
106                                                                              PRZEGLĄD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 99 NR 3/2023 

1. Mohamed QAWAQZEH1, 2. Huthaifa A. AL_ISSA1, 3. Kostiantyn SOROKA2, 4. Viktor KHARCHENKO2,  
5. Mykola LYSYCHENKO3, 6. Oleksandr MIROSHNYK3, 7. Stepan KOVALYSHYN4, 8. Taras SHCHUR4,  

9. Paweł KIEŁBASA5 

Al Balqa Applied University (1),  
O.M. Beketov National University of Urban Economy in Kharkiv (2), 

State Biotechnological University (3),  
Lviv National Agrarian University (4), 

University of Agriculture in Krakow (5). 
ORCID: 1. 0000-0001-7027-5577, 2. 0000-0002-0768-8325, 3. 0000-0002-0143-2409 4. 0000-0001-9091-6861, 5. 000-0003-1209-609X, 

6. 0000-0002-4424-0159, 7. 0000-0002-6144-7573, 8. 0000-0003-0205-032X, 9. 0000-0003-0249-8626 
 

doi:10.15199/48.2023.03.17 
 

Modeling and research of methods for speed and torque control 
of DC motors 

 
 

Abstract. The analysis ways of speed control and torque of the collectorless electric motor is executed. A mathematical model by SAC with an 
operational amplifier in the SCILAB / XCOS package has been developed. Modeling and research of quality of work of the electric motor with various 
types of regulators is carried out. On the basis of the conducted studies, the optimal parameters of the PID controller were selected. 
Recommendations for the use of engines with various types of regulators have been developed. 
 
Streszczenie. Przeprowadzono analizę sposobów regulacji prędkości i momentu obrotowego bezkolektorowego silnika elektrycznego. Opracowano 
model matematyczny przez SAC ze wzmacniaczem operacyjnym w pakiecie SCILAB / XCOS. Przeprowadzono modelowanie i badanie jakości 
pracy silnika elektrycznego z różnymi typami regulatorów. Na podstawie przeprowadzonych badań wybrano optymalne parametry regulatora PID. 
Opracowano zalecenia dotyczące eksploatacji silników z różnymi typami regulatorów. (Modelowanie i badanie metod sterowania prędkością 
oraz momentem obrotowym silników prądu stałego). 
 
Keywords: DC motors, speed and torque control, operational amplifier, modes of operation 
Słowakluczowe: silniki prądu stałego, regulacja prędkości i momentu obrotowego, wzmacniacz operacyjny, tryby eksploatacji 
 
Introduction 

The operation of brushless direct current (BLDC) motors 
involves controlled switching of the stator windings. This 
requires proper control devices and switches. Modern 
advances in information technology, power microelectronics 
and microprocessor technology have created the conditions 
for the development and widespread use of actuators based 
on valve motors. Despite the higher price, the valve motors, 
in comparison with the collector ones, prove to be 
competitive in such areas as: robotics, electric transport, 
flexible production systems, instrument making, computer 
engineering, etc. At the forefront are their functional and 
operational characteristics. BLDCs allow to create gearless 
drives of technical devices [1-8], a motor-wheel of vehicles 
and significantly simplify the design of mechanisms. They 
provide a huge starting torque and the ability to change 
speeds over a wide range, work in dynamic and transient 
modes, high quality of transients. The power range of the 
valve motors is quite wide: from 1W, and up to 1000 kW in 
traction drive of railway transport. 

In modern electric vehicles from using DC motors with 
rheostat control going to asynchronous AC motors and the 
most perspective DC motors. Complex electrical processes 
in such motors require the development of control methods 
that would ensure their operation in a wide range of 
changes in the moment of loading on the shaft and the 
quality of work, which is determined by the nature and 
duration of the transition process. With this in view, it is 
important to create mathematical models and their using in 
the development of electric vehicles. 

In [9-14] the methods of control of speed of rotation of 
BLDC are considered: continuous, pulse, relay and 
discrete-phase. The continuous method involves a smooth 
change in the voltage supplied to the stator windings. Pulse 
control is usually performed by pulses of different polarity, 
corresponding to positive or negative, in the mode against 
switching on, the torque of the motor. The relay method is 
to use a relay that compares the value of the control voltage 
with the motor speed sensor readings and switches the 

motor on or off. The discrete-phase method of optimal 
control is performed by comparing the motor frequency with 
the reference frequency of the reference generator. 

