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DLA POJAZDÓW ELEKTRYCZNYCH NA PODSTAWIE BADAŃ 
KOMPUTEROWYCH I EKSPERYMENTALNYCH 

 
Abstract: This paper proposes a method of determination of parameters in the equivalent circuit of a real-life 

Permanent Magnet Synchronous Motor (PMSM). These parameters are necessary for an adequate model of 

physical processes that take place in the machine. On the basis of a study on electromagnetic fields in the 

machine with FEM, the angular dependences of magnetic fluxes linked to the armature phase windings with 

the magnetic poles of the rotor, as well as their full flux linkages for different values of the phase currents were 

determined. On the basis of this piece of data, the dependencies of magnetic fluxes due to armature reaction on 

currents and dynamic inductances of armature windings in the orthogonal rotor reference frame d-q have been 

calculated. From the results of a physical experiment, the value of resistance that takes into account total loss 

at idle run of the PMSM (core loss, mechanical loss and loss due to cogging torque) was preset. Finally,  

a computer model of PMSM has been created in the Matlab/Simulink software environment. The model can be 

used for research and development of energy efficient control systems based on PMSM drives for electric 

vehicles. 
 

Streszczenie: W niniejszej pracy zaproponowano metodę wyznaczania parametrów schematu zastępczego 

maszyny synchronicznej z magnesami trwałymi (PMSM), aby odpowiednio modelować procesy fizyczne, 

które mają miejsce w maszynie. W oparciu o badania pól elektromagnetycznych w komputerze z wyko-

rzystaniem MES wyznaczono zależności kątowe strumieni magnetycznych skojarzonych z uzwojeniami 

fazowymi twornika od biegunów magnesów trwałych wirnika, jak również ich pełnego strumienia dla różnych 

wartości prądów fazowych. W oparciu o te dane obliczone są zależności od prądów strumieni magnetycznych 

od reakcji twornika oraz indukcyjności dynamiczne uzwojenia twornika w spółrzędnych prostopadłych 

wirnika d-q. W wyniku eksperymentu fizycznego ustawiono rezystancją symulującą całkowite utraty mocy 

biegu jałowego PMSM, które obejmują straty w stali, straty mechaniczne i straty w wyniku działania momentu 

zaczepowego maszyny. W oparciu o wyniki badań teoretycznych i doświadczalnych stworzono model 

komputerowy PMSM w środowisku Matlab/Simulink, który może być używany do badań i rozwoju 

energooszczędnych układów sterowania automatycznego napędów z PMSM w pojazdach elektrycznych. 
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1. Introduction 

Almost all modern electric vehicles (EVs) use 

PMSM drives. These vehicles are powered with 

high-energy lithium-ionic batteries. However 

due to the low mass and volume of batteries the 

long-range operation of electric vehicles is 

problematic. Therefore the development of 

power efficient systems of electric drives for 

EVs is an actual problem. An adequate mathe-

matical model of the PMSM is required for de-

sign of motor control systems for electric vehi-

cles. This model should reflect physical proce-

sses occurring in a real machine with the ma 

ximum accuracy. In [1, 2], the inductances of 

 
 

armature windings on axes d and q and losses in 

the core of PMSM were determined on the basis 

of experimental researches. However such 

model does not take into account the effect of 

magnetic saturation on the electromagnetic 

torque of the machine. This problem is solved 

in [3, 4], where the dependences of dynamic 

inductances from currents are defined on the 

basis of FEM-based field analysis of electro-

magnetic processes in PMSM. However the 

presence of mechanical losses remains out of 

scope of these studies and the additional cog-

ging torque is not considered. The purpose of 
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this paper is to create mathematical and com-

puter models of PMSM, which would reflect 

the phenomena of magnetic saturation, core 

loss, mechanical losses and action cogging 

torque. 

2. Mathematical model of PMSM 

A specific type of the PMSM was used for this 

research. This machine has been designed with 

ANSYS and a prototype has been constructed 

(Fig. 1). The nominal parameters of the inve-

stigated machine are as follows: phase currents 

In=3.25 A, output power P2n=500 W, electro-

magnetic torque Mn = 70 Nm, phase voltage 

Ufn=52 V, rated speed nn=80 rpm, number of ar-

mature teeth Z = 66, number of poles b2 p =76. 

a)       

b)       

c)    

Fig. 1. The general view of an axial design 

PMSM: a) inductor, b) armature, c) sample 

photo 
 

The measurement of idle run losses in the 

electric machine can be carried out during its 

work both in the motor and the generator mode. 

In this research the second option is considered. 

