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The output voltage of a photovoltaic (PV) system relies on temperature and solar irradiance;
therefore, the PV system and a load cannot be connected directly. To control the output
voltage, a DC-DC boost converter is required. However, regulating this converter is a very
complicated problem due to its non-linear time-variant and non-minimum phase circuit.
Furthermore, the problem becomes more challenging due to uncertainty about the output
voltage of the PV system and variation in the load, which is a non-linear disturbance. In this
study, an observer-based backstepping sliding mode control (OBSMC) is proposed to
regulate the output voltage of a DC-DC boost converter. The input voltage of the converter
can be a DC energy source such as PV-based microgrid systems. An adaptive scheme
and sliding mode controller constructed from a dynamic model of the converter is used to
design an observer. This observer estimates unmeasured system states such as inductor
current, capacitor voltage, uncertainty output voltages of the PV cell, and variation of loads
such that the system does not need any sensors. In addition, the backstepping technique
has been combined with the SMC to make the controller more stable and robust. In
addition, the Lyapunov direct method is employed to ensure the stability of the proposed
method. By employing the proposed configuration, the control performance was
improved. To verify the effectiveness of the proposed controller, a numerical simulation
was conducted. The simulation results show that the proposed method is always able to
accurately follow the desired voltage with more robustness, fewer steady-state errors,
smaller overshoot, faster recovery time, and faster transient response time. In addition, the
proposed method consistently produces the least value of integral absolute error.
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INTRODUCTION

The development of small renewable energy sources (RES) integrated into the power system has
significantly increased since the last decade as an effort to boost global penetration of such energy
sources. As alternative energy sources, RES are implemented within localized grids, which are called
microgrids, that can be disconnected from the main grid whenever needed. These microgrids can be
implemented in the form of AC and DC microgrid coupled with power converter. The intensive use
of DC-based renewable energy and electronic DC loads (e.g., electric vehicle and data center) have
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made DCmicrogrids option more efficient (Mahajan and Potdar,
2020). The DC microgrid has several benefits such as improved
reliability, high efficiency with less energy conversion, high
controllability without synchronization problem, and
economics (Saveen et al., 2018). Moreover, DC microgrids can
avoid problems in AC microgrids such as power quality issues,
reactive power flow, and frequency synchronization (Abhinav
et al., 2019). In the DC microgrid, the DC energy source such as
PV, fuel cell, and battery is connected to the DC bus through a
DC-DC boost converter (Balog et al., 2012). Nowadays, DC-DC
converters are developing quickly and widely being applied in
renewable energy sources, power grids, DC motor drives,
uninterruptible power supply, computers, data
communications, and other fields (Toumi et al., 2021; Vazquez
et al., 2017). This motivates to improve converters to be more
reliable (Yu et al., 2012), high quality (Alsolami 2021), efficient
(Eguchi et al., 2020), and well controlled (Li et al., 2021). There
are several DC-DC converter topologies, such as the boost type
(Chen et al., 2020), buck type (Basharat et al., 2021), buck-boost
type (Yang et al., 2020), Cuk type (Ramos-Paja, et al., 2020), and
zeta type converter (Arun and Manigandan, 2021). Among these
topologies, the boost type is widely used in many industrial
applications (Amirabadi 2016). Generally, a DC-DC boost
converter is utilized to convert the DC voltage to a higher DC
voltage (Premkumar et al., 2019).

The DC-DC boost converter is well known as a variable
structure in a non-linear (Cajamarca et al., 2019), non-
minimum phase (Tahri et al., 2019) and time-varying system
(Zhang et al., 2017). Disturbance from load variation, input
voltage uncertainty, and interference of electromagnetism
created by the switching action of the semiconductor make the
problem of the converter more challenging (Liu et al., 2018).
Moreover, regulating the output voltage cannot be carried out
directly without involving the inductor current (Bouchekara et al.,
2021). Thus, the system requires a sensor to continuously
measure the current (Shen et al., 2021); however, installing the
sensor can make the system quite vulnerable to disturbance and
raise construction costs (Abdelmalek et al., 2020). Therefore, to
reach a suitable control performance for the system, a high-
performance control is needed to have good disturbance
rejection, less steady-state error, small overshoot, a fast
recovery time, and fast transient response time (Mehdi et al.,
2020; Mobayen and Tchier, 2018). In addition, the observer
method is proposed for induction current estimation, meaning
no sensor is needed for real-time measurement (Mehreganfar
et al., 2019).

