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Abstract: In recent times, DC microgrids (MGs) have received significant attention due to environ-
mental concerns and the demand for clean energies. Energy storage systems (ESSs) and photovoltaic
(PV) systems are parts of DC MGs. This paper expands on the modeling and control of non-isolated,
non-inverting four-switch buck-boost (FSBB) synchronous converters, which interface with a wide
range of low-power electronic appliances. The proposed power converter can work efficiently both
independently and in DC MGs. The charging and discharging of the battery are analyzed using
the FSBB converter at a steady state in continuous conduction mode (CCM). A boost converter is
connected to a PV system, which is then connected in parallel to the battery to provide voltages at the
DC bus. Finally, another FSBB converter is connected to a resistive load that successfully performs
the boost-and-buck operation with smooth transitions. Since these power converters possess uncer-
tainties and non-linearities, it is not suitable to design linear controllers for these systems. Therefore,
the controlling mechanism for these converters’ operation is based on the sliding mode control (SMC).
In this study, various macro-level interests were achieved using SMC. The MATLAB Simulink results
successfully prove the precise reference tracking and robust stability in different operating modes of
DC-DC converters in a MG structure.
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1. Introduction

Non-conventional power sources are decent, natural, and abundant. They are pos-
sibly accessible free of cost and are effective if the power-transformation mechanism is
improved [1]. The demand for electrical energy is constantly growing because of population
growth and the Industrial Revolution [2]. The power-production industry suffers various
problems like the continuous supply of energy at lower costs. The majority of electrical
energy is still produced from non-renewable energy resources. Therefore, fossil fuels are
depleting rapidly. Technically, renewable energy systems (RESs) have provided a base for
modern research aimed at the production of DC distribution systems. Luckily, research
and development in recent years has revealed that it is possible to link commercial grids
with RESs, and that this process is also financially and technically viable. In the past few
years, microgrids (MGs) have appeared as favorable means of unifying and synchronizing
the task of distributed power resources [3]. These MGs are often deemed appropriate for
increasing the flexibility of distribution systems, as well as integrating several RESs [4],
making them suitable for a wide range of applications [5].

Therefore, DC MGs are receiving greater focus with the integration and contribution
of numerous power suppliers; for instance, smart constructions and smart communities
are of significant importance because of their considerable energy-generation capacity.
Furthermore, PV panels and energy-storage systems (ESSs) are fundamental components
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of DC MGs. These RESs encompass PV systems, wind-turbine systems, geothermal and
tidal systems, etc., and have received significant attention in recent years because of the
increased interest in clean energies. Since these RESs cannot deliver steady power for
consumers, it is necessary to use them along with the ESSs in hybrid power systems. Thus,
ESSs help to meet power demand.

On the other hand, if the terminal device does not utilize the total energy obtained
from the RESs, the remaining power can be stored in the battery [6]. Therefore, bidirectional
converters (BDCs) acting as an interface between the DC MGs and the load are required.
These BDCs can transfer energy in both directions, from the ESSs or towards the ESSs. Thus,
these power converters are widely used to transfer energy between the source and the sink.
They include both isolated and non-isolated topologies for individual applications. These
include, topologies that provide high voltage gain through the calibration of transformers’
turn ratios, known as isolated flyback topologies [7], isolated half-bridge topologies [8,9],
and isolated full-bridge topologies [10,11]. The design and control of BDC using flyback
topology is accessible and simple, and it is suitable for low-power applications. The other
type of converter is the non-isolated BDC type, which includes multilevel converters, Zeta
converters, converters using switched capacitors, etc., Switched capacitors and multilevel
power converters can provide higher voltage gains only when additional capacitors and
switches are used, making their control circuits complex [12,13]. Lower efficiencies are the
major problems occurring in Zeta and Cuk converters because of the combination of two
power stages [14,15]. It is possible to achieve high voltage gains in converters with coupled
inductors [16,17], but their circuit’s designs are complicated.

