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Abstract — Co-simulation is a method which makes it possible 

to study the electric machine and its drive at once, as one system. 

By taking into account the actual inverter voltage waveforms in a 

finite element model instead of using only the fundamental, we 

are able to study the electrical machine’s behavior in more 

realistic scenario. The recent increase in the use of variable speed 

drives justifies the research on such simulation techniques. In this 

paper we present the co-simulation of an inverter fed permanent 

magnet synchronous machine. The modelling method employs an 

analytical variable speed drive model and a finite element 

electrical machine model. By linking the analytical variable speed 

drive model together with a finite element model the complex 

simulation model enables the investigation of the electrical 

machine during actual operation. The methods are coupled via 

the results. This means that output of the finite element model 

serves as an input to the analytical model, and the output of the 

analytical model provides the input of the finite element model 

for a different simulation, thus enabling the finite element 

simulation of an inverter fed machine. The resulting speed and 

torque characteristics from the analytical model and the finite 

element model show a good agreement. The experiences with the 

co-simulation technique encourage further research and effort to 

improve the method. 

 

Keywords – Finite element analysis; Permanent magnet 

motors; Simulation; Variable speed drives. 

 

I. INTRODUCTION 

The development of power electronics over the last years 

resulted in high quality and reliable switching devices such as 

the Insulated Gate Bipolar Transistor (IGBT). These devices 

enable creating high efficiency power converters of many 

different topologies. One of which is the Two Level Voltage 

Source Inverter (2L-VSI). The reliable, cost efficient design of 

the 2L-VSI can be driven with simple control techniques thus 

making it a number one choice for Variable Speed Drives 

(VSD) in the medium power range. This includes the vehicle 

drives. [1] 

A VSD consist of not only the inverter but several other 

elements including a power source, filters and an electric 

machine. The basic concept was to use inverters to feed mass 

produced motors (mainly induction motors) or already 

available motors thereby allowing VSD application including 

torque, speed and position control. However these motors were 

not designed for inverter use. This results in inverter mode 

dependent excess losses or even oscillations in torque due to 

the harmonics produced by the inverter. Special rotating 

machines designed for inverter feeding can be found e.g. in 

Electric Vehicle (EV). 

Therefore it is important to take into account the 

characteristics of the future inverter application in the motor’s 

design process. This approach is a subject to ongoing studies 

[8] – [13]. The most common solution is to use Flux/Portunus 

or Matlab environments. These tools are inherently able to 

perform co-simulation. However they lack wide multiphysics 

capabilities and general flexibility of COMSOL which are 

necessary in case of special material characteristic (eg. 

superconductors) and when physics other than 

electromagnetics are also involved. Therefore the main 

objective of this work is to investigate the viability of a 

Matlab/Simulink and COMSOL based co-simulation method.  

II. THE MODELLING METHOD 

The concept is to use COMSOL finite element software and 

MATLAB/Simulink together. The COMSOL model is a 

fictitious motor and is responsible for the geometry and 

material dependent features and provides the motor data. 

Using the motor data a Simulink model is created including a 

Pulse Width Modulation (PWM) 2L-VSI model to feed the 

motor. The results of the Simulink simulation is then stored. 

The stored data is then fed back to COMSOL motor model 

which runs through the data points of the Simulink simulation. 

The process is illustrated in Fig. 1. 

III. THE MATLAB/SIMULINK MODEL 

The Simulink model consists of a 2L-VSI inverter model, a 

speed controller with underlying torque and current control 

and a motor model. The motor model is a stock Simulink 

block, since it was found suitable for this work. The 

controller’s parameters were calculated based on the motor 

parameters (electrical and mechanical time constants). The 

controller synthetizes the control signal for the 2L-VSI which 

uses the Space Vector PWM (SVPWM) modulation. 

 

 

Fig. 1.  The scheme of the described modeling method. 
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Fig. 2. Simulink model, part 1 (controllers). 

 

 
Fig. 3.  Simulink model, part 2, (SVPWM inverter and scopes). The ideal 

inverter mode voids dead times and switching losses while physical inverter 

includes them. The simulation runs much faster using the ideal inverter. 

 

 

Fig. 4.  PMSM model, materials. 