In the literature, many different control techniques have been
introduced to control the output voltage of boost converters such
as proportional-integral (PI) and proportional-integral-derivative
(PID). In Guo et al. (2011), linear PID and PI controllers are used
to control the boost converter with a DSP-based digital controller.
The results of this study indicate that the PID and PI controllers
are slow to achieve transient response with a big overshoot during
startup, being less stable, and less robust against operating point
changes. Kobaku et al. (2021a) investigated the problem of
disturbance rejection for a non-minimum phase DC-DC boost
converter employing a novel robust PID. The equivalent

feedforward technique of the modified direct synthesis is used
to build the controller. The results indicated that the proposed
technique has robust performance and provides a fast recovery to
the reference in the presence of disturbances. Another study
(Cisneros et al., 2015) evaluated a linear time-varying PI
controller for an interleaved boost and multilevel converter,
while Ahmed et al. conducted a design of fractional order PI
for the PV system with a DC-DC boost converter (Mohamed
et al., 2021). In other studies, robust control was proposed to
regulate boost converter (Mushi et al., 2017; Villegas-Ruvalcaba
et al., 2021). Research results indicate that the proposed method
shows good performance under different operating conditions.
Moreover, Seo and Choi (2019) implemented a fractional order
PID to regulate the DC-DC boost converter. In this research,
input inductance and output capacitance values are used to
characterize gains of integer order PID that will create a
transfer function of the closed system equal to the first-order
system. The results showed that the proposed technique is better
than a conventional integer-order PID. Furthermore, the adaptive
control technique was presented for controlling the boost
converter, concluding that the driving voltage of the boost
converter is controlled automatically (Alawieh et al., 2011;
Johnson, et al., 2021). A quantitative feedback theory adapted
to build a robust PID controller was proposed to address the
problem of instability in voltage control of DC-DC boost
converter. The results revealed that the proposed method is
better than the conventional PID for various disturbances
(Kobaku et al., 2021b). Moreover, Van et al. (2021) proposed
phase shift full bridge to improve the output of DC-DC converter.
The controller used in this study is PI controller. The results
indicated that the phase shift full bridge converter has a better
performance compared with other converters.

The aforementionedmethods have a disadvantage. To obtain a
control parameter, the controller needs a linearization in a certain
operating point. Hence, the boost converter cannot achieve all
conditions and operating range. To solve this problem, a non-
linear controller using intelligent control techniques has been
proposed. Nizami and Chakravarty (2020) presented an output
voltage control problem for a DC-DC boost converter using a
neural network integrated with an adaptive backstepping
framework. The results obtained revealed the method is faster
at estimating the unknown parameter and has satisfactory
tracking of the output voltage. Wai et al. (2012) proposed an
adaptive fuzzy neural network to control the voltage of a
conventional boost converter. The results indicated that the
proposed method is more suitable to control the voltage
tracking of the boost converter. Moreover, in Guo and Abdul
(2021), a fuzzy adaptive PSO controller was investigated to
control maximum power point tracking (MPPT). The results
revealed that the developed control method can enhance the
global search process and raise the speed of convergence. A robust
pulse width modulation-based type 2 fuzzy control to control
DC-DC boost converter for improving the stability of converter is
presented in Farsizadeh et al. (2020). However, the controller
stability of intelligent control techniques cannot be investigated.

