
Parameter Estimation and Predictive Speed 
Control of Chopper-Fed Brushed DC Motors

1173

Original Scientific Paper 

Abstract – This paper presents an effective speed control method for brushed DC motors fed by a DC chopper using the concept 
of Finite Control Set-Model Predictive Control (FCS-MPC). As this control algorithm requires the parameters of the controlled object, 
the estimation of motor parameters is first performed by using two types of data. The first data includes the output speed response 
corresponding to the step input voltage to obtain the transfer function in the no-load regime. The second data consists of the motor 
speed and armature current when a load torque is applied to the motor shaft. The discrete-time equation of the motor armature 
circuit is used to obtain the future values of the armature circuit current and the motor speed. A cost function is defined based 
on the difference between the reference and predicted motor speed. The optimal switching states of the DC chopper are selected 
corresponding to the maximum value of the cost function. The performance of the proposed speed control algorithm is validated 
on an experimental system. The simulation and experimental results obtained show that the MPC controller can outperform the 
conventional proportional-integral (PI) controller.

Keywords: Brushed DC motor, DC chopper, motor parameter estimation, motor speed control, model predictive control 

1.  INTRODUCTION

Electric drive systems can be only seen as high-
performance drive systems if they can accurately fol-
low specified trajectories regardless of unknown load 
variations and uncertainties of parameters. An electric 
drive system is basically formed by an electrical mo-
tor, a power electronic converter, and a controller to 
perform precise mechanical manoeuvres. As brushed 
DC motors can be controlled over a wide speed range, 
they are still widely used in various industrial and com-
mercial applications including electric vehicles, robotic 
manipulators, and precise mechanisms. In addition, 
brushed DC motors can be known as the most com-
mon controlled object for testing and evaluating differ-
ent proposed control algorithms.

The accurate mathematical model and related pa-
rameters of a specific brushed DC motor are usually 
needed for designing an appropriate controller for the 
motor. In addition, the exact model of the motor can 
allow the designer to predict the closed-loop dynamics 

of the motor control system. This work can be only fa-
cilitated if the motor parameters can be estimated. Mo-
tor parameter estimation approaches can be divided 
into two categories: offline estimation methods [1] and 
online estimation methods [2]. Offline methods require 
the use of test inputs and the measurement of corre-
sponding parameters using data acquisition (DAQ) 
devices. Next, coefficients determined by the measure-
ment are used to obtain unknown parameters by an 
offline computer-based analysis. Meanwhile, online 
parameter estimation techniques sometimes include 
power converters and high-speed DAQ devices. 

The conventional design of controllers for brushed 
DC motors often involves the use of constant gains for 
controllers like proportional-integral-derivative (PID) 
controllers, which are only useful for the control of a 
narrow speed range [3, 4]. Recently, brushed DC motor 
drive control systems have been developed using non-
linear control approaches, such as sliding mode con-
trollers [5, 6], fuzzy logic controllers [7, 8], and artificial 
neural network controllers [9, 10].
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As high-performance brushed DC motor drives fre-
quently need to be adaptable, several studies on motor 
control have focused on adaptive control methods [11, 
12], in which the coefficients of the controller can be 
adaptive utilising techniques for intelligent inference 
such as fuzzy logic and artificial neural networks. To 
increase the robustness of the motor control system, 
some studies have suggested techniques for estimat-
ing the speed of brushed DC motors [13-15] because 
the use of speed sensors could degrade system reliabil-
ity and necessitate periodic maintenance. Most speed 
estimation techniques, however, have been developed 
using a precise mathematical model of the motor.

With the recent rapid development of powerful and 
fast microcontrollers, there is increasing attention to 
the exploration of model predictive control (MPC) for 
various topologies of power converters [16-18]. The 
MPC algorithms can eliminate the use of pulse width 
modulation (PWM) techniques and conventional PID 
controllers. In addition, the MPC control algorithms 
can take the nonlinearities of controlled objects into 
account.

This research focuses on the development of an ef-
fective controller for a chopper-fed DC motor drive 
using the Finite Control Set-Model Predictive Control 
(FCS-MPC) theory. Specifically, a motor speed predic-
tive control strategy and its practical implementation 
have been presented in detail. It has been shown that 
the proposed control method can be used to control 
the motor speed very effectively. The proposed control 
method can result in good dynamic responses com-
pared to the use of a conventional PI controller. More-
over, the proposed MPC-based method in this study is 
simple and easy to implement on low-cost hardware. 
In this study, the proposed control method is imple-
mented on an STM32F4 Discovery board which is con-
veniently programmed using MATLAB Simulink. The 
analysis for obtaining the discrete model can be also 
used for other controlled objects.