In addition to indicated methods, the paper [2, 15-17] 
considered methods of sensorless control, which takes into 
account the rate of change of current, the value of the third 
harmonic and determines the inductance of the stator 
winding at a certain point in time. The third harmonic value 
is used for control. Faking into account a number of factors 
affecting the operation of the motor and the nonlinear 
relationship between current, magnetic flux, and rotation 
torque, a control system based on fuzzy logic, i.e. artificial 
intelligence methods, is used. 

In [18-21], the speed and torque control of an optical 
telescope drive with a BLDC using relay method is 
considered. A mathematical computer model has been 
developed and a comparison of the BLDC operation with a 
similar collector motor is made. The results of the 
mathematical model study and the test of the models of 
electric drives on the stand showed the coincidence of 
dynamic characteristics of the collector and valve motors. 

In [22] a method of controlling the operation of a valve 
electric drive of a vehicle based on mechanical and 
electromechanical characteristics is considered. The pulse 
control of the motor by means of the relay is carried out: 
after the output to the natural electromechanical 
characteristic, the movement on it and the transition to the 
artificial characteristic is carried out, similarly, as in the case 
of the execution of the collector motor. 

The above analysis shows that the relay control method 
is one of the effective for solving the problems of regulation 
and stabilization of speed and torque of BLDC. The 
disadvantage of the  relay regulators are   necessity to 
reduce the discreteness intervals, to ensure the accuracy of 
regulation, and limited opportunities to implement known 
principles of regulation. This in practice leads to using 
numerical controllers. An alternative to such regulators are 
analog regulators implemented on operational amplifiers. 
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Construction of mathematical model 
An analysis of the methods of controlling the speed of 

BLDC showed that one of the most effective is the relay 
method of controlling the speed and torque of the motor. 
The results of studies [18-22] show that the mechanical 
characteristics of the valve and collector motors are the 
same. In view of this, a method of controlling the speed of 
BLDC is proposed according to the circuit presented in 
Figure 1. 

According to the circuit, the current from the power 
source E through the transistors VT flows directly to the 
stator windings. The operation of the transistors is 
controlled by the switch on control commands coming from 
the microprocessor. The microprocessor processes the 
signals of the rotor position sensor RPS and issues 
commands to the switch. This control is carried out from 
start-up and acceleration of the motor and to steady or 
dynamic operation mode. This ensures the operation of the 
BLDC at any speed. The operation of the rotor position 
sensor is based on the photoelectric or inductive principle, 
or the use of a Hall sensor [11, 28]. 
 

 
 
Fig.1. Schematic diagram of a brushless motor with an operational 
amplifier 

 
In the method proposed in this work, the control of the 

speed and torque of the BLDC is carried out by feedback 
from the regulator, and the CА operational amplifier CА is 
used as which [23-27]. The gain of the regulator is set by 
the resistors R0 and R1. Regulators of different types can 
be built on the basis of the operational amplifier by 
changing the connection circuit of resistors and capacitors. 
The automatic control system (ACS) [29-31] feedback is 
provided by the speed sensor SS. Control is carried out by 
changing the value of the current in the windings of the 
BLDC stator. The speed sensor can be a tachogenerator, a 
photoelectric sensor or other type of sensor [11, 28]. 
Changing the motor speed can be performed, for example, 
by changing the voltage Uz at the input of the operational 
amplifier, by commands transmitted over the CAN network 
[32]. 

According to the proposed circuit, the speed control of 
the BLDC is carried out by changing the amount of current 
supplied through the transistors VT to the windings of the 
stator of the motor M. That is, relay control, during which 
only the power source was switched on or off, replaced by 
the ACS, which regulates the value of current in the stator 
windings. The frequency of the motor is set by the voltage 
UZ supplied to the input of the operational amplifier CE. 
Control is carried out by the rotor speed measured by the 
speed sensor SS. The sensor voltage corresponding to the 
rotor speed in the feedback circle is fed to the input of the 
operational amplifier CА. The control method involves the 
use of different types of regulators. The type of regulator 
can be changed by permuting the elements of the circuit of 
the operational amplifier CA by introducing additional 

capacitors or resistors. In the following, this brushless DC 
motor (BLDC) with an operational amplifier will be 
abbreviated (BLDC-OA). 

An indicator that determines the functional suitability of 
the electrical drive is the accuracy of adherence to a given 
speed and providing the desired value of torque. The 
operation of the engine in the composition, such as the 
electric drive of a quadcopter or other vehicle, was 
investigated using a mathematical model by applying to its 
inputs different values of voltage and torque. The study of 
the electric drive was performed on the basis of its 
mathematical model. The study was performed in static and 
dynamic modes. Regarding the magnitude of the loads, and 
its operation is subject to accuracy requirements [31, 33]. 

