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ABSTRACT

The model predictive control (MPC) tries to find the best control output by optimizing among
the predictions. In this context, determining the objective function of optimization is a critical
process. This study discusses the velocity control of the mini brushed direct current (BDC) motor
used in the actuator with MPC. Four different functions have been defined to design the most
appropriate cost function for MPC by considering the parameters that may be effective in the brushed DC motor; h-bridge;
motor dynamics such as velocity, current, power, and switching states. Software in the Loop (SIL), cost function; software in the
one of the modeling-based testing methods, was used within the scope of testing the algorithms. loop

After the SIL tests, it has been observed that the mini BDC motor can be successfully controlled

with simple adjustments to the cost function of the MPC. As a result of the analysis obtained the

best results with the objective function consisting of velocity error, estimated current, and the

difference between the two estimated velocity values. With this controller, the BDC motor can
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be controlled without overshoot and with a steady-state error of less than 2% under load.

1. Introduction

Brushed DC (BDC) motors have been widely used
in various fields, such as pumps, air fans, automotive
window mechanisms, and windshield wipers. With the
development of technology, it has found intensive use
in high-technology areas such as robotics, drones, and
missile actuators [1,2]. An essential step in controlling
the BDC motor is commutation. The commutation pro-
cess in BDC motors is carried out by the contact of a
brush with a sliding mechanical surface. This mechani-
cal method is reliable and able to withstand high voltage
and current. In addition to these advantages, sparks or
arcs may occur in the mechanical commutator and thus
create a risky situation [3].

Because of these disadvantages, controller design is
another critical step for controlling the BDC motor. In
the 2000s, MPC became preferred controlling of electri-
cal machines, including high-speed BDC motors. Espe-
cially in the last ten years, the usage level has increased
significantly [4]. When controlling the BDC motor with
a classical controller like PID, the pulse width modula-
tion (PWM) method is used to reduce torque ripples
and achieve a more efficient drive [5]. At each step in
controlling with MPC, the controller determines the
voltage or switching selection that gives to get the best
value for the cost function. This will result in smoother
switching for inverters and, therefore, fewer torque rip-
ples [6,7].

When designing MPC, one critical step is defin-
ing an appropriate cost function. Generally, there are

two parts to the cost function; the difference between
the reference and the output and the controller signal
difference between the two steps. While the error is
minimized with the first parameter, smoother control
performance is tried to be obtained with the second
one [8]. The speed error and the values of the current
and future control signals were used in the cost func-
tion to perform speed control of the DC motor [9]. And
also, the weighting factor was added to the inputs in
the studies on the transfer function of the motor, and
the controller performance was examined according to
the change of these coeflicients [10]. Weight factors
need to be adjusted by the system. One of the methods
of adjusting these factors is the deterministic method.
In deterministic methods, the value of the factors is
increased or decreased with a constant value from a spe-
cific starting point [11]. Another advantage of MPC is
that it can be easily implemented into microprocessors
because of its simple code structure. Using a floating
number during the optimization process in MPC pro-
vides excellent convenience to the user. However, this
may necessitate the use of costly equipment. To solve
this problem, studies have been carried out on MPC,
which will work at fixed point in DC motor control
and can be implemented into a 32-bit microcontroller
[12,13].

In this study, MPC was designed within the scope of
velocity control of a mini BDC motor used in actuators.
In the design, especially the cost function was empha-
sized. By examining different studies in the literature,
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four different cost functions were prepared and ana-
lyzed within the scope of BDC motor control. Analysis
studies were carried out in the SIL environment, which
is a part of the model-based design method. SIL tests
enable software components running on the existing
system to be tested in a simulation environment [14,15].
It provides high flexibility as it does not require hard-
ware, and test parameters can be changed easily. This
way, different scenarios and control algorithms can be
tested very quickly in control applications [16]. One of
the other motivations of the study is that the designed
MPC can run on a low-level microcontroller. It is an
essential parameter realizing cost-effective designs. For
this reason, sampling times in which the algorithm
can work on microcontrollers were preferred in anal-
ysis studies. Firstly, studies about BDC motor control
and inverters were examined in detail. In Section 3,
four different cost functions were designed for MPC.
In addition, an h-bridge inverter circuit was established
to make the model more realistic. The SIL environ-
ment was prepared for testing algorithms. The MAT-
LAB Coder application has transformed each MPC
algorithm into C codes that can run on real hardware.
The results and discussion of SIL tests are presented in
last part.

