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Abstract: The accuracy of control systems applied to motors is influenced by uncertainties and abrupt
variations of the load and system parameters. Some robust control strategies have been proposed
in the literature for responding to disturbances and uncertainties, parametric variations, and non-
linearities, adding complex control rules and considerable computational efforts. Therefore, this
paper presents the application of a sliding mode control method based on a washout filter (SMC-w)
for speed control in a permanent magnet DC motor. In addition, the dynamic behavior of the SMC-w
is evaluated under changes in the reference speed and load torque. The response of the control
system under variations of the speed reference signal and load torque were studied. The results were
contrasted with conventional proportional integral derivative (PID) control to evaluate the efficiency
and improvement of the SMC-w. The qualitative shape of the transient response of the speed and
current concerning changes in the reference speed is symmetric for the SMC-w controller, but the
values of overshoot, settling time, and steady-state error are different. This technique has a great
potential for industrial application as it controls efficiently with low computational cost and a simple

design, which benefits its implementation in practical environments.

Keywords: speed control; DC motor; power inverter; sliding mode control; washout filter

1. Introduction

Direct current (DC) motors are used in complex industrial settings such as rolling
mills, elevators, robotic manipulators, and steel mills [1-3]. They are commonly controlled
through field current or armature voltage variations; however, external disturbances,
uncertainties, and some non-linear characteristics affect the performance [3]. Hence, power
converters have become helpful devices that control energy and variables and allow an
efficient response to these undesired events.

Common control strategies applied to power converters in industrial environments are
proportional-integral (PI) and proportional-integral-derivative (PID) for their simplicity and
efficiency. However, they are not very robust when dealing with uncertainties, parameter
variations, and rapid load changes. The optimal parameter tuning of the PI and PID
controllers applied to uncertain system models has become a difficult task to carry out,
affecting the response time and accuracy of the control system.

Advanced control strategies have been proposed to improve the performance of
control systems applied to DC motors, avoid unwanted noise, and enhance controller
efficiency. Currently, new researchers are searching for an efficient and self-adaptive control
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combining PID control with other control strategies [4] (artificial intelligence) and proposing
robust, adaptive, predictive, or sliding mode controls.

For instance, in the literature, some strategies have been proposed to improve the per-
formance of DC motor control systems powered by power converters. In [5], a non-linear PI
control is proposed to regulate the motor speed, which improves the dynamic performance
of the system when disturbances and load variations are presented. A fractional-order PID
(FO-PID) control with particle swarm optimization (PSO) is applied in [6] to control the
speed of a motor fed by a buck converter, which improves the efficiency of the control with
less effort.

The SMC control is effective in addressing the effect of external disturbances and
model uncertainties while achieving a convergence of the following error towards small
values [4,7,8]. However, sliding-mode controllers often exhibit chattering or high-frequency
oscillations. Then, a sliding mode control approach based on perturbation observers (DOB-
SMC) is proposed in [9]. The simulation tests evidenced the effectiveness of the control
system in estimating and responding to disturbances in real-time. However, when the
robustness in the control action was increased, then chattering was presented.

Furthermore, the works reported in [4,8,10] have focused on solving the chattering
problem and improving the performance of conventional SMC. In [4], a power function
replaces the exponential approximation method for the control of permanent magnet
synchronous linear motors (PMSLM). The use of an improved exponential reaching law
applied in PMSM drives is discussed in [8]. Moreover, a second-order PMSM is controlled
through a global nonsingular fixed-time terminal sliding mode control (GNFTSMC) in [10];
the results show that the system responds more smoothly and quickly, while avoiding the
singularity problem.

The optimal adjustment of the parameters of the PID controllers, SMC, and its variants,
constitutes one of the most relevant study topics during the last decade. The working
conditions of control systems generally imply dynamic and random characteristics, to
which the control system must adapt to produce adequate quality indices for stability.
This issue has been addressed through metaheuristics by creating divergent strategies and
evolutionary algorithms to find the best possible solution in real-time. Under this approach,
speed control for a DC motor based on an SMC and an ant colony optimization algorithm
was proposed in [3]. Compared to the manual adjustment of the SMC parameters, the
tuning with the optimization algorithm allows obtaining a good accurate response against
large parametric variations and external disturbances.

The integration of advanced control techniques in the industry has been limited
due, among others, to the complexity of the control rules and the computational cost
necessary to achieve robustness against complex load torque disturbances in a DC motor.
In this sense, it is required to search for a configuration that provides the benefits of
linear control (easy implementation and good performance) and non-linear control (good
response to uncertainties and parameter variation and dynamic adaptability of the control
configuration). The balance between simplicity of implementation and robustness is one
of the study objectives. Hence, the application of new control strategies in the industry
is facilitated.