The rest of this paper is divided into subsequent sec-
tions. Section 2 provides the concept of MPC for con-
trolling power electronic converters and electric drives. 
The motor parameter estimation process is described 
in Section 3. The procedure for designing an MPC con-
troller for a chopper-fed brushed DC motor is described 
in Section 4. The simulation and experimental results 
obtained are presented in Section 5. Finally, Section 6 
is the conclusion of this research.

2. MODEL PREDICTIVE CONTROL

Model predictive control (MPC) emerged as an ad-
vanced process control method in the 1960s. In the 
future, this control technique will be expected to be 
very effective for various nonlinear, multiple-input 
multiple-output (MIMO) systems. In MPC, the model 
of the controlled object is considered to predict the 
future behaviours of the variables over a time frame. 

These predictions are then used for evaluating a cost 
function and the choice of the optimal action for the 
system based on the minimum value of the cost func-
tion. The MPC has several advantages such as the 
inclusion of nonlinearities and constraints of control 
systems. Another advantage of MPC in power con-
verters and electric drives is to take the consideration 
the inherent discrete nature of power converters. As 
power converters only have a finite number of switch-
ing states, the MPC optimisation problem can be 
simplified to behaviours of possible switching states 
of power converters. In every sampling interval, the 
predicted variables are used to evaluate a cost func-
tion. This is also known as the Finite Control Set-Mod-
el Predictive Control (FCS-MPC). Therefore, this study 
only focuses on FCS-MPC for a DC chopper driving a 
brushed DC motor.

Fig. 1 shows the operating principle of FCS-MPC. The 
control process of power converters and electric drives 
can be defined as the determination of an appropriate 
control action S(t) for the gate signals of power con-
verter switches to obtain a desired system variable x(t) 
as close as possible to a reference value x*(t).

Fig. 1. The FCS-MPC operating principle

In a specific sampling period Ts, the variable x(t) 
is sampled as x(tk) for evaluating the cost function 
with possible control actions of the power converter 
(S1,...,SN). If the action control S3 is selected, it can be 
used to predict the future value xp3(tk+1). Next, the 
predicted value in the previous sampling period will 
be used to compute the cost function for selecting 
the control action S2 corresponding to the minimum 
value of the cost function. Similarly, xp2(tk+2) can be 
also predicted based on xp3(tk+1) and the control ac-
tion S2. In general, the possible predictive values of 
the control variable x(t) can be expressed as:

(1)

where fp is the prediction function obtained from the 
controlled model. Then a cost function is defined as:

(2)

The evaluation of the cost function (2) results in N 
values of the cost function. The control action leading 
to the minimum value of the cost function is finally 
selected.
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3. PARAMETER ESTIMATION OF BRUSHED DC 
MOTORS

For brushed DC motors, a DC voltage can be directly 
applied to the terminal of the armature circuit. Using 
Kirchhoff’s law for the armature circuit gives:

(3)

Based on Newton’s law, the torque equation can be 
derived as follows:

(4)

Where K, Ra, La, J and D are the back-EMF constant, 
the armature resistance, the armature inductance, the 
rotor mass moment of inertia, and the damping con-
stant, respectively. ω(t), ia(t), Vdc(t) and TL(t) denote the 
rotor angular velocity, the armature current, the termi-
nal voltage, and the load torque, respectively.

At the steady-state, equation (3) yields:

In which:

(5)

(6)

(7)

In equations (6) and (7), ω0 is the no-load rotor an-
gular velocity and Δω is the drop of the rotor angular 
velocity when a load torque is applied to the motor ro-
tor. The back-EMF constant can be determined through 
the terminal voltage and the no-load rotor angular ve-
locity as follows:

(8)

When a load torque is applied to the motor shaft, the 
armature current is measured to calculate the armature 
resistance as follows:

(9)

According to equation (9), if Vdc is kept being a con-
stant, ω can be measured using a tachometer or an 
encoder, and Ia can be measured using a DC ammeter, 
then the value of Ra can be computed.

The Laplace transforms of equations (3) and (4) have 
the following forms:

(10)

(11)

Where s is the Laplace operator. Vdc(s), Ia(s), ω(s) and 
TL(s) are the Laplace transforms of the terminal voltage, 
the armature current, the rotor angular velocity, and 
the load torque, respectively.

