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Abstract: In this paper, an integral terminal sliding mode controller (ITSMC) based on a modified
exponential reaching law (MERL) is developed for providing large-signal DC-bus voltage stability
while smoothing power flow in DC microgrids (DCMGs). It is worth mentioning that this control
approach is not employed in DCMG applications yet to adjust the DC-bus voltage while preserving
power balance. The proposed DCMG is made up of a solar photovoltaic (PV) unit, a battery energy
storage system (BESS), and DC loads. A DC-DC boost converter (DDBC) and a bidirectional DC-DC
converter (BDDC) are employed to connect the solar PV and BESS, respectively, with the DC-bus,
which not only controls the output power of these units but also regulates the DC-bus voltage. First,
a detailed dynamical model including external disturbances is developed for each component, i.e.,
the solar PV and BESS. Then, the proposed control approach is employed on these units to get their
corresponding control signals. Afterward, the overall stability of each unit is ensured using the
Lyapunov stability theory. Moreover, to ensure the robustness of the proposed controller, external
disturbances are also bounded based on the value of user-defined constants. Finally, simulation results
are used to evaluate the effectiveness of the proposed control approach in a variety of operational
scenarios. Additionally, simulation results of the proposed control strategy are compared to those of
existing controllers to demonstrate its superiority.

Keywords: DC microgrid; nonlinear dynamical systems; integral terminal sliding mode control;
lyapunov function; renewable energy sources; uncertainties

1. Introduction
1.1. Background and Motivation

Wind, solar PV, tidal and biomass-based distributed generation have recently gained
popularity as a way to meet rising load demand while reducing fossil fuel use and address-
ing global climate change concerns [1-3]. However, due to the high potential installation
cost of renewable energy sources (RESs), it is always preferable to operate them at high
efficiency levels [4,5]. In order to meet this objective, several existing studies recommended
using them in the microgrid (MG) form, which is a local grid made up of diesel power
generators (DPGs), energy storage systems (ESSs), and both AC and DC loads [6]. An MG
system can be classified into two categories based on the type of common DC-bus voltage:
DCMG and ACMG [7]. However, the DCMG is gaining more prominence over the ACMG
owing to several benefits, such as the fact that it is not essential to synchronize it with the
existing grid and it has no frequency and reactive power control [8,9].

However, despite the aforementioned benefits of a DCMG, it must overcome several
technological and operational difficulties while boosting flexibility and reliability. For ex-
ample, the DCMG’s DC-bus voltage stability is threatened by the intermittent nature of
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RESs and the intrinsic nonlinear behavior of power electronic switches [10]. In this paper, a
solar PV unit is used as the main source of power supply whose output voltage is not only
changeable but also lower than the desired DC-bus voltage. To manage this situation, the
solar PV unit comes with a DDBC that matches the output voltage to the desired DC-bus
voltage. Furthermore, a sudden variation in DC load demand causes power fluctuation
in a DCMG. Under these conditions, it is challenging to maintain a steady and acceptable
DC-bus voltage within the DCMG, even though the power balance in a DCMG is solely
responsible for the stability of DC-bus voltage [11]. Therefore, a constant DC-bus voltage is
crucial because if it is not properly managed, it may cause the instability of a DCMG. This
difficulty can be resolved by connecting an ESS to the DC-bus, which not only improves the
power reliability but also enhances the power balance within the DCMG [12]. When there is
insufficient power from the solar PV to satisfy load demands, an ESS will supply the shortage
power to the DC-bus to maintain the power balance. Furthermore, when there is extra power
after meeting the load demands, the excess power will be stored in the ESS [9,13]. However,
to achieve this goal, an ESS must be connected to a BDDC to operate it in boost or buck
modes depending on its state of charge and the DC-bus voltage state [14]. However, an ESS
with a BDDC is exceedingly complex and nonlinear due to its nonlinear switching modes.
Therefore, it is necessary to incorporate a controller with each component of the DCMG to
regulate their switching pulses, which not only manages their corresponding output power
properly but also enhances the overall stability of the DCMG.

1.2. Literature Review

In [15], a PWM-based converter for managing the charging and discharging current
operations of a battery ESS (BESS) was proposed in DCMG applications. Even though
this converter can achieve the intended DC-bus control goal, its layered design restricts its
use. To avoid this limitation, a dual active bridge (DAB)-based converter was proposed
in [16]. To control the DC-bus voltage while guaranteeing accurate load current sharing in
a DCMG, a droop control approach was proposed in [17,18]. However, due to voltage drop
effects across the line impedance, the fundamental disadvantage of a droop controller is
that it decreases the precision of load current sharing [19]. To overcome the disadvantage
of a droop controller, a fuzzy logic control (FLC)-based gain-scheduling controller was
proposed in [20] for DCMG applications. The proposed approach was able to correctly
manage the DC-bus voltage while offering an optimal power balance. Another Pl-based
FLC approach for regulating the DC-bus voltage and smoothing the power flow in a DCMG
was proposed in [21]. However, the fundamental disadvantage of the FLC is that the sys-
tem dynamics cannot be adequately represented due to the lack of dynamical models.
Furthermore, the above-mentioned controllers were not able to offer the desired control
performance under changing operating points as these controller were designed based on
linear models [22,23]. On the other hand, a DCMG is a highly nonlinear system due to
the inclusion of multiple power electronics converters. Therefore, nonlinear controllers
have received a lot of attention which is not only capable of providing stable function-
ing in a wide variety of operating situations but also can overcome the limitations of
linear controllers.