In this sense, the SMC with a washout filter (SMC-w) is a simple control strategy that
provides good performance in the systems. The SMC-w allows the response to disturbances
and offers levels of robustness against load variations [11-14]. For instance, in [12], a power
converter is controlled through an SMC-w under different types of loads such as constant
impedance loads (CIL), non-linear constant power loads (CPLs), and a combination of both.
In addition, bifurcation diagrams were made, representing the steady-state value of the
regulated voltage and the tracking error as a function of the control parameter k, associated
with the PWM controller. The results showed that the proposed strategy stabilizes the DC
bus voltage faster and with a low steady-state error than conventional PID control and SMC
under variable loads. In [13], a bidirectional DC-DC buck-boost converter in a DC-charged
solar battery system is controlled through an SMC-w, achieving stable operation of the DC
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bus and sustained power balance of the system. In addition, the transient performance
of the SMC-w was compared with the conventional PID for the cases of variable solar
irradiation and load changes. The SMC-w achieved a lower voltage overshoot and faster
convergence of the output error to its steady state.

Bifurcation analysis allows determining a safe operating region for the controller.
This analysis is treated for a controller with SMC-w in [12,14], by studying the robustness
of a disturbance response scheme. The washout filter removes steady-state inputs and
allows transient inputs to pass, ensuring that all balance points of the original system
are preserved.

Although there is research evidence involving SMC-w for voltage control in microgrids.
There is no evidence in the literature of its application for speed control of DC motors
through inverters. In practice, the control of a DC motor is carried out in the presence of
various types of loads and parameter uncertainties. The relatively high order of system
dynamics also makes control design difficult. Frequently, conventional PID controllers do
not offer the robustness required for these conditions [15]. Then, several advanced control
techniques for DC motor control are considered, effectively responding to uncertainties.
However, these have not been widely adopted in practice either because of their complexity,
high computational cost, or a significant number of adjustment parameters. Because of
this, DC motor control has become a very active research area in power electronics and
control theory.

Achieving a certain degree of balance between robustness and practicality is con-
stituted as one of the most significant demands in the search for new control strategies.
Research on motor control corresponds to a dynamic area of study and is of great im-
portance given its applications in multiple fields. However, the search for increasingly
efficient and optimal configurations has affected its value for practical application in the
industry. Furthermore, achieving a balance between efficiency and simplicity of design
constitutes a very appreciable line of study, especially for its potential application and
acceptance by the industrial sector. Combining DC-DC converters with DC motors to
achieve a smooth drive starting has advantages in real applications. For example, it allows
a proper voltage application according to the required speed demand. However, the scope
for high-performance control of these systems is limited by the influence of disturbances
and uncertainties from various sources.

This research is carried out to analyze whether the properties and characteristics
of the SMC-w control, such as efficient performance, robust control, and simplicity of
design [11,12,16,17] are applicable to the control of permanent magnet DC motors, specif-
ically to speed control under the effect of uncertainties and parametric variations. The
achievement of control objectives with efficient performance indexes in terms of stability,
settling time, and maximum overshoot can contribute to opening new perspectives and
strategies to search for the complex balance between cost and robustness. Hence, the
contributions of this work are the following:

(1) the SMC-w technique is applied to regulate the speed of a permanent magnet DC
motor through a full-bridge inverter;

(2) the dynamic behavior of the SMC-w control is evaluated under variations of the
reference signal and the load torque; and

(3) the efficiency of the SMC-w is analyzed in comparison with the PID controller under
the same scenarios.

The paper is structured as follows. Section 2 describes the mathematical foundations
of the washout filter and the SMC control. In addition, both the equivalent model of
the selected DC motor and the full-bridge inverter are implemented, and the design
and implementation of the SMC-w control method are carried out. In Section 3, the
results are analyzed and discussed. Finally, the conclusions and general recommendations
are presented.
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2. Materials and Methods

This section presents the DC motor models and full-bridge inverter. In addition, the
theoretical study of the sliding-mode control technique is based on a washout filter. In
addition, the different case studies related to variations in the speed reference and the load
torque are implemented using the MATLAB and Simulink software.

2.1. Equivalent Circuit of a Permanent Magnet DC Motor

Figure 1 shows the DC motor equivalent circuit. The flow of the current i, produces
an electromagnetic torque T,;; = kri, necessary for the rotation of the motor at a speed wy;.
The rotation induces a voltage ¢; = k,w;, in the armature terminals [18].

Load

Figure 1. Equivalent circuit of a DC motor [18].

In the electrical part, when v, exceeds the voltage ¢,, it causes a current i, to flow. In a
closed-loop system, the equation that describes this behavior is written as follows:

Ladia

_Uu+Ruia+7+ea:0/ 1)

As e; = kpwy,, Equation (1) can also be written as shown in Equation (2):

di () —ke _R,. s
= e )+ = 4+ 2
dt L omt)+ k() + 1

@

In the mechanical part, when the electromagnetic torque exceeds 17, an acceleration

d‘;’t’” is produced that is described in the following equation [16].

dwm (1) —Bwm(t)  krig(t) *Tfric =1y,
- + + + 7
dt ]eq ]eq ]eq ]eq

Equations (2) and (3) represent the DC motor and the mechanical load [16]. This
is a second-order model, where the state variables are the motor speed w;, (rad/s) and
the current i, (A). In addition, the term kr represents the electrical constant of the motor
(V/rad/s), L, is the armature inductance (mH), R, is the armature resistance ((2), and v,
is the voltage of the motor (V), and f is the coefficient of viscous friction (N-m/rad/s).
Moreover, J,; moment of inertia of the motor and the load (kg-mz), kr is the motor torque
constant (N m/A), Ty is the friction torque (N-m), T}, is the load torque (N-m), and ], is

®)

the moment of inertia of the load (kg-m?).
The system presented in Figure 1 considers a permanent magnet motor with the
following characteristics as presented in Table 1.
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Table 1. Rated values of the DC motor.

