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In this paper, a modified fast terminal sliding mode control (FTSMC) with a fixed switching frequency is proposed for regulating
the output voltage of the DC-DC buck converters. The design steps of the proposed FTSMC such as the selection of sliding surface,
switching control strategy, existence, robustness, and stability analysis are presented in detail. To overcome the variable switching
frequency in FTSMC, a frequency control loop is designed. Moreover, the proposed FTSMC with fixed switching frequency can be
implemented by using only one voltage sensor. Hence, the proposed control method not only offers a fast dynamic response and
fixed switching frequency but also simplifies the controller design in practical implementation. The effectiveness of the proposed
control methods has been investigated by experimental studies. The results reveal that the proposed methods exhibit a good
performance under both steady-state and dynamic transients caused by the variations in load resistance, input voltage, and

reference voltage. Moreover, the proposed method is compared with four existing methods.

1. Introduction

The improvements in technology have caused massive de-
velopments in many fields such as industry, manufacturing,
medical, communication, mechanics, energy, and military,
over the past decade. Power converters are widely used
almost in all of these fields. Therefore, the interest in power
converters is increasing, day by day. On the other hand,
power components have undergone a fast evolution. As a
result of this evolution, some improvements are achieved in
terms of cost, energy consumption, size, efficiency, and
lifetime [1, 2]. These improvements are also reflected in
electronic circuits which use power components. Hence, the
size, cost, and weight of the power electronic systems are
reduced while the efficiency is increased [3].

DC-DC converters are an example of powerful and
sophisticated electronic circuits which is structured with the
improved power components. Generally, DC-DC converters
are utilized as a power supply in a similar fashion to the
traditional linear power supplies. In comparison to linear

alternatives, DC-DC converters have a lot of outstanding
advantages such as stepping up/down, reversing the polarity
of the output voltage, a higher efficiency, operating in a
much larger DC input voltage range, the ability to operate in
a wide input voltage range, [4, 5] lower power loss, smaller-
size, and cost-effective structure [6]. All of these qualities are
paving the way for DC-DC converters to become more
widespread. Hence, they are used as replacements for the
linear counterparts in many areas where higher efficiency
and smaller size or lighter weight are required [7] such as
personal computers, computer peripherals, communication,
medical electronics, and adapters of consumer electronic
devices [8].

There are various types of DC-DC converters that are
derived from modifying the location of the advanced power
components. The main types of DC-DC converters can be
described as buck, boost, and buck-boost converters. These
converters are used to convert DC input voltage at a certain
level to obtain a regulated DC output voltage at a different
level with very high conversion efliciency [6] for static and
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dynamic loads [9]. Among them, the buck converter has
drawn the attention of many researchers because it is the
most popular in the industry as well as the most basic power
converter due to its linear and minimum phase type by
nature [10]. As a result of these characteristics, it has been
extensively utilized in various kinds of applications where
the required output voltage is lower than the input voltage,
for instance, mobile phones, DC motor drives, computer
systems, renewable energy systems, LED drivers [6, 11-13].

In general, buck converters are fed by an input voltage
from a battery or other source, such as renewable energy,
and then convert this voltage to the desired output voltage to
use in a load. However, the desired output voltage may vary
in steps, and even within a wide range in some applications
[14]. This requires a good closed-loop mechanism so that the
output voltage can track various desired reference voltage
satisfactorily. Apart from the variation in reference voltage,
unreliable input voltage, unanticipated load disturbances,
and parametric and nonparametric uncertainties in the used
model also give rise to poor dynamic response [15]. Hence,
these challenging issues which are a significant area of re-
search and study in DC-DC converters must be addressed in
order to achieve better performance, which necessitates the
use of a reliable closed-loop control system. From this
perspective, traditional linear and nonlinear control
methods have been proposed as good solutions. However,
many studies from different fields [12, 16-18] have shown
that nonlinear controllers outperform linear controllers in
terms of disturbance rejection, small steady-state error, fast
dynamic response, and low overshoot. Thus, the use of
nonlinear control methods in a wide range of applications is
rapidly broadening and growing at an unprecedented rate.
The widespread use of various nonlinear control types for
improving the behavior of buck converters can be found in
the following studies: neuro-adaptive backstepping, [19]
fuzzy logic, [20] sliding mode control, [10, 21-25] predictive
control, [26] hierarchical control, [27] artificial neural
network [28]. Among these control algorithms, the sliding
mode control (SMC) has attracted a lot of interest because of
its exceptional robustness against uncertainties and dis-
turbances, simplicity in computational and implementation,
fast dynamic response, guaranteed stability for all the op-
erating conditions, and acceptable transient performance
with respect to other controllers [21, 22, 29].

Since SMC improves the dynamic and static performances
of systems such as buck converters and other power electronics
circuits, it has been successfully applied to a wide range of
linear and nonlinear systems besides power electronics, in-
cluding bioreactor system, [17] robot manipulators, [29]
coupled tank system, [18] and pendulum system [29]. How-
ever, it should be noted that SMC behaves differently in the
field of power electronics because an ideal SMC means that the
system should be operated at the highest possible switching
frequency, which is unattainable in power electronics practical
applications [4]. One of the proposed methods to make SMC
applicable in power electronics circuits is hysteresis modulation
(HM). This technique, which is essentially based on a special
switching law bounded by two conditions, has been effectively
implemented to power electronics circuits, particularly DC-DC
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converters [10, 16, 21, 23, 25] numerous times due to offering
straightforward and simple implementation, not requiring
additional computation or auxiliary circuitries [4]. Aside from
these benefits, the most significant advantage it provides is that
it translates an uncontrollable infinite switching frequency,
which is undesirable in practice, into a limited and controllable
switching frequency. In this way, unwanted high-frequency
noises can be prevented. On the other hand, despite being a
popular research subject, HM-based SMC brings with it the
variable switching frequency problem. High and variable
switching frequency causes excessive power losses, electro-
magnetic-interference (EMI) generation, and deteriorates the
regulation properties of the converters [4, 22]. Hence, it is
necessary to fix the switching frequency or at least limit its
variation. For this purpose, SMC can be used to greatly en-
hance the switching frequency regulation of power converters
as in output voltage regulation. At this point, SMC demon-
strates its robustness as a controller once more. In contrast to
the other controllers, it can simplify the solution to the
aforesaid problem by utilizing its own internal structure (the
assumption of piecewise linear behavior of the sliding
function).