A motor with 12 stator poles and 8 rotor poles (12/8) is 
considered. Rotation speed within from 3200 rpm to 15000 
rpm. Engine torque is determined by the amount of energy 
consumed. Voltage on the BLDC-ОА U = 12 V, current I = 
0.52 A, where the power is P = 6.24 W. The efficiency of 
BLDC is about 75-80%. Part of the energy is dissipated, 
and the rest is spent to overcome the forces of resistance. 
Torque on the motor shaft of the order Р = 5 Н ∙ м. 

To construct a mathematical model, the motor is 
represented as a second-order aperiodic link with two time 
constants: TE – of the electrical part of the motor and TM – 
of the mechanical part (Fig. 2). Quite often the engine is 
presented as an aperiodic link of the electrical part and 
integrating for mechanical parts. Electric drive with BLDC-
OA often has a high speed, so a significant role in its 
operation is played by viscosity. Therefore, in this model, 
the mechanical part is represented as an aperiodic link with 
a time constant Tm. The feedback is provided by a speed 
sensor SS with the transmission factor KV. The speed 
sensor signal UZZ is fed to the differential input of the 
voltage regulator. The motor speed is regulated by the 
voltage UZ. Motor speed control is carried out depending on 
the difference between the UZZ feedback voltage and the 
set voltage UZ. 

 
 

Fig.2. Schematic diagram of the automatic engine speed control 
system BLDC-OA 
 

The numerical values of the motor parameters are as 
follows: stator winding resistance Rst = 2.7 ; inductance     
Lst = 1.8 μH; moment of inertia of the rotor J = 1.25∙10–4 
kg∙m2; constant of the motor Kk = 4.310–3. 

Mathematical simulation in SCILAB/XCOS software 
environment was performed to study the operation of BLDC 
with different types of regulators implemented on an 
operational amplifier. SCILAB is open source software and 
does not require licensing [34]. This package successfully 
replaces the Matlab/Simulink license package [34-39]. 
Other solutions for simulations and calculationa sin [40-42] 
can be also used. 

 
Investigation of the modes of operation of BLDC-ОА 

Studying the accuracy of the motor operation should 
distinguish between static and dynamic control errors. Static 
error is the error in the static operation mode. Dynamic error 
occurs in dynamic mode when the value of the resistance 
forces changes. Control error has two components: on the 
input, the control value and on the value of the load on the 
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shaft. The values of these errors were determined by 
experimental study of the model. Theoretically, the values 
of the relative control errors are calculated according to the 
formulas [31]: 

- error on the control signal: 

 (1)       S
Kx 
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1 ; 

- on the disturbing action: 

 (2)           
K

K f
f 


1
 . 

where Kо, Kd, Kf∙ are the gains of the operational amplifier, 
the motor, and the link, respectively (K = KoꞏKd). 
 
BLDC motor operation when directly connected to a 
power supply without an operational amplifier 

Engine model, when connected directly to the power 
supply without the use of ACS with operational amplifiers, is 
shown in Figure 3. The values of the model parameters are 
as follows: supply voltage UZ = 12 V, the value for the 
moment of resistance force Мf = 5 N∙m, the time of moving 
the magnetic head from the parking position on the working 
surface of the disk tf = 5 s. The results of the simulation in 
the form of a graph of motor speed change are shown in 
Fig. 4, the numerical values of speed and error of control 
are given in Table 1 (section – direct motor start). 

Model coefficients are calculated according to the 
formulas: 
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Fig.3. Model of the BLDC-OA electric drive at direct start of the 
motor 

 
According to the simulation results on a computer model 

(Fig. 4), the motor speed during acceleration changes within 
5 s and reaches V = 9311 rpm. Further, the rocker moves 

the magnetic head from the parking position to the surface 
of the disk and the motor speed drops to Vf = 6153 rpm. 

The results of the experiment show that the operation of 
the electric drive with such BLDC is extremely 
unsatisfactory. Acceleration exceeds 5 s. When the 
magnetic head moves to the surface of the disks, a 
transient of the same duration occurs, and the motor speed 
decreases by δf = 34%. The motor without ACS is not 
suitable for use: the first, the acceleration time is quite 
large; the second is the speed of the motor drops sharply as 
the load changes, and the third is speed stabilization is not 
provided. To ensure the quality of operation of the electric 
drive with this motor it is necessary to use the ACS. 