From equations (10) and (11), the relationship be-
tween the rotor angular velocity (the system output) 
and the terminal voltage, and the load torque (the sys-
tem inputs) can be expressed as follows:

(12)

(13)

In the no-load regime (TL(s) = 0), equation (12) yields:

Equation (13) indicates a second-order system and 
can be shorten as follows:

(14)

(15)

in which:

The coefficients a, b, and c of equation (14) can be 
obtained by acquiring the start-up motor speed with 
respect to the step terminal voltage and the MATLAB 
System Identification Toolbox [19]. According to equa-
tion (15), K and Ra can be determined using equations 
(8) and (9). Three remaining parameters of the motor 
can be computed as follows:

(16)

(17)

(18)

4. MODEL PREDICTIVE CONTROL OF 
CHOPPER-FED BRUSHED DC MOTOR

If the sampling interval Ts is small enough, the de-
rivative of the armature current can be approximated 
as follows:

(19)

Fig. 2 shows the principle circuit of a brushed DC mo-
tor driven by a DC chopper. Fig. 3. shows the armature 
circuit when the switch S is closed. The armature circuit 
of the motor is depicted in Fig. 4.

Substituting (19) into (3) gives:

(20)

Equation (20) corresponds to the switch S is closed. 
When the switch S is opened, the equation (20) yields:

(21)
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Equation (20) and (21) can be combined to give:

(22)

where u is the binary control signal for the switch S

•	 if u = 1, S is closed.
•	 if u = 0, S is opened.

Fig. 2. The principle circuit of DC motor fed by a DC 
chopper

Fig. 3. The armature circuit when the switch S is 
closed

Fig. 4. The armature circuit when the switch S is 
opened

Equation (22) can be re-written as follows:

(23)

Applying the two-step-ahead prediction for equa-
tion (23) gives:

(24)

Re-arranging (24) results in:

(25)

Equation (24) and (25) are used to design a MPC con-
troller for the speed control of the motor. A cost func-
tion is defined according to the difference of the refer-
ence and future speeds as follows:

In every sampling interval, there are two possible 
switching states of the switch S: the switch S is closed, 
and the switch S is opened. The optimal state of the 
switch S will be selected corresponding to the mini-
mum value of the cost function. Fig. 5 is a flowchart of 
the algorithm of the MPC controller.

Fig. 5. Flowchart of the MPC control algorithm.

5. SIMULATION AND EXPERIMENTAL RESULTS

This section describes the procedure for deploying an 
experimental system for the MPC-based speed control of 
a brushed DC motor. The whole system is shown in Fig. 
6. Table 1 is the specification of the experimental system.

Table 1. Specification of the experimental syste.

No Items

1 An excited-separately 175W DC motor

2 An IGBT-based DC chopper can be controlled by an external signal

3 A dynamometer is used to adjust the load torque

4 An isolated current measurement module is used to measure 
the armature current

5 Speed measurement and load torque modules are integrated 
with the dynamometer

6 A laptop is used to monitor the performance of the system

7 An Arduino MEGA 2560 board

8 A STM32F4 Discovery board
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A. Motor Parameter Estimation

Fig. 7 is a Simulink diagram for acquiring the output 
speed response according to the step input voltage in the 
no-load regime. The motor speed and armature current 
were acquired by using a Simulink diagram as shown in 
Fig. 8. The output speed response according to the step 
input voltage in the no-load regime is illustrated in Fig. 9.

Fig. 6. The whole experimental system

Fig. 7. Simulink diagram for acquiring the output 
speed response according to the step input voltage

Fig. 8. Simulink diagram for acquiring the motor 
speed and the armature current

Fig. 9. The output speed response according to the 
step input voltage of the motor in the no-load regime

The data acquired from the no-load experiment in-
cluding the step input voltage and the rotor angular 
velocity as shown in Fig. 9 was then used to estimate 
the transfer function of the motor. By using the MAT-
LAB System Identification Toolbox [19], the transfer 
function of the motor in the no-load regime has the 
following form:

Therefore

The back-EMF coefficient is calculated as:

(27)

(28)

(29)

If applying TL= 2.5 [N.m] to the rotor shaft and the mea-
surements are ω1 = 108[rad/s] and Ia=1.397 [A], then the 
resistance of the armature circuit is computed as:

(30)

The damping constant is determined as:

(31)

The armature inductance is computed as:

Finally, the moment of inertia is given by:

(32)

(33)

B. Simulation Results

Fig. 10 shows a Simulink diagram for investigating 
the performance of the PI controller. The simulated 
speed step increment with the PI controller is illustrat-
ed in Fig. 11 and the simulated speed step decrement 
with the PI controller is depicted in Fig. 12.