In recent years, SMC is preferred for controlling buck
converters in many papers. In the majority of the papers, the
conventional SMC (CSMC) method which employs a linear
sliding surface based on the linear combination of the system
states with a time-invariant coefficient [21] has been utilized. In
order to obtain the fast dynamic response, large values are used
as a coefficient. On the other hand, due to the asymptotic
convergence property of the sliding surface, the state error
signal cannot converge to zero in a finite time. Therefore, a
relatively slow dynamic response and poor steady-state
tracking problem may occur [30]. To address these issues and
revamp the system’s overall performance, terminal sliding
mode control (TSMC) has been proposed. With respect to the
CSMC, TSMC has a fractional power term in the sliding
surface and uses a nonlinear sliding surface as well as offering
some superior properties such as fast, finite-time convergence,
better tracking precision [30, 31]. On the other hand, despite
the advantages of TSMC, satisfactory time for convergence
cannot be obtained when system states are away far from the
equilibrium point [31]. This fact has stimulated researchers to
dedicate a considerable effort to further enhanced control.
Consequently, fast terminal sliding mode control (FTSMC) has
been found for the above problem. This method combines the
advantage of TMSC and CSMC [16, 31] and, hence, shows
excellent transient response and convergence characteristics
for both near and far away states from the equilibrium point
[32]. FTSMC gets attention owing to its ability to attain a good
dynamic performance and gradually is becoming the choice of
many researchers for practical application.

In this paper, a modified FTSMC strategy is proposed for
DC-DC buck converters. The main objective of the proposed
method is to take the advantage of TMSC and CSMC si-
multaneously and then generate a regulated output voltage
under the variations in the input voltage and load resistance.
It is critical to fix the switching frequency in power elec-
tronics because high and variable switching frequency causes
some undesirable outcomes. Therefore, another control



International Transactions on Electrical Energy Systems

algorithm also has been presented to achieve fixed switching
frequency. Furthermore, experimental results are obtained
by using the voltage regulation controller in two separate
scenarios under the same conditions: with and without
switching frequency control strategy. In doing so, it is aimed
to demonstrate the difference easily.

The rest of this paper is organized as follows: First, in
Section 2, an analysis of the proposed converter is presented
in order to facilitate the design of CSMC, TSMC, and
FTSMC. Thereafter, CSMC, TSMC, and FTSMC are ana-
lyzed and compared with each other in Section 3. The
theoretical considerations are verified by experimental
studies, and obtained results are presented in Section 4. The
determination of the parameters of the proposed control
methods is also covered in this section. Finally, the con-
clusions are drawn in Section 5.

2. Modeling of the DC-DC Buck
Power Converter

The circuit model of the buck converter is depicted in
Figure 1. Clearly, it consists of an inductor, a capacitor (C), a
semiconductor switch S, and a diode (D). Input voltage,
load resistance, and output current are denoted with E, R,
and I, respectively. During the modeling of power con-
verters, the converter parameters and power switch were
assumed to be ideal [1].

The state equations describing the operation of the
proposed converter can be written for the switching con-
ditions ON and OFF as (1) and (2), respectively [21]. It is
worth noting that the parasitic parameters are neglected for
simplicity.
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where I} is the inductor current and V| is the output voltage.
Combining (1) and (2) gives the average state space model of
the buck converter as in the following matrix:
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where u is the control input which takes “0” for the OFF state
and “1” for the ON state of the switch. For simplicity of
mathematical expressions as well as making the proposed
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FiGure 1: The circuit model of the buck converter (blue line: the
switch is on; red line: the switch is off).

controller design easier, new definitions based on output
voltage error are defined in the following equations:

X = VO - Vref’ (4)

Xy =Xy = Vo - Vref = Vo’ (5)

where x; denotes the derivative of x;, and V. is the ref-
erence voltage for the output terminal. By taking the time
derivative of (4), the voltage error x; and its derivative x,
dynamics can be obtained as (6) and (7), respectively.

X = Xy, (6)
. X, 1
=2, - - _ 7
x2 RC + LC (uE Vref xl)' ( )
3. Control Methods

3.1. Conventional Sliding Mode Control. The fundamental
design of SMC is accomplished through two necessary re-
quirements. One of the two requirements is an appropriate
sliding manifold [22]. Hence, for the CSMC design based on
(4) and (5), the sliding surface S can be written as in the
following equation [21]:

Scsme =Ax; + x5, A>0, (8)
where A is always a positive constant for achieving system
stability. The solution of (8) in steady-state is expressed as (9)
[33] by imposing Scgye = 0 in (8).

x, (1) = x, ()e ™. 9)

Since x; symbolizes the error, the linear sliding surface
can guarantee the asymptotic error convergence in the
sliding mode, which means the output error will not con-
verge to zero in finite time [32, 33]. In order to obtain a fast
transient response, i.e., decreasing the time of convergence,
the large value of A can be preferred as shown in Figure 2. On
the other hand, the system errors still cannot converge to
zero in finite time [21]. To address this issue, i.e., to enhance
the asymptotic convergence to a finite time state conver-
gence, [34] a new SMC scheme known as TSMC has been
suggested.

3.2. Terminal Sliding Mode Control. The sliding surface for
the TSMC is defined by the following equation [35]:
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FIGURE 2: Error trajectory of CSMC with different values of A.

Stsmc = X1 + ﬁqu/p)’ (10)
where >0 is a constant, and 0 < (y = q/p) < 1 where p and
q are positive odd integers, which satisty the condition p > gq.
By employing the nonlinear term x‘f/p into the sliding
surface, the TSMC has a better performance to speed up the
rate of convergence towards equilibrium in finite time
[23, 31, 32]. The time can be found as (11) [33] by solving the

differential equation (10).

