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Summary – The paper describes brushless permanent magnet disk-type 
motor model useful for simulation in Matlab/Simulink. Some of BLDC disk-
type motor parameters necessary for the Matlab/Simulink model were 
determined by using 3D FEM calculations. These parameters take into 
account the damage of a part of magnetic material structure resulting from 
the punching process and coiling the ferromagnetic stripes creating the 
torus-shaped stator core. The adequacy of the model has been checked in 
the conditions of the load torque change by comparison of measurement 
and simulation results. 

1 Introduction 

Numerous research teams are interested in design of modern electric 
vehicle drives [36] - [40] results from the necessity to elaborate new 
solutions for the construction of electric motors, the construction of 
power supply electronic systems and drive control algorithms [28] - [35]. 
Electric vehicles are seen as a good solution of the pollution problem in 
urban environment. Among various possible solutions, disk-type motors 
are particularly worth attention. This results from a high torque-to-mass 
ratio value with simultaneous maintaining of efficiency comparable to 
other known solutions. The disk-type motor control algorithms make use 
of, e.g. electronic switching of the number of poles created by the 
windings, which significantly changes the motor torque/speed 
characteristic [25] - [27]. The research carried out up to now was, among 
others, aimed at increasing the maximum torque, increasing the average 
torque and decreasing the electromagnetic torque pulsation. The results 
of the research carried out in this field may be found in available 
literature [15] – [24]. The electromagnetic torque pulsation decrease is 
achieved by using, e.g. a smooth stator core (a slotless core). 
Unfortunately, studies show that this solution decreases the average 
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torque [14]. Disk-type motors may be divided according to two main 
construction types: 

- arial flux motors – this group includes permanent magnet motors 
with slots in the stator core, permanent magnet motors without slots in 
the stator core, induction motors [12], permanent magnet synchronous 
motors [13] 

- radial flux motors – this group includes permanent magnet brushless 
DC motors and permanent magnet synchronous motors [11]. 

While comparing the values of torque density for different permanent 
magnet disk-type motors, a conclusion has been drawn that these 
values are approximately twice higher than such values for a reluctance 
motor and approximately three times higher than for an induction motor 
[9], [10]. Similar research has been also carried out to compare 
reluctance and induction motors [8]. 

Motors assigned for fractional horsepower electric drives should have 
following features: relatively high torque, low iron loss in high-frequency 
range, relatively high efficiency necessary during normal speed (e.g. 
below 500 rpm), high fatigue strength and high tensile strength due to 
permanent speed change, suitable motor dimensions to in-wheel 
location, the biggest possible torque/mass ratio, possibility of the speed 
regulation realized by voltage parameter selection, relatively simple 
structure, low acoustic noise. In case of light electric vehicles, driving 
motors should have constant electromagnetic torque in wide-speed 
range from 0 to a few hundred rpm. Most of above mentioned 
requirements fulfill axial flux disk-type motors. Simplicity of the motor 
structure consists in slotless stator and permanent magnets glued on the 
rotor surface. 

The simple structure of the stator core in conjunction with high-energy 
magnets encouraged the authors to use this construction, find proper 
geometrical dimensions of motor elements and select appropriate 
regulators in the control system in order to achieve a satisfying motor 
dynamics during the change of the load torque. Authors were searching 
solutions which guarantee the smallest change of the speed, during the 
drop of the load torque. The initial partial results of the research have 
been presented in the previous studies [7]. Other researchers also deal 
with a similar issue of obtaining proper dynamics of brushless three 
phase synchronous permanent magnet disk-type motor [6]. They use 
computer software facilitating circuit analyses using d-q motor model 
parameters calculated by means of field methods with assistance of 2D 
models [5]. 
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2 BLDC disk-type motor modeling and magnetic field 
calculations 