 

The block diagram of the inverter is covered in Fig. 2 and 

Fig. 3. Nowadays SVPWM is a fairly popular technique for 

high performance and good efficiency VSD applications. For 

the 2L-VSI topology SVPWM is the most advantageous 

control technique for its long linear range and because it 

causes lower amount of loss in the motor than any other 

technique [2]. 

The most important parameters of the inverter operation are 

summarized in Table I. 

IV. THE COMSOL MODEL 

The modelled machine is a 3-phase Permanent Magnet 

Synchronous Machine (PMSM) with a fictitious design 

suitable for simple investigations. The elements of the model 

are shown in Fig. 4. The motor’s main parameters are summed 

up in Table II. 

 

TABLE I. 

INVERTER PARAMETERS 

Description Parameter Value 

Inverter switching frequency fPWM 2 kHz 

DC supply voltage UDC 200 V 

Prescribed rotational velocity wa 2000 rpm 

PWM technique n.a. SVPWM 

 

TABLE II. 

MOTOR PARAMETERS 

Description Symbol Value 

Outer diameter Dk 100 mm 

Length L 90 mm 

Air gap g 2 mm 

Phase number m 3 

Winding connection type n.a. star 

Rated speed n.a. 3000 rpm 

Rated power n.a. 5 kW 

Number of slots Q 36 

Number of poles p 2 

Round wire diameter (AWG 30) dw 0.255 mm 

Cross section of slot filled with copper A’slot 27.575 mm2 

Number of turns N 20 

Electrical resistivity of copper ρCu 1.68e-8 Ωm 

Relative permeability of iron (linear 
case) 

µr 200 

Permanent magnet material n.a. NdFeB 

Magnet remanent flux density Br 1.2 T 

Density of iron ρFe 7870 kg/m3 

Density of NdFeB magnets ρNdFeB 7501.25 kg/m3 
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A. Modelling Considerations 

The model is 2D, since radial flux PMSM machines can 

effectively be investigated in this representation. Also a 2D 

model is a lot less computationally expensive than a 3D model. 

The machine has 2 poles and 36 slots in its stator. The rare-

earth permanent magnets are considered to be surface mounted 

and covering 60% of the pole area. The permanent magnets are 

modelled taking into account their remanent flux density. The 

air gap is chosen to be rather small in order to match with real-

world motor designs. The winding is considered to be of a 

distributed type and it consists of many thin parallel connected 

conductors instead of one conductor with a larger cross 

section. This way the occurring skin-effect can be neglected. 

Using the 2D representation of the machine however has a 

major drawback. That is it does not take into account the end-

windings which make up for a large part of a motor phase 

resistance. This is highly undesirable. By modifying 

COMSOL’s underlying equations an additional resistance can 

be included, that way the end-winding’s resistance is in the 

model. The analytical formula to determine the resistance of a 

phase winding is: 
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where A’slot is the cross section area of one slot filled with 

copper and ρCu is the electrical resistivity of copper, Q is the 

slot number, L is the motor’s active length, Dk.is the stator 

outer diameter, m is the phase number and N is the winding’s 

turn number. With this included the calculated resistivity of 

the motor is correct. 

The stator at first is modelled as a nonlinear soft-magnetic 

material (soft iron). This way the maximum values of 

magnetic flux density is determined. Since the nonlinear model 

showed no saturation effects, the use of linear material model 

is possible. The linear material model is used to increase 

numerical stability and reduce solution time. The stator is also 

assumed to be stacked, therefore eddy-currents in the stator are 

also neglected. The model’s meshing must be fine enough in 

order to enable precise calculations, especially in the air gap 

area. Fig. 5. illustrates a fraction of the finite element mesh. 

 

Fig. 5.  The mesh distribution of the model. The mesh consist a total of 38508 
elements. 

B. Simulation Goals 

The Simulink model presented in Section III requires that 

we find out the motor’s certain electrical and mechanical 

parameters from the finite element model. The following 

information is required to setup the analytical model: induced 

voltage or back-EMF, winding’s resistance, synchronous 

inductances in the direct (d) and quadrature (q) axis, rotor’s 

moment of inertia. 

They are not given, but resulting parameters obtained by 

running the simulation. For this the simulation has to be run in 

different ways. To determine the induced voltage the motor 

has to be run in open circuit mode, i.e. no currents are present 

in the windings. The inductances can be determined by locking 

the rotor aligned with the axis of a coil, then apply alternating 

voltage to two coil endings and study the current. Then repeat 

the procedure with rotor aligned perpendicular to the coil axis, 

like in the case illustrated in Fig. 4 for phase A’s winding. Yet 

another method is to perform the before mentioned steps but 

instead of alternating current use direct current, and measure 

the time constant of transient of current. Here both methods 

are presented. 