The methodology designed in [17] uses the control mechanism of the optimum neg-
ative current of a buck-boost bidirectional power converter, but the designed power
converter operates well in DCM only, with a frequency lower than 80 kHz. Model pre-
dictive controller (MPC)-based converters are also available. The use of a FSBB converter
based on MPC is suggested in [18], but it is not easy to design MPC-based converters
because they require more computational efforts during the design procedure. A four-port
BDC was proposed for DC MGs in [19], but it is not suitable for low-power applications
because it uses transformers for isolation purposes. An isolated converter allowing the
bidirectional flow of power through the DC bus is recommended in [20] for hybrid RESs,
but this power converter is also suitable for appliances with high power ratings. A DC-DC
power converter based on the LLC topology is proposed for DC MGs in [21], but it has
limitations in that it is unidirectional and suitable for PV systems only, requires an isolation
system between the DC bus and the load, and can work with higher efficiency only in
specific regions of the gain curve. Furthermore, power converters are proposed in [22],
but they can only increase the voltage obtained from the PV source, and the charging and
discharging of ESSs is not considered for DC MGs. The converter proposed in [23] can deal
with power flow in the forward and reverse directions, but it requires galvanic isolation,
which makes it unsuitable for low-power applications. A non-isolated FSBB converter is
an excellent interface for RESs and ESSs with varying loads, providing smooth voltages
and transitions in different operating modes. Their control approaches are all centered on
some form of SMC, since the purpose of DC-DC power converters and controllers is to
obtain the required Vo through the mechanism of switching between several structures.
Their ultimate goal is to obtain equilibrium by tracing switching surfaces specified by a
given control strategy. The SMC technique provides high robustness against internal and
external disturbances, as well as parametric uncertainties [24].

Several topologies of DC-DC power converters can handle step-up and step-down
operations, such as fly back, SEPIC, and Cuk topologies, but the H-bridge topology in
FSBB electronic-power converters has a lower number of passive components and many
other characteristic features, which make it more suitable for operations in low-power
appliances [25]. The onboard electric-power system of the vehicles is also used to pro-
vide electrical power to several low-power devices used during outdoor events. Other
low-power appliances include telecommunication applications, batteries, and modernistic
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LED lighting [26,27]. The performance of linear controllers in electronic-power converters
is not optimal whenever system parameters are changed due to external or internal dis-
turbances [28]. Therefore, this paper proposes FSBB synchronous converters, which are
controlled using the SMC mechanism and applied to DC MGs. The remainder of this paper
is structured as follows. The proposed methodology is described in detail in Section 2.
Section 3 illustrates the simulation results and presents a discussion of the different stages
of the converters. Finally, the conclusion and the future directions of this research are
summarized in Section 4.

2. Proposed Methodology
2.1. Control Signal of Step-Up Converter for the PV System

The input voltage is not fixed in PV systems. It is entirely dependent on solar irra-
diances. However, on the output side, a fixed Vot is required. A DC-DC step-up power
converter is needed to achieve better conversion to obtain maximum power. In the mean-
time, a decent dynamic routine and the ability to adjust the wide-ranging input voltage
(Vpy) of the PV system are needed in these converters [29]. In this system, a PV is connected
to the boost converter. Therefore, the SMC controller is designed to achieve maximum
voltages. In the operation of the power converter, it is expected that the components used
are ideal, and that the proposed converter works in CCM. Figure 1a,b show operating
modes in one cycle period of operation. Once the switch is open, I is forced to flow through
the diode, capacitor Cp, and load. The current I} decreases while the capacitor is recharged.
When the switch S is closed, it is assumed that the inductor current (Iy) rises; the diode
current is reverse-polarized, and capacitor C, supplies the energy to the output stage.

lypy Ipy

VY Y Y ¥ >
VL Io; Ic1 PV
V §V Cl %2,0[“
S ;\ c2 C2 C2,0ut CI PT

(@)

Figure 1. Flow of I} sequence. (a) Interval when S is open. (b) Interval when S is closed.

The switch is turned on and off during one cycle; applying KCL at C; and C; and KVL
at the inductor. This is followed by applying capacitor charge balance and volt second

balance to determine VCLPV, ch, and! 1 at steady state. Steady-state conditions in CCM,
as shown in Figure 1a,b, result in the following;:

Vv Iy
V = = 1
LV = R TG (1)

I  ILpv DI

Veg= ok _ 0PV _ 2
C2=5 76 G )
. Ve, v Voo, out , DVe o, out
I = CLPv _ YC2 '
L T Tt i 3)