2.1 BLDC disk-type motor FEM modeling 

In order to achieve the assumed goal, electromagnetic parameters of 
a motor with the rotor core external diameter varying from 140 to 200 
mm, magnet thickness 4.4 - 5.9 mm and magnet width 16 - 24 mm have 
been analysed (the motor length is assumed constant and equals 38 
mm). As a result of calculations carried out, the following motor 
parameters have been selected: rotor external diameter 160 mm, rotor 
internal diameter 60 mm, stator core width 10 mm, 5 pairs of 5.3 mm 
thick Nd-Fe-B magnets (with B-H curve shown in Fig. 1). The stator core 
was fitted with the Gramm-type winding (10 coils per phase), winding 
wire diameter 1.7 mm and stator winding ohmic resistance per phase 

0.38 Ω. Based on equation linking classical eddy current loss with 
conductor dimensions and its resistivity, the core loss can be reduced 
effectively by decreasing the thickness of the ferromagnetic material. 
That is why the stator core has been made of an anisotropic 
ferromagnetic strip (thickness 0.3 mm) coiled in a shape of a torus. The 
analysed geometric parameters ensured the achievement of the 
maximum torque/mass ratio, which resulted from the analyses carried 
out with 3D motor model. The calculation results are presented in Table 
I. The rotor core with permanent magnets and the analysed BLDC motor 
mounted on a test stand are shown in Fig. 2. 

Rys. 1. The B-H curve of permanent magnet used in BLDC disk-type motor 
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Tabela. 1. The motor dimensions and the calculated torque/mass ratio 

Motor external 

diameter 

mm 140 160 180 200 

Rotor internal 

diameter 

mm 53 60 68 75 

Stator width mm 10 10 10 10 

Rotor width Mm 5 5 5 5 

Magnet thickness mm 5.9 5.3 4.8 4.4 

Magnet width mm 16.6 19.0 21.3 23.7 

Torque/mass ratio - 0.72 0.74 0.73 0.72 

a) 

b) 
Rys. 2. a) The rotor of the BLDC motor. b) The BLDC disk-type motor test 

stand. A – Encoder, B – Magnetic brake, C – Torque meter, D – 
BLDC motor 

Remembering, that correct determination of the disk-type motor 
parameters is necessary to proper modeling in the Matlab/Simulink 
software, authors decided to perform field calculations with the 3D 
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model. The motor parameters analysis has been carried out by modeling 
the geometric structure of the analyzed BLDC disk-type motor in the 
OPERA 3D commercial software (Fig. 3 presents the FEM model). 
Different electromagnetic potentials have been used in individual motor 
model areas:

- reduced scalar magnetic potentials was used in winding areas 
- total magnetic potential was used in current-free areas including the 

areas containing the ferromagnetic material
- vector potential and electric potential were used in conducting areas 
The selection of a correct potential type in individual motor model 

areas was based on the results of the analyses and tests described in 
available literature [3], [4]. That is why the number of unknowns has 
been reduced, which resulted in reducing the calculation time. It is 
particularly essential in case of the three-dimensional field calculations. 

In the used model eddy currents in stator and rotor cores as well as 
permanent magnets were omitted. As it was mentioned before, the core 
of the stator was made of an anisotropic ferromagnetic strip. Magnetic 
material of the strip has a relatively large grains. In manufacturing 
process, grain structure was partly damaged as a result of cutting and 
coiling. Moreover, after winding coils on the core, whole motor part was 
coated with resin. It became the cause of additional stress inside 
material structure. In spite of annealing process executed after strip 
cutting, partly restoring the material structure, return to initial material 
parameters was impossible. 

Rys. 3. A part of the FEM BLDC motor model. 
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During the tests it turned out that is was necessary to determine the 
degree of the stator core magnetic material structure damage. It is 
known that punching or mechanical cutting create stresses and 
deformations in the zone near the cut edge, which influence the 
magnetizing behavior and the iron losses. For that purpose, after the 
ending of manufacture process, additional tests of the core were carried 
out and the magnetisation curve as well as specific losses curve were 
determined. 