Another approach is employing the SMC method. Yuan et al.
(2015) proposed the passive sliding mode to regulate the boost
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converter. The simulation results showed that the proposed
method has good dynamic, static performance and robustness
against disturbance. Martínez-Treviño et al. (2017) presented an
SMC of a boost converter to supply a constant power load and
concluded that the technique has proven to be an effective
solution to control the converter. Moreover, a new non-linear
sliding surface form with optimal parameter to regulate DC-DC
boost converter was presented by YosraMassaoudi et al. (2013). It
is concluded that the proposed method is more effective to
eliminate chattering and has fast response. In other studies, an
adaptive SMC for a load frequency control system based on
disturbance observer was proposed (Wei et al., 2021), while
Cucuzzella et al. (2018) conducted SMC to regulate the boost
converter in a DC microgrid. Different from other methods, this
can ensure the stability of the system design. In previous works,
SMC was constructed based on observer design to consider
disturbances from load variation and input voltage uncertainty
(Oucheriah and Guo, 2013; Pandey et al., 2018), whereas in
Pandey et al. (2020), the authors proposed two methods for
estimating uncertainties of input voltage and load variation,
namely, state observer–based adaptive law and sliding mode
control, to regulate output voltage of the converter. The results
indicate that the steady state and transient performance of the
converter using the proposed method is satisfactory.
Furthermore, Talbi et al. (2020) presented adaptive sliding
mode observer for regulating boost converter using model
predictive control and concluded that the proposed method
can accurately estimate the output voltage of the converter.
However, the recovery time due to the disturbance tends to
slow the system and must be improved. To make the system
more robust, backstepping SMC techniques are proposed in Xu
et al. (2019). This technique is combined with a command filter to
adjust the DC-link voltage. The simulation results show that the
developed strategy can precisely regulate the grid-connected
inverter. An adaptive backstepping sliding mode control
method to enhance DC bus voltage stability is presented by
Wu and Lu (2019). The results showed that the proposed
control method has better performance and is more robust. In
other studies, backstepping SMC was presented for maximum
power point tracking in a solar cell (Bjaoui et al., 2019; Dahech
et al., 2017) and concluded that the proposed technique has a
good transient response, small tracking error, and very fast
reaction against variations of solar irradiation. However,
disturbance from load variation and input voltage uncertainty
was not considered. Furthermore, observer design to estimate
inductor current is not included in the SMC design. To the best of
the authors’ knowledge, no study has been conducted to design
controller using a combination of observer-based backstepping
technique and sliding mode control. In addition, to evaluate the
performance of the proposed controller, most literature do not
employ dynamic system testing for input voltage uncertainty and
load variation.

In this paper, to improve the controller performance,
observer-based backstepping sliding mode control (OBSMC)
for regulating output voltage of DC-DC boost converter is
proposed. The proposed controller will make the system
performance more robust with less steady-state error, small

overshoot, fast recovery time, and fast transient response time.
The disturbance from load variation, input voltage uncertainty,
and the estimation of the inductor current is considered in the
design. The contributions of this paper are summarized as
follows:

1. Combining the observer-based backstepping technique and
sliding mode control and the mathematical model of DC-DC
boost converter, a novel sliding surface is constructed. Then,
using the Lyapunov method, the stability of the design is
verified.

2. A novel controller formula is designed based on the novel
sliding surface to regulate a DC-DC boost converter
considering load variation and input voltage uncertainty.

3. The dynamic system testing for input voltage uncertainty and
the load variation is applied to evaluate the performance of the
controller.

The rest of this work is structured as follows. The
mathematical modeling of the DC-DC boost converter is
explained in Section 2. Section 3 defines the OBSMC. In
Section 4, the simulation results and analyses are discussed.
Finally, conclusions are presented at the end of the study in
Section 5.

MATHEMATICAL MODELING OF A DC-DC
BOOST CONVERTER

To connect and regulate the output voltage of the PV system and
a load, a DC-DC boost converter is required because the output
voltage of a PV system relies on temperature and solar irradiance,
as shown in Figure 1. Furthermore, due to the presence of an
uncertain output voltage of the solar cell and variation of load,
which is a non-linear disturbance, the controller technique is
required to provide the gating signal pulse for regulating the DC-
DC boost converter. To obtain the controller, the mathematical
modeling of the converter is considered.

The circuit of a DC-DC boost converter, as presented in
Figure 2, is a power electronic circuit comprising an inductor
and a capacitor as energy storage to change one voltage level to
another voltage level using a switching method, where the
parameters of Vi, L, C, R, and V0 are the input voltage,
inductor, capacitor, resistor, and output voltage, respectively.
The mathematical modeling of this converter is determined
using KCL and KVL for a particular condition of the
converter (Joseph and Kumar, 2012). Because it uses switches,
the converter will operate in two modes: closed switch and open
switch (Tan and Hoo 2015).

When the switch is closed, as shown in Figure 3, the inductor
L will store energy via Vi. In this operation, the resistor and
capacitor will not have a current flowing. During this state, the
mathematical modeling of this converter can be formulated in
Eqs 1, 2.

Vi � L
diL
dt

(1)
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FIGURE 1 | Structure of PV energy system.

FIGURE 2 | Circuit of DC-DC boost converter.

