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Abstract- This paper deals with optimization process of switched 
reluctance motor (SRM) during design procedure. This 
optimization process uses finite element method (FEM) to 
improve motor performances and properties. On the base of 
four phase 8/6 SRM analytical design given by known equations 
and formulas, some improvements and materials utilization are 
obtained by optimization process. This optimization design 
procedure is described in details. The static and dynamic 
parameters and waveforms are calculated and compared for 
both of motors. The output characteristics as torque and power 
versus speed are given and compared for electrical vehicle 
application.  

 

I. INTRODUCTION 

The discussion about electrical cars development and 

improvement is very extensive. One of the main tasks is still 

the price of such a car, which is at this time relatively high in 

comparison with other conventional automobiles. The 

electrical car consists of three basic parts: mechanical (it is 

very similar with conventional car and also the price can be 

comparative), fuel part (battery pack, which is the dominant 

part of the car price) and electrical equipment including 

electrical drive, which depends on used electrical drive and its 

converter and control system. One of the main tasks of 

electrical drive used in electrical car is the power density 

(power/volume) of electrical machine. 

Generally, the electrical machines design is very known 

procedure, which is developed many years. In this process, 

the analytical approach is used, based on known equations, 

formulas and physical lows. Currently, the main task during 

manufacturing process is to use as small as possible amount 

of materials as copper, ferromagnetic steel and permanent 

magnets because of their price. In this field exists several 

modern methods, which can be used during design process 

and for its optimization such as Finite Element Method 

(FEM). Some other methods as genetic algorithms, multi 

objective design process or particle swarm optimization can 

be used during electrical machine design process, mainly for 

Switched Reluctance Motor (SRM), [1], [2], [3], [4]. 

In many papers, Switched Reluctance Motor (SRM) is 

mentioned as a real drive for electrical car [5], [6], [7], [8]. 

The drive with SRM is becoming a very strong competitor to 

the drives with IM. SRM has simpler construction and, 

therefore, lower production costs, higher robustness and 

lower maintenance requirements as the IM drives. The SRM 

can operate only from an inverter, which works in more wide 

speed range than IM converter. The same can be noticed 

about the control system and methods. It is also needed for 

the SRM operation, but it is simpler as the vector control for 

IM drives. 

The profile of the SRM torque/speed characteristic, 

although it is supplied from converter, looks similar to 

traction characteristic. This is very important reason, why the 

SRM is becoming a strong competitor to IM drives. On the 

other hand, it could be mentioned, that the drawback of SRM 

is the torque ripple and rotor position sensor presence. It is 

given by basic principle of its construction and operation. 

This paper deals with the SRM design based on analytical 

equations and FEM calculations and its improvement by 

means of multi objective design optimization for a real 

electrical car application. The main idea is replace an existing 

combustion motor by electrical machine – SRM. In the car, 

the real volume of combustion machine is used for electrical 

machine. The four phase 8/6 SRM, 30 kW, 5000 rpm is 

designed and torque/speed, power/speed characteristics are 

presented and compared with optimized one. 

II. SRM DESIGN PROCEDURE 

The design procedure of SRM consists mainly of 

following steps: 

- to choose suitable number of phases and number of 

stator and rotor poles  

- to calculate all geometrical dimensions of SRM to 

determine its preliminary average electromagnetic 

torque (power)  

- to choose the suitable magnetic material for 

ferromagnetic core of SRM with known B-H curve 

- to calculate its static parameters by means of FEM or by 

means of analytical approach. Static parameters are 

mainly: flux linkage, phase inductance and 

electromagnetic torque versus phase current and rotor 

position for whole operation range 

- to input the calculated static parameters to the 

mathematical model of SRM and to investigate the 

current, voltage, torque and flux linkage waveforms for 

different speeds and loads of its operated range 

- to calculate from these waveforms input power, all kinds 

of losses, output power and efficiency 
- to make a thermal analysis 

This procedure will be used step by step for SRM. 
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A.  SRM sizing dimensions 

Design procedure of SRM is made with the identical outer 

geometric dimensions of a real combustion motor, mainly 

outer stator diameter ds and stack length lFe, which are 

chosen: ds = 250 mm and lFe = 300 mm, for voltage level of 

500 V. The proposed number of phases is m = 4, because 

lower torque ripple is needed and motor can start up from 

every rotor position. The number of stator and rotor poles is 

given as Ns / Nr = 8/6, because the stator slot area for turns is 

larger than for 16/12 SRM. The SRM design starts usually 

from output equation given as [2]: 

 Fer lKdT 2  

where K is the output coefficient and dr is the rotor diameter. 