2. BDC motor equations and H-Bridge circuit

BDC motor equations are based on armature current
and angular velocity variables [17].

dig 1
— = —(V, — Ryiy, — 1
dt La( a ala emf ) (1)
R, indicates armature resistance, L, is armature induc-
tance, i; and V,; are armature current and voltage, and
Vems is the back emf voltage. The back emf voltage
depends on the motor velocity (wy,) and the back emf
constant (k) [17]:

Vemf = kpwm (2)

The electric torque (T,) generated by the motor
depends on the armature current and torque constant
(k¢) and is found in the following equation [17].

T, = ki, (3)

The velocity of the motor (w,,) depends on the resis-
tance of the electrical torque against external and
internal factors. In the velocity equation given below,
Tirepresents external load, B friction coefficient, and ],
motor inertia [17].
dwy, 1
— = —(T.— T — Bw 4
dt ]m( e ) m) (4)
The parameters of the motor are given in the Appendix.
BDC motors are generally driven by H-Bridges. H-
Bridge is an electronic circuit that allows voltage to

S1 A 4
o
£
v

S3 A 4
o
=
v

L]— Vde
:
S2

2
2

i

ﬁ
dm—L_4

}
5

Figure 1. H-Bridge circuit and BDC motor.

be applied to a BDC motor in both directions. A pri-
mary H-Bridge circuit has four switching components
(Transistor, Mosfet, etc.). Usually, there are 16 differ-
ent switching possibilities if there are four switches. But
due to the nature of the H-Bridge circuit, short circuits
occur in 7 of these possibilities. For example, If S1 and
S2 are open at the same time, it is seen that there will be
ashort circuit, and this situation will damage the circuit.
This condition also occurs when S3 and S4 are open.
In 5 switching combinations, the current will not flow
from the circuit and turn OFE For example, the state
that all switches are OFF or only one of the switches is
ON. Setting the S1 and S4 switches ON will cause the
motor to turn in the forward direction while setting S2
and S3 ON will cause the motor to turn in the reverse
direction. If only S1 and S3 are ON or only S2 and S4 are
ON, the motor terminals will be short-circuited, caus-
ing a brake [18]. The H-Bridge circuit and BDC motor
driving method are shown in Figure 1.

3. MPC design

MPC is a robust optimization and control technique
that makes predictions about the system. The opti-
mal control signal is generated by predicting future
responses of the system, minimizing the cost function.
The optimization process is set up to minimize the
error between the predicted and the reference value,
and MPC controls the variables that will make this min-
imization [19]. The cost function evaluation for each
sampling period is determined according to the fore-
cast horizon (N) selected depending on the system type
and performance requirement. A cost function that
includes future situations, references, and future actions
can be defined as follows [20]:

J = f(x(k), u(k), . ..

A more detailed version of the equation given in (5) is
shown below. In the equation, x,, represents the ref-
erence value, x(i + 1) represents the predicted system
response, and u(i) and u(i — 1) represent the control
variables. X is the weighting factor greater than 0, which

,u(k+ N —1)) (5)



can be used for adjustment. For u(i), variables such as
voltage, current, and switching states can be used [21].

k+N—-1

J= ) ((xli+1) = xpp)” + Au(i) — uli — 1))

i=k
(6)
MPC for BDC motor control with H-Bridge can be
designed using the following three steps [22]:

1) Equations describing the relationship between all
possible switching states and generated voltages
are prepared [22]:

S1 and S3 switches must work opposite to each other.
(S2 and S4 are the same.) Therefore, to simplify the pro-
cess, only two switches were used instead of four. S1
and S2 are controlled by the Sa, and S3 and S4 are con-
trolled by the Sb. The voltage values obtained by three
switchings on the H-Bridge are shown below.