FIGURE 3 | Circuit of DC-DC in closed-switch mode.
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C
dVc

dt
+ Vc

R
� 0 (2)

For the open switch, as seen in Figure 4, the inductor L will
release energy. The mathematical expression of this converter is
defined in Eqs 3, 4.

Vi � L
diL
dt

+ Vc (3)

iL − C
dVc

dt
� Vc

R
(4)

By taking the state variable of the current inductor iL � x1 and
voltage of the capacitorVc � x2 in Eqs 1–4, and using the average
of two operation modes, the mathematical modeling of the
converter can be defined in Eq. 5.

_x1 � −(1 − u)
L

x2 + 1
L
Vi

_x2 � (1 − u)
C

x1 − φ

C
x2, φ � 1

R
(5)

OBSERVER-BASED BACKSTEPPING
SLIDING MODE CONTROL

In the application, we have to note that the value of the input
voltage, Vi, and load resistance, R, are unknown and varied. In
the literature, input voltage Vi of the DC-DC boost converter
can be a DC energy source such as in PV-based microgrids.
Due to the uncertainty and variation of this input, several
studies have used MPPT to overcome this problem to get
maximum power of the PV system. However, using the
fixed step of MPPT, the output of PV will oscillate below
maximum power point. Thus, the necessity of damping is
required to damp the oscillation. In this study, we assume
that the input voltage of the converter has used MPPT so that
the output of the PV is optimum voltage. Then, the non-linear
observer controller is used to estimate Vi and R. To obtain

these values, the state variables x1 and x2 are assumed to be
accessible. In this design, V̂i and φ̂ are the estimated values of
Vi and R, respectively. Therefore, the uncertainty of input
voltage and the variation of load will be included in the formula
of the proposed controller. The duty ratio u is the control input
to the converter. So, the observer design can be defined as
follows (Oucheriah and Guo 2013):

_̂x1 � −(1 − u)
L

x̂2 + V̂i

L
+K1(x1 − x̂1)

_̂x2 � (1 − u)
C

x̂1 − φ̂

C
x2 + K2(x2 − x̂2) (6)

K1 > 0 and K2 > 0 represent the gain of the observer. x̂1 and x̂2

represent the estimate of x1 and x2, respectively. Assuming
~x1 � x1 − x̂1, ~x2 � x2 − x̂2, ~φ � φ − φ̂, and ~Vi � Vi − V̂i, then,
using Eqs 5, 6, we get the following expression:

_~x1 � −(1 − u)
L

~x2 +
~Vi

L
+ K1~x1

_~x2 � (1 − u)
C

~x1 − ~φ

C
x2 +K2~x2 (7)

To obtain the adaptation laws, the quadratic Lyapunov
function is considered.

V � 1
2
(L~x2

1 + C~x2
2 +

1
γ1
~φ2 + 1

γ2
~V
2

i) (8)

The gains of adaptation are represented by γ1 > 0 and γ2 > 0.
Then, its time derivative, as in Eq. 8, leads to the formulation as
follows:

_V � −K1L~x
2
1 −K2C~x2

2 − ~φ(x2~x2 + 1
γ1

_̂φ) + ~Vi(~x1 − 1
γ2

_̂Vi) (9)

For stabilization of the observer design, (9) should be negative
definite; hence, the terms in the bracket must be cancelled to
obtain the adaptation laws in Eqs 10, 11.

_̂φ � −γ1x2~x2 (10)

FIGURE 4 | Circuit of DC-DC in open-switch mode.
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_̂Vi � γ2~x1 (11)
Because the DC-DC boost converter has non-minimum phase

characteristics, an indirect control method must be used. For this
condition, the voltage of the system output should be regulated
using its inductor current. The reference of the inductor current
ILref is determined using the following equation:

ILref � V2
ref

V̂i

φ̂ (12)

where Vref is the reference voltage. The sliding surface for static
PI is simply constructed as

σ � e + λ∫ e dt (13)

where e � x̂1 − ILref and λ is the parameter of the switching
surface.

To provide robustness and to ensure the stability of the system,
the backstepping method is added into the observer-based SMC.
The main idea of the backstepping method is that a complex non-

linear system is divided into two subsystems. Consequently, the
medial fictitious control and Lyapunov function are constructed,
respectively, and the main system is gained through backstepping.
The design procedure of the basic OBSMC can be defined as follows:

There are two steps to designing the OBSMC. The first step is
to select the Lyapunov function as

V1 � 1
2
e2 (14)

Accordingly, _V1 � e _e and using e� x̂1 − ILref, _V1 � (x̂1 − V2
ref

V̂i
φ̂) _e.