Parameter Value
Rated power 250 W
Maximum voltage 42 VDC
Maximum speed 4000 RPM
No load current 0.97 amps
Maximum current 28.39 amps
Maximum torque 24 N-m
Maximum power 629.42 W
Maximum efficiency 81.1%

The speed of the motor is measured by using an encoder of 1000 pulses per revolution.
The state variables, established as the output voltage v,, and current i, are measured with
an accurate resistance.

2.2. Full Bridge Inverter

A full-bridge inverter is an electronic circuit consisting of four transistors that allow
efficient speed control of DC motors in both rotation directions. Full-bridge converters
are derived from buck converters [18]. The circuit shown in Figure 2 allows driving the
motor in both directions. If the transistors T1 and T4 are turned on simultaneously, v,
is positive and the motor rotates in one direction, while if the transistors T2 and T3 are
turned on simultaneously, v, is negative. Using the pulse width modulation (PWM) and
SMC-w control technique, speed control can be performed on a DC motor, acting on the
four transistors of the converter.

— Vvin

T1 T2
u_lt:j -

- {73 % T4
a_lK:A &

Figure 2. Diagram of a full-bridge converter.

+

2.3. Sliding Mode Control with Washout Filter

A washout filter is a linear high-pass filter that removes steady-state inputs and allows
passing the transient inputs. The filter guarantees that all the balance points of the original
system are preserved in the controlled system [14].

The transfer function of a typical washout filter is given by:

S w
GF(S)_s+w_l_s+w @)

The term w denotes the reciprocal of the filter time constant. In [14], the stability and
robustness of a DC-DC Boost converter controlled by an SMC-w are studied. They describe
that by filtering the inductor current x, it is possible to generate a new signal xr, where z is
an auxiliary variable used to satisfy the output equation.

Xp=Xx—2 @)
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Then, the effect of the washout filter can be represented utilizing an additional differ-
ential equation, as follows:
% =w(x —z) (6)
The term z represents the low-frequency component of the signal x. When the system
is in equilibrium x and z are equal, so (x — z) works as an error measure that feeds the SMC
controller only during transients [11]. Then, a suitable switching limit or sliding manifold
2. is defined by the expression:

h(x) =y —yrtk(x—2z)=0 7)

where, y, is the normalized voltage at the point of operation and k is the control parameter.
The sliding mode control (SMC) law is defined by [14]:

[ 0, sih(x) <0
N { 1, sih(x) >0 @®

One of the washout filter characteristics is that its output disappears in the steady-
state operation, causing the pseudo-balance points are not affected by load changes. This
controller feature is mentioned in [14]. Figure 3 details the schematic of the connection of
the inverter with the DC motor.

T1 T2
U — U u —

+

= Vin I'Ll g

— __T(-Jgr ICI 174

i A -1+ u ‘—IK:A
Va
DC Motor i<i
l‘){'u'm t
(1) R,

Ts'm s W (f)

Yz e

Load

Figure 3. Full-bridge inverter connected to the DC motor [16].

Figure 4 shows the general diagram of the SMC-w applied to the full-bridge inverter
to control a DC motor. The sensors measure the speed signals w;, and current in the DC
motor i,. Based on this information, the control system transmits the output signal through
a PWM based on the reference w,.f, acting on the full-bridge transistors so that the voltage
levels are adjusted based on the desired response. Parameters k and w correspond to the
input parameters of the SMC-w controller.

The description and analysis of the theoretical foundations allow:

(1) to establish the main characteristics of DC motors;

(2) tounderstand the operation of converters and LC filters; and

(38) to develop the guidelines for the design of the SMC-w and its subsequent implemen-
tation in Simulink.
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Figure 4. Mechanical speed control of a DC motor using an SMC with washout filter [12].

W (), 14 (1)

2.4. Implementation of the Equivalent DC Motor Model

The permanent magnet DC motor is used in this work because of the simple structure,
low losses, high precision, and simple maintenance [4]. The block diagram implementation
of the DC motor in Simulink starts with the analysis of Equation (3). The integral is applied
on both sides of Equation (3) to obtain w;, (t) (see Equation (9)).

wn(t) = /(_:me(t) + kti;:) — Tpric — T >dt ©)

Figure 5 details the implementation of the equivalent model for the permanent magnet
DC motor. In this figure, the induced circuit is represented by a variable voltage source
(eq = kewy, ), an armature resistance R, and an armature inductance L,. The constant k,
depends on the construction characteristics of the motor and wj, is obtained by applying
Equation (9).

DC Motor

w
1 m
S

Figure 5. Implementation of the block diagram model for the DC motor in Simulink.

The parameters of the permanent magnet DC motor are the following: 250 W (rated
power), 42 V DC (input voltage), 6 A (current), and 4000 RPM (speed) [19].

2.5. Washout Filter

In this proposal, the motor current i, is passed through a washout filter. After the filter,
the transfer function Gy(s) [20] is used to obtain the signal I.