In the SMC of the boost converter, a double-integral SMC is used for tracking the
maximum power point (MPP). In this method, the integral of the voltage error is taken
twice. Thus, tracking performance is improved and steady-state error (SSE) is significantly
minimized. This results in the reduction in chattering phenomena of SMC, and the response
time of the system is improved. For tracking MPP, a feedback loop is employed by double-
integral SMC for calculating the output current and voltage of the solar system. These
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calculations were used to find the Pyt of the solar system. Next, a comparison between
this calculated power and MPP was performed. At this point, the control signal of SMC for
the power converter was adjusted according to Pyt and MPP. A signum function was used
in the control signal as a switching function, which is actually responsible for continuous
control action. In SMC, the output power of the converter was controlled by regulating the
control signal of its switches. Using SMC, it is possible to deal efficiently with internal and
external disturbances, as well as parametric uncertainties. The sliding surface is designed
so that the MPP of the DC sources should be tracked. Next, the thickness of the boundary
layer was carefully selected and a double-integral SMC was designed for the regulation of
the control signal to obtain optimal execution. Let x1, x5, x3, and x4 be tracking errors of the
sliding surface. In such systems, the sliding surface is defined in Equation (4), in [30,31]:

S=a1x14+arx04+a3X3+a4X4 (4)

Equation (5) is obtained by taking the first derivative of Equation (4):

S = Lll;Cl + ﬂzJ.Q + L'lg).C3 + ﬂ43.C4 (5)

The double-integral SMC shows robustness against uncertainties of non-parameters
and parameters, in addition to a significant reduction in steady-state errors [32].

X1 = Ve =Ver,pv, x2= f(Vref —Va, PV) dt
X3 = f(f(Vref — Ve, PV) dt)dt, xqg=lr—1Ip

The first derivative of tracking errors in above equation gives:

X1 = Vs —Verpv, X2 = X1, X3 =Xz, X4 = Lyep — I (6)

Similarly, for such systems, the following can be written:
° o S
S = —K|S|"sign| — (7)
@
Now, Equation (8) is obtained by comparing Equations (5) and (7):
o S . o
—K|S|"sign 5 = a1x, +axx1 +azxy + agxy (8)

By noting the values of differentials of tracked errors in Equation (8) and then replacing

them with values of V¢; py and Ip from Equations (1) and (3), the result is given by:

. : \% I
_K|S|"¢szg71(%> = m Vref — (Clcll{l;; — C%)) +dxx1 + azxp+

©)
ag( Lrep — (VCEPV - Lpou 4 DVCLZ'UWD
After rearranging:
. : 1% I
D= (L> Kisl*sign(§) +a (Vs — s + ) (10)
4V 2,0ut ) | +agxy 4 a3xz + ag Les — @ — Feout

The “D” represents the control signal of the SMC for the boost converter of the PV
system. The values of the small positive number ¢, coefficients of the required sliding
sur-face represented by aj, ay, a3, and a4, and the boundary layer’s thickness, denoted by
«, are given in Table 1. These parameters play a vital role in tracking maximum power
using SMC.
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Table 1. Parameters of the SMC of the boost converter.
Parameter Name Symbol Value

Positive integer for signum function 0] 0.49

ai 2.1

. . . s 1s ap 3.2

Coefficients of the required sliding surface as 3.99
a4 1

Boundary layer’s thickness o 0.5

2.2. Step-Down Operational Phase for the Converter of Battery System

Initially, KCL was applied at the input capacitor (Cgr) and output capacitor (Cqycr),
and KVL was applied at the inductor, after which capacitor-charge balance and volt second
balance were applied on the obtained equations, to derive the state equations of the
converter. Under steady-state conditions in CCM, Equations (11)-(13) were obtained, as
shown in Figure 2a,b:

IliR Tdcr IB& IdcR

& ! S 3 5 5 | S S ¢
g s S3 2 =1 Si S3 CdeR

=
ver CBrR] YCBR I, E g ||Var ver| 0T YCBR = O=L deR
~T ST & c A % [Vede
>
Sz@x Q{H Szggx S4 Q&l
S4

(a) (b)

Figure 2. Flow of I}, Sequence during step-down operation of FSSB converter of battery system.
(a) Interval (0-D)T. (b) Interval (1-D)T.

