increase in the frequency-dependent losses in the motor design. In
addition, the maximum operating speed of the motor is directly related to the overturning torque. It is
desired that the engine overturning torque be high in order to offer the appropriate maximum working
speed. Leakage inductances are attempted to be reduced as much as feasible in the design in order to
accomplish this. Second, the design takes into account the lowest and highest voltage values that the
electric car battery can provide.

2.2. Mathematical Model
The voltage equations in the d-q reference plane of the motor examined by FEM are different
from the voltage equations designed for the general equivalent circuit.
A= [ odl (1)

where, A flux, @ vector potential and 1 is the length of the line line. The Fourier expansion of the
magnet flux used in the motor is given in equation (2).

Am = Ln=1 Mm@n-nsin((2n — 1)6;) (2)

It is considered sufficient to use harmonic coefficients up to the 7th harmonic in the modeling of
magnet fluxes.

Am = Ap1Sin, + Ap3sin36, + Ayssin56, + Ay, sin70, 3)
If equation 4, which is given as the Park transformation equation, is applied to equation 3, the
expression of the fluxes passed by the magnets through the stator windings in the rotor reference plane
is given in equation 5.
[cos(@ ) cos |6, —2%) cos 0, + 1
r ( 23n) ( ) [|fa
= —| sm(Br) sin (9 ?) sin (9 + ) [| £ €))
1

; ch

Here f represents one of the motor current, voltage and flux variables. Motor magnets are modeled
by equation 5 and equation 6.

Amg = AmsSin(66,.) + Apy7sin(66,.) &)
Ama = Mn1 — Ams€08(66;) + Aip7c0s(66;) (6)

The total flux values passing through the windings of the motor are given in equation 7 and
equation 8.

Mg = Lqiq + Amg (7
Mg = Laiqg + g (®)
The simplified d-q equivalent circuit of the motor model obtained by FEM is given in Figure 2.

In Figure 2, vy, ve vy, are voltages resulting from flux changes and are given in equation 9 and
equation 10.

Vgp, = Wr(Lgig + Amq + 5hips c0s(66,) + 7A.,7 cos(66,.)) 9

Vay, = Wy(Lqgiq — SAms sin(66,.) + 7A.,7 sin(66,.)) (10)
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Figure 2. Simplified d-q equivalent circuit of the motor model obtained by FEM.

The voltage equations of the motor are presented in equation 11 and equation 12.

Vg, = Tsig + Lgpig + Wr(Lgig + Amq + Ships c0s(66,) + 7X,,7 cos(66,.)) (11)
Vay, = Tslg + Lapig — Wy (Lgiq — Shms sin(66;) + 7X.,7 sin(66,.)) (12)
The electrical moment expression is given in equation 13.

T, = % [(An1 + 5hms €0s(66,) + 77 c0s(66,) iy — Shis Sin(66,) — 7hyy sin(66,)]i, (13)

2.3. Design Parameters

The electric drive motor is one of the subsystems of the electric vehicle such as battery, driver,
control unit and battery control system. For this reason, there are also constraints related to other
subsystems in engine design. Data affecting engine design depending on other subsystems are given in
Table 1.

Table 1. Basic parameters of the motor

Name Value
"Operation Type" Motor

"Load Type" "Const Power"
"Rated Output Power" 85.98 kW
Maximum power 110kW
"Rated Voltage" 220V
"Maximum Speed" 13300 rpm
Tork 185 Nm
Efficiency 96.2 %
"Operating Temperature" 75 cel

Before starting the motor design, in addition to the performance values specified in Table 1,
electrical and magnetic parameters should also be determined. These values used in the design are given
in Table 2.

The nominal voltage value used in the design was chosen as 220 V, which is the lowest voltage
value of the battery. Thus, the motor is designed to provide the desired torque value even at the lowest
battery voltage. The electrical design of the motor was balanced between nominal and maximum power
values, and parameters that directly impact the thermal performance of the motor, such as current
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density, were not selected too closely to the maximum permitted values for nominal operation. Thus, it
is aimed to ensure that the maximum power that can be drawn from the engine is as long as possible.

Table 2. Electrical and magnetic parameters of the motor

Name Value
Stator-Teath Flux Density | 0.78 T
Stator-Yoke Flux Density 0.79 T
Rotor-Yoke Flux Density 043 T
Air-Gap Flux Density 0.63T
Magnet Flux Density 098 T
Stator Teath Ampere Turn | 2.4 A.T
Stator Yoke Ampere Turn | 2.7 A.T
Rotor Yoke Ampere Turn | 0.96 A.T

The dimensions of the motor were determined depending on the values specified in Table 1 and
Table 2. While determining the dimensions of the motor, the output coefficient method was used [18,19].
Depending on the predetermined design values, the dimensioning of the motor, stator and rotor design
were carried out. The thickness of the lamination material to be used is 0.3 mm, the magnetic saturation
value is 2.4 T and the iron loss is 1.043 kW. Depending on the analytical and magnetic analysis results,
improvements were made in the design. ANSYS RMzxprt and Maxwell-2D computer packages were
used for analytical and magnetic design. The lamination geometry of the designed electric motor and
the parameters related to the geometry are presented in Figure 3 and Table 3, respectively.