Grls) = = =1- (10)
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The term s corresponds to the Laplace expresion and w represents the cutoff point
of the high-pass filter frequency. After filtering the current, a differential equation is
determined and added to the system (see Equation (11)) [16,20].

dz .
P w(i; —2) (11)
Then, z is obtained after integrating both sides of Equation (11):

z= /w(ia —z)dt (12)

2.6. Sliding Mode Control

The response of the system can be defined by substituting Equation (7) with the
following terms: = wy, Yr = Wype s and x = i;. The resulting expression is shown in
Equation (13).

h(x) = Wm — Wmref + k(ia — Z) =0 (13)

where, w;, is the mechanical speed of the motor, w,,, Y is the reference speed, i, is the
current of the motor, z is the current difference obtained at the output of the circuit, and k is
a parameter that multiplies the filtered current and takes a value greater than zero (k > 0).

The value of k can be adjusted to obtain different responses and identify system
dynamics. The scheme presented in Figure 6 considers the response h(x) that receives
two signals: the first corresponds to the difference between the speed and the reference
speed of the DC motor (wy — wyype f)), and the second corresponds to the product between
the filtered current coming from the washout filter Ir (which is the result of the difference
between i, and z) and the constant k.

7:(1 (t) Z(l(t)

Figure 6. Implementation of the SMC-w.

Then, a control law is applied to determine the final output signal, and it depends on

two switching stages, as shown in Equation (14) [16].
[ um =0, sih(x) >0
u—{ ut =1, sih(x) <0 (14)

The term u is a scalar that depends on x. Therefore, there are two output conditions in
the function h(x) with x = {iu, Wnrefs z}.

The global diagram of the system controlled with SMC-w or PID control is shown in
Figure 7. The users can select which control they will use. In the figure, V;, represents the
voltage supplied to the circuit, which remains constant for all study cases. L and C represent
the elements that make up the output filter of the inverter. In the DC motor subsystem, the
output signals i, and w,;, are obtained to feedback the SMC-w or PID control.
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9 i y T3
<8 i

T4

£l

Comparator

Figure 7. Global diagram of the SMC-w and PID control.

The SMC-w and the PID controllers are applied to the same motor system, so that
the simulations for the system with the SMC-w or the PID control are under the same
conditions. In addition, the processing and measuring are performed at 0.5 us for both
controllers, and then the state evolution is considered continuous. In [21,22], PID and
sliding controllers are applied to a less complex system via numerical simulation and
experiments. As a result, the same switching frequency is obtained, being the switching
frequency fixed. Therefore, the difference in the switching frequency of the controllers is
due to the difference between the PID and the SMC-w control laws and the interaction
between system and control laws.

2.7. Design of the PID Controller

The PID controller parameters for a plant whose mathematical model is complex are
difficult to calculate. In this case, experimental approaches should be used for tuning
the PID controllers [23]. The first of the Ziegler-Nichols tuning rules [23] was applied to
establish the values of the proportional, integral, and derivative constants k;, k;, and k; of
the PID controller. To this end, the response curve of the open-loop circuit was depicted, the
time delay Lp;p and the time constant T were determined, and the controller parameters

were calculated from: .
ki =kyp (Tz> (15)
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kg = kT, (16)

This procedure resulted in response curve parameters Lp;p = 0.003, T = 0.075; and
controller parameters k; = 5000, k; = 0.045, k;, = 30.

The different blocks were implemented in the MATLAB and Simulink software. The
study cases are analyzed to establish the performance of the SMC-w control system to
regulate the speed of the DC motor.

3. Results

In this section, the performance of the inverter-DC motor system is analyzed using the
SMC-w and compared to the results obtained with the PID control. Table 2 describes the
general parameters employed for the tests used in previous research [19]. The parameters
w and k were calculated considering the method applied in [12]. Then, trial and error tests
were performed to obtain an adjustment, looking for better performance. The values for

SMC-w in the simulation are w = 804% =157370rad/s [11] and k = 0.8.

Table 2. Parameters of the inverter-motor system and the SMC-w.

Parameter Description Value
B Viscous friction coefficient 0.000138 (Nm/rad/s)
C Capacitance 31.83 uF
Vin Input voltage 40.086 V
f Sampling frequency 20 kHz
Jeq Inertia moment 0.000115 (kg-m 2)
L Inductance 0.082 mH
R, Armature resistance 2.7289 Q)
L, Armature inductance 1.17 mH
ky DC motor torque constant 0.0663 (Nm/A)
ke DC motor voltage constant 0.0663 (V/rad/s)
Ttric Friction torque 0.0284 (Nm)
Ty, Load torque Variable (Nm)
Wpiref Motor speed reference Variable (rad/s)
kpkikqw, k Control parameters Variables
W Speed of the motor [rad/s] —

3.1. Effect of Change in the Reference Speed Signal

The first case study evaluates the system behavior when the reference w;,.s changes.
The test considered speed changes and the time of each event, as reported in Table 3.

Table 3. Reference speed and time considered for the test.