Fig. 13 displays a Simulink diagram for investigating the 
performance of the MPC controller. The MPC algorithm is 
developed using a user-defined function as follows:

function S = MPC(speed_ref,speed,ia)
Ra = 17.5887;
La = 1.7047;
K = 1.8095;
Vdc = 230;
Ts = 0.2;
omegaref = speedref*pi/30;
omega = speed*pi/30;
gopt = inf;
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Sopt = 0;
for S = 0:1
 ia1 = Ts*Vdc/(Ra*Ts + La)*S + La/(Ra*Ts + La)*ia - 

  K*Ts/(Ra*Ts + La)*omega;
 omega1 = Vdc/K*S - (Ra*Ts + La)/K/Ts*ia1 + La/K/Ts*ia;
 g = abs(omegaref - omega1);
 if (g < gopt)
  gopt = g;
  Sopt = S;
 end
end
S = Sopt;

The simulated speed step increment with the MPC 
controller is shown in Fig. 14. Lastly, the simulated 
speed step decrement with the MPC controller is illus-
trated in Fig. 15.

Fig. 10. Simulink diagram for investigating the 
performance of the PI controller

Fig. 11. Simulated speed step increment with the PI 
controller

Fig. 12. Simulated speed step decrement with the 
PI controller

The simulated speed step increment with the MPC 
controller is shown in Fig. 14. Lastly, the simulated 
speed step decrement with the MPC controller is illus-
trated in Fig. 15.

Fig. 13. Simulink diagram for investigating the 
performance of the MPC controller

Fig. 14. Simulated speed step increment with the 
MPC controller

Fig. 15. Simulated speed step decrement with the 
MPC controller

C. Experimental Results

Fig. 16 is a Simulink diagram using the Waijung 
Blockset for deploying a discrete-time PI controller on 
the STM32F4 board [20]. The change of the reference 
speed is controlled by an external signal at pin PA1 
of the board. The PI controller has the proportional 
constant KP = 100 and the integral constant KI = 0,1. 
The sampling period is 0,0001[s]. Fig. 17 is a Simulink 
diagram using the Waijung Blockset for deploying the 
MPC controller on the STM32F4 Discovery board.
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Fig. 16. Simulink diagram of the PI controller using 
the Waijung Blockset

Fig. 17. Simulink diagram of the MPC controller 
using the Waijung Blockset.

Fig. 18 is the real speed step increment with the PI con-
troller. Fig. 19 is the real speed step decrement with the 
PI controller. The real speed step increment with the MPC 
controller is depicted in Fig. 20. Finally, the real speed step 
decrement with the MPC controller is illustrated in Fig. 21.

Fig. 18. Real speed step increment with the PI 
controller

Fig. 19. Real speed step decrement with the PI 
controller

Fig. 20. Real speed step increment with the MPC 
controller

Fig. 21. Real speed step decrement with the MPC 
controller

The data of the motor speed steps in Figs. 19 and 21 
are used to investigate the performances of the PI and 
MPC controllers. Table 2 is a comparison between the 
performances of the real PI and MPC controllers. The 
rise time, settling time and overshoot are considered. 
Compared to the PI controller, the use of the MPC con-
troller can result in all the reduction of the rise time, 
settling time and overshoot. Therefore, the MPC con-
troller can outperform the PI controller.

Table 2. Comparison between the performances of 
the PI and MPC controllers

Controller Rise Time (s) Settling Time (s) Overshoot (%)
PI Controller 0.5599 2.2675 1.4714

MPC Controller 0.4340 2.1093 1.2005

6. CONCLUSION

This study shows that FCS-MPC can be successfully 
applied to the speed control of brushed DC motors. This 
control algorithm does not require the use of PWM tech-
niques and conventional PI controllers. The procedure for 
developing the MPC controller needs the model of the 
motor. The motor parameters can be conveniently esti-
mated using the measured data and the MATLAB System 
Identification Toolbox. Finally, with the high performance 
of the whole system has been given by the proposed 
control method, the FSC-MPC method can be seen as the 
most powerful model-based control approach. The future 
work of this research is to deploy effective MPC control-
lers for other types of controlled objects such as popular 
power electronic converters and electric drives.
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