 

 
Fig. 4. Motor speed change graph directly plugged into the power 
supply 
 
Use of the ACS with a proportional (P) regulator and 
study of the operation of the electric drive 

The simplest ACS includes feedback and a proportional 
regulator. The mathematical model corresponding to such 
ACS is presented in Figure 5. The model is reduced to a 
single feedback and the speed output is calculated in 
revolutions per minute. The CE operational amplifier is used 
as a regulator. The model has two inputs: the first – by the 
signal Uz, the second – by the resistance force Mf which 
occurs when moving the rocker with a magnetic head. 

The study of the motor was performed under the 
following conditions: simulation time is 10 s, the time of 
application of the perturbation force is 5 s, the interval of 
discreteness of integration is 0.1 ms, the voltage of the 
power supply UZ = 12 V, the perturbation signal is stepped, 
the moment of the perturbation force Mf = 5 N∙m, the 
setpoint speed of the motor spindle is 7200 rpm. The 
integration of the equations of motion is performed 
according to the method of Runge-Kutta of the 4th order. 

 

 

Table 1. Results of the study of the accuracy of the operation of the electric drive the BLDC-OA 

K S 
Acceleration of the motor Read/Write Transient 

V, rpm ΔV, rpm δV, % Vf, rpm ΔVf, rpm δf, % Type Duration tPP, s
Direct motor connection (without ACS) 

– – 9311   6153 – 34 М 5 

Static control system (P-regulator) 

16.5 0.315 5725 411 5.69 62295 977 13.6 M 1.6 

29.8 0.033 6972 234 3.25 66490 557 7.74 A 0.35 

87.5 0.011 7125 81 1.12 7013 193 2.68 O 0.3 

Astatic integrating (І-regulator) 

0.33 0.75 7206 0 0 7206 0.04 0 M 35 

1.65 0.48 7207 0.03 0 7207 0.02 0 O 20 

Proportional-integrating (PI-regulator) 

3.31 – 7206 0  7207 0 0 M 2.5 

46 – 7206 0  7203 4.4 0 O 0.5 

Proportional-integro-differential (PID-regulator) 

Static, 5 N∙m 7208 1.5 0 7206 1.7 0 А 0.03 

Dynamic, 5 N∙m/s 7205 1.5 0 7194 11.0 0.15 А 0.03 
Transient: M – monotonous, A – aperiodic; O – oscillatory 
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Fig.5. Model of the ACS of the electric drive with the P-regulator reduced to a single feedback 

 
The results of the experiment are shown in Figure 6. 

After switching on the motor accelerates (Fig. 6, a) to a 
speed corresponding to the set value with a certain error. 
When the value of the gain Ко = 15.5 transient is monotonic, 
with increasing Ко up to 29.8 transient becomes aperiodic, 
and at Ко = 87.5 in oscillatory (Table 1, section  
P-regulator). The acceleration time is within tPP = 1.6 s at 
monotonous and tPP = 0.3 s in the case of oscillatory 
transient. 

The dependence of the error of control V is presented 
in Fig. 6,b. Control error after motor acceleration is δV = 
1.12%. At the time of change of the disturbing action 
corresponding to "take-off" and positioning of the magnetic 
head, the speed of the motor decreases from V = 7125 rpm 
to Vf = 7013 rpm, and the control error is δV = 2.28%. 

In the case of aperiodic transient, the value of the 
overregulation is 10%, and the duration of the transient is 
tPP = 0.35 s. The performed analysis shows that the motor 
operates significantly better than when directly connected. 

For dynamic operation studies, the stepped signal is 
replaced with a dynamic signal. To do this, we introduce 
into the model a block of constantly increasing signal “Mf, 
Rapid” (Fig. 5). The signal growth rate is selected as 5 
N∙m/s. The results of the study are presented in Figure 7. In 
the case of increasing resistance force by the linear law, the 
speed of the motor is constantly decreasing. In 5 s the 
speed decreased from Vf = 7125 rpm to Vf = 6083 rpm. 
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Fig.6. Graphs at oscillatory transient:  
a) speed of rotation of disks, b) error of control 
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Fig.7. Change in the speed of rotation of the disks in case of 
change shaft torque at constant speed 
 

Therefore, the considered static ACS does not provide a 
constant motor speed in dynamic operation mode. The 
control system requires correction and conversion from 
static to astatic. For this purpose, an integrating link is 
introduced into the system [29-31]. 