K is proportional to the product of the electric and magnetic 

loadings. The range of K is very wide (2.7÷30 kN·m/m3), 

therefore FEM calculation of torque is recommended. 

B.  Sizing internal dimensions 

The internal dimensions are (see Fig. 1): stator and rotor 

pole arcs βs and βr, rotor diameter dr, stator and rotor pole 

widths ts and tr, stator and rotor yoke thickness ys and yr, 

air-gap g, stator and rotor pole length ls and lr and shaft 

diameter dsh. In accordance with [2], the stator and rotor arcs 

are chosen βs / βr=21o/23o for 4 phase 8/6 SRM. The 

calculated dimensions are summarized in Table 1. 

The simplest way to estimate rotor diameter dr is from 

typical ratio dr / ds. This ratio can vary over quite a wide 

range between 0.4 and 0.7, with most designers around 

0.5÷0.55. It also depends on the number of rotor and stator 

poles. For 4 phase 8/6 SRM the ratio dr / ds = 0.53 is 

recommended. Then, the rotor diameter is dr = 132.5 mm. 

Once the pole arcs have been decided (chosen), the pole 

widths ts and tr are given by equation: 
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The stator and rotor yoke thickness should be sufficient to 

carry the peak magnetic flux without saturating. In SRM with 

2-pole flux pattern, the main flux is divided into two parallel 

equivalent parts. Then, yoke thickness should be at least ts / 2 

and tr / 2, but preferably 20÷40% more, because during the 

commutation of two successive phases can be overlapping of 

poles. Then 
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The SRM needs a uniform air-gap and good concentricity 

to maintain phase currents and minimize acoustic noise. It 

also requires very small air-gap, because whole developed 

torque is reluctance. A rough rule to choose air-gap 

dimension is 0.5% of the rotor diameter, which is g = 0.2 mm 

or to make it the smallest given by manufacturing technology 

and possibilities. 

The stator pole length needs to be as large as possible to 

maximize the winding area. The stator pole length has already 

been determined by choosing other dimensions of stator:  
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where K is the output coefficient and dr is the rotor 

The rotor pole length should be at least 20-30 times the 

air-gap length in order to obtain a low unaligned inductance. 

A useful rule is also to make 
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A large shaft diameter is desirable to maximize the lateral 

stiffness of the rotor. From this design is clear, that the shaft 

diameter has already been determined by others dimensions, 

then: 

 )(2 rrrsh lydd   

The cross-section area of calculated SRM with its 

dimensions is in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  The cross-section area of calculated SRM with its dimensions. 

 

C.  Number of turns per pole 

The calculation of the number of turns Np can be made by 

assuming that at the specified speed the conduction angle of 

power transistors is equal to the stroke angle ε, which is 

defined as: 
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If there is no current – chopping the peak flux linkage per 

phase is given by: 







V
peak   

where ω is angular velocity and V is DC supply voltage. At 

rated speed ψpeak occurs well before the aligned position, 

typically when the overlap between the stator and rotor poles 

is about 2/3 of the stator pole arc. At this moment, it can be 

assumed that the ampere-turns are sufficient to bring the 

stator pole to the flux density Bs, then: 

 pcsFespeak NnBlt  

Substituting of eq. (10) to (11), 
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where nc is number of coils per phase. The flux density of 

stator pole can be supposed 1.6 T. The cross section of coil 

wires is depended on normalized wire conductor. The 

calculation is based on constant flux density (1.6 T). All the 

geometric dimensions are summarized in the Table I. 

TABLE I 
SUMMARY OF THE DESIGN 

Parameter Symbol Value Units 

Stator diameter ds 250 mm 

Rotor diameter dr 132.5 mm 

Stack length lFe 300 mm 

Air-gap g 0.2 mm 

No. of stator poles  Ns 8 - 

No. of rotor poles Nr 6 - 

Number of phases m 4 - 

Stator pole arc s 21 o 

Rotor pole arc r 23 o 

Stator pole width ts 21.82 mm 

Rotor pole width tr 23.08 mm 

Stator pole length ls 44.72 mm 

Rotor pole length lr 10.9 mm 

Stator yoke thickness ys 14.18 mm 

Rotor yoke thickness yr 15.35 mm 

Shaft diameter dsh 80 mm 

Number of turns  Np 20 turns 

Phase voltage VDC 500 V 

Rated power PN 30 kW 

Rated speed nN 5000 rpm 

D.  Static parameters calculation 

On the base of this design the static characteristics as phase 

inductance, magnetic flux linkage and torque versus phase 

current and rotor position have been calculated by means of 

FEM. The analytical approach is used only for geometrical 

dimension calculations. The results are in the Fig. 2, Fig. 3 

and Fig. 4, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.  FEM analysis of inductance for various rotor position and 

current. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.  FEM analysis of flux linkage for various rotor position and 

current. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.  FEM analysis of torque for various rotor position and current. 