Isr DI

Ve np— 2BR DAL 11
CBR= o~ Con (11)
. DV, V
I, = TBR _ % (12)
b Iy, Ijc R
14 = - 13
C de R Cdc R Cdc R ( )

In this battery system, the tracking errors xj, X3, X3, and x4 are defined as follows:

x1 = Ve _VCch/xZZf(Vref_VCch)dt

%3 = [ ([ (Vieg = Ve acr) ) dt, (14)
Xy = Lep — I
By taking differentials of tracking errors, the following expression is obtained:
Y= Vyer—Vear, X2 = X1, X3 =Xz, X4 = Lep — I (15)
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Next, noting the values of differentials of tracking errors in Equation (8), followed by

placing the values of \.7(;, de R and iL in the resulting equation, finally yields Equation (16)
for the control signal of the SMC of this stage:

RC
a4 VR X Cic R
+axx1 +azxy +ay (Iref + Vde)

V _ lch+
L] S ref ™ Che R
D:< v ) o SZgn((P)Hl( yon ) (16)

The important parameters of the SMC of buck stage of battery-side FSBB converter
are listed in Table 2.

Table 2. Parameters of the SMC of the buck stage of converter.

Parameter Name Symbol Value
Positive integer for signum function ¢ 0.5
a 90
Coefficients of the required sliding surface Z; }888
ay 1
Boundary layer’s thickness o 0.5

2.3. Boost Reverse-Operational Phase for the Converter of the Battery System

The next step is to derive the control signal’s value for the power converter’s boost
reverse stage. During this process, C4.r represents the capacitor of the input side, and
Cgr is the capacitor of the output side. The state equations for this phase of operation at
steady-state in CCM are derived, and rearranging them results in Equations (17)—(19):

b Ve acr Iy,
Ve R = — 17)
CdeR RC dc RCdc R Cdc R
H Vier' Ver | D VR
I, = _ IBR 18
L 7 I 7 (18)
b I, DIt Ve Br
Ve = o5 — 2L (19)
CBR™ Cpr ~ Csr  Rc BrCaR

The direction of the current flow during this phase is revealed in Figure 3a,b. In this
battery system, tracking errors Xy, Xp, X3, and x4 for the boost-reverse mode are classified

as follows:
X1 = Vier = Ve gr, X2 = [ (Vies — Vi pr) dt

20
x3= [(J (Vies — Ve, BR) dt)df, Xy = lep =11 20)
Taking derivatives of tracking errors results in (21).
X = Vier = Ve BR, X2 = X1,X3 = X2, X4 =Ly — It (21)
After entering the values of differentials of tracked errors in Equation (8):
ke o (S L
K‘Sl Slgn((p) a (Vref VC, BR)"‘ (22)

axx1 + azxy + {14<1,5f — IL)

Noting the values of I} and Vg from Equations (18) and (19) in Equation (22) and,
after rearranging, Equation (23) is obtained for the control signal of SMC for the reverse
operation of the boost converter for charging the battery system.
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L Cpr

D =
[(—L a1I;, — CprasVeRr)

Si 3

= VCBR

>

} K|S|* sign(%) + (V,gf +

Ipr
CBr

) + axXxy

aysy -+ + 735 - Up3)

-

Szggz:

@)

VBr

A

IlcR

Idci— IBR E
Icacr Ic ol @
\{CR VvCBR _
Cdc ¥ch CBR

Cde

2\
Cdc dcR

(b)

(23)

Vch

Figure 3. Flow of I} sequence during reverse step-up operation of FSSB converter for battery system.
(a) Interval (0-D)T. (b) Interval (1-D)T.

The parameters of the control signal of boost-reverse stage of the battery side FSBB
converter are provided in Table 3.

Table 3. Parameters of the SMC of the Boost-Reverse Stage of Converter.

Parameter Name Symbol Value
Positive integer for signum function ¢ 0.5
al 85
Coefficients of the required sliding surface zg 2;8
a4 1
Boundary layer’s thickness o 0.5

2.4. Control Signal of Buck Mode for the Load-Side Converter

When the PWM signal generates a duty cycle during the buck stage, S; is turned on,
and S; is complementary to S;. The S3 is always on, and Sy is always off. The currents of the
input side, input capacitor, inductor, load-side capacitor, and output are denoted by I, Icp,
I, Ic4e, and 14, respectively. Similarly, the voltages across the input capacitor, inductor,
and load capacitor are represented by Vcg, Vi, and Vcg4.. The input and output current
and voltages are I, I4., VB, and V4, respectively. Let us assume the switching pattern
of the proposed FSBB converter for one complete cycle, as indicated in Figure 4a,b. After

performing some calculations, VCB,VCdC, and iL are found in a steady state, as expressed
in Equations (24)—(26):

hd IB DIL
Vep= — — —
CB CB CB
. I Iy
Veao = C .
c
; . DVp Vdc
i

(24)