Winref [rad/s] Time [s]
—200 0
200 0.06
400 0.14
200 0.25
—200 0.33

Figure 8 details the response of the system working with the SMC-w (in blue) and PID
control (in red) under variations of the reference signal w;, s (in black). Both the SMC-w
and PID curves overlap due to the scale used to represent the different events. Likewise, it
is possible to establish that the control variable wy, efficiently follows the reference signal
and with a low steady-state error (<0.5%) for both control configurations (lower part of the
graph). In addition, the percentage error plotted shows that the response of the SMC-w in
the steady-state operation is more stable than the response obtained by the PID control.
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Figure 8. Behavior of wy,; and the tracking error percentage over time when the system works with
the SMC-w and PID control.
At t = 0 s, the reference speed changes from 0 to —200 rad/s. For this reference, a
settling time of 0.034 s is presented with SMC-w and 0.052 s for the PID control. The
maximum overshoot is 0.33% for the SMC-w and 0.3% for the PID control (see Figure 9).
The maximum error percentage is 0.33% for the control with SMC-w (which coincides with
the maximum overshoot) and 0.41% for the PID control. The steady-state error (absolute
value) is less than 0.1% for the SMC-w and less than 0.2% for the PID control.
—P1D :
— MO
@ -199.5 - —me ||
CEde
: edviufebbdudeldo
£ -200 i
E CEVTVTTVUV TV vvvvvvvvyvy
~-200.5 - &
| | | | |
0.03 0.035 0.04 0.045 0.05
0.4 r

0.2

Error [%]
o

-0.2
-04

=——PID
— SN

Figure 9. Behavior of wy, and the tracking error percentage over time when wy,.¢ changes from 0 to
—200 rad /s and the system works with the SMC-w and PID control.

At t = 0.06 s, the reference speed changes from —200 to 200 rad/s (there is a change in
the rotation of the motor). For this reference, a settling time of 0.062 s is presented for the
control with SMC-w and 0.069 s for the PID control. The maximum overshoot is 0.23% for
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the SMC-w and 0.2% for the PID control (see Figure 10). The maximum error percentage is
—0.23% for the control with SMC-w (which coincides with the maximum overshoot) and
0.34% for the PID control. The steady-state error (absolute value) is less than 0.12% for the
SMC -w and less than 0.3% for the PID control. Additionally, this figure shows that the
average errors of the SMC-w and PID control converge and tend to the reference.

—PID
—_—SMCw

— Wref

&nﬂﬂ.ﬁﬂ AnﬂAnﬂﬂﬂ-nﬁﬂﬁnnn

0.116

0.118 0.12 0.122 0.124 0.126 0.128 0.13 0.132 0.134

— )
— SMCew

— AveragePID
- AverageSMCew

0.116

0118 012 0122 0124 0.126 0128 013 0.132 0.134
Timels]

Figure 10. Behavior of wy, and the percentage tracking error over time when wy,.s changes from
—200 to 200 rad/s and the system works with the SMC-w and PID control.

At t = 0.14 s, the reference speed changes from 200 to 400 rad/s. A settling time
of 0.0759 s is presented for the SMC-w and 0.0904 s for the PID control. The maximum
overshoot for the SMC-w is 0.03% and 0.025% for the PID (see Figure 11). The maximum
error percentage for the reference change from 200 to 400 rad/s is 0.1% for the SMC-w and
0.34% for the PID control. The steady-state error (absolute value) is less than 0.1% for the
control with SMC-w and less than 0.34% for the PID control.

At t = 0.25 s, the reference speed changes from 400 to 200 rad/s. A settling time
of 0.0257 s is presented for the SMC-w and 0.018 s for the PID control. The maximum
overshoot for the SMC-w is 1.34% and 1.29% for the PID (see Figure 12). The steady-
state error (absolute value) is less than 0.12% for the SMC -w and less than 0.32% for the
PID control.

At t = 0.33 s, the reference speed changes from 200 to —200 rad/s (again, there is a
change in the rotation of the motor). For this reference, a settling time of 0.056 s is presented
for SMC-w and 0.078 s for the PID control. The maximum overshoot is 0.33% for the SMC-w
and 0.285% for the PID control (see Figure 13). The maximum error percentage is —0.33%
for the SMC-w (which coincides with the maximum overshoot) and 0.42% for the PID
control. The steady-state error (absolute value) is less than 0.1% for the SMC -w and less
than 0.2% for the PID control.

Table 4 shows the performance of the two controls tested in this research. These results
show that the longest settling time for the SMC-w is 0.0759 s and 0.0904 s for the PID, both
when wy, s changes from 200 to 400 rad/s. The steady-state error is less than 0.12% for
the SMC-w and less than 0.34% for the PID control. This indicates that the SMC-w is more
efficient than the PID control during the steady-state operation.

Figure 14a presents the output of the SMC-w and PID control for a speed reference
of 200 rad /s and Figure 14b for a 400 rad/s. For different speed references, the switching
frequency is higher for the SMC-w than the PID and leads to a lower steady-state error. The
switching frequency for both controllers is variable due to the saturation of the duty cycle.
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Figure 11. Behavior of wy, and the percentage tracking error over time when w;,,.s changes from 200

to 400 rad/s and the system works with the SMC-w and PID control.
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Figure 12. Behavior of wy, and the percentage tracking error over time when w;,,.s changes from 400

to 200 rad/s and the system works with the SMC-w and PID control.
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Figure 13. Behavior of wy, and the percentage tracking error over time when w,;. changes from 200

to —200 rad/s and the system works with the SMC-w and PID control.
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Table 4. Performance of the system using SMC-w and PID control.