To satisfy _V1≤0, we suppose x̂1 � σ −λ∫e+ V2
ref

V̂i
φ̂. Hence,

_V1 � _e(σ − λ∫ e)
_V1 � _eσ − λ _e∫ e (15)

In the second step, the Lyapunov function is selected as

V2 � V1 + 1
2
σ2 (16)

FIGURE 5 | Block diagram of the proposed system (A) implemented for DC microgrid; (B) implemented for PV system with MPPT.
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The time derivative of Eq. 16 will get

_V2 � _V1 + σ _σ (17)
Substituting (13), the derivative of Eqs 13, 15 into Eq. 17 gives

_V2 � _eσ − λ _e∫ e + σ( _e + λe) (18)

Tomeet _V2 ≤ 0, a controller will be designed based on the time
derivative of (9) and substituting (2) into it.

u � 1 − L

x̂2

⎛⎝V̂i

L
+K1~x1 +

γ1V
2
ref

V̂i

x2~x2 +
γ2V

2
ref

V̂
2

i

φ̂~x1 + λe⎞⎠
− L

x̂2
sgn(σ) − L

x̂2
_e + L

x̂2

λ _e∫e
σ

(19)

The block diagram of the proposed system using signal control
Eq. 19 is presented in Figure 5A. The proposed system does not need
an inductor current sensor. To replace the sensor and to obtain the

estimation value of inductor current accurately, the input and output
voltage are fed to the observer gained as in Eq. 6. The estimated
values of the inductor current and the output voltage are used to
design the purposed controller. The control signal in (19), which is a
gating signal to drive the MOSFET, is generated by the purposed
controller such that the output voltage can reach the reference voltage
as close as possible although disturbance appears in the system.

SIMULATION RESULT AND DISCUSSION

To verify the performance of the proposed controller, a numerical
simulation has been performed using MATLAB Simulink. The DC-
DC boost converter and switching surface parameters utilized in this
paper are provided inTable 1. For the initial system simulation,Vref

is selected as 24 V. To guarantee the existence of the sliding mode
control, the initial conditions selected for the system are as follows:
x̂1(0) � 0.8, x̂2(0) � 6, V̂i(0) � 10 φ̂(0) � 0.0048.

In this paper, the proposed controller, OBSMC, is compared with
observer-based SMC (OSMC) in Pandey et al. (2018). Three types of
system testing are employed in this paper. The first system testing is
reference voltage changing. The simulation time is set to be 0.15 s. In
addition, to evaluate the performance quality of the controller,
integral absolute error (IAE) is utilized. IAE is the sum of the
areas below and above the reference signal and process value. At
the beginning of the simulation, reference voltage,Vref, is set as 24 V.
Then, at t � 0.05 s,Vref is decreased to 20V and at t � 0.1 s,Vref is
increased to 24V. Figure 6 presents the comparison of converter
output voltage regarding voltage variation between OBSMC and
OSMC. It can be seen that the performance of the OBSMC is better
than OSMC in terms of overshoot and transient response. In the
starting condition, there is no overshoot for the proposed controller

TABLE 1 | The DC-DC boost converter and switching surface parameters.

System Parameter Symbol Value Units

Boost converter Input DC voltage Vi 12 V
Inductor L 1.5 mH
Capacitor C 50 µF
Resistor load R 200 Ω

Switching surface Adaptation gains γ1 1 −

γ2 2.104 −

Observer gains K1 104 −

K2 104 −

Controller gain λ 1,000 −

FIGURE 6 | Output voltage of the converter for reference voltage variations.
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OBSMC, but for the OSMC, the overshoot occurs around 27.62V.
Thereafter, at t � 0.05 s, whenVref is decreased, both OBSMC and
OSMC have the same performance. The same performance of both
controllers occurs at t � 0.1 s when Vref is increased to 24V. To
evaluate the performance quality, IAE is used. It can be seen that
the IAE of the proposed controller OBSMC, 0.0826, is smaller than
that of OSMC, 0.0916. Therefore, through system testing, the
results show that the proposed controller OBSMC provides less
steady-state error, small overshoot, and fast transient response. The
detailed information regarding the performance specification of
the response is provided in Table 2.