Sa Sb Va

1 0 Ve
0 1 —Vge
0 0 0

2) Discrete-time equations are prepared to predict the
future behaviour of the variables to be controlled
[22]:

Various discretization methods can be used to obtain
a discrete-time model for calculating predictions. One
of the simplest methods is the Forward Euler, which is
based on derivatives. This method brings the prediction
expression by leaving the term x(k + 1) alone. Ty is the
sampling time [23].

dx _ x(k+1) - x(k) -

dt T,
The motor velocity depends on the current, so it is
necessary to predict the current first. The following
equation is obtained when the Euler method given in
(7) is applied to equation (1).

T
(8)

Similarly, the following equation is obtained when
Euler’s method is applied to the velocity equation given
in (4).

a a L(Z

R Vv, Vem
ia(k+1) = (1—L—aTs> ia(k)+L—aTs_ f

wm(k+1) = (1 — ]£T5> (k)

m

ke T;
—Tsig(k+1) — —T, 9
—|-] ig(k+1) i )

m m
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3) A cost function representing the system’s behaviour
is determined using the equations obtained in step
2 and adding other variables or constraints if nec-
essary [22].

The first member of the cost function is the dif-
ference between the reference value and the system
response. This value will be the velocity response with
the velocity reference in this application. A cost func-
tion consisting of only this member can also be used,
but as seen from previous studies, more than such a
function is needed to control all the systems’ dynam-
ics. In this section, four different cost functions are
prepared to analyze the effects of different parameters
within the cost function. The coefficients of the param-
eters of each MPC consisting of these cost functions
were optimized separately and each was tested in the
SIL environment.

It is necessary to limit the current to get a smoother
response and prevent overshoot. The predicted current
value and the velocity error were used in the first func-
tion. This function select the switching that gives the
lowest velocity error and the lowest current value at
each step.

Jeur = 21 % (@(k + 1) — Orep)® + Az * da(k + 1)

(10)
In motor control applications, inverter switching plays
an important role. For energy efficiency, the number
of switching may need to be reduced or controlled.
In this context, the difference between the previous
switch state and the new switch state can be added to
the cost function [24]. In equation (11), the predicted
velocity with @, (k + 1), and the reference velocity by
Wref - Possible switch states are indicated by S,(k + 1)
and Sp(k 4 1), and previous switch states by S, (k) and
Sp(k). The predicted current value and the other objec-
tive functions were also used here to avoid the high
current.

Jow = A1 % (@m(k 4+ 1) — Orep)® + Ao * ig(k + 1)°
4+ A3 % (|Satk+1) — Sp(k)| + [Sp(k+ 1)
— Sp(k)])? (11)

In real control applications, obtaining a smooth sys-
tem response without overshooting is critical for system
safety. A more controlled reference tracking is tried to
avoid applying significant instant signals to the system.
In this context, the difference in velocity predicted in
two consecutive steps can be added to the cost func-
tion. In this case, the minimization process will tend to
alternatives with less difference in velocity predictions.

Jvel = A1 % (@m(k + 1) — wmref)z + Ay *ig(k + 1)2
+ hg % (0 (k + 1) — @ (k))? (12)

Another critical factor is the voltage applied in the
switching state and the current produced by the motor.
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B

| Define motor parameters | | Calculate Win(k+1) and J(i) |

Calculate all V,

Calculate ia(k+1) |

Store optimal value

Send Sa and Sb

Figure 2. Flowchart of MPC algorithm.

The combination of these two parameters will give
input power equation of the motor. Therefore, this fac-
tor can be added to the /4, cost function asin (13) [25].
With V,, the possible voltage value is shown.