SMC _ P
B(p-q)
To see the finite time convergence of TMSC, (11) can be
investigated. Equation (11) clearly shows that equation (10)
can provide a finite-time convergence of the error from a
starting point to an equilibrium position [21, 33] which is
unattainable for CSMC. Notice that t"MC depends on pa-
rameters (f3,y) and initial point as can be seen from (11). On
the other hand, TSMC has some flaws that make it difficult to
achieve satisfactory results. Firstly, with Figure 3, the per-
formance of convergence is deteriorated when initial error is
far away (|x,| > 0, blue line) from equilibrium point [32, 36].
Secondly, as shown in Figure 4(a), comparison with CSMC,
TSMC provides an acceptable convergence time when initial
error is far away from equilibrium, but it presents poor
convergence performance and long convergence time when
compared to the CSMC if the initial error is near equilibrium
as demonstrated in Figure 4(b). The explanation of this
predicament is that when the initial error is far away from
the equilibrium point, the term x?lp tends to increase the
magnitude of the convergence rate, i.e., the dynamical
system converges rapidly. To overcome this challenge, a
popular approach which is known as FTSMC has been
presented.

(1-(q/p)
t le (to)l ar : (11)

3.3. Fast Terminal Sliding Mode Control. Sliding surface for
the FTSMC can be written as in the following equation [37]:
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| B=20 y=0.12

Error (x,)

—— Initial point =0.99
—— Initial point =25

FI1GURE 3: Error trajectory of TSMC with different initial values.

Sersmc = X1 +Ax; + ﬁx?/P~ (12)

Comparing with the TSMC, an additional linear term
has been defined in the FTSMC’s sliding surface. By in-
troducing a linear term in (12), system states reach at the
equilibrium point in a shorter time [37]. The convergence
time can be expressed as (13) [33]. Equation (13) expresses
the exact convergence time to equilibrium point from an
initial point for FTSMC. Similar to t™MC in (11), tfTSMC also
depends on parameters (f3,y) and initial state.

(In(hx, (20) """+ B) =In ). (13)

FIsMC _ P
Bp-q

As demonstrated in Figure 5, different from TMSC,
FTSMC exhibits unique convergence characteristics when
initial values are either far away (|x;|>0) from or near
(]2, <0) equilibrium. In addition, the convergence per-
formance of FTSMC at far away initial values (]x;|> 0, red
line) is even superior to the performance of TSMC at near
initial values (|x,| <0, black line).

With the help of the recommended FTSMC strategy, the
performance of the closed-loop system can be improved
compared to ordinary TSMC and CSMC. As it can be seen
from (8) and (10), FTSMC is a hybrid combination of TSMC
and CSMC [16]. Hence, the suggested approach is well-
performed than TSMC and CSMC in terms of driving error
remission capability within finite time, fast convergence
tract, lower steady-state error, providing a high convergence
rate even when the states are at a distance from the equi-
librium point [31, 32, 36, 37].

As detaily studied in Reference 37, the fast convergence
property of (12) can be explained using the structure of the
fast terminal sliding surface. When the system reaches and
moves on the sliding surface, i.e., Sprgyc =0, then the
equation of (12) can be described as shown in the following
equation:

. _ palap
Xp=- Mo - (14)
firstterm  second term
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FIGURE 4: Error trajectory of TSMC and CSMC: (a) far away initial value; (b) near initial value.
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FiGgure 5: Comparison of error trajectory of FTSMC and TSMC for
far away and near initial values.

When x, is far away from equilibrium point, the first
term of (14) has an important effect on dynamics whereas
the second term of (14) plays a small role. Therefore, the first
term of (14) dominates over the second term of (14). In this
case, (12) becomes approximately as x; = —Ax;. When x is
close to equilibrium point, the second term of (14) plays a
crucial role whereas the first term of (14) has a small effect on
dynamics. Hence, the second term of (14) has the upper
hand to the first term of (14). In this case, (12) becomes
approximately as x, = —ﬁxl(q/p ),

3.4. Selection Surface for Fast Terminal Sliding Mode Control.
Inspired by the study in Reference 35, a modified fast ter-
minal sliding surface is used in this paper instead of (12).
Modification was made by taking the absolute value of the
nonlinear term of the surface in equation (12) and multi-
plying the same expression with the sign function. By doing
s0, a more robust surface function is obtained. For x,; <0, the
fractional power (g/p) may cause x¥7 ¢ R in (12). In this

case, Sprsmc ¢ R. For the surface in (12), unfavorable out-
comes may be obtained in the case of x; < 0. To cope with the
mentioned problem, the sliding surface in (15) which is
slightly different from the previously given in (12) is pre-
sented. Sprepc € R is guaranteed by using (15) [16].

Sliding surface for the modified FTSMC is introduced as
follows:

Sersmc = X1 + Axy + Blx;|"sign (xy). (15)

To see the convergence performance of the modified
method, Figure 6 has been drawn. It is obvious from
Figure 6(a), for the case of near initial values, the suggested
technique has a shorter convergence time than CSMC,
whereas TMSC lags behind CSMC. Furthermore, the pro-
posed strategy also presents an excellent convergence per-
formance in the case of faraway initial values when
compared to CSMC and TSMC as shown in Figure 6(b). It is
worth noting that the parameters given in the boxes were
used to generate convergence graphs.

3.5. Switching Control Strategy. Another requirement for
designing SMC is a suitable control law [22]. A common
switching control law can be given as follows [21]:

1 1, when Sprope <0,
u=s (1 - sign (Sersmc)) = (16)
O, When SFTSMC > 0.

A switching function must be employed so that the system’s
state trajectory at any initial location hits the sliding surface. This
is referred to as the hitting condition, which is satisfied by the
control law in (16), and it is one of the three prerequisites for SM
control operation to occur [22]. From (16), the state trajectory of
the system, in which every point above the sliding line
(Spremc >0) can only converge towards the sliding surface
when the switching function becomes u = 0. In this case, the
switch S, is OFF. Conversely, the system’s state trajectory, where
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FIGURE 6: Error trajectory of TSMC, CSMC, and proposed method: (a) near initial error; (b) far away initial error.

any arbitrary location below the sliding line (Sprgyc <0) will
strike the sliding surface only when the switching function
becomes u = 1. In this case, the switch S,, is ON [4, 22].