The next system testing is the input voltage variation Vi. The
simulation time is set to be 0.15 s. The input voltage, Vi, is set as

12 V at the beginning of the simulation. Then, at t � 0.05 s, Vi is
reduced to 8V and t � 0.1 s;Vi is then raised and reduced back to
12V. The comparison of the converter output voltage with the
input voltage variation Vi between OBSMC and OSMC is shown
in Figure 7. It can be seen clearly that the performance of the
OBSMC is better than OSMC in terms of robustness and fast
recovery time. At t � 0.05 s, when the input voltage variationVi is
raised, the voltage deviation of OBSMC is smaller at 0.59V than
OSMC at 7.03V. Moreover, the recovery time of OBSMC is
smaller at 1.4ms than OSMC at 17.56ms. Then, Vi is reduced at
t � 0.1 s. In this condition, the voltage deviation of OBSMC is
smaller at 0.67V than OSMC at 8.2V. The recovery time of
OBSMC is ten times smaller at 1.7ms than OSMC at 17ms. IAE
is also used to evaluate the performance quality of the proposed
controller. The IAE of the proposed controller OBSMC, at 0.0396,
is smaller than OSMC, at 0.1558. Thus, using this system testing
shows that the proposed controller OBSMC provides a more
robust and faster recovery time. The detailed information
regarding the performance specification of the response is
provided in Table 3. Another input voltage, Vi, testing for
greatly varied values is applied to the system. The variation of
Vi is appropriate to the real system. Figure 8 depicts the output
voltage of the converter with a greatly varied value of Vi. The

TABLE 2 | Performance specification of the converter related to reference voltage variations

Controller Starting Decreasing Increasing IAE

Vref(−4V) Vref(+4 V)
ΔV(V) ts(ms) ΔV(V) ts(ms) ΔV(V) ts(ms)

OBSMC 0 5.38 0 58.07 0 107.1 0.0826
OSMC 27.62 9.25 0 58.07 0 107.1 0.0916

FIGURE 7 | Output voltage of the converter for input voltage variations.

TABLE 3 | Performance specification of the converter related to input voltage
variations

Controller Increasing Vi (+2 V) Decreasing Vi (−2 V) IAE

ΔV(V) trec(ms) ΔV(V) trec(ms)

OBSMC 0.59 1.4 0.67 1.7 0.0396

OSMC 7.03 17.56 8.2 17 0.1558
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characteristic of the PV output real data is obtained from
Kaddoura et al. (2016) with the change in range of the time.
Using IAE, the proposed controller OBSMC has less IAE, 0.1023,
than the OSMC, 0.1345.

The last system testing is the load resistance variation. The
simulation time is set to be 0.15 s. Initially, R is set to be 200Ω.
Afterwards, at t � 0.05 s, R is increased +50%, and at t � 0.1 s, R is
decreased by 50%. The comparison of the converter output voltage
with load resistance variation between OBSMC and OSMC is shown

FIGURE 8 | The output voltage of the converter with the greatly varied value of input voltage Vi

FIGURE 9 | Output voltage of the converter for load resistance variations.

TABLE 4 | Performance specification of the converter related to load resistance
variations

Controller Increasing R (+50%) Decreasing
R (−50%)

IAE

ΔV(V) trec(ms) ΔV(V) trec(ms)

OBSMC 0.5 2.2 0.6 3.8 0.0438

OSMC 0.96 9.03 1.03 8.3 0.0618
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FIGURE 10 | Output voltage of the converter for load resistance variationR.

FIGURE 11 | Output of the converter for (A) efficient operation and (B) for MPPT implementation.
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in Figure 9. The performance of the OBSMC is better than OSMC in
terms of robustness and fast recovery time. At t � 0.05 s, when the
load resistance variation R is raised, the voltage deviation of OBSMC
is smaller (0.59V) than OSMC (0.95V). In addition, the recovery
time of OBSMC is less (2.2ms) than that of OSMC (9.03ms). Next,
load resistance variation R is reduced at t � 0.1 s. In this condition,
the voltage deviation of OBSMC is smaller, 0.6V, than OSMC,
1.03V. Furthermore, the recovery time of OBSMC is ten times
smaller, 3.8ms, than OSMC, 8.3ms. IAE is also used to evaluate
the performance quality of the purposed controller. It can be seen that
the IAE of the proposed controller OBSMC, 0.0438, is smaller than
that of OSMC, 0.0618. Thus, using this system testing shows that the
proposed controller OBSMC provides a more robust and faster
recovery time. Table 4 presents detailed information regarding the
performance specification of the response. Another load resistance
variation R testing for greatly varied values is applied to the system; R
is proper with the real system. Figure 10 shows the output voltage of
the converter with the greatly varied value of load resistance variation,
R. It can be seen that the performance of the proposed controller
OBSMC is better than OSMC.Moreover, by using IAE, the proposed
controller OBSMC has less IAE, 0.1162, than the OSMC, 0.2097.