The curves were compared with the curves given by the magnetic 
material manufacturer defined for wide sheet metal strips where it was 
possible to disregard the influence of the material structure damage on 
its magnetic characteristics. The curves obtained from measurements 

are shown in Figs. 4 - 5. This is compatible with the test results 

presented in literature [1]-[2]. In result of measurements executed for 
the ferromagnetic strip, carried out at frequency 50 Hz, the specific loss 
increase of about 30% was observed. The increase practically does not 
depend on the flux density. Next investigations, carried out at 4 Hz, 
showed hysteresis loss increase resulting from punching process. The 
hysteresis loss increase of about 40% (for the flux density 1T) and 60% 
(for the flux density 1.8T), was observed. After annealing, the total loss 
increase became limited to 10%, meanwhile the hysteresis loss increase 
was limited to 25% and 35% respectively. After ferromagnetic strip 
coiling in a shape of torus, winding of coils and pouring with resin, the 
total iron loss grew up of about 30% (for the frequency 50 Hz). While the 
stator core was modeled in the OPERA 3D software, the knowledge 
regarding the material damage was used. On the basis of calculations 
made, hodographs of the induction vector in specified areas of the stator 
core model, were determined. For specified work conditions (speed set 
to 250 rpm), the calculated stator iron losses reached 6 W. 

The result of the magnetostatic calculations was spatial induction 
distribution in individual core elements. The determined spatial induction 
distribution was used to determine value and course of parameters 
necessary to build a correct circuit model. The determined parameters 
include: winding inductance, back EMF waveforms as well as 
hodographs of the induction vector necessary to determine the losses in 
the stator core. The calculations were carried out for the loaded and idle 
conditions. The calculations served as bases for determining the 
average flux density in an air gap and self-inductance/mutual inductance 
courses which depend on the mutual location of permanent magnets 
located on the rotor in relation to the windings of a given phase. 
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Rys. 4. Measured B-H curves. 1-undamaged structure, 2- structure damaged 
due to punching and coiling processes. 

Rys. 5. The specific losses measured at 50 Hz. 1-undamaged structure, 2- 
structure damaged due to punching and coiling processes. 
Frequency 50 Hz. 

On the basis of calculations carried out was observed, that structure 
damage had not influence the current, necessary to generate set 
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electromagnetic moment. Moreover, an efficiency of the BLDC motor 
was appointed for the set load torque (1.5 Nm). Calculated efficiency 
reached 50%. Efficiency of the motor appointed for the same speed and 
maximum load torque, determined on the basis of assumed maximum 
RMS current value, reached 42%. Obtained efficiencies are typical for 
200-300 W motors. 

2.2 BLDC disk-motor modeling in Matlab/Simulink 

The circuit model was built in Matlab/Simulink software with the use 
of the parameters defined in OPERA 3D software. This model takes into 
account the magnetic saturation and the damages of the magnetic 
material structure resulting from the punching and coiling processes. 
This model also allows for the changes of motor parameters values 
resulting, e.g. from the displacement of permanent magnets located on 
the rotor and also from loading the motor with a given torque. The 
following mathematical motor model was used to build the circuit model 
in Matlab/Simulink 
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where u is the phase voltage vector, R is the matrix of ohmic 
resistance of phase winding, i is the phase current vector, e is the back 
EMF vector, L is the phase inductance matrix, J is the equivalent motor 

inertia, ω is the angular speed, Tem is the instantaneous electromagnetic 
torque, Tl is the load torque. 

The motor model block diagram built in Matlab/Simulink is shown in 
Fig. 6a, and the control system block diagram is shown in Fig. 6b. 

Tabela. 2. The comparison of measurement and calculation results during 
the change of the load torque from 0 to 1.5 Nm . Set rotation 
speed in the control system – 250 rpm. 

Typ of 

controller 

Speed after 

change of 

load torque 

Speed 

difference 

Maximum 

overshoot 

(rpm) (rpm) (rpm) 

mea

s. 

calc. mea

s. 

calc

. 

mea

s. 

calc. 