Tpow = A1 % (@m(k + 1) = pref)” + Az # ia(k + 1)
+ A5 % (Vg % ig(k + 1))? (13)

One of the powerful features of MPC is that the cost
function can define the constraints required for the sys-
tem. The combination that gives the best result among
the switching alternatives may also cause a high current
from the BDC motor. Therefore, the current constraint
given in (14) has been added to all cost functions [24].
When the current values are higher than a limit value, a
significant value is assigned to the appropriate switch-
ing option to be excluded from the possibilities. (With
iamax> the maximum current value that can be used for
the system is shown. In the part indicated by oo the
equation, 1el0 is used in the application.)

&Y lf |ia(k + DI > igmax

0if liak+ D) < igmax D

flia(k+ 1) = {
The MPC algorithm first starts with defining the BDC
motor parameters. In the next step, switching combina-
tions and corresponding voltage values are determined.
The values of w,;(k+ 1) and i,(k + 1) are then cal-
culated for all possible switching cases. While calcu-
lating these values, current and velocity values mea-
sured through the system are used. To find the situation
that gives the minimum cost at the end of the loop,
a high value is initially assigned to J_min. This loop
calculates cost functions (J(i)) for three switching sit-
uations. Therefore, a loop with three iterations (with
i=3? expression in Flowchart was created.), and the
cost functions defined above are calculated for each
wm(k 4+ 1)and i,(k 4 1). At the end of the loop, the
switching states giving the most minor cost are selected
and transmitted from the algorithm to the inverter
circuit. The flowchart of the algorithm is shown in
Figure 2.

H Bridge
——>WWEI BDC Motor
Se
L 2
Minimization
Predictive |m(k*2) of cost s H
model fa(k+1) function ~ [—»

&

Wn, la

Figure 3. Structure of controller.

E‘* MPC Algorithm @7 Lj: W)
Sa| i) i
3 C Code sb ;7 JJ.; -
g = . }:_‘ >
= e System Model
Current & Velocity : SIL Model

Figure 4. The SIL block diagram.

The general structure of the control system is given
in Figure 3. The feedback from the DC motor is trans-
ferred to the prediction algorithm, and the minimiza-
tion process is performed.

4, Software in the loop

In the SIL method, the control algorithms can work in
a simulation environment on a computer, during sim-
ulation time, or in real time, depending on the needs.
The SIL method enables the performance of the control
algorithm to be seen through the system model [26].
This versatile method provides fast and simple verifi-
cation of the various algorithms that will work within
a system. In addition, it provides detailed comparison
of different strategies developed to solve a specific task
[14].

This study created a SIL simulation environment
including, the MPC algorithm, H-Bridge circuit, and
BDC motor models was created. Since MPC algorithms
are the focus of the study, each MPC algorithm has
been transformed into C codes that can work on real
hardware with the MATLAB Coder application. Mos-
fet blocks were used for the H-bridge circuit, and DC
machine block was used for the BDC motor. A solver
working at fixed time is used to make the simulation
close to the actual application. Considering the low-
cost microprocessors, the sampling time was chosen as
107>, Detailed information about the simulation envi-
ronment and SIL is given in the Appendix. The SIL
block diagram is shown in Figure 4.

The code conversion process is shown in Figure 5.
While performing the works in the fixed step, all actions
of the model must be completed within the current
sampling time. False control outputs will occur if the
control algorithm flow cannot be completed within this
period. The working times of the SIL tests in each step
were controlled, and it was seen that they could run
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Figure 6. The SIL model.

within 107> sampling time. The data of these verifica-
tions are given in the Appendix.

4.1. SIL tests and results

The Simulink model prepared for SIL tests is given in
Figure 6. The Predictive Controller block changes for
each different cost function.