The winding resistance is calculated anyway, since 

COMSOL automatically does this calculation if the 

corresponding domains are set up as coils domains. For the 

moment of inertia the general formula is used in COMSOL: 

 dVrrI

V

z
2)(  , (2) 

where r is the point’s coordinate and ρ is the density at the 

given coordinate. 

C. Simulation Results 

The simulations are true time dependent studies with 

machine’s nominal frequency chosen to be f=50 Hz. Therefore 

it is important to choose an adequately small time step so that 

the most accurate solution can be achieved without the 

simulation being too slow. For this purpose a time-step of 

dt=55.555 µs was an empirically tested, optimal choice. The 

first simulation finds the induced voltage and also the 

magnetic flux density map of the motor’s cross section. The 

results are shown in Fig. 6 and Fig. 7. 

 

Fig. 6.  The flux density distribution of the motor. The highest value can be 

observed at corner of the magnet, where Bmax = 1.6 T. 
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Fig. 7.  The induced voltage for each phase, 104max, iU V. 

 

Fig. 8.  The voltage excitation is a step function. The time transient currents 

are overlapping, which means that the machine is round rotor, i.e. Ld = Lq. The 

time constant T can be read from the figure, 04.0T s. 

It is worth noticing that the induced voltage is not 

sinusoidal, but trapezoidal. The inductance is calculated at two 

rotor positions with the time transient method as described in 

the previous subsection. The current transient is illustrated in 

Fig. 8. 

The inductance is then calculated using the time constant 

and the previously determined resistance: 

 91.46173.104.0/  TRLRLT mH. (3) 

This value can be verified by the other, alternating current-

based method illustrated in Fig. 9 and Fig. 10. Using the time 

functions the impedance could be calculated in both rotor 

positions and from that the inductance could be obtained. 

Since both methods gave the same result as shown in Eq. 3, 

the detailed description of this second method is void. 

The calculated parameters and their values are summarized 

in Table III. Using these it is now possible to run the Simulink 

based simulations. 

V. VSD SIMULATION IN SIMULINK 

Applying the data found in Table I and III to the Simulink 

VSD model described in Section III it is now ready to run. The 

Simulink model shows how the motor from the finite element 

model would work, if used in a VSD. The Simulink model’s 

resul t s  are  the  motor  phase  cur rents ,  the  motor ’s 

 

Fig. 9.  The alternating phase voltage excitation applied on the locked rotor 

machine. 

 

Fig. 10.  The resulting phase currents. 

speed and the electromagnetic torque. The time functions of 

these quantities are shown in Fig. 11. For the simulation a 

reference speed of 2000 rpm was chosen, two-third of the 

motor’s nominal frequency. 

This is to ensure that the machine operates in the normal 

operating range, i.e. not in field-weakening mode. 

The switching frequency of the inverter (PWM frequency) 

is set to a constant value of 2 kHz. This results in a relatively 

high frequency modulation ratio: 

 60
PWM

a
r

f

w
m . (4) 

This is not only large number, but also a multiple of three. 

For 3-phase system this is advantageous: even the first order 

harmonics appear far in the spectrum and due to the symmetry 

of the 3-phase system many harmonics are cancelled out 

[2][3]. Fig. 12 shows the resulting phase voltage waveform of 

the motor. 

TABLE III. 

CALCULATED MOTOR PARAMETERS 

Description Symbol Value 

Resistance of one phase winding Rph 1.173 Ω 

Inductance L 46.91 mH 

Induced voltage, peak Ui 104 V 

Rotor’s moment of inertia Iz 0.00064 kgm2 
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Fig. 11.  Phase current, speed and torque of the motor during a controlled start-

up in the Simulink model. 

 

 

Fig. 12.  Phase voltages of the motor with inverter operation in the Simulink 

model. 

VI. COUPLING OF THE MODELS 

With the numerical simulation data form the Simulink 

model now it is possible to couple the Simulink and the 

COMSOL models. In this investigation the inverter voltages 

and the rotational speed from the Simulink model is coupled to 

the COMSOL model. That is, the output of the inverter is now 

the excitation of windings of the finite element model. This 

indicates that the coupling between the models is passive. 