To avoid low efficient operations, the proposed controller has
been evaluated with minimum input voltage of the DC-DC boost
converter. We assume that if PV is considered as DC source of the
system, the minimum solar irradiation will produce minimum
output voltage of PV, which is 3 V. Therefore, if the input of the
converter Vi ≤ 3, the proposed controller will be off so that there is
no signal control to the converter and the output of the converter
will be 0 V. The output of the converter for efficient operation is
shown in Figure 11A. At the beginning of the simulation, the
simulation time is set to be 0.15 s. Initially, the input voltageVi is set
as 12 V. Then, at t � 0.04 s, Vi is reduced to 8V. The system is still
on so that the controller can make the output voltage return to its
reference value. Then at t � 0.7, t � 0.1, and t � 0.12,Vi is reduced
to 3V, 2V, and 1V, respectively. In these conditions, the output of
the converter is 0 V since the input of the converter Vi ≤ 3 and the
system is off. As a result, the proposed controller can turn off when
the solar irradiation is too low to avoid low efficient operations.

Another implementation of the proposed controller is to control
the optimal output of the PV system. Due to variation of solar
irradiation and temperature, a MPPT is required to run the PV
system at maximum power point (MPP) (Nguyen et al., 2020). The
MPPT algorithm employed in this study is based on perturb and
observe (P&O)method. As proposed by Dahech et al. (2017), in this
study, the output of the MPPT system is used as a voltage reference
to the proposed controller, that is, OBSMC. The signal control of
OBSMC is then utilized to regulate the switching device. Figure 5B
shows the structure of theMPPT system and the proposed controller
applied in the PV system. The output power of DC-DC boost
converter with MPPT and the proposed controller is presented in
Figure 11B. In this implementation, the performance of the MPPT
system with OBSMC and without OBSMC is compared. In the
beginning, solar irradiation is 200W/m2 and the temperature value
is 25°C. At t � 2 s, 4 s, and 6 s, the solar irradiation is increased to
400W/m2, 600W/m2, and 800W/m2, respectively. Then, at t � 8 s,
the temperature value is changed to 50°C. As can be seen in
Figure 11B, at t � 2 s, 4 s, 6 s, and 8 s, the output power of the

converter is 193.45, 205.74, 213.11, and 179.66W, respectively, for
onlyMPPT andMPPTwith OBSMC. There is a short oscillation for
systems that use onlyMPPT at t � 2 and 4 s and a long oscillation at
t � 6 s and 8 s whereas there is no oscillation for systemusingMPPT
with OBSMC at all t.

CONCLUSION

This paper presents observer-based backstepping SMC considering
load variation and input voltage uncertainty to regulate a DC-DC
boost converter. The backstepping technique has been combined
with the SMC to make the controller more robust and have a less
steady-state error, small overshoot, a fast recovery time, and fast
transient response time. Moreover, the Lyapunov direct method was
employed to ensure the stability of the proposed method. To verify
the performance of the proposed controller, the numerical simulation
is performed using MATLAB Simulink. There were three types of
system testing employed in this paper, namely, the reference voltage
Vref changing, the input voltage variation,Vi, and the load resistance
variation,R. The simulation results show that the proposed controller
OBSMC provides less steady-state error, smaller overshoot, and a
faster transient response time than OSMCwhen the system is tested
by the reference voltage, Vref, changing. Using the input voltage
variation,Vi, and the load resistance variation,R, the recovery time
of OBSMC was faster than OSMC and the voltage deviation was
smaller. In addition, the proposed method consistently produced
the least value of IAE in all system testing. In the last part of this
paper, an analysis of the proposed controller equipped with an
MPPT controller was conducted. It is concluded that there is no
power oscillation for the system using MPPT with OBSMC at all t.
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