As it can be realized from (16), the control law has a signum
function sign (-). However, this discontinuous function leads to
unlimited and uncontrollable switching frequency, ie., causes
chattering in the control signal [23, 38]. The chattering is
harmful because, in practical applications, it results in poor
control accuracy, [39] excessive wear of moving mechanical
parts, and high heat losses in power circuits [29]. Furthermore, a
practical system cannot switch at infinite frequency [4]. To make
the control law applicable while alleviating the effect of the
aforementioned problems, the hysteresis modulation (HM)
method which is commonly used as a classical solution in lit-
erature is presented in this paper. The method is defined in the
following equation:

L, when Sprgvc < — A,

u=140, when Sprovic > A, (17)

keep previous position, ~when otherwise,

where A is a hysteresis bandwidth that can be set to any
suitable value. The goal of using a constant bandwidth with
the boundary conditions Sprgyc = A and Sprgye = —A is to
provide a control law to limit the converter’s switching
frequency (f) [22, 40]. Note that (17) simply expresses that
the switch of the proposed converter will turn off when
Skrsme > A. Similarly, when Spravye < — A, the switch of the
buck converter will turn on. If —A < Sproye < A, the switch of
the converter will keep the previous position. In the region
—A <Sprsme <A, no switching takes place, and thus, un-
limited and uncontrollable switching frequency of the
sliding mode can be restricted and controlled [22].

Figure 7 simply confirms that when the switch is ON, i.e.,
in T, function Sprgyc must increase, while when it is OFF,
i.e., in T g, function Spreyic must decrease [41]. Switching

) - Sprsme = +4
Srrsmc >0 ﬁ\SFTSMC< 0 /N
1 1
] L Sersmc =0
! \ ! \
1 1
1
. ; , : L Sprsvc =
1
o
1 1 I
u=1 H
1
1
i
1
u=0- ; Lyt
—» Ton '« |
L T e
1 1

FIGURE 7: Hysteresis modulated sliding function.

frequency of the converter can be obtained by using the
derivatives of Sprgy with the help of Figure 7. In order to
find the frequency, Sprqvc is obtained as follows [16]:

; . -1
Skrsmc = X1 +AX, +ﬁ}’|x1|y X1

+(A+ /Sy|x1|yfl)x2, (18)
1 _
B ;cé 1cE=Veer =) + (1 + Byl x

(Sprsmc)’ and (Sprenc)” are considered as the positive
slope and negative slope of the time derivatives of sliding
surface Sproycs 1.6 Sprpc > 0 and Sproyc < 0, for ON and
OFF states of the switch S, respectively.

For ON state: if Sproye <0, then Sprgyc >0, so u =1,

then a positive slope can be obtained as follows:
. + Xy
(SFTSMC) = —EJFE(E Vier —X1) (19)

+(/1 + Byl | 1)x2
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For OFF state: if Sprqyc >0, then Sproye <0, s0 u = 0,
and then, negative slope can be obtained as follows:

(Srrsmic) = it 1o (Vig =) + (Ve e (20)

With the help of (19) and (20), ON and OFF states of the
switch S, are written as follows:

2A 2A
Ton =7 7= A (21)
(Skrsmc)  —(32/RC) + (LC) (E = Vg — x,) + (A + Pylx, | ),
T —2A —2A
off = 73 == - : 22
(Sersmc)  ~(x2/RC) + (1/LO) (~Vieg = x,) +(A + Byl [ )x, (22)
Hence, the switching frequency can be calculated as
follows:
-1
fi- 1 _ 2A _ 2A
: Ton + Toff <(S.FTSMC)+ (SFTSMC) >
(23)

2A

2A

-1
B <— (x/RC) + (E = Vi = %,/LC) + (A + Pylx, | = (1/RC))x,  —(%,/RC) + (= Vs — 2,/LC) +(A+ Bylx 7 - (1/RC))x2> '

Assume those error variables (x,, x,) are negligible in the
steady-state, [21] then (23) can be simplified as follows:

Vref ( Vref )
= 1- . 24
fs 2ALC E (24)

As can be seen from (24), the switching frequency is
inversely proportional to the hysteresis bandwidth A. By
choosing an appropriate hysteresis bandwidth, a suitable
switching frequency can be obtained. However, this control
strategy suffers from a variable switching frequency. Be-
cause, as can be seen from 24, the switching frequency
increases as the input voltage increases and drops as the
input voltage falls. Similarly, with an increase in the refer-
ence value of the output voltage, the switching frequency
lowers, and with a decrease in the reference value of the
output voltage, the switching frequency increases. These
variations in switching frequency result in switching and
gate-driven power losses, which downgrade the accuracy
and reliability of the whole system, especially, in terms of
power conversion efficiency. Besides, the lost energy gen-
erates heat, which, if not effectively dispersed, might shorten
the system’s lifespan. Therefore, to avoid operating the
converter at a different switching frequency than the one
designed for it, several innovative researches has been of-
fered to either fix or limit the variations of switching fre-
quency [38, 42-45]. Among these studies, Reference 38
describes a simple hysteresis band controller which regulates
the switching frequency to a predefined desired constant
value without the use of additional control components, a
perfect knowledge of all the states in the system (hence, no

need for many sensors), or complicated calculations (in the
duty cycle computation).

In Reference 38, a control technique based on a hys-
teresis band comparator was developed to regulate the
switching frequency. The technique adds a new loop that
measures the switching period, uses a frequency controller
loop (FCL) to update the hysteresis band value, and enforces
the measured switching period (T) to converge to a pre-
assigned reference (Ts_ref). The FCL in Reference 38 is a
discrete-time integrator, and the implementation of the
control is required using a digital control platform. The
study also includes the FCL’s comprehensive design ap-
proach as well as the switching frequency control system’s
stability analysis. In order to get a fixed switching-frequency
operation, this work uses the FCL scheme. By following the
steps given in Reference 38, the design of the FLC for this
study is given in the experimental results section.