(25)

(26)

Next, it is necessary to define the tracked errors, and obtaining their first derivative
results in the following:

[ ]
X1 =

Vref Ve, x

° . °
2=X1,X3=X2,X4=1Ilper—1Ip

(27)
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I S1 @ S3 3 . St 3 3 Cdc
CB] I Lede Iy ]
=V L Va =V L Vi
= 'CB > £ - & =
V| G G | % BT Y e Ve
L VL
ST N B ] T
S4 |
(a) (b)
Figure 4. Flow of IL sequence during step-down operation of FSSB converter for load system.
(a) Interval (0-D)T. (b) Interval (1-D)T.

Now, Equation (8) can be modified by noting the values of differential of tracked errors
and values of dec and I, from Equations (25) and (26). After solving and readjusting the
resulting equation, Equation (28) finally makes available the control signal for SMC of the
proposed FSBB converter’s buck operational stage.

. b I L
a3Vs +ayxy + azxz + ay (Iref+ VE)
2.5. Control Signal of Boost Mode for the Load-Side Converter

During the step-up stage of the power converter, the 51 is always on, and S, is always
off. The S is turned on by the duty signal generated from PWM; S; is complementary to
the S4. The flow of Iy, is shown in Figure 5a,b.

Iy T Iy T
I Sl@k S3 I S1 S3 I
CB I ICdc CB I Cde
L , V. L Ve
C VCB _ de Vi CB—— CB >
VBI B Y \édc CdC B TUN7 W(]jdc Cdc
W \’
v S2 S4 v \ S 3 S4 @'

(@)

(b)

Figure 5. Flow of I, sequence during step-up operation of FSSB converter for load system. (a) Interval
(0-D)T. (b) Interval (1-D)T.

Furthermore, in the buck-converter stage, the KCL was initially applied on both
capacitors and KVL on the inductor of the power converter for the total switching period.
After this procedure, we applied capacitor-charge balance on capacitors and volt second
balance on the inductor to observe the converter’s behavior under steady-state conditions

and to obtain resulting equations for Vg, I, and Vcgc. Next, we defined the tracking errors
and obtained their derivatives. Consequently, Equation (8) can be finally transformed into
Equation (30):

—K|S|" sign (%) =m (V,ef - Ve dc) +

. ! (29)
axx1 + aszxy +as Iref — I
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Irradiance

After noting the values of I}, and V¢ 4, the resulting equation was then rearranged
and solved, and we found the equation of the control signal of SMC of the step-up operating
phase of the proposed converter by using Equation (30):

_ L Cy. ® . S ’ I Ve
D - (“4Cchdc£‘11L IL) K|S| Slgn(?) + 111 [Vref - Citl;c + Réjdc] + (30)
apX1 + azxp + ag | Lrep — % + =
In addition to the above discussion of control signals for different operating modes of
converters, it is necessary to analyze the stability of the overall system. The stability of the
system is maintained by the equation given below:

V=5x5=5x (—K|S|“ sign(i)) (31)

After modeling the converters for DC MGs applications, this section provides the
simulation results of the SMC for the proposed converter with a faster dynamic response.
It is essential to keep in mind that Equation (31) gives a definite negative value because
the value of K is always very large, positive, and definite. This confirms that provision of
control signal for SMC ensures that tracked error approaches zero within a definite time. It
was proved in [33] that a relatively large value of “K” helps to obtain stability.

3. Simulation Results and Discussion
The overall schematic of the system in MATLAB Simulink is shown in Figure 6.

-<V°"=99 V> Converter 2 and Its Controller
D‘BR <Current (A)> D L Js D-
Battery +1 +
v
DC_bus _ Load =
<v_PV>
A<V

Controller

L +VE*
I- Convetrer 3.and Its Controller
-VE

Capacitor ,ir Discret:

screte

| Converter 1 28-06 s.
powerguil

Results

Figure 6. Simulink model of converters for DC MG application.
The components of the boost converter of the PV system are given in Table 4.

Table 4. Parameters of the converters.