E.  Dynamic analysis of SRM 

By using mathematical model in the dynamic analysis we 

can calculate phase current, speed, voltage and dynamic 

torque of the SRM. The electromagnetic torque of SRM can 

be calculated from: 
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The voltage equation of one SRM phase is given as: 
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where R is phase resistance, i is phase current and  is flux 

linkage. The flux linkage depends on both parameters: phase 

current and rotor position ( = f (i, Θ)). Then 
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The phase current is calculated from combination of (14) 

and (15) as: 
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The real angular speed is calculated from equation: 
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where J is the moment of inertia and Tload is load torque. 

The SRM is controlled on the base of rotor position Θ, 

therefore it is as following: 

  dt  

On the base of this mathematical model a simulation model 

has been created to solve transients for different speeds, 

loads, switch ON, switch OFF angles to find optimal dynamic 

operation of SRM. The simulation of currents, speed and 

torque waveform has been done for demanded speed 

5000 rpm. In the Fig. 5 speed waveform is shown during 

startup to 5000 rpm and at t = 0.6 a 30 N·m load is connected. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.  Speed waveform with n = 5000 rpm. 

The current waveforms for all four phases, start up, load 

connection for speed 5000 rpm are shown in the Fig. 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.  Phase currents for n = 5000 rpm. 

 

The output characteristics torque and power versus speed 

have been obtained from dynamic simulation. These 

characteristics are shown in the Fig. 7 for current 80 A, 

because this design can’t operates at higher current and they 

are compared with optimized ones described in the next 

chapters. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7.  Torque and power versus speed characteristics for 300 mm stack 

length. 

 

The losses calculation can be carried out in accordance 

with [9] or [10]. As it is known, two dominant parts of losses 

are in electrical machines: winding losses and core losses. In 

this case both of them have been analyzed and calculated.  

To calculate the efficiency, the input power is needed. It 

could be given from known equation for instantaneous power. 

On this base, the efficiency of designed SRM for various 

speeds from 1000 to 5000 has been calculated. The results are 

from 89 % to 92 %, what are acceptable values for SRM. 

This SRM design described above has been calculated on 

the base of analytical calculation and FEM without its 

optimization.  

In the next chapter a multilevel design optimization 

procedure will be described and SRM parameters and 

characteristics compared with no optimized four phase 8/6 

SRM. 
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III. OPTIMIZATION PROCEDURE OF SRM DESIGN 

In general it could be said, that the optimization process is 

the design to achieve specific requests, for example, given by 

the customer. The optimization can be given also over desired 

motor properties, thereby allowing a reduction of motor size 

(volume), or using cheaper materials, such as iron sheets. The 

optimization process is needed because of these aspects.  

A.  General optimization process 

If the customer requests are known, then following 

parameters could be optimized: 

 maximal static torque, 

 rated voltage and current, 

 rated speed and mechanical power at this speed, 

 maximum speed and overload, 

 efficiency, 

 torque ripple, etc. 

On these requests several set objective functions can be 

created. Then the general aim in optimization process is to 

minimize or maximize the set of objective functions, where 

subjects to a set of inequality or equality constrains were 

defined. Each subject or objective function is a function of a 

set of design variables. A design variable has some lower or 

upper limits which defined bounds of design space [11]. 

If we know establishing the set of objective functions, 

constraints define the upper and lower bounds of variables we 

can mathematically describes the optimization problem by 

means of system of equations: 

 minimize:                   Mmxfm ,...,2,1,   

 with constrains:         Jjxc j ,...,2,1,0   

 and:                           Kkxck ,...,2,1,0   

 with:                        
(U)

ii

(L)

i xxx   

where fm is set of objective functions, cj and ck are set of 

equally or non-equally constrains and xi is set of model 

dimension variables with lower and upper limit. 

If we have more than one objective function we solve a 

multi-objective optimization problem. In general, no "ideal" 

single solution exists for this problem, which simultaneously 

minimizes or maximizes each objective function. Instead, a 

set of (feasible) designs which represent the best possible 

compromise between each of the objectives are identified as 

solutions: these designs are called the Pareto-optimal 

solutions. A design is Pareto-optimal if and only if no other 

design exists which is strictly better than it in at least one 

objective, and no worse in all the other objectives [10]. 