Winre . . Maximum Steady-State
[rad/gl Control Type Settling Time (s) Overshoot (%) Erro}ll- (%)
00 SMC-w 0.034 0.33 <0.1
PID 0.052 0.3 <02
200 SMC-w 0.062 0.23 <0.12
PID 0.069 0.2 <03
SMC-w 0.0759 0.03 <0.1
400 PID 0.0904 0.025 <0.34
SMC-w 0.02 1.34 <0.12
200 PID 0.018 1.29 <032
00 SMC-w 0.056 0.33 <0.1
PID 0.078 0.285 <02
T T — P11
201 L :i.\lf;w
2 8 . A FAY

wyp[rad/s]

P AN
00 A\
199 - -1
1987 L 1 1 1 ]

0116 0.117 0.118 0119 012 0121 0122 0123 0.124 0125 0.126

T T T T T T PID

2 - SMC-w
=

o+
=L .

| 1 L L L

0.116 0117 0118 0119 012 0121 0122 0123 0124 0125 0.126
(a)

4021 ' ' i

w,,[rad/s|
W b
© o
[+5] (=]

T

0.215 0.22 0.225 0.23 0.235

0.215 0.22 0.225 0.23 0.235
(b)
Figure 14. Control output for SMC-w and PID for the references (a) 200 rad /s and (b) 400 rad/s.

The duty cycle saturates for both SMC-w and PID controllers. The duty cycle indicates
the time percentage that the switch is ON over a certain period, so that it is constrained to
the range 0-100% according to the power electronics definition. This time percentage is
limited to 100% when its original value is higher, and it is limited to zero when it is lower.
However, there are no values in the range (0-100%) in the PID controlled system because
the values of the unsaturated controller output are overlarge, at around 1 x 10°.
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v:'n verter [ V]

|
4]
o

The design of both controllers assumes that the duty cycles are in the range [0, 1] with
a fixed switching frequency most of the time. However, the switching frequency of the PID
is not fixed in some moments due to the operation conditions, the PID parameters, and the
duty cycle saturation.

Experimental and simulation applications of the PID controller to power converter are
presented in [21,22].

Figure 15 shows the wy, 15, and Viyperter outputs for a speed reference of 200 rad /s. The
result shows that the voltage in the inverter is higher than 40.086 V due to the interaction
of the MOSFETs with the LC filter. Furthermore, the switching frequency of the Vi, perter is
higher for the SMC-w;, leading to less ripple in wy, and i,, and a lower steady-state error.
This phenomenon is expected because of the LC filter.

—PID
SMC-w

50 [

o

T T
I AP ARALY NI UR vt e ey v U BRI N |
e PTD) |
—_— MO | |
|

0.115

1 1
0.12 0.125 0.13 0.135
Timels]

Figure 15. Speed, current, and inverter voltage signals for a 200 rad /s reference.

A high voltage in the motor input is presented because the coil L magnetizes, and the
capacitor C charges and discharges during the transient state operation, leading to very
short-time transient voltages higher than the power supply (40.086 Volts). Nevertheless,
these high voltage values do not damage the motor as they are very short-time events.
With the PID control, the transient voltage values are higher than those presented with the
SMC-w, and this controller has a higher regulation error.

3.2. Duty Cycle Analysis

Figure 16 shows the evolution of the duty cycle as a function of the changes in the
reference w,.f, and also the evolution of the error. In the upper part of the figure, the
SMC-w (in blue) and the PID control (in red) overlap due to the scale used to represent all
the events. Duty cycles are held at a single value (0 or 1) when the steady-state operation
has not been reached. Each duty cycle repeatedly changes between 0 and 1, and d, is the
inverse of d.

The error shows that the SMC-w (in blue) and PID (in red) overlap because of the
scale that helps represent all the events tested. These results show the relationship between
duty cycle and error: (i) during transient behavior of wy,, d; is one when the speed error
(Wm — Wiref) is negative because the controller generates positive voltage, thus increasing
the speed; (ii) in steady-state operation, the controller generates changing d; in order to
obtain zero tracking error.
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Figure 16. Behavior of the speed and duty cycle in the inverter.
The behaviors of the speed, the error, and the current i',z are shown in Figure 17. Figures
related to the speed w;, and the percentage error show that the responses of the SMC-w
(in blue) and PID (in red) overlap due to the scale at which they are being represented.
When the reference wy,.s is modified, the following was observed: (i) during transient
behavior, when dw,;, / dt is negative, the motor exhibits negative current; (ii) in the steady-
state operation of w;,, the current i, oscillates around zero with a positive average value
for all values of w,.r, and the average value is higher for high w,,.r values, as shown in
Figure 18; (iii) the current i, is more related to dw,, /dt than to wy,.
ey 400 T I‘/’ T ——PID
< 2000 AN —y
£ g / ,
§_200 \ L | | | I l L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
— 200 T \ \ \ T T o
S~ — MO
2100 N \I\ \
S or P
w _1 OO i L | | | 1 1 | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
20
= 0
H: —PID
20 | |
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time][s]

Figure 17. Behavior of speed and current over time, subject to changes in the reference w .