PID 230 234 -20 -16 278 270 

Fuzzy 246 248 -4 -2 254 251 
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a) 

b) 
Rys. 6. a) The BLDC motor model block diagram. b) The control system 

block diagram 

The results obtained from modeling in MATLAB/Simulink were 
compared with the results of measurements taken during the change of 
the load torque – Fig.7. The motor control system was fitted with two 
types of regulators: PID and Fuzzy Logic regulators. Executed 
experiments and simulations showed, that for investigated disc-type 
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motor and determined previously requirements, the Fuzzy Logic 
regulator is the best solution. The comparison of measurement results 
and speed calculations during the change of the load torque from 0 to 
1.5 Nm is shown in Table II (the rotational speed set in the control 
system was 250 rpm). In Figs.8-10 are presented calculated and 
measured currents and electromagnetic torques, both for PID and Fuzzy 
Logic controllers. 

a) 

b) 
Rys. 7. a) The set change of the load torque, b) Measured speed-time 

responses, during change of the load torque from 0 to 1.5 Nm. 1 – 
with PID controller, 2-with Fuzzy Logic controller, 3 – without 
controller. 
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Rys. 8. a) Calculated (on the left) and measured (on the right) phase 
currents, b) Enlarged fragment of calculated and measured phase 
currents, during change of load torque. Control system with PID 
regulator. 

Phase current courses obtained as a result of simulation and 
measurements demonstrate good agreement, both for the shape as well 
as the values (maximum values as well as RMS values). It should be 
underlined that the envelopes of the phase current, in system with PID 
regulator, changes together with the change of the load torque, whereas 
in system with Fuzzy Logic regulator the envelope does not change 
(maximum current values are near the same for load and unload 
conditions). It was observed that the electromagnetic torque rise time is 
shorter for the Fuzzy Logic regulator with respect to the PID regulator. 
This visual observation leads authors to conclusion that system with the 
Fuzzy Logic regulator has better dynamic, what was expected in 
investigations carried out. 
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Rys. 9. a) Calculated electromagnetic torque of the BLDC motor, b) Enlarged 
fragment of calculated electromagnetic torque, during change of the 
load torque. Control system with PID regulator (at the left side) and 
Fuzzy Logic regulator (at the right side). 

Rys. 10. Calculated phase current, during change of the load torque. Control 
system with Fuzzy logic regulator. 
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3 Conclusion 

This paper presents the BLDC motor model used in the 
Matlab/Simulink program for fast simulation of the motor operation 
during the change of the load torque. The model parameters were 
determined in the OPERA 3D commercial software, taking into account 
the properties of the stator core magnetic material structure. The 
necessity to correctly include the magnetic material parameters results 
from the small geometric size of the stator core. During the punching 
process, a part of the structure is damaged and has much worse 
magnetic parameters in comparison with the undamaged material. As a 
consequence, it influences first the value of iron loss in the stator core 
and the model parameters (self-inductance). The smaller self-inductance 
enables rapid current changes, what is expected in high dynamic 
systems. 

As a result of the undertaken tests, it has been confirmed that the 
tested motor operating with a Fuzzy Logic regulator has much better 
dynamic properties in comparison with the system fitted with a PID 
regulator. The comparison of simulation and measurement results 
shows the correct model parameters with special attention paid to the 
magnetic circuit parameters. 

Presented disk-type BLDC motor is worth attention because it has 
simple structure, thus it can be used in direct-drives, in which there is no 
reduction gear for speed and torque conversions, what is very popular in 
light electrical vehicles. Moreover, due to simple structure, the 
production cost is relatively low. 
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MODELOWANIE I BADANIA 
EKSPERYMENTALNE DYSKOWEGO 
SILNIKA TYPU BLDC DLA NAPĘDÓW 

UŁAMKOWEJ MOCY 

Streszczenie – Artykuł opisuje model bezszczotkowego silnika dyskowego 
z magnesami trwałymi, który jest użyteczny do zastosowania i symulacji w 
programie Matlak/Simulink. Niektóre z parametrów silnika BLDC, 
niezbędne dla modelu określono z wykorzystaniem trójwymiarowych 
obliczeń metodą elementów skończonych. Parametry te uwzględniają
zniszczenie części struktury materiału magnetycznego wynikające z 
procesu wykrawania oraz zwijania taśmy tworzącej rdzeń stojana w 
kształcie torusa. Adekwatność modelu została potwierdzona w warunkach 
zmiany momentu obciążenia, poprzez porównanie wyników symulacji oraz 
pomiarów. 