B.  Application of optimization process 

As it was mentioned above, the aim in optimization is to 

minimize the set objective functions. The maximization 

function may be rewritten to minimization multiplied -1, the 

same is valid for constrains. 

However it must be careful when constrains and objective 

functions are defined. Therefore, someone constrains and 

objective function can degrade optimization process. 

Therefore some constrains must be rewritten to objective 

function and conversely. For example we can define objective 

of flux density of stator tooth stst BB  6.1  instead of 

constrains 6.1stB  as it can be seen in the Fig. 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8.  Illustration figure of stator tooth flux density objective function. 

 

When we defined all objective functions and constrains we 

must defined model dimensions, which represents dimensions 

of problem described above. The dimensions model can be 

geometrical or other parameter dimension like as number of 

winding turns. All model dimensions have upper or lower 

limits. If the lower or upper limit is too wide, the convergence 

will be too long. 

Next problem is mapping multi-dimension space, in simple 

way it must solve 3n or better 5n models, when n represents 

numbers of model dimensions. If model has 6 dimensions, we 

must solve 15625 models. Next way is to use 

low-discrepancy sequence like hammersley sequence. 

For reason of space mapping and evaluation of objective 

function the optimizer function can be used, which are among 

the programs of the Opera 14R1 given by Cobham. The 

program is also strongly limited, therefore it was necessary to 

create some auxiliary programs, which are described below.  

C. Parametric analyzer of SRM for optimization 

(PA-SRMopti) 

PA-SRMopti consists of several subprograms-modules as it 

is shown in Fig. 9. Modules PA-SRMopti solve partial results 

necessary to optimize and modules ghost post-processing 

deception optimizer. Someone program modules are written 

in comi program language, it is language of Opera command 

input scripts, and someone program modules are written in 

python program language which are used libraries like as 

numpy, scipy, pypar and matplotlib.pyplot. 

Module of the universal parametric model is fully universal 

and can draw each SRM geometry. Parametric model define 

all material constants without current density, like ten-ten B-

H curve (this is default B-H curve from Opera) for iron 

sheets. The module works in polar coordination system and 

uses only ratio between region radius and angles sometimes 

used relative coordination. The module uses parametrical 

mesh for model regions with slide air-gap region (three 

regions in air-gap) for numerical, mesh generator stability and 

optimizes number of elements. 

Post-processing module was created for ghost module 

activation and accumulation data for optimizer. It is very 
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simple and it is used to deceive the optimizer, it waits on data 

from ghost. 

Ghost module is heart of PA-SRMopti program and it is 

very complex. Ghost module read external files from post-

processing module, rebuilding it, modifies current density in 

winding region and solves several simulations from 

OptiSghost database. The calculation step between rotor 

positions from aligned to unaligned position is floating up to 

10 positions. The step of current density is defined by floating 

too, from 40 scale values, where number of windings turns is 

used from model dimensions. During this simulation ghost 

integrates total torque via command RM Torque and 

magnetic field energy via integrate magnetic vector potential 

and current density over region area in defined position. 

These values make two tables from OptiSghost module. 

Before to call OptiSghost, the ghost must define rated 

voltage, rated current, scale of rotor step positions and 

currents in created tables, rated speed of the motor, the 

resistance of windings and moment of inertia. 

When the database was completed, Ghost call OptiSghost 

module via Linux command, where waiting for results from 

dynamic simulation. 

After dynamic simulation, Ghost rebuild model for 

constrains subject calculation, calculate static torque curve, 

completed database and send it to the post-processing 

module. The sequence is described by flowchart, which can 

be seen in Fig. 9. 

 

Fig. 9. One circle in PA-SRMopti of flowchart diagram. 

 

Integration module is only plug module for Ghost, which 

opens cases and integrates requested data. Integration module 

also makes long strings for database so that program memory 

wasn’t overload. 

OptiSghost module is extremely high-speed python 

program for optimizing switch ON, switch OFF angles and 

calculates maximum power at constant speed. Program used 

Euler method for derivation, trapezoidal method for 

integration and cubic splines for extract data from the tables. 

Program can run under parallel-processing by MIP mode via 

py-par libraries. 

The base of optimization process is so called koleckoS 

function. This function returns value of average torque. This 

function calculates only one differential equation: 
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If the current and rotor position are known, then static 

electromagnetic torque can be taken from look up table as 

T=f(I, ).  

This values are returned from table function which set up 

mirror mode, because Ghost calculations values only from 

aligned to non-aligned position Fig. 4. 

KoleckoS function uses several other functions like 

function phase for current and torque for each step. 

Simulation step for OptiSghost is fixed to 1e-6 s in 

comparison with OptiSghost where simulation step is 

floating. This program has used software acceleration, and it 

is low speed simulations where motor speed is under 

1000 rpm. 