In this case, the current can reach higher values than the nominal to represent the
complete dynamic behavior of the system; then, no overcurrent protection and current
control were considered to avoid limiting the event. Therefore, the control effort is observed
when seeking to reach the reference signal quickly. However, in the experimental test this
is not presented due to the power source limitations and motor protection.
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Figure 18. Average current when the speed reference is changed.

3.3. Effect of Load Torque Changes

Figure 19 shows the behavior of the controlled system under load torque variations
(Tp), including the speed (Figure 19a), the error (Figure 19b), the current i, (Figure 19¢c),
the torque (Figure 19d), duty cycle (Figure 19¢), and voltage (Figure 19f). The load torque
remains at 0 N-m from 0 to 0.1 s; changes to 0.04 N-m from 0.1 to 0.2 s; then it moves to
0.16 N-m from 0.2 to 0.3 s; and finally changes to 0.32 N-m from 0.3 to 0.39 s, as shown in
Figure 19d.

The controlled variable w;, is shown in Figures 19a and 20a, it is evident that the effect
of the changes in the load torque was small in the controlled variable w,;, which shows
that the control effectively maintains the output speed at its reference value. In addition,
with the SMC-w, a maximum overshoot of 0.27% occurs when T} changes from 0.16 N-m
to 0.32 N-m. On the other side, with the PID control is difficult to identify the overshoot
due to the repeated presence of oscillations.

The maximum steady-state tracking error (in percent) under load torque variations was
less than 0.15% for the SMC-w and less than 0.6% for the PID control (Figures 19b and 20b).
This indicates that both control systems are effective in maintaining the output at its
reference value (there are no large variations in the output speed) despite changes in T;.
However, the SMC-w has better regulation performance than the PID control, presenting
a lower steady-state error. Furthermore, it is observed that: (i) there is an increase in the
steady-state error for the applied torque change at t = 0.3 s, increased more than double the
value in the previous time; (ii) the steady-state error does not present significant changes in
response to the previous torque changes (0.04 N-m from 0.1 s to 0.2 5; 0.16 N-m from 0.2
to 0.3 s).

From Table 5, the highest overshoot for the SMC-w and the highest steady-state errors
for both the SMC-W and PID control occur when T;, changes from 0.16 Nm to 0.32 Nm.
This value corresponds to the highest T} considered for the study cases. In terms of the
steady-state operation, the response of the SMC-w presents a lower percentage error than
the PID control in all the study cases in which load torque variations were made.

The maximum overshoot values for the PID control when the load torque changes
(0.04, 0.16, and 0.32 Nm) are not clear due to oscillations. Regarding the current i,, it
increases when the load torque requirements increase (Figure 19¢). In addition, i, presents
lower variations compared to those shown with the PID control.

Figure 21a details the behavior of the duty cycle. When there is a variation in the load
torque from 0.16 to 0.32 Nm at t = 0.3 s (Figure 21b), the selection of this change corresponds
to the time interval where the greater load torque is applied. It is evident that by increasing
the value of the load torque, the control system compensates for variation by increasing the
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starting time of the duty cycle dq, while d; is the inverse of d;. In addition, no other type of
behavior is observed in the simulation.
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Figure 19. Behavior of the system in a closed loop under load torque variations (T ) over time:
(a) wp, (b) error percentage, (c) current i,, (d) load torque T, (e) duty cycle d, and (f) motor input
voltage V.

Table 5. Performance of the system using SMC-w and PID under changes in T;.

Tr Maximum Steady-State Error
[N-m] Control Type Overshoot (%) (%)
. SMC-w 0.262 <0.11
PID 0.23 <02
SMC-w 0.133 <0.12
0.04 PID — <033
016 SMC-w 0.1959 <0.12
: PID — <0.44
030 SMC-w 0.27 <0.15

PID — <0.6
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Figure 20. Behavior of the closed-loop system subject to variations in T7: (a) wy, (b) percentage error,
(c) changes in Tr.
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Figure 21. Behavior of the closed-loop circuit subject to variations in Ty : (a) duty cycle d and (b) T;.

Figure 19f shows the variation of the input voltage of the DC motor. It is observed
that V; is more stable and of lower value with a lower overshoot for the SMC-w than that
generated with the PID, which is much larger and can affect the proper operation of the
DC motor.

3.4. Contrast of Results Reported in the Literature

The performance of the SMC-w control system with a full-bridge inverter is compared
with the carried out in [19]. This work uses a buck converter with ZAD for speed control
in a permanent magnet DC motor. The second case study discussed in the article was
reproduced to establish a reference point for the analysis as accurately as possible. The
behavior of the control system is studied under variations in the load torque (Figure 22d).
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Figure 22. Behavior of the system in a closed loop under T} variations over time: (a) wy,, (b) tracking
error percentage, (c) input voltage of the motor V;, and (d) T;.