On the basis of the equivalent circuit of PMSM 

(Fig. 2) in the rotating reference frame d-q, 

oriented across the magnetic field of a rotor, the 

steady state generator mode can be described by 

the following equations [5, 6]: 
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where eω  is the circular frequency of armature 

voltage, pmψ  is the flux linkage of an armature 

from permanent magnets of the rotor, and 

( )cr 1 RRk +=  is a coefficient. All other desi-

gnations may be deduced from Fig. 2. 
 

 
 

Fig. 2. The equivalent circuit of PMSM, which 

operates in the generator mode, in the rotating 

reference frame oriented in the direction of 

magnetic field of the rotor 
 

The equations for electromagnetic torque and 

mechanical equilibrium take the following 

forms, respectively: 

        ( ) ( )[ ]0000b
2

3
dqqqdd iiiipT ψψ −=  (3) 

            Lrr
d

d
TTb

t
J −=+ ωω   (4) 

where J is the total moment of inertia of the 

drive, which is fed to the machine shaft, 

ber pωω =  is the angular speed of the 

machine, and LT  is the torque of static loading. 

3. Determination of dynamic inductances 

For identification of flux linkage and 

inductances we use the method from [3].  

In the first stage, the 2D FEM calculation of 

magnetic fields with the specialized software 

application ANSYS has been carried out. In the 

field model of the examined PMSM the flux 

linkages of permanent magnets with phase 

armature windings as functions of an angle of 

rotor position have been calculated: 

   ( ) ( ) ( ) ( )[ ] т

pmpmpmpm γψγψγψγ cbaabc =ψ   (5) 
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In the second stage the machine magnetic field 

that is powered from a three phase current 

source has been investigated. Three operating 

values of the armature current In , 2In  and 3In , 

as well as various angles of advancing of the 

current vector concerning the vector of first 

harmonic of the rotation EMF caused by 

permanent magnets – δ = (0, 20, 40, 60, 

80) electric deg. have been considered. As  

a result of such a study the phase components 

of the vector of full flux linkage of PMSM 

( )[ ]γγ ,jabcjabc iψΣ  for a particular advancing 

angle and some nj ...,,1=  values of armature 

current have been found.  

On the basis of the obtained angular 

dependences of components of the flux linkage 

vectors ( )γabcpmψ  and ( )[ ]γγ ,jabcjabc iψΣ , the 

values of components of a flux linkage vector 

of armature reactions could be found as a 

difference between the values of the specified 

components of the vectors:  

( )[ ] ( )[ ] ( )γγγγγ abcjabcjabcjabcjabc pm,, ψiψiψ −= Σ  (6) 

The obtained components of the flux linkage 

vector of armature reaction (6) and the 

corresponding components of the current vector 

( )γjabci  have been transformed to the reference 

frame d-q:  

 ( ) ( ) ( )[ ] т

jqjqjdjdjdqjdq ii ψψ=iψ . (7) 

Time derivatives from both components of the 

found vector of flux linkage (7) are described 

with the following relationships: 

( ) ( ) ( )
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The values of flux linkage and inductances, 

determined with the afore-described method for 

the investigated machine, are shown on Fig. 3. 

4. Determination of resistance Rc 

In the work regime without an electric loading, 

the torque on the shaft of the generator based on 

a PMSM, is associated with following 

processes: friction in bearings, iron core loss 

and interaction of permanent magnets with the 

armature teeth (the cogging torque). All these 

processes depend on frequency of rotation of 

the machine. As these three components of the 

torque always are present, it is necessary to take 

them all into account in the design of the 

control system. This may be carried out by an 

appropriate choice of the value of account by 

value of resistance Rc (Fig. 2), which usually 

simulates an iron losses. 

 
Fig. 3. The obtained dependences of the flux 

linkage of armature reaction and the 

inductances from a current along axes d-q at 

various angles of orientation of the armature 

current vector concerning the EMF vector 
 

In the case of no-load electric operation di = 0 

and qi = 0. Then 
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In no-load state the machine creates an 

electromagnetic braking torque at different 

angular speeds ωr. The torque may be 

considered in modeling by examination of total 

power ( )r3 ωΣP  caused by the joint action of all 

these phenomena  
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On the other hand this power must be dissipated 

in active resistance Rc, whose value is given 

with the expression  
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where su  is the active value of a phase no-load 

voltage of the generator. 

Thus in order to find the values of resistance 

( )rc ωR , which depend on angular speed of the 

machine, it is necessary to define its total idle 

run power ( )r3 ωΣP  and armature voltage su  

experimentally at various speeds and to avail of 

the expression (11). 

The experimental setup used during the tests is 

presented in Fig. 4. 
 