3.6. Existence of Fast Terminal Sliding Mode Control.
Another prerequisite for SMC operation to occur is the
existence condition [22]. The condition for checking the
existence of a sliding mode control, Lyapunov’s second
theory is used as a sufficient method. The aim of using this
method is to ensure that the movement of the error variables
stays on the sliding surface [23]. To check the existence of
modified FTSMC, firstly, a positive definite Lyapunov
function candidate is selected as V = (1/2) (Sprspc)”. The
time derivative of the Lyapunov function candidate must be
negative in order to check the existence condition [29].



lim (SFTSMCSFTSMC) <0, (25)

Sprsmc — 0

lim Of(S.FTSMC) >0, (26)

SFTSMC

s lim O,r(SFTSMC) <0. (27)
FISMC —

Mathematically to satisfy (25), two constraints are given
as follows:

Case 1: Based on equation (26), if Sprgyc <0, then
Sersmc must be positive. In this case, the control law u
takes the value 1(u = 1) as seen in Figure 7. By using
(18) and considering u = 1, the following inequality can
be written as follows:

1 _
%22 BV, =) (L By o

(28)

Case 2: Based on (27), when Sgrgyc >0, then Sprguc
needs to be negative. In this case, the control law u will
turn the value 0 (u = 0) as seen in Figure 7. Considering
(18) and u = 0, the following inequality is derived:

x, 1

2t 1e Vi —x) + (4 Byl )y <0, (29)

-E (min) _ L

3.7. Stability Analysis of Fast Terminal Sliding Mode Control.
The final prerequisite for SMC operation is stability analysis
[22]. The stability of the system can be proved by Lyapunov’s
stability theory. In order to achieve this, the Lyapunov
function is considered as V = (1/2) (Sprspc)>. Its time de-
rivative is obtained as follows:

V' = SprsmcSersmes

1 _ 1
= Sersmc ic (UE = Ve = X1) +(A +/5V|x1|y 1 _E)le

. E V. t+x
V= Sersme [ZLC TS 1

= |SFTSMC|Sign (SFTSMC) [ﬁ ETe

= |SFTSMC | (sign (SFTSMC) [ﬁ LC

+<A + ﬁy|x1 |y71

E Vref+x1 +

E Vref + X3
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The above equations, i.e., (28) and (29), show the sliding
mode dynamics for the closed loop [21] modified FTSMC
system. When the inequalities in (28) and (29) are held, the
existence condition can be guaranteed and a stable system is
obtained. (28) and (29) are combined in a new inequality as
follows:

_Emin

1 -1
LC <E(_Vref_xl)+<A+ﬁY|xl|y -

1
R(min)c>xz <0. (30)

Based on (30), the parameters 3, A, and y in (15) can be
determined. However, it should be noted that it is difficult to
find the values of control parameters by using (30). To make
the process of selecting parameters that satisfy the existence
condition more straightforward, (4) and (5) are substituted
into (30) as shown in (31). It can be seen that the inequality
includes I; and V|, which are instantaneous state variables.
The consideration of the time-varying nature of these
components undesirably complicates the design. In this
paper, a static sliding surface is used. When designing a
sliding mode controller with a static surface, ensuring the
existence condition for the steady-state operation can be
specified as a practical approach. With these considerations,
the state variables I; and V|, can be replaced with their
steady-state values. This ensures that the existing condition
is satisfied at least in the vicinity of the equilibrium point, [4]
as well as providing a convenient way to identify control
parameters. Therefore, (30) can be rewritten as follows:

I V
r-1 1 Lss) 0(SS)
T (Voess)) +(A +BY|Voss) ~ Viet| - R(min)C)< e —m) <0. (31)

Considering Case 1, (32) can be written as follows:

! )xz] (33)

. 1 -1
V= SFTSMC[E (E= Vit = x) Jr(/1 +Bylal - RC

Similarly, based on Case 2, (32) can be obtained as
follows:
1

. 1 _
V= SFTSMCI:E (=V et = X1) +<)L + ,3Y|x1|], - ﬁ)xz]' (34)

The combination of (32), (33), and (34) gives (35).

E
RC)XZ] - |SFTSMC| J1C

_ 1 E
(’1 + Byl | : ——>x2] _|SFTSMC|R’ (35)

RC

+<A + By|x, nyl - R_1C)x2] - %)
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The following inequality can be obtained by using the
following equation:

1

E V.t -
ref T X1 +(A+ﬁy|x1|'}/ liﬁ)x2

2LC LC

-5}
(36)

V< |SFTSMC|(‘

The derivative of the Lyapunov function must be neg-
ative definite (V' <0) so as to satisfy the stability of the
system [4]. It would be guaranteed that V < 0 if the following
inequality is satisfied.

E Vre + X -1 1
el 2L +</\ + /3y|x1|y - ﬁ)xz

— . (37
2LC LC 0. (37)

-—<
2LC

As long as appropriate values for parameters A, f and y
are chosen, stability of modified FTSMC can be obtained.
From (28), (29), and (37), it can be concluded that the
parameter selection is critical in order to satisfy both the
existence and stability conditions. The values of the coeffi-
cients we use in the experimental application are as follows:
A =3600, =10, y =0.2. The requirement mentioned in
(37) is satisfied in a steady state, as shown in Figure 8 which
is produced with above coefficients and nominal values of
the converter parameters. Satisfying (37) demonstrates the

effectiveness of the proposed surface, because it is much
more difficult to meet (37) for some other FTSM surfaces.