A 1000 rpm step reference was applied to test the
algorithm. The duration of the test is 10ms, and a load
of 10.6 mNm (this is the nominal torque of the motor.)
is applied in the opposite direction at 5ms. The results
of the tests performed with MPC with the J.,, cost

function are shown in Figure 7. The focus of this func-
tion is the motor current. MPC produces control signals
that draw less current and consume less power as the A,
value increases. In large X values, smooth answers are
obtained without overshooting. However, steady-state
errors will increase. If the current results are observed,
the motor reaches the 1A starting current at the begin-
ning of the movement. Regarding the reference velocity,
the current value is around 0. When the load is applied
at 5ms, it is seen that the current increases to around
0.3A. These values coincide with the nominal current
value given in the motor parameters. The best values for
this function were 1.5 for A and 10 for A,. There was a
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Velocity Response of MPC with Jcur
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Figure 7. Velocity and current response of MPC with J,, cost function.
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Figure 8. Velocity and current response of MPC with Js,, cost function.

slight overshoot in the system response, but under load,
it gave a better response than where A; had a value of 1.

The results of the tests performed with MPC with
the Js, cost function are shown in Figure 8. Oscilla-
tion was observed in velocity responses. As the A3 value
increased, the oscillation amplitude increased. With the
reset of the A3 value, the amplitude of the oscillation
has reached the smallest value. As can be seen from
Figure 8, oscillations increase as the switching effect
increases in the objective function. The switching effect
that was successful in the three-phase inverter [24]
has not been successful here. Reducing the number of
switching will also reduce the switching losses. How-
ever, in cases with errors in the system response, staying
in the same switching may cause the error to be higher.

The results of the tests performed with MPC with
Jvel cost function are shown in Figure 9. This function
tries to minimize the differences between successively
predicted velocity values. This is to generate smoother
control signals. In this way, the overshoot seen in the
tests with the ], is not seen here. As the A4 value
decreases, the MPC produces closer control outputs to
the reference. As a result of the tests, 0.25 was found
suitable for 4.

The results of the tests performed with MPC with
the Jpo cost function are shown in Figure 10. The tests
were started by selecting the A5 value of 1. The focus
of this function is power. Therefore, the MPC produces
control signals that consume less power as the A5 value
increases. In this case, more smooth answers can be
obtained. However, steady-state errors occur. When the
disturbing load is applied, the controller starts not to
respond to the reference value.

With these results, it has seen that MPC with J,or
Jver functions given by equations (15) and (16) can be
used successfully in BDC motor control.

Jeur = 1.5% (0m(k + 1) — @rer)’
+ 10 % iy(k+ 1)%

Jvel = 1.5 % (@m(k + 1) — @pyep)? + 10 % ig(k + 1)
4 0.25 % (@m(k + 1) — wpn(k))? (16)

(15)

As a final test, the performance of MPC against a sinu-
soidal reference signal was examined. For reference,
1000 rpm, 1 Hz sinusoidal wave, and as disturbing load,
nominal torque between 0.25 and 0.75 s is applied. As
in the step command, the controllers gave successful



Velocity Response of MPC with Jvel

1000

A

£
£ 998
IR aas
‘©
o 992
) L
9 400
Reference
200 | M=1.5, A2=10, A\4=0.25 | |

A=1.5,2=10, AM4=0.5
M=1.5,A2=10, Md=1

1000
800 r & 1
990
1002
1000 980

0 L n
0 0.002 0.004 0.006 0.008 0.01

Time (s)

a) Velocity Response

AUTOMATIKA 405

Current Response of MPC with Jvel
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Figure 9. Velocity and current response of MPC with Jvel cost function.
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Figure 10. Velocity and current response of MPC with J,q, cost function.

Velocity Response

1000 ¢

L

500 |
B

s

> 0
©

K]

(O]

=

-500

Reference
MPC with Jvel

-1000 | MPC with Jeur

0 0.2 0.4 0.6 0.8 1

Time (s)

a) Velocity Response

Current Response

0.4+

0.3}

0.2}

Current (A)

0.1

MPC with Jvel
MPC with Jcur

0 0.2 0.4 0.6 0.8 1
Time (s)

b) Current Response

Figure 11. Velocity and current response for sinusoidal reference signal.

answers in the sinusoidal reference. While they fol-
lowed the reference with 2-5rpm differences in the
no-load condition, they could continue with the dif-
ferences of 20 rpm when the load was applied (Figure
11).