Component Symbol Value Unit
Input capacitor C 370 uF
Inductor L 4 mH
Output (DC bus)
capacitor Cacr 550 mF

Converter 2 is the FSBB converter, and its parameters and their values are given in
Table 5.

The components of the load-side FSBB converter used in MATLAB Simulink are listed
in Table 6. In addition to this, in this section, the simulation results of the power converters
applied in the DC MG are analyzed and discussed.
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38

36

Volts

32

30

Table 5. Parameters of the battery-side converter.

Component Symbol Value Unit
Input capacitor Cpr 1.5 mF
Inductor L 0.5 mH
DC bus capacitor C4er 550 mF

Table 6. Parameters of load-side converter.

Component Symbol Value Unit
Resistive load R 25 QO
Switching frequency f 250 KHz
DC bus capacitor Cyaer 550 mF
Inductor L 0.138 mH
Output capacitor (@GP 2.5 mF

3.1. Analysis of PV-Side Converter

The boost converter can be used to extract power from the PV system. This PV
system consists of a solar panel, a boost converter, and a sliding mode controller. This PV
can provide a maximum power of 168.5 W. Its open-circuit voltage and its voltage at its
maximum power point are 43.5 V and 35 V, respectively. The output side of this boost
converter is then connected to a DC link. When the switch is open, energy is stored in the
inductor during this interval. Similarly, when the switch is closed, the energy stored in the
inductor is discharged towards the output side of the boost converter.

The DC link in the system is also connected to a battery system and a load system. It
is necessary to track the maximum voltage of the PV panel; the Vpy is the input voltage,
and it is necessary to obtain 35 V from this PV. Next, it is necessary to find errors between
these two values and compensate for them by using SMC, by obtaining a control signal
from the PWM generator. Since there are varying irradiances in the different intervals of
time, there are also fluctuations in voltages and current. However, it is the role of the SMC
to provide maximum voltages despite the variations in irradiances. The waveform of the
PV voltage at MPPT is shown in Figure 7.

0.01

35.2

35
34.8
34.6

0.656 0.658 0.66
| | | | | | |
0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time (S)

Figure 7. Voltage at maximum power point.

The current at the maximum power point was taken as 4.71 A, with varying values of
irradiance, as shown in Figure 8.
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7<IPV>
5
=
n
w
B
= 3
=
-
1
1 . 2 3 4
Time (S)
Figure 8. Current at maximum power point.
When the irradiance value decreased, the power delivered from the PV system also
decreased, and vice versa. This PV system can provide a maximum power of 168.5 W. The
maximum power that can be delivered to this PV system is shown in Figure 9.
150 m
—_
= 100 |- =
-’
~—
~)
<
Z ol ]
0
| | | | | | | |

0 1 2 3 4 5 6 7 8
Time (Seconds)

Figure 9. Maximum power of PV panel.

3.2. Analysis of Battery Converter

In MATLAB Simulink, a lithium-ion battery was considered. The nominal voltage of
the battery was taken as 80 V. The initial state of the charge was 50%. The battery had a
maximum capacity of 50 Ah, and the cut-off voltage was taken as 50 V. If there was any
failure in the output of the boost converter of the PV system, then the battery was expected
to provide extra voltage to support the total level of 48 V for the DC bus. Since the mean
voltage of the DC bus was assumed to be stabilized at 48 V, its waveform is shown in
Figure 10. Another stage in the boost reverse was introduced to support the charging of the
battery so that, subsequently, due to varying meteorological conditions, if the PV system
could not provide voltages for the load, the battery could take over this function.
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Figure 10. DC bus voltage of DC microgrid.
3.3. Results from Load-Side Converter
Since the PV system and the battery system were connected in parallel, the mean value
of the DC bus voltage was maintained at 48 V. Subsequently, this voltage was increased
to 75 V. The DC bus voltage was also reduced to 25 V at the load side using the FSBB-
power-converter topology to observe the converter’s robustness and dynamic response.
It is clear from Figure 11 that the sliding-mode-controller-based FSBB converter showed
smooth transitions between the boost and buck modes. Since the sliding surface of the SMC
was accurately designed and the coefficients of the sliding surface were optimally tuned,
the controller of the power converter was able to shift the mode in a smooth and robust
way, along with minimizing the overshooting and undershooting of the output voltage.
Thus, the controller of the proposed converter successfully achieved the required control
performance while sustaining an excellent transient response, as shown in Figure 11.
_VOut,
75 v
~ " Ref
—_
>
N’
Z
S S0
>
25

1.996 Time (S) 2 2.004

Figure 11. Mode transition during the operation of the FSBB converter.