To overcome the limitations of linear controllers, a model predictive controller (MPC)
was proposed in [24] to minimize the impact of pulse load on a DCMG. Using the same
approach, the power balance in a DCMG was ensured in [25,26]. However, the application of
these control mechanisms is limited due to the necessity for lengthy and pointless computa-
tions. This constraint can be avoided by employing a nonlinear feedback linearization control
(FBLC) approach, which has been successfully used in DCMG applications owing to its can-
celing capability of nonlinear terms. A nonlinear FBLC approach for regulating the DC-bus
voltage and preserving power balance inside a DCMG was proposed in [27]. Though MPC
and FBLC schemes can improve the DC-bus voltage regulation, the intended control goal is
dependent on precise system parameter information. On the other hand, these parameters
can be quickly modified when an operating point is changed, so obtaining accurate system
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parameters information is challenging in practice. To address this issue, in [28], an adaptive
FBLC was proposed in which unknown system properties were projected using adaptation
laws while the MG’s power-sharing capabilities were enhanced. Although the proposed
approach can handle the parametric uncertainty issues, this control strategy occasionally
suppresses crucial nonlinear aspects, which might assist in improving the system’s transient
stability. In this regard, the nonlinear backstepping controller (BSC) is an effective control
approach for avoiding the constraints of FBLCs [29].

In [30,31], a BSC for improving the dynamic stability of a DCMG under various
operating situations was proposed. Even though the proposed controller can maintain and
enhance the power balance in the DCMG, the parameter uncertainties were not taken into
account. Thus, to solve this constraint, an adaptive BSC for enhancing DC-bus voltage
regulation while preserving the power balance in the presence of parametric uncertainty
was proposed in [30,32]. Although the control strategies as presented in [30-32] can
provide the desired control goal, computing a derivative for each virtual control variable
is quite complicated and creates some difficulties during the practical implementation.
Furthermore, to achieve optimal performance, precise adjustment of the user-defined
constants is necessary, which adds to the complexity of the practical implementation.

The nonlinear sliding mode control (SMC) scheme, as detailed in [33,34], is a viable
solution for overcoming the limitations of BSCs and FBLCs. In [35,36], a nonlinear SMC for
DC-DC converters was described to manage the bidirectional power flow between DCMG
components and the DC-bus. However, because of their incapacity to deal with system
uncertainties, these controllers need precise circuit settings. Therefore, an adaptive SMC was
proposed in [37,38] to increase resistance against parametric uncertainty. However, due to the
high-frequency fluctuation near the sliding surface, known as the “chattering effect”, standard
SMC is not a suitable control system for practical applications. Thus, current research has
offered a number of ways to reduce chattering, including super-twisting SMC [33], nonsingular
fast terminal SMC [39], and reaching law-based methodology [40]. The reaching law-based
technique might be able to successfully address the chattering problem since it works directly
on the reaching phase of SMC schemes. As a consequence, a nonlinear integral terminal SMC
(ITSMC) in conjunction with a modified reaching law is proposed in this work to improve
the dynamic stability of the solar PV and BESS-based DCMG, addressing the concerns posed
by existing nonlinear control approaches. To the best of the author’s knowledge, this method
is not employed in DCMG applications yet to adjust the DC-bus voltage while preserving
power balance.

1.3. Contribution

The main aim of this paper is to smooth power flow between the generator and the
load while regulating DC-bus voltage in an acceptable range of operating conditions. To
achieve this aim, a nonlinear ITSMC based on a modified reaching law is proposed in
this research work. An accurate dynamical model for each component of the DCMG
is constructed to aid the proposed controller design. Then, the recommended control
approach is applied to each component to obtain the necessary control signal. The candidate
Lyapunov function theorem is used to confirm the DCMG's stability with the stated control
scheme. As compared to the present literature, the major contribution of this work can now
be summarized as follows:

*  The solar PV unit and the BESS work in conjunction to ensure generation-load power
balance while keeping the DC-bus voltage within an acceptable operating range.

*  To improve the sliding phase’s steady-state tracking performance, a modified integral
terminal sliding surface (ITSS) is proposed.

* A newly modified reaching law is proposed, which can confirm the finite-time conver-
gence of the ITSS in a faster way as compared to the conventional reaching law.