Simulink and COMSOL are not used simultaneously. To allow 

COMSOL to use the previously stored Simulink output data 

some special functions had to be written which ensure, that 

COMSOL can always access data matching its current 

simulation time. Even if COMSOL’s prescribed time stepping 

is exactly the same as the Simulink model’s it cannot be 

ensured, that the exact same time samples are taken. Especially 

because COMSOL (just like Simulink) sometimes takes sub-

steps in case the solution is hard to converge. 

 

Fig. 13.  The 3-phase inverter output voltages appearing on the voltage source 

of the finite element model in COMSOL. 

 

 

Fig. 14.  The phase voltages on the stator windings in COMSOL. These 
voltages appear on the winding of the COMSOL motor model as the result of 

the inverter excitation waveform originated from the Simulink model. 

 

A. Results Of Coupled Simulation 

With this in mind a time step of one-tenth the PWM 

frequency is chosen: dt=1/2000/10=5 µs. The iron is set to the 

linear model to save time. The total amount of simulated time 

is Tmax=8.6 ms. The results are shown in Fig. 13 to 15. 

 

B. Comparison Of Simulink And Coupled COMSOL Results 

The coupled simulation worked satisfactory. Some fine-

tuning is still needed, but the results are in good agreement 

with each other. It can be concluded that there are no 

numerical issues, i.e. taking of different time steps from the 

Simulink simulation does not result in problems. For 

comparison a close-up on the voltages and torque is provided 

in Fig. 16 and 17 respectively. 
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Fig. 15.  Comparison of the input (from Simulink) and the speed calculated by 

COMSOL using inertia and torque. 

 

 

Fig. 16.  Phase voltages from the Simulink model, a close-up in Fig. 12. 

Comparing to Fig. 14 does not show any difference therefore it can be 

concluded, that the coupling of the excitation functions properly. 

 

 

As we compare figures Fig. 17 and Fig. 18 we can notice a 

slight difference in the calculated torques. We see that the 

torque in the finite element model is different, more precisely 

less, than the torque in the Simulink model. The difference 

between the models is more obvious looking at Fig. 15. This is 

where the angular velocities are shown. We can see that the 

speeds show an about 20% difference all along the time axis. 

Thus this is a systematic error. 

The explanation to the observable difference in the Simulink 

and COMSOL calculated speed and torque is that the Simulink 

model included a small mechanical damping, as an inherent 

part of the synchronous motor model. This damping however, 

was not included in the finite element COMSOL model. That 

is the most likely reason why the results of the two simulation 

models differ from each other. 
 

 

Fig. 17.  Rotational speed and torques from the Simulink model, a close-up in 

Fig. 11 for comparison of rotational velocity of Fig.15 and torque of Fig. 18. 
Please note, that here the speed is in unit [rpm] whereas in Fig. 15 the unit is 

[rad/s]. 

 

Fig. 18.  Calculated torque from the coupled COMSOL model. 

VII. CONCLUSION 

In this work a coupled modelling method for an inverter fed 

VSD has been presented. The modelling is based on COMSOL 

finite element software and MATLAB/Simulink. 

The method enables the coupling of two different models 

via the results and parameters of the models thus enabling the 

modelling and simulation of a VSD in finite element 

environment. This allows for a deeper investigation of the 

consequences of inverter fed operation for a given device and 

can also be used to control the precision of the simpler 

Simulink model. It has been shown, that coupling can be done, 

and the fact that the results of different origin are in good 

agreement proves the viability of the method. 

On the other hand a major drawback is the overall 

computational cost of the process. This results in long 

simulation times. This particular simulation of 10 ms inverter 

fed motor operation took 2 days using an Intel Core i7 @2.4 

GHz CPU and 8 GB of RAM. This could be cured by using 

adequate computers for the task. 

The method enables the coupling of two different models 

via the results and parameters of the models thus enabling the 

modelling and simulation of a VSD in finite element 

environment. This allows for a deeper investigation of the 

consequences of inverter fed operation for a given device and 

can also be used to control the precision of the simpler 

Simulink model. It has been shown, that coupling can be done, 

and the fact that the results of different origin are in good 

agreement proves the viability of the method. 
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