3.8. Equivalent Control. It is important to find an equivalent
control in order to ensure that the error variables are
maintained on the selected surface [21, 23]. The equivalent
control, denoted by u,, is derived through the invariance
condition given by the following equation [29]:

d (SFTSMC)

Sprsmc=0
dt U=tlgg

= 0. (38)

Then, the equivalent control can be obtained as follows:

LC 1 - Vi +x
uequ[@(E—/\—ﬁﬂle 1>+7£C 1]. (39)

As mentioned before, the equivalent control keeps dy-
namic variables on the selected surface. However, this
control might not be enough to bring the system states to an
equilibrium point from an initial point [16, 21]. Hence, an
additional switching action is added to the equivalent
control structure as shown in (39). Now, the final control
input can be written as follows:

LC 1 - Vg +
u=—_ [x2<— A= /3V|x1|y 1) pe 2 ksign (Sersmc) |» (40)

E RC

where k is the switching control gain.

3.9. Robustness Analysis. Power electronic converters suffer
disturbances and uncertainties. The controllers designed
for power converters are expected to regulate the output
voltage and current while also dealing with disturbances
and uncertainties. Therefore, to investigate the robustness
of the controllers against parametric uncertainties and
external disturbances, equation (7) can be rewritten as
follows:

1
Xy=——=+— UE-V,—x)+d(1), (41)
where d (t) represent external disturbances and parametric

uncertainties, i.e. the parameters of (3) are partially un-
known. Then substituting (40) and (41) into (25) yields.

V = SersmcSersmc < 05
. —1
= SFTSMC(xz ‘F()t + ﬁylxlly )xz) <0, (42)
= Sprsmc (d () — ksign (Sprsmc)) < 0.

It can be concluded from (42), and it is possible to
eliminate the effect of external disturbances and parametric
uncertainties as long as a suitable value for the switching
control gain that satisfy |d (t)| <k is chosen.

LC

4. Implementation of Proposed Controllers and
Experimental Results

To further assess the performance and effectiveness of the
proposed approach, an experimental prototype for both
output voltage regulation and switching frequency control of
the buck converter has been constructed, and the findings of
the experiment are presented in this section. The prototype
consists of a buck converter, an adjustable DC power supply,
resistive load, a voltage sensor, a microcontroller
(TMS320F28379D) assisted Matlab/Simulink. The specifi-
cations of the buck converter are given in Table 1.

As shown in Figure 9, the backward Euler technique has
been designed in Matlab/Simulink software for the experi-
mental test to avoid utilizing a current sensor for the ca-
pacitor. By doing so, both the cost of the system is reduced,
and the voltage distortion caused by the capacitor current
sensor is prevented. In terms of computational burden,
compared to the conventional FTSMC method, the proposed
method needs one absolute and one sign function, addi-
tionally. Therefore, the execution times of both algorithms are
very close to each other (conventional FTSMC: 17.4 us and
proposed method: 17.9 us). Consequently, the increment in
the computational power requirement is less. Since some
delays may occur during the control operations, the sampling
time is defined as 25 s to prevent overtime error.
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The inequality in (37)

005 01 0.15 0.2

025 03 035 04 045 05
Time (s)

FIGURE 8: Steady-state for the inequality in (37) with the proposed surface.

TaBLE 1: Buck converter parameters.

Parameter Value
Input voltage, E 15V-25V
Inductance, L 1 mH
Load resistance, R 100-50
Capacitance, C 1000 uF
Output voltage reference, V 12V-7V
Switching period reference, Ts_ref 5kHz

Iy
A -
> .
+
c—=" RZ vV, S 5 _
) 235 |
S| memeeeet, .
I |
I |
| Vo |
I | ! :
: } o+ d_Vo |
l Equation_17 SK T e ——— = Backward Eular Ts i
| | | |
I, | 1 |
s 4| Trerk ] To] || , ;
: i Ll o+ Ax+Bx|sign(x;) |
! delta £l 14 delta 4 il !
f I I
: AR/ Design FCL § ! |
’ & : Modified FTSMC
’ HM Based Control | ““““““““““““““““““ (TSRS S
N
|
: f — Low-pass Filter =
I
| one-shot pulse
i__ ~ gener a_? or Frequency Measurement

FIGURE 9: Block diagram of the

4.1. Determination of Modified FTSMC Coefficients. As
previously stated, the satisfaction of the conditions which
are dependent on coefficients given in (31) and (37) is
significant for the system. To make parameter selection
easier while adhering to (31) and (37) inequalities, state

buck converter with controllers.

variables can be substituted with their expected steady-state
values [4]. Taking into account this statement, (31) is in-
vestigated as an example. By using the equations
I} =V, /R and V55 = V., the inequality in (31) can be
rewritten as follows:
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-1

_E(min) 1 Y
—1c "ic (Voess)) +{ A+ BY[Voss) 0—

11

VO (SS)

1 Voss)
Vet -3 -C)(R C RomC) <
(min) (min) (min)

0 (43)

Eiy 1
LC

LC

It is extremely clear from equation (43) that any value of
coeficients can be chosen for the proposed strategy. The
same procedure is followed for the stability analysis, and the
coefficients to be chosen are more precisely determined. The
control parameters are set to A = 3600, 8 = 10, y = 0.2.

4.2. Determination of FCL Parameter. Equation (17) pro-
duces a series of kth switching periods (k> 0) that corre-
spond to

Ty =Ty + Tic = 28 (P = pi): (44)
where p; and p; are the inverse of (19) and (20), respec-
tively, and T, is the switching period. The obtaining of (44)
relies on the assumption of piecewise linear behavior for
Sprsme» Which implies that p; and p, remain constant
during the switching interval. The kth switching period is
given as follows:

Tp=Ti +Ti = pp (& + D y) = 2P by = Prly
+ (Pr = i) B>
where p, = p{ - 2p; and p, = 2(p; — py)- Switching period

error is defined as e = Ts_ref — T. By using (45), it is simple
to discover that

-~ +
e — e = Pr(Bpy = Ag) + Py (s = Apy)
+ (Pro1 = Pr) Ak
During controlling the buck converter, the reference
value is constant, i.e., it is time-invariant. The steady-state
vector can be considered also constant by assuming that the
amplitude of the ripple, 2A, of Sprgyc in the vicinity of
Sersme =0 is small. As a result, the derivatives of the
switching function and their inverses are constant in the

steady state as well. Consequently, from a certain discrete-
time instant k;, it follows that

pki = p(Vref’u * ) = P*i >
Pr = Pr>
Pr = Pi>

(45)

(46)

(47)
Vk >k,

(E; Vref) = (15V, 12V) — mln{(p: — 33310—7)—17 |p; _ —8_33.10’8|71} . I/I<3003003)
(E; Vref) = (25V, 12V) e mln{(p: — 76910—8)—1’

(E, V) = (15V,7V) —> min{(p: = 1.25.10*7)’1; lp; = —1.43.10*7|’1} — 1< 6993006.