*  The control law is derived by satisfying the Lyapunov stability theorem. Therefore, the
proposed controller surpasses existing controllers in terms of overall stability when
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paired with an energy management system. The BESS unit also aids the solar PV unit
in fulfilling the DCMG’s goal by supplying power to DC loads independently.

e  Extensive simulation results are used to illustrate the usefulness of the proposed
controller under fluctuating of solar irradiation and load demand. In addition, the
simulation results are compared to those of previously designed controllers.

1.4. The Organization of this Paper

The rest of this work is arranged in the following way. The solar PV unit and the
BESS are coupled in Section 2 to form a DCMG. Section 3 discusses the operational modes
along with the power management within the DCMG. In Section 4, the dynamical model of
the DCMG components is described. Section 5 examines the designed controller’s design
process. Section 6 presents the results of the simulation, while Section 7 summarizes the
research contributions of this work and considers future prospects.

2. DCMG Configuration

Figure 1 represents the overall configuration of the proposed DCMG, which has the
following components:

e Asolar PV unit based on maximum power point tracking (MPPT) that is linked to the
DC-bus through a DDBC;

e A BESS, which is used to smooth the power flow within the DCMG. To control the
charging and discharging current of the BESS, a BDDC is used in between it and the
common DC-bus;

*  DC loads, which are connected to the DC-bus directly; and

e  Finally, it has a 120 V DC-bus, to which all components are connected either directly
or through a power electronics converter.

[E )

EEE

I ™
L |
e N

Figure 1. The overall structure of the proposed DCMG system.

The solar PV unit will be the major power source in this design, while a BESS will be
employed to maintain power balance by storing excess power during light load scenarios
and supplying surplus load-demanding power to the DC-bus during peak load situations.
Based on this discussion, the net power could be expressed as follows:

Pyet = va — Pogd — Pross = PpEss (1)

where Ppggs is the BESS output power, which is positive during discharging mode and
negative during charging mode, P, is the power consumed by DC loads, Py is the net
power, Py, is the SPV output power and Py, is the loss power. As discussed above, the
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DDBC and BDDC assist in maintaining a constant DC-bus voltage and power balance in
a DCMG system. The dynamic of the DC-bus voltage in terms of the net power can be
described as follows [30]:

dvdc

7 = Pnet (2)

Cdcvdc

where the DC-bus capacitor is denoted by Cj.. A constant DC-bus voltage indicates a
balanced power flow into a DCMG according to Equation (2). The rise or decrease in
DC-bus voltage, on the other hand, indicates a power surplus or deficiency inside the
DCMG. By managing the BESS’s power flow, the proposed controller in this work will
keep the BESS’s state of charge (SoC) in a safe operational condition while maintaining a
constant DC-bus voltage. The operational modes based on power balance are discussed in
the next section.

3. DCMG Operational Modes

The output power of the SPV unit will be changed with changes in solar irradiance and
temperature. Therefore, when the total power generation is less than the total load power,
the DC-bus voltage may deviate from its reference value. In this situation, to maintain the
power balance while keeping a constant DC-bus voltage, the BESS will supply the shortage
power. Again, if the generated power is greater than the total load power, the extra power
will be stored in the BESS. However, owing to unforeseen circumstances, such as a shortage
of the solar PV unit power, particularly at night, the BESS capacity may be reduced below
its minimal SoC limitations. In such scenarios, maintaining the DC-bus voltage at the
desired level is a challenging task. To avoid the DCMG from collapsing, load shedding
should be done on a priority basis. To represent the above scenarios, the proposed DCMG
will function in four operational modes based on the total power generation by the solar
PV unit, the SoC of the BESS, and total load demand, as discussed below:

Mode I (Pyy > Pjogq and SoC < S0Cyax)

In this mode, the solar PV’s output power exceeds the total load demand. Depending
on the battery’s SoC, extra power will be stored into the BESS via the buck mode of the
BDDC. While charging the battery, the solar PV unit will remain in the MPPT mode to
preserve power balance within the DCMG.

Mode II (Ppy < Pjuq and SoC > SoCpiy)

This mode will be initiated when the solar PV power is less than the load demand.
The difference between solar PV power and total load demands will be smaller than the
rated battery power in this mode, and if the battery SoC is more than the minimum SoC
threshold, the BESS will make up the difference.

Mode III (Ppy > Pjyaq and SoC > S0Ciax)

In this mode, the solar PV unit’s power exceeds the whole load requirement, and the
BESS is fully charged. As a result, the BESS should be disconnected from the system to
avoid overcharging, and the solar PV unit should be set to power curtailment mode.

Mode IV (Ppy < Pjozg and SoC < SoCpjp)

The power from the solar PV unit is insufficient to meet the total load need in this mode,
and the BESS is entirely drained at the same time. As a result, to avoid undercharging, the
BESS should be disconnected. Furthermore, the solar PV unit should be in MPPT mode at
this time, and load shedding will be used to maintain power balance within the DCMG.
However, it should be emphasized that this mode is not represented in our simulation
findings. This is due to the fact that in order to achieve this mode, specifically to make
SoC < S0Cyi, during the simