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Abstract — The control of electric motors, particularly three-
phase induction motors, has developed rapidly due to their
application in industry. Indirect Field Oriented Control
(IFOC) is one of the most widely used control systems due to
its ease of application. IFOC controls a three-phase
induction motor in the same way as a DC motor. However,
IFOC requires a Sliding Mode Control (SMC) controller
with Lyapunov stability theory to ensure robustness and
stability. In exceptional conditions, such as low-speed
settings, the SMC-based IFOC requires unique sets to
operate with a steady-state error (Ess) at a speed response of
less than 2%. Other parameters to be considered are rise
time and electromagnetic torque response at low speeds. The
addition of the boundary layer of the hyperbolic tangent
function to a first-order SMC can increase induction motor
(IM) control up to 175 rpm with a value of Ess = 1.96%
compared to the saturation and signum functions, which are
only capable of a reference speed of 300 rpm in no-load
conditions with a value of Ess = 2% for the saturation
function and 1.94% for the signum function. SMC with the
hyperbolic tangent function boundary layer performs best
under load conditions. The rising time value does not
significantly differ under no-load or torque-load conditions
between the SMC with the saturation, hyperbolic tangent
function boundary layers and without the boundary layer.
Adding a boundary layer with the hyperbolic tangent
function can reduce ripple significantly compared to the
saturation function under no-load or load conditions.

Keywords: SMC, induction motor, IFOC, boundary layer, low
speed control.

l. INTRODUCTION

The three-phase Induction Motor (IM) is a type of
electric motor that is widely used in manufacturing,
creative industries, and transportation [1]-[3]. IM has a
simple but robust design, inexpensive, high efficiency,
and easy maintenance [4]. However, IM has
disadvantages such as high inrush current, poor starting
torque, and difficulty control [5]. The weaknesses of IM
have become a concern for researchers to develop
solutions. Nowadays, along with the development of
semiconductor technology, control devices such as
inverters are one of the solutions used to overcome the
weaknesses of IM [6]. Inverters can be equipped with
controllers to enable the control of IM under various
conditions while maintaining the robustness, stability, and
performance of IM [7], [8].

The use of IM in transportation applications, such as
electric cars, electric trains, and electric motorcycles,
requires the control of IM at different speed ranges,

including low, medium, and high speeds. A control
system for induction motors that is robust and stable at
high speeds has been developed through research on IM
speed control using fuzzy sliding mode control combined
with a reference adaptive system model without using a
speed sensor and has undergone computer testing [9].
Similar research has focused on developing an advanced
speed controller for IM using Indirect Field Oriented
Control (IFOC). This research uses the Space Vector
Pulse Width Modulation switching method to control the
switching process in semiconductor devices [10]. The
development of speed control methods for IM at high and
medium speeds has focused on the type of methods used,
such as conventional control (proportional-integral-
derivative controller), particle swarm optimization, neural
network, and fuzzy logic controllers [11]-[14].

Research on IM speed control using inverters is
generally conducted at medium to nominal or high speed
rather than low speed. Low-speed control is complicated
to achieve [15]-[17]. This research focuses on controlling
the IM speed at a low speed which has not been
investigated yet by the previous researchers, to the
author’s best knowledge. An IFOC equipped with a first
order Sliding Mode Control (SMC) is used for speed
control.The chattering phenomenon in the first-order
SMC is overcome using the boundary layer technique
[18],19]. Considering the steady-state error and rise time
in the speed response and the ripple in the electromagnetic
torque response, the performance analysis is performed on
the speed response and the electromagnetic torque under
no-load and load conditions.

Il. METHODOLOGY

The proposed system uses IFOC, which comes from
IM’s electrical and mechanical model. IFOC generally
uses a conventional controller such as PID, and a model-
free controller, such as a fuzzy controller, to get
robustness and stability. The SMC purposed to bring
stability and robustness simultaneously.

A. IFOC-IM

IFOC is one of the vector control methods widely used
in IM. IFOC is more readily accepted by industry than
Direct Field Oriented Control (DFOC) because the
magnetic field in IM is measured by a particular sensor
placed in the air gap. DFOC is considered impractical and
only suitable for laboratory testing [20]. The IFOC
equation is derived from the IM equation, so IFOC
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modeling is similar to IM. IFOC modeling consists of
electrical and mechanical modeling [8]. Electrical
modeling involves modeling the stator current and rotor
flux in the dq rotating frame. The electrical modeling is
expressed by state space equations [21]. The modeling of
the rotor speed in IM is shown by Equation (1). Equation
(2) shows that the IFOC modeling is focused on
mechanical modeling, which consists of the IM speed
modeling on the dq rotating frame, which is the focus of
this research. At the same time, the electromagnetic
torque equation in IFOC for IM is shown by Equation (3).

dw L . . ep
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dwyr _ Lm , eg
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me = 2 P E((prdlqs) (3)
where :
w, = rotor speed,;
L,, = mutual inductance;
L, =rotor inductance;
@, =rotor fluxin direct axis;
®,, = rotor flux in quadrature axis;
igs = stator current in direct axis;
iqs = Stator current in quadrature axis;
m, = electromagnetic torque;
ey = torque load;
j  =moment of inertia.

Based on Equations (2) and (3), the relationship
between rotor speed and electromagnetic torque of IFOC
modeling can be expressed in Equation (4).
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B. SMC

The SMC is a controller that is classified as a model-
based controller, so it requires system modeling to design
the appropriate controller. The SMC in this study is shown
in Equation (5). The equivalent Equation (Ueq) is
obtained from the IFOC modeling for IM. SMC can
ensure the stability and robustness of the system by using
the Lyapunov stability theory in the design of the
equivalent Equation. The first-order robustness of SMC is

obtained by the signum function in U,,.

First-order SMC has the disadvantage of chattering
[22]-[24]. This phenomenon is very detrimental to the IM
as it consumes large amounts of energy and generates
excessive heat, which can damage the IM components.
This phenomenon can be overcome by increasing the
order of the SMC or by providing a boundary layer in the
U,, equation. A simple method is to add a boundary layer
using the saturation or hyperbolic tangent functions, as
shown in Figures 1 and 2 [18].

In this study, the first-order SMC equation with the
signum function in IFOC for IM is designed to control the
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rotor speed, as shown in Equation (7). The
implementation of the boundary layer using saturation

and hyperbolic tangent functions causes the U,, equation
to change to Equations (8) and (9) with a,, ., B, Yiy» and
01y is a positive constant.

Ueg(me) = SjP(w," + (5)
U, = awrSwr(ewr) + o, sign (Swr(ewr)) (6)
Uc=Ugq + Uy @)
U, = awrSwr(ewr) + Yiyr sat (S, (ewr)) (8)
Up=0a,,S0, (eu,r) + 6 tanh (S, (ewr)) 9)
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Figure 1. Boundary layer using saturation function
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Figure 2. Boundary layer using hyperbolic tangent function

Electromagnetic speed and torque response data were
collected through computer testing using MATLAB
Simulink software. The tests were carried out with two
types of speed reference. The first stage is testing with a
speed reference of 400 rpm for 2 seconds; then the speed
reference is changed to 300 rpm until the fourth second,
then the speed reference is increased by 50 rpm to 350
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rpm for 2 seconds, then the speed reference is reduced to
200 rpm for two seconds and finally reduced to 100 rpm
at the eighth second. The load in this type changes from
0.5 Nm to 1.5 Nm. The next type of test is a speed
response test using a constant speed reference with
constant loads of 0 (no-load condition), 0.5, 1, and 1.5
Nm. Figure 3 shows the speed response of the Ml in the
first type of test with the results of the steady-state error
analysis shown in Table 1.

Applying a boundary layer to a first-order SMC for
low-speed IM control using IFOC significantly reduced
Ess. At a reference speed of 400 rpm, the saturation and
hyperbolic tangent functions can reduce the Ess value by
up to 0.61%. However, at a reference speed of 300 rpm,
the saturation function causes an increase in Ess that
exceeds the tolerance limit of 2%. The load test with a
torque load of 1 Nm shows that only the signum and
hyperbolic tangent functions can produce Ess values
below the tolerance limit of 2%, as shown in Table 1.
When tested at a shallow reference speed (200 rpm), the
tanh function () can provide Ess values below the 2%
tolerance with a torque load of up to 1.5 Nm. On the other
hand, the signum and saturation functions require
parameter adjustments through artificial intelligence to
obtain optimum values concerning Ess tolerances below
2%. The determination of the parameters of the first-order
SMC constants and the boundary layer in the
computational test was done intuitively.

Table 1. Ess Analysis in Variable Reference Speed

Reference ~ Torque Error Steady-State (%)

Speed Load .