 
The use of an astatic integrating I-regulator 

The results of the study of the operation of the electric 
drive after the introduction to the regulator of the integrating 
link are shown in Table 1 (section I-regulator). From the 
above data it is seen that in the case of the gain equal to Ко 
= 0.33 the regulator operates in monotonous, and at the 
value of Ко = 1.65 in the oscillatory transient. The motor 
speed, at the end of the transient, is set to the setpoint V = 
7200 (7206 due to the model setting). The control errors on 
the control signal δV as well as on the perturbation signal δf 
are zero. This is the positive side of the regulator. However, 
the duration of transient is unacceptably long: tPP = 35 s and 
tPP = 20 s. Therefore, such a regulator cannot be used. 
 
Proportional-integrating PI-regulator 

By introducing the amplifier link in parallel to the 
integrating one (Fig. 5 and Fig. 8), an astatic control system 
with proportional-integrating regulator (PI-regulator) was 
obtained. During the study of the operation of the electric 
drive with this regulator, the gain of the parallel link and the 
operational amplifier are selected experimentally. The 
operation in monotonous and oscillatory transients is 
considered (Table 1, section PI-regulator). The analysis 
shows that the control error on static input and disturbing 
signals is zero. The duration of the monotonous transient 
tPP = 2.5 s, and in the case of oscillatory transient tPP = 0.5 
s. That is, BLDC-OA provides acceleration of disks to a 
predetermined speed and zero control error after the 
transition period. The disadvantage is the rather long 
duration of the transient. 
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Fig.8. Correcting link of the PI-regulator 
 
ACS correction using proportional-integro-differential 
PID-regulator 

Improvement of the electric drive operation is made by 
using a PID-regulator [43-46]. The regulator includes a 
chain of differential, integrating and proportional links (Fig. 
9). The parameters of the links were selected 
experimentally. 

 

 
Fig.9. Correcting link of the PID-regulator 

 
Graph of operation in dynamic mode is shown in Figure 

10, the numerical values of speed and error of control – in 
Table 1 (section PID-regulator). Also considered is the 
dynamic operation of the motor when increasing the shaft 
torque at speed of Mf /c=5 N∙m/s. The stable speed value 
changes from V = 7205 rpm to Vf = 7194 rpm, i.e. just for δf 
= 0.15%. Figure 11 shows the transient separately. The 
overregulation value is 12%, and the duration of transient of 
the disks acceleration tPP = 0.03 s. 
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Fig.10. Graphs of the BLDC-ОА electric drive operation with PID-
regulator in dynamic mode 
 

The obtained results show that the considered BLDC 
with the PID-regulator operates qualitatively with significant 
changes of the torque on the shaft. In the case of a sudden 
movement of the magnetic head from the position of 
parking and changing the torque on the shaft, the value of 
the change in speed is within ΔVf = 10.68 rpm, i.e. the error 
of regulation is not more than δf = 0.15 %. 

The results of the study show that in the case of 
implementation using an operational amplifier ACS with 
PID controller, the parameters of which can be determined 
using the proposed mathematical model, allow to provide 
high characteristics of the electric drive. Valve motors with 
this control system are suitable for use in systems for 
different purposes. 
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Fig.11. Transition process of BLDC-ОА with PID-regulator:  
a) acceleration of the disks, b) error during pulse change of the 
load 
 
Conclusions 

One effective way to control the speed and torque of a 
valve motor is to use a relay method that uses an automatic 
control system instead of a relay allows to expand 
functionality of the regulator and to transfer from step to 
smooth regulation. 

A computer model of the valve motor control system has 
been developed using an operational amplifier, which 
allows to implement various control principles. 

It is shown that the PID-regulator based on an 
operational amplifier allows to create an electric drive that 
meets the requirements of accuracy and quality. A 
mathematical model was created, with the help of which the 
parameters of the PID-regulator were selected, which 
ensure the observance of a given speed with an accuracy 
of 0.15% in dynamic modes of operation and the duration of 
transients of 30 ms. 

The obtained data show that the functionality of the 
valve motor is quite wide, and in the case of selecting the 
appropriate control method and type of regulator, provide a 
constant speed of the electric drive when changing the 
torque on the shaft from zero to the operating value Mf and 
at dynamic change with the rate of change Mf / c. 

Valve motors with PID-regulators should be used to 
design actuators for mechanisms that require high 
precision, high quality transients and operate in harsh 
operating conditions, with a wide range of speed and torque 
changes. 
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