(VO(SS)) <0

~% o~

with pf, p*, p* € R" and p, € R™. With the approximations
in (47), the switching period error equation in (46) can be
rewritten as follows:

ex ey = P (D = D) + pu (Apy — Apy). (48)

The proposed control law for the hysteresis band am-
plitude in the case of a time-invariant reference value is an
integral type and yields the following difference equation:

Ap = Apy +1egys (49)
where 1 >0 referring the integral constant. For stability
analysis of FCL, Reference 38 can be visited. In order to
ensure that the switching frequency control loop performs
consistently within all operating ranges, the value of # must
be chosen carefully. If the integral gain 7 is selected as

0<n<min{(p)”"|p;| '}, (50)
then the switching period converges asymptotically to its
reference value in the steady state. As can be seen from (50),
pt and p; have to be calculated in order to determine #.
The steady-state values of (18) can be written as follows:
. 1
Sersmc = LC (UE = Vo). (51)
Inverse of (51) for ON and OFF states is found as (52)
and (53), respectively.

o 1 _1LC
' (SFTSMC)+ B~ Ve 52

o 1 LC
T == . 53
(SFTSMC) Vet (53)

With the specifications given in Table 1 and taking into
account (50), the intervals for integral constant # can be
found as follows:

(54)

b= _8.33.10‘8|"} < 12004801, (55)

(56)
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Based on the above inequalities, 7 can be chosen between
0 < #<3003003. To determine the impact of the FCL integral
constant value (#) on switching frequency and other system
variables, various simulations have been performed. From
Figure 10, a dynamic response with a shorter settling time
for the switching frequency is more likely to be obtained
with the bigger value of the integral constant. However, the
larger # causes much more oscillation after the settling of the
system as can be seen from the same figure. Once more, a
higher # can exhibit better robustness against disturbance as
shown in Figure 11(a). On the other hand, despite the fact
that the inductor current does not need to be measured due
to the sliding surface being used, it should still be taken into
consideration. Because of the AIL = (1-D)V,/Lf,, the
ripple in inductor current unfortunately will rise since the
bigger # produces more oscillation as illustrated in
Figure 11(b). Based on the above reasoning and demon-
strations, it is inferred that FCL integral constant must be
selected with care in order to maintain a balance between
switching frequency and inductor current ripple. In study,
the integral gain is selected as # = 500.

4.3.  Experimental Results under Disturbances and
Uncertainties. The effectiveness of the proposed method is
investigated under different operational conditions such as
variations in load resistance, input voltage, reference voltage,
and the parametric uncertainty in capacitor and inductor
values.

4.3.1. Scenario A-Load Resistance Variation. Figure 12 de-
picts the suggested controller’s dynamic reactions with and
without FCL. In this scenario, the ability to regulate the
output voltage of the proposed controller is evaluated by
decreasing the load resistance from 10 Q to 5 Q. Clearly, the
output current is increased from 1.2 A to 2.4 A after the step
change. The experimental results show that the proposed
control strategy successfully regulates the output voltage to
its reference (12 V) against the step change in load resistance.
Moreover, before and after the step change, the result reveals
that the proposed method is also capable to regulate the
output voltage in steady state. In the preceding sections, the
switching frequency was calculated theoretically while ig-
noring the error variables in the steady state, yielding an
equation not dependent on load resistance. From a practical
point of view, the step change in load resistance may affect
the switching frequency. As can be seen from both figures,
the load change has only a minor effect on the switching
frequency.

4.3.2. Scenario B-Input Voltage Variation. Figure 13 illus-
trates the performance of the modified FTSMC and FCL
controllers under a wide range variation in input voltage. In
this scenario, the input voltage is increased from 15V to 25V
and then returns back to the first value. As expected, the
FTSMC yields an insensitive behavior under the transient
condition regardless of increasing or decreasing the input
voltage in both figures. On the other hand, as can be seen
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F1GURE 10: The effect of the FCL integral constant to the switching
frequency.

from Figure 13(a), when the input voltage is increased, the
switching frequency is approximately doubled which means
more losses in the converter will arise. Similarly, the
switching frequency returns back to the initial level when the
input voltage is reduced. These two situations demonstrate
that the switching frequency is not in a position to operate in
a consistent manner owing to large variations. However, by
using FCL, the variations of switching frequency are limited
and ensured that the switching frequency remained at the
predetermined level as can be observed in Figure 13(b). FCL
keeps the frequency constant by changing the hysteresis
band adaptively as shown in Figure 13(b).

4.3.3. Scenario C-Reference Voltage Variation. This scenario
is conducted by changing the reference voltage from 12V to
7V and then return to 12V again. As clearly seen in the
Figure 14(a), the output voltage is regulated to its new
reference with the help of proposed strategy. In other re-
spects, from Figure 14(a), the switching frequency has a wide
range of variations when reference voltage is changed.
Unfortunately, this also will adversely affect the operation of
the converter. By implementing the FCL control algorithm,
it is possible to eliminate such aforementioned problems. As
it is seen from Figure 14(a), FCL successfully controls the
switching frequency before and after step change.

4.3.4. Scenario D-Parameter Variation. Figure 15 demon-
strates the effects of variations in the inductance (L) and
capacitance (C) on system performance. The inductance is
reduced from 1 mH to 0.7 mH, and the system responses are
given in Figure 15(a). As seen from the figure, the proposed
voltage controller successfully keeps the output voltage at the
desired value against 30% change in inductance. As it seen
from (24), the inductance value affects the switching fre-
quency as well. With the help of FCL, the switching fre-
quency is shielded from this uncertainty as illustrated in
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ripple during step change of input voltage.