(rpm) (Nm) Sign() Sat() Tanh()
400 0] 145 1.36 0.84
300 0 1.94 2.02 1.17

1 1.93 2.53 1.15
350 1 1.59 2.10 0.97
0.5 1.59 1.89 0.97
200 0.5 291 3.66 1.72
15 291 4.50 1.72
100 15 5.80 9.49 3.42
0 5.83 6.81 3.43

In the second test, the speed was constant at 50 — 400
rpm with a range of 25 rpm. The torque load in this test is
given when M1 is run. The torque load is 0 Nm (no-load
condition), 0.5, 1, and 1.5 Nm. Loading is intended to
determine the performance of the SMC controller with the
signum, saturation, and hyperbolic tangent functions. The
analysis was performed at Ess and rising time. The no-
load condition produces an Ess value of 11.69% in the
signum function, 13.21% in the saturation function, and
6.97% in the hyperbolic tangent function at a reference
speed of 50 rpm. These results indicate that the first-order
SMC, whether with a boundary layer or not, cannot
perform IFOC-based IM settings because the Ess value
exceeds the tolerance limit of 2%. The Ess value that
meets the 2% tolerance limit at no-load conditions for the
signum function is at a speed reference of 300 rpm (Ess =
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1.94%), the saturation function is 300 rpm (Ess = 2%),
and the hyperbolic tangent function is 175 rpm which
shown in Figure 4(a). Giving a torque load of 0.5 Nm
shows a change in reference speed that can be
accommodated by a first-order SMC with a boundary
layer of the saturation function to 350 rpm (Ess = 1.88%)
but does not affect the signum and hyperbolic tangent
functions. The same results were obtained when the
torque load was increased to 1 Nm and 1.5 Nm. The SMC
with the signum function and the SMC with the
hyperbolic tangent function boundary layer were able to
maintain an Ess tolerance of 2% with reference speeds of
300 rpm and 175 rpm. The SMC uses a boundary layer
with the saturation function at a reference speed of 375
rpm for a torque load of 1 Nm and 400 rpm for a torque
load of 1.5 Nm. In general, the Ess value for both no-load
and load conditions will experience an exponential
decrease, as shown in Figures 4(a), 5(a), 6(a), and 7(a).
The Rising time value at no torque load and 0.5, 1, and
1.5 Nm torque load does not have a significant difference
either at the SMC with the signum function, with the
saturation and hyperbolic tangent boundary layers as
shown in Figure 4(b), 5 (b), 6(b) and 7(b).

Electromagnetic torque analysis is carried out on the
changes in electromagnetic torque ripple as torque loads
are applied and removed. It is to determine the
performance of the SMC on the IFOC system for IM using
the signum, saturation, and hyperbolic tangent functions.
Under no-load conditions with a reference speed of 400
rpm, providing a boundary layer with the saturation
function can reduce the electromagnetic torque ripple by
5.66%. In contrast, the hyperbolic tangent function can
reduce it by 40.47%. At a load of 1 Nm in the third second
with a reference speed of 300 rpm, as shown in Figure 8,
there is a 21.14% increase in the electromagnetic torque
ripple with the saturation function. In contrast, the
hyperbolic tangent function reduces the electromagnetic
torque ripple by 29.14%. A load of 1 Nm results in an
increase in the electromagnetic torque ripple. The growth
is 0.17% for the signum function, 28.64% for the
saturation function, and 19.24% for the hyperbolic
tangent function. At a reference speed of 350 rpm, with a
reduced torque load of 0.5 Nm, there is an increase in the
electromagnetic torque ripple of 18.48% in the saturation
function compared to the signum function. Meanwhile, in
the hyperbolic tangent function, the electromagnetic
torque ripple has decreased by 39.72%. The increase in
ripple in this condition is 8.12% for the signum function,
5.71% for the saturation function, and 8.47% for the
hyperbolic tangent function. The increase in the torque
load, which reaches 1.5 Nm in the seventh second, causes
an increase in the electromagnetic torque ripple of 43.45%
for the saturation function compared to the signum
function. In contrast, the hyperbolic tangent function has
a 29.28% decrease. Figure 9 shows the reduction in
electromagnetic torque ripple as the torque load changes
from 1.5 Nm to 0 Nm. In this condition, the signum and
hyperbolic tangent functions do not experience significant
changes, but the saturation function experiences a 29.66%
decrease in electromagnetic torque ripple.
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IV. CONCLUSION

IFOC-based IM settings with low-speed first-order
SMC require a chattering phenomenon regulation
mechanism. Giving a boundary layer to a first-order SMC
to reduce the Ess value with the saturation function is not
fully effective because the saturation function cannot
compensate for chattering phenomena under load
conditions. The development of the boundary layer with
the hyperbolic tangent function can reduce the Ess value
in first-order SMC with the signum function up to 39.75%
at no-load conditions, 39.72% at 0.5 Nm torque load,
40.06% at 1 Nm torque load and 40.49% at torque load
1.5Nm. The rising time characteristics of the first-order
SMC with the signum function and the SMC with the
boundary layer functions saturation and tanh have no
significant difference under no-load or load conditions. In
addition, implementing the boundary layer with the
hyperbolic tangent function can reduce electromagnetic
torque ripples, which cannot be done by the saturation
function.
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