Detailed images of the results, when the voltage was increased from 48 V to 75V, are
shown in Figure 12. In addition, Figure 12 shows that the output voltage was uniform
when using the SMC-based mechanism in the FSBB converters.
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Figure 12. Output voltage during the operation of FSBB converter.

The signal statistics within MATLAB Simulink showed that the maximum value of the
voltages observed in Figure 12 was 75.08 V, and that the minimum value was 74.83 V during
the boost operational stage of the power converter at the load side from the beginning of
the operation to its end. Therefore, the peak-to-peak ripple voltage during this interval was
0.25 V, which is a negligible ripple value; thus, the converter ensures smooth pulsating DC
voltages at the output. In Figure 12, very small intervals in both operating modes are also
shown to demonstrate the ripple voltage, which confirms that the ripple voltage was quite
negligible during the step-up operation and the step-down operation. Moreover, it can be
observed that the controller’s response was also swift during the mode transitions.

After observing the 75 V output, another scenario was implemented for reducing the
voltage to 25 V at the converter’s output to observe the system’s stability and robustness in
the buck stage of the FSBB power converter on the load side. The magnified waveform of
the voltages at the output during the buck-converter stage is shown in Figure 12.

According to the MATLAB Simulink’s signal statistics, the Vot was also quite smooth
during the buck-converter stage. The converter operation achieved excellent stability and
showed a quick dynamic response. We observed that during the boost stage, the Vo, was
75 V and that the output current was 3 A, so the theoretical output power (Poyut) was 225 W.
Similarly, the Vout and load current (Ioyt) during the buck operation were 25 V and 1 A,
respectively. Therefore, the Pyt during the step-down stage was 25 W. The I transitions
during both stages of the converter are also shown in Figure 13.

The output-power transition of these two stages is shown in Figure 14.

In addition to the results discussed above, the sliding-mode controller of the load
side converter operated well and showed robust and similar behavior in the voltage range
between 5 V and 75 V. It is important to mention that for the load-side converter, the DC
bus voltage (48 V) was considered as the input voltage, and the results of the load-side
converter are summarized in Table 7. The results in Table 7 confirm that the system can
operate well in a wide range of voltage fluctuations, shows robust and swift behavior, and
is completely suitable for low-power appliances.
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Table 7. Summary of results of load-side converter.
Operational Stage Input Voltage (V) Output Voltage (V) Output Current (A)
Buck 48 36 1.44
Buck 48 25 1
Buck 48 12 0.48
Boost 48 60 2.4
Boost 48 70 2.8
Boost 48 75 3

Table 8 summarizes the comparative analysis of a few research articles, as well as the
challenges and limitations associated with the proposed methodology.
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Table 8. Performance analysis.

References Findings Challenges

Optimized control of negative current of =~ Only works ideally in DCM, with a

[171 the step-down/step-up converter frequency of less than 80 KHz

Decrease in the leakage current in the
[34] double-leg
step-up electronic-power converters

Half of the switch transitions are
not aligned

Exploration of the steady-state
[35] characteristics of buck-boost Complicated control structures
electronic-power converters

[36] MPC-based FSBB converters Increased computational challenges

and DCM operation
Proposed SMC-based FSBB converters for This research did not. er}cognter the
Power challenges and limitations
DC MGs .
Converter described above

4. Conclusions

In this study, the modeling of converters for DC MG applications was performed in
CCM. Next, the SMC mechanism was implemented for the step-up converter for the PV
system. Subsequently, this mechanism was extended using the FSBB-converter topology
for the battery and load systems. The PV system provides a maximum of 35 V and has
a parallel connection to the battery system. This PV system can also be used to charge
the battery system. The mean value of the DC bus voltage was maintained at 48 V. It is
possible to increase the DC bus voltage to 75 V, and it can also be stepped down up to
5V on the output side using an FSBB converter on the load side. The MATLAB Simulink
results confirm that the SMC-based FSBB converter shows robustness and a quick dynamic
response during mode shifting. The waveforms on the output side are quite stable and
smooth during different operating modes with a wide range of voltages. In the future,
a synchronous bidirectional FSBB power converter could be designed and controlled to
handle bidirectional power flow for low-power applications.
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