The SMC-w system follows the reference (w,.s = 200 rad/s) despite changes in Tf.
(Figure 22a) and with a lower overshoot than that reported in the reference. In [19], the
tracking error percentage between wy, and the reference w;,.y is less than 2%, while the
obtained in this paper is less than 0.3% (Figure 22b). These values allow establishing that
the SMC-w control technique is efficient in terms of the behavior of the control variable.
However, the configuration of the full-bridge inverters with SMC-w presents significant
variations in the voltage that feeds the DC motor (Figure 22c). In addition, the internal
resistances of the components were not considered, which could affect the results. This
situation constitutes one of the approaches to be treated for further research that applies
the SMC-w control with full-bridge inverters for the speed control of permanent magnet
DC motors in real environments.

Figure 23 shows the speed and error when a variable speed reference is performed.
The results show that for a negative reference, the regulation error is greater in the PID
control than those values obtained when considering positive references. The error with
the SMC-w remains approximately the same for both positive and negative references, and
the steady-state error is lower than those obtained with the PID. In all cases, the percentage
error in steady-state operation is always less than 8%, and for the zero reference, the value
is very large due to division by zero.

The qualitative shape of the transient response of wy, and i, with respect to wy,ef
changes are symmetric for the SMC-w controller (see Figures 8 and 23 for w;,, and Figure 17
for i,). However, the overshoot is lower, and the convergence time and the steady-state
error are higher when w,;;.y changes from —200 to 200 rad/s, than those values obtained
when Wy, changes from 200 to —200 rad/s (Table 4 and Figures 10 and 13). In contrast,
for the PID controller, the steady-state error is significantly lower for w,,.r = 10 rad/s
compared to —10 rad/s, see Figure 23.

The PID steady-state error is higher when the w,,,.f signal experiences a step change
towards a lower value compared to the case of step changes towards a higher value (see
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Figure 24). It is worth noticing that the difference between speed values of contrary signs is
the clockwise and anticlockwise rotation direction.
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Figure 23. Speed and error values obtained for the reference speed close to zero.
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Figure 24. Speed values obtained for different reference values.
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The different duty cycles between the SMC-w and PID control systems lead to dif-
ferent voltage behavior at the motor input. For instance, for a wy,,s value of —200 rad/s,
the controlled systems exhibit a similar behavior before the second oscillation, but the
amplitude and frequency of oscillation are different afterward due to the difference in the
control laws. Also, there are several overshoots in the transient voltage and an amplitude
of 300% of the input value V;,, for the PID control case, associated with the fact that the
duty cycle remains at one for too long (see Figure 25).
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Time|s]
Figure 25. Voltage values at the condenser obtained for w,;,, = —200 rad/s.

Figure 26 shows the motor speed and Figure 27 shows the speed error for a positive
speed reference and a load torque (T) less than and equal to zero; i.e., the load tries to
accelerate the motor. The results show that the two controllers maintain the speed at the
desired value with low steady-state errors (Figure 26). Furthermore, Figure 27 shows that
for all values of T}, the error is always lower for the SMC-w than the presented with the PID.
Moreover, when the negative torque is greater, the error of the SMC-w is lower (Figure 27).
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Figure 26. Speed behavior for a reference wy,;.f = 200 rad/s and T}, less than and equal to zero.
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Figure 27. Speed error for a reference wy,,.s =200 rad/s and T, less than and equal to zero.

4. Conclusions

In this work, the SMC-w technique was applied to a full-bridge inverter in order to
regulate the speed of a permanent magnet DC motor. The simulation results showed that
the controller achieves effective performance in speed tracking under variations in the
reference signal and after disturbances in the load torque. The SMC-w exhibits a better
performance during the steady-state operation as it reduces the error between 50 to 60%
compared to the PID control. The full-bridge inverter with SMC-w presents a settling time
and a maximum overshoot lower than the reported in the literature. However, the DC
motor input voltage varies significantly during steady-state operation. When the reference
signal changes, the control with the full-bridge inverters presents a faster settling time
than other configurations in which a classic buck converter is used. This feature is because
the system has reverse power, quickly reaching the lower values. Some robust control
strategies are proposed in the literature for responding to disturbances and uncertainties,
parametric variations, and non-linearities, adding complex control rules and considerable
computational efforts. The SMC-w control technique has potential for industrial application
as it allows achieving control objectives effectively, with low computational cost and a
simple design, which benefits its implementation in practical environments.

Although strategies and recommendations are proposed for choosing the control
parameters with SMC-w, its tuning can be optimized through evolutionary algorithms. Fur-
thermore, a system stability analysis through bifurcations can also contribute to the choice of
controller parameters. The combination of heuristic strategies with bifurcation analysis for
the optimal tuning of the SMC-w controller parameters can provide regions of convergence
towards optimal solutions with a reasonable computational cost for practical applications.

The qualitative shape of the transient response of the speed and current with respect
to changes in the reference speed is symmetric for the SMC-w controller. However, the
overshoot is lower, the convergence time is higher, and the steady-state error is higher
for reference changes from —200 to 200 rad /s compared to 200 to —200 rad /s change. In
contrast, for the PID control, the steady-state error of the speed is significantly lower for
reference of 10 rad/s compared to —10 rad/s.
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