Figure 3. Stator and rotor geometry

Table 3. Mechanical design parameters of the motor

Name Value
Outer diameter of the stator 300mm
core

Inner diameter of the stator core 217mm
Length of the stator core 75mm
Stacking Factor 0.95

Steel type of the stator core M27 29G
Outer diameter of the rotor core 210mm
Inner diameter of the rotor core 145mm
Length of the rotor core 75mm
Steel type of the rotor core M27 29G
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3. Result and Discussion

3.1. Analysis of PMSM with Particle Swarm Optimization Algorithm

Particle Swarm Optimization (PSO) was developed in 1995 by J. Kennedy and R. C. Eberhart
[24]. It is a heuristic algorithm inspired by the behavior of bird flocks. When looking for food, birds
follow the bird (leader) that is thought to be closest to the food. The leader may change during the search
for food. The new bird leader that sees the food is selected and all the birds in the flock continue their
search for food by turning to the new leader. They communicate among themselves to determine the
leader. Each bird in the flock is called a particle and represents a solution. The current position of each
bird is an entry for the function whose solution is sought. Therefore, while the bird moves, it transmits
each position to the function and a solution is produced for the current position. The obtained solution
is evaluated and the fitness value of that solution is obtained. The fitness value is a measure of whether
the result has been achieved or not. If a suitable result is found in line with the criteria, the search ends.
If no suitable result is found, the birds continue to wander in the search space. A general block diagram
of the PSO is given in Figure 4 [25]. Before the algorithm starts to run, a crowd is created and initial
values such as speed and position are assigned. The most important feature that distinguishes PSO from
classical optimization algorithms is that it has a simpler structure because the number of parameters to
be adjusted is low and it does not need derivative information.

In Particle Swarm Optimization, a randomly determined set of possible solutions is first
generated. Each row of the solution set created here constitutes a particle, and each column constitutes
the swarm. The matrix created here is actually randomly determined values of Kp, Ki and Kd [26].

Each element of this matrix is applied to the system to be optimized and pbest, which is the best
of the applied particles, and gbest, which is the best of the swarm, are calculated. In the first iteration,
the pbest of each particle is equal to itself. The particle corresponding to the best value obtained from
here is chosen as gbest. After these two best values are found; The particle, its velocity and position are
updated according to equations (14) and (15) below, respectively. After calculating the new position
values, these values are used to return to the beginning of the iteration, and the fitness values are
calculated and the pbest and gbest values are updated. The proceedings are continued until the
termination condition is met [26].

vi*t = vk + )« rand¥ = (pbestf — XF) + ¢, x rand¥ = (gbest® — X} (14)

Xt = X[+ vt (15)

Where, a randomly generated number between rand (0-1), i represents the particle number, and k
represents the number of iterations. ¢; and c, are learning factors. These are constants that orient
particles towards the pbest and gbest positions. cl directs the movement according to the experience of
the particle itself, and ¢, according to the experiences of other particles in the swarm. Choosing lower
values allows particles to circulate far from the target area before being drawn towards it. However, it
may take longer to reach the target. On the other hand, choosing high values may cause unexpected
movements to occur and the target area to be bypassed, while accelerating reaching the target.
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Figure 4. Flowchart of the PSO algorithm

The optimum parameter values for the particle swarm optimization algorithm in the developed
Matlab program are given in Table 4. The optimum engine values were obtained by running the program

30 times.

Table 4. Parameters and values used in the particle swarm optimization algorithm

Parameter Value
Population size 100
Maximum iteration 100
Number of runs 30
Cognitive constant 2
Social constant 2
Max inertia weight 0,9
Min inertia weight 0,4

Figure 5 displays the efficiency of the electric motor created using these parameters, along with iron and
copper losses.
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CONTROLLER SELECTIONT OPTIONS i RUN THE PROGRAM ‘
Parameters Kp, Ki, Kd =
i RESET DATA
Select algorithm PSO -
EXIT PROGRAM ‘
PSO PARAMETERS
or specify values:
Population size, M: 100
Iron_core_loss: 1,039 kW
Maximum iteration, tmax 100
Copper_loss: 0,362 kW
Number of runs, Nru: 30
Efficiency: %96,04
Cognitive constant, C1: 2
Social constant, C2: 2
Max inertia weight, wi: 0.5
Min inertia weight, w2: 0.4

Figure 5. Motor parameter values were obtained with the help of the developed program

3.2. ANSYS Analysis Results

According to the structural parameters given in the previous section, the Finite Element Model of
the engine was created and electromagnetic field finite element analysis was performed on the first
structural design results and the simulation parameters of the first design results were obtained. In Figure
6, the swing torque is given when the motor is running at no load. It can be seen from the figure that this
torque is small and has a peak-to-peak value of 0.35 Nm.