Figure 12 shows the velocity error values obtained
in the tests. In the test where step reference is applied,
it is seen that the controller responds quickly and

minimizes the error. It responds with a 2% error after
the disrupting load is applied. In cases with no load, the
error values are below 1%. Similarly, when a sinusoidal
reference is applied, it quickly minimizes the error and
continues to respond with an error of 2% when the load
is applied. A coefficients were determined very sim-
ply in this study. These values can be adjusted more
precisely, and the error values can be further reduced



406 M. SAHIN

Velocity Error % (Step Ref.)

100 1
MPC with Jvel
80 MPC with Jeur | |
3
2 607 1
g S
S 40t L :
B = ..
= 05 \
20t 0 /
0.5
Pl
O L

0 0.005 0.01 0.015 0.02

Time (s)

a) Step Reference

Figure 12. Velocity error % (Step Ref. and Sinus. Ref.)
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Figure 13. Comparison of sampling times.

according to the system to be applied and the controller
requirements.

Tests at different values were performed to see the
effect of sampling time on the system response. The
results are shown in Figure 13. As the sampling time
gets smaller, the oscillations in the response decrease.
As the control signals are updated in smaller time
steps, the velocity error is eliminated faster. But, the
steady-state error increased in responses under load.
Lambda coefficients are prepared for le-5 sampling
time. For new values, readjustment is required. The
selection of sampling time depends on the hardware to
be used in the system. Within the scope of the study, the
value of le-5 was determined by considering low-level
processors.

5. Conclusion

In this paper, four MPCs with different cost functions
were designed. Controllers have been studied with SIL
tests and load applied to the BDC motor. With the first
controller using the velocity error and the predicted
current, the control was carried out with less than 2%
steady state error and without overshoot. Oscillations

Velocity Error % (Sinus. Ref.)
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E
g 1t
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were observed in the velocity response in the tests per-
formed with the second controller, which is formed by
adding switching changes to the first controller. Switch
exchange was more dominant within the cost function
than velocity and current values. Therefore, the opti-
mization left the velocity error in the background. In
the tests performed with the third controller, which is
formed by adding the predicted speed to the first con-
troller, the control was performed without less than 2%
permanent error and without overshoot. Unlike the first
controller, the new parameter added flexibility to the
controller. With this parameter, more precise adjust-
ments can be made for applications where speed perfor-
mance is adequate. In the fourth controller, predicted
power is added to the first. Since the power parameter
is more dominant in the tests, more steady-state errors
occurred under load than the others.

SIL tests are the step before the hardware tests in
model-based design, and the systems developed here
can be quickly transferred to the hardware with minor
updates. Therefore, the controllers designed in this
study can work on real hardware with the necessary
updates.
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Appendix

Motor parameters:

R = 22.7 Resistance [Ohm)]
Ts = Te-5 Sampling time

L=

1.56e-3 Inductance [H]

kt = 34.7e-3 Torque constant [Nm.A]

kb = 34.7e-3 Back emf constant [V/rad/s]
] = 2.23e-7 Inertia (kgm?)

B = 4.3e-7 Friction constant [N.m.s]

Vdc

= 24 DC-link voltage [V]

Model configuration

Solver type: Fixed step

Solver: ode 3 (Bogacki-Shampine)
Fixed-step size: le-5 [s]

Working time of each step of SIL

Working time of each step of SIL

Time (s)

5 Working time of each step of SIL
1.00000000000035 il T 9 T P T

1.0000000000003
1.00000000000025
1.0000000000002
1.00000000000015 -
1.0000000000001
1.00000000000005

1

0.99999999999995

0.01 0.015

Working Time (s)

0.005
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