TekStop - i Tek Stop i
Vig - 12V V, Ve 12V 'V,
e e e e s e
100 50 % —50——
> ST I “1,2/3 % o To - ‘IWZAW‘WMW
o E_I5V B E_15V
e ZH PEmrtR R e e s e
& % B fs
Jiov [5 kHz J1ov 5kHz
(8 i ® s ™ R, v | - ® 5 [ s et ]
(a) (b)
FIGURE 12: Proposed control: (a) without FCL; (b) with FCL.
Tek PreVu . i Tek PreVu i

&
110 v 15 kHz 1625
® Lo z 2.00 5 S.00kS/s ®
g 100V @ 200V ][ 100k points 4.60 V J
()

&)
Izo v 15 kHz 1625
® Lo z 2.00 5 S.00kS/s ®
g 100V @ 20V ][ 100k points 4.60 V J

(b)

FIGURE 13: Proposed control: (a) without FCL; (b) with FCL.



14 International Transactions on Electrical Energy Systems

Tek Stop £ TekStop s

Vs v Vo oy Vi 12V Y, 2V

% i W
5 5

E 15V . ARBEE LA,
fs s
o o
110 \4 15 kHz I]O \4 IS kHz
10.0kS/s 10.0kS/s

o /
4.60 V

][1.00 s
(a)

@ 0.0V 2
@ 100V

100k points

o /
4.60 V

Gl

(b)

@ 0.0V 2
@ 100V

100k points

FIGURE 14: Proposed control: (a) without FCL; (b) with FCL.

Tek Prevu Tek Stop
V”-’f V" Vre Vo i
: . e = o

e [0 mH —— [=0.7 mH ———L=1 mH— “——C=1000 uF—><""" =500 uF ———>«—C=1000 uF —|
P I, m I
R R R e B e e S e s o b

E 15V E . I5V :
S R
i fs f
& &) :
Izov Is kHz IIA va 15 - IIA
[§ o ; 1 ][MOS ii)%?(fgisnts ’wa ] ® Lo 2 2.005 S.00kS/s @
g 1.00 V @ 1004 ][ 100k points 2.40 A J

(a)

(®)

FIGURE 15: Proposed controllers against (a) uncertainty in inductor; (b) uncertainty in capacitor.

TaBLE 2: Comparison of four studies with proposed control method from various perspectives.

Ref 10 16 21 23 This paper
Converter type Buck Boost Buck Buck Buck
Modified Modified Nonsingular Modified
Control strategy SMC FTSMC TsMC TSMC FTSMC
2 3 2 2 3
Number of control t LB,
umber of control parameters (A, f3,7) L B) LB y) L) ) (LB.7)
Number of state variables used in S 2 2 2 2 2
Number of sliding coefficients used in S(4, ) ( )LZ 8) ( /\2 B) (i) (}1) ( AZ B)
Required sensor 2 2 3 2 :
d (I Vo) (E.V,) (Ie, Vo Io) (e Vo) (V)
Hardware space requirements Much Much So much Much Less
Variable switching frequency Exist Exist Exist Exist Solved

Figure 15(a). However, because of the relation of AIL =
(1-D)V,/Lf,, as inductor size is decreased, the inductor
current ripple increases as it observed from the figure. The
other parametric variation was created by halving the value
of the capacitor. From Figure 15(b), the output voltage and
switching frequency maintained its response without any
change. The findings above reveal that the proposed voltage
control method and FCL are robust against parametric
disturbances.

For further verification of the effectiveness of modified
FTSMC, comparison with four existing studies is presented
in Table 2. As can be observed in Table, some of the studies
have fewer control parameters than this study, implying that
fine-tuning control parameters are easier for them. Contrary
to these studies including 16, the proposed study requires
only one sensor for control, and thus, the system is less
affected by sensor characteristics such as sensitivity, re-
sponse time, and linearity. Moreover, three other studies
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involve the measurement of capacitor current I - which leads
to distortion in capacitor voltage as discussed in [46].
Consequently, the proposed method is more beneficial in
terms of eliminating high frequency noises, reliability, cost
of the control system, and maintenance requirements.

5. Conclusion

In this paper, a modified FTSMC is proposed for DC-DC
buck converters. The output voltage of the converter is
regulated to its reference by the proposed control strategy. In
addition, the switching frequency control method is inte-
grated into the modified FTSMC method. The performance
of the proposed control method was investigated in steady-
state and transient conditions such as variation in load
resistance, input voltage, and reference of output voltage.
The proposed control method exhibits good steady-state and
transient responses. Also, the experimental results obtained
with and without a switching frequency controller loop
reveal that high deviations occur in switching frequency in
transient cases. The combination of the proposed FTSMC
and FCL methods successfully fixes the switching frequency
to the desired value. In addition, a further comparison has
been done between modified FTSMC and other studies in
literature in terms of experimental feasibility. Since the
proposed control method needs only one voltage sensor, it
presents an easy implementation.

Abbreviations
C: Capacitor
CSMC: Conventional sliding mode control

(Delta) hysteresis bandwidth
Diode

DC input voltage source
Switching period error

: (Eta), integral constant

FTSMC: Fast terminal sliding mode control
FCL: Frequency control loop

IO B

HM: Hysteresis modulation
I Capacitor current

I;: Inductor current

Iy: Load current

L: Inductor

A: (Lambda)

B: (Beta)

y: (Gamma).

Sliding Mode Control Coefficients

Pi: Inverse of S

R: Load resistor

S: Sliding surface function
S: Derivative of S

SMC: Sliding mode control
Swt Switch

T Switching period

TSMC: Terminal sliding mode control
u: Control input

15

Vo Output voltage

Vy: Derivative of output voltage

V. Output voltage reference

b Output voltage error

Xy Derivative of output voltage error
Xy Derivative of x,.
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