Ansys

0.20 Curve Info
— Cogging Torgue

0.10

0.00 -

Torque (N.m)

-0.10 7

-0.20 " ‘ . ‘ T . . . . T . ‘ . ‘
0.00 125.00 250.00 375.00
Air-Gap Position (elec. degrees)

Figure 6. Torque curve in gears

The air gap-flux density value of the motor is given in Figure 7. In Figure 8, the curve of the
torque ripple is presented. The torque ripple here is due to the instantaneous values of the current.
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Figure 8. Torque curve at rated operating condition

As can be seen, the torque value reaches the desired nominal torque value in the nominal operating
condition. The vibration value on the torque chart is within acceptable limits. The distribution of flux
lines obtained when the analytically calculated currents shown in Figure 9 are applied to the motor
windings for the nominal operating condition are shown in Figure 10.
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—‘A Time [ms]

Figure 9. Winding currents at rated operating condition
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The maximum inrush current value can be up to 1.2 kA. This current value is not a continuous
operating current. Litz conductor is used. The conductor cross section is determined in the ANSYS
program depending on the electrical values of the motor.

Figure 10. Distribution of flux lines at nominal operating condition

As can be seen, the flux lines are evenly distributed and the desired winding poles are formed.
The magnetic flux density distribution in the motor core in the rated operating condition is given in
Figure 11.

B [tesla] : Ansys

27130
I 2.5321
2.3513
21704

1.9895
1.8087
1.6278
1.4469
1.2661

1.0852
0.9043

Time =21.60000us 0 100 200 (mm)

Figure 11. Flux density distribution at rated operating condition

As can be seen, flux densities in general do not exceed 2T. Although there are occasional
overhangs in narrow areas such as the openings of the gutters, these are below the magnetic saturation
value of the material used, which is 2.3T. The efficiency-torque curve obtained in the nominal operating
condition is presented in Figure 12.
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Figure 12. Efficiency of the engine

Finally, the general analysis results for the motor design for rated operation are given in Table 5.

Table 5. Analysis results of PMSM performed with ANSYS-Maxwell and MATLAB-PSO

Parameter ANSYS-Value MATLAB-PSO
Input power 89.6 kW 89.6 kW

Rated Moment 186.7 Nm 185.4 Nm
Electrical output power 85.98 kW 86,05 kW
Iron-core loss 1.043 kW 1.039 kW
Copper loss 0.35 kW 0.362 kW
Efficiency 96.2 % 96.04 %

Rated speed 5840 rpm 5819

Maximum speed 13300 rpm 13300

As seen in Table 5, the targeted power, torque and efficiency values were obtained. For a nominal
input voltage of 220 V and a nominal power of 85.98 kW, the overturning torque and maximum
operating speed of the motor meet the desired design values. In addition, current densities are below the
values specified in the design criteria. Thus, the designed motor meets all the desired design criteria
electrically and magnetically. Current densities are lower than the maximum allowable values in the
design. The reason for this is that a balanced design is desired considering the maximum power
requirement. Forcing the design limit values for the nominal operating condition shortens the maximum
power draw time from the motor, depending on the current density value that will increase in case of
maximum power demand.

3.3. Investigation of Motor Performance Based on Voltage, Frequency and Power Variation
In electric vehicle applications, the frequency and torque value of the engine are constantly

changing, depending on the instantaneous driving performance parameters. In addition to these
variables, the voltage that the battery module can provide in the vehicle decreases gradually depending
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on the power consumption. While performing the motor design, it is desired that the motor data remain
within the specified design constraints at different operating points depending on these three basic
variables. In Table 6, the performance values obtained when the voltage and output power change from
the nominal value to their maximum values are given.

Table 6. Motor ratings at nominal and maximum power operating conditions

V. (V) P,y (kW) B, (T) Efficiency (%) | Efficiency (%)
(ANSY) (PSO)

220 85.98 1.84 96.28 96.04

220 110 1.82 95.49 95.1

250 85.98 2.13 95.98 95.52

250 110 2.09 95.71 95.34

Vs given in the table shows the input voltage, P, shows the output power, B, shows the flux density
in the teeth. As can be seen, if the input voltage and the desired output power requirement change from
their nominal values to their maximum values, both electrical and magnetic values of the designed motor
remain within the design limits. This shows that a balanced engine design has been carried out. Thus,
when needed, maximum power from the engine will be provided for a longer period of time without
forcing the engine. This helps in improving the thermal performance of the motor.

4. Conclusion

In this study, PMSM design and analysis results to be used in electric vehicle propulsion systems
are presented. First of all, the performance parameters of the engine and the values related to other
subsystems such as the battery were determined and the design of the engine was carried out considering
these. As a result of the computer aided analytical and magnetic analyzes carried out, it has been seen
that the designed engine provides the desired performance values in the nominal operating condition in
accordance with the determined criteria. The performance of the motor is also investigated depending
on the changing voltage, power and frequency values. When the engine parameters obtained in Figure
5 with the help of the particle swarm optimization algorithm are examined, the efficiency of the engine
is calculated as 96.04%. In addition, it is seen that the other calculated motor parameters are close to the
values calculated as a result of the ANSYS program. With these analyzes, it has been observed that a
balanced design has been carried out to preserve the performance of the motor depending on these
changes, and the motor data does not exceed the specified electrical and magnetic design limits.
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