 

Fig. 4. General view of experimental instal-

lation:  

1 – investigated PMSM, 2 – DC motor drive,  

3 – drive belt (itr = 5.42)  
 

The value of no-load power on the shaft of 

PMSM is equal to the difference between the 

feeding electric powers on the entry of the 

driven DC motor (in order to remove the 

varying loss in the driving motor from the loss) 

at the same values of angular speed at 

connected and disconnected mechanical link 

between this motor and PMSM. 

The dependence of mechanical shaft power of 

electrically unloaded PMSM (which is equal to 

its idle run power), on angular speed may be 

defined as follows: 

 ( ) ( )rΣm1DC
2
111r3 )( ωω PIRIIUP ∆−−=Σ , (12) 

where 11, IU  are the voltage and the current in 

the armature circuit of the drive motor, 

respectively, )( 1DC IR  is the sum of resistance 

of the armature of the driving motor and 

resistance on the armature brush contact, 

(which is experimentally determined), and 

( )rм ωΣ∆P  is the dependence of total idle run 

power loss on the angular speed of the driving 

motor. 

The value of the last term in expression (12) 

can be defined from an analogous experiment 

which has been carried out for the drive motor 

disconnected from PMSM: 

 ( ) )( 10DC
2
101010rm IRIIUP −=∆ Σ ω , (13) 

where 1010 , IU  are the values of voltage and 

current of the armature of the drive motor 

rotating without PMSM. 

In the first stage a short circuit of the DC motor 

has been carried out. It allowed us to define the 

component )( 10DC IR  in the expression (13). 

The dependence of the sum of resistances of an 

armature and brushes on current was used in 

further calculations. 

In the second stage the experiment in idle run 

mode at disconnected mechanical link between 

machines was carried out. As the result of this 

experiment, the dependencies ( )rm ωΣ∆P  have 

been calculated in accordance with expression 

(13) (Fig. 5а, curve 1). 

 

 
Fig. 5. The results of experimental research:  

а) idle run power losses of DC motors (curve 1) 

and PMSM (curve 2),  b) dependence of the 

resistance ( )rc ωR  on angular speed 
 

During the subsequent experiment in the idle 

run mode the machines have been connected 
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mechanically. It allowed us to obtain the values 

of parameters in expression (12). The 

dependence has been approximated (Fig. 5а, 

curve 2). In accordance with Equation (11), on 

the basis of experimental data the dependence 

( )rc ωR  has been plotted in Fig. 5b. 

5. Computer model of PMSM 

On the basis of expressions (1)-(8) a computer 

model of PMSM in the Matlab/Simulink 

environment has been built (Fig. 6).  

In order to come as close to reality as possible 

and for easy connecting of the PMSM 

subsystem to other models from Simulink 

libraries, the machine is simulated as a three-

phase one.  

In EMF-Т Subsystem the following quantities 

are calculated: EMF of rotation and self-

induction EMF of machine with use of the 

obtained dependences from a current of 

inductances and magnetic linkages of an 

armature reaction (6)-(8), as well as the value of 

the electromagnetic torque of the machine from 

expression (10). In this subsystem the blocks of 

direct and return transformation of co-ordinates 

dq-ABC are used. In PM Flux Subsystem the 

magnetic linkages of a armature windings with 

permanent magnets of the rotor taking into 

account higher harmonics, obtained from field 

analysis, are calculated. In the subsystem Rc 

Calculation the mathematical approximation of 

experimentally obtained equivalent resistance 

of idle runloss is found (Fig. 5). The defined 

value cR  is multiplied by matching phase 

currents, and thus the obtained voltage drops 

values match the input circuits of the machine 

through the controlled voltage sources. 

According to the calculated value ( )rc ωR  in the 

subsystem Pfe measurement, the idle run loss is 

calculated on-line for further analysis. 

 
Fig. 6. Computer model of subsystem PMSM taking into account freewheel losses and magnetic 

saturation  
 

6. Сonclusions 

The values of magnetic linkages of an armature 

reaction and dynamic inductances 

corresponding to a high level of precision to 

values from the field analysis of the specific 

machine were calculated. The modeling of idle 

run loss, which includes iron loss, mechanical 

loss and loss due to the cogging torque, was 

based on physical experiments. As a result, a 

mathematical model, which reproduces accu-

rately the electromagnetic and electromecha-

nical processes in PMSM, was proposed. 

The mathematical model of PMSM is imple-

mented as a computer model in Matlab/ 

Simulink. The simulation model can be used in 

the development and the research of the power 

efficient high-speed systems of electric drives 

based on PMSM in the first and second 

regulation zones of speed in a wide range of 

loading torque. 
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