Function phase uses function Uhys which is very simple 

hysteresis regulation without hysteresis range, because we 

don’t need hysteresis regulation for torque ripple calculation 

but we need it for back emf. Errors caused by unused 

hysteresis range are described in program stability and 

calculation errors subchapter. 

OptiSghost can optimize switch angles per 2.5 minutes 

when run in MPI model optimize this angles for 16 seconds. 

This model returns values of optimized angles and maximal 

power at constant speed. In addition program saves figure of 

current and torque waveforms versus rotor position into file 

which is shown in Fig. 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10.  Phase current and torque waveforms of one phase. 
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The phase current has been limited by space for winding 

and above mentioned current density for water cooled motor. 

This current density equals phase current 250 A. 

D. Program stability and calculation errors 

Parametrical model stability is given by ratios of model 

geometry parameters, because all ratios are bounded for outer 

diameter of SRM stator core. 

Mesh generator stability is made from parametrical mesh 

and slide air-gaps regions. Parametrical mesh defines for each 

region curve by function number of element and bias. Rotor 

air-gap layer is moved for all rotor regions. Between lower 

and upper air-gap layers, there is middle air-gap layer. This 

layer ensures sliding and mesh generator stability in air-gap 

regions. 

Dynamical simulation stability via OptiSghost is not 

ensured and it depends on the motor speed. In the future, the 

numerical stability can be ensured for speed sequential steps. 

Dynamical simulation errors can be ensured by unused 

hysteresis range, but when each model was calculated without 

hysteresis range this error is transferred into all models and 

optimizer needs to compare only solved models. However 

static parameters investigation errors are too large because 

step between values is very long and these errors are 

transferred at all models, too. 

IV. DESIGN OPTIMIZATION OF 8-6 SRM 

On the base of analytical model calculation described in 

chapter II a four phase 8/6 SRM has been designed. This 

configuration was optimized by optimization procedure 

described above. The outer stator diameter and stack length 

have been kept the same. The current density was limited as 

for water cooled machines. The magnetic flux density was 

1.6 T. All other parameters were variable to achieve maximal 

output power and torque for 5000 rpm. The optimization 

processes was running 2 days approximately where optimizer 

makes 120 models at 15 iterations. 

The results of SRM optimization can be seen in Fig. 11, 

where the original SRM and optimized motor are shown. The 

optimized SRM has maximal power 32.5 kW at 5000 rpm 

speed and 100 A winding current (optimal current). Motor 

design has been optimized also for maximal current 250 A. 

Distribution of magnetic flux density is shown in Fig. 12, 

where maximal flux density non-exceed constrains values. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11.  Analytical calculation design of SRM (left), optimized design 

(right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 12.  Distribution of magnetic field density in optimized SRM. 

On the base of the optimization process, the stack length of 

the SRM can be shorter as required 300 mm. a new value is 

142 mm. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 13.  Example of the torque ripple waveform of optimized 8/6 SRM. 

In the Fig. 13, there can be seen the torque ripple for one 

period 60°. The output parameters of optimized SRM are 

summarized in the Table II and compared with similar SRM 

given by [11].  

TABLE II 
TYPE SIZES FOR CAMERA-READY PAPERS 

 SRM optimized SRM [11] 

Stator outer diameter 250 mm 269 mm 

Stack length 142 mm 156 mm 

Output power 40 kW 50 kW 

Maximal torque 210 N·m 400 N·m 

Current density 3.47 / 8.675* A/mm2 33* A/mm2 

Power density 5.74 5.64 

Torque density 30.13 45.11 

Efficiency 89%* 95%* 

 *Maximal   
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Optimization process for this motor is not finished, this is 

only demonstration PA-SRMopti program, because we need 

to implement other modules like OptiSghost losses and 

efficiency module and thermal module.  

In comparison with analytical design of 8/6 SRM, the 

torque and output power versus speed are shown for 

optimized SRM. It is compared for phase current 100 A and 

maximal phase current 250 A. The stack length was reduced 

at 142 mm. These characteristics are shown in the Fig. 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 14.  The torque and output power versus speed for optimized 8/6 

SRM. 

V. CONCLUSION 

The paper deals with the SRM design procedure and static 

and dynamic parameters investigation from point of view of 

its application and using in electrical cars. This design was 

optimized by means of multi objective design process to 

improve its output power, electromagnetic torque. In the 

future, the losses, efficiency and thermal analysis will be 

taken into account of this design procedure. On this base a 

prototype of SRM will be manufactured and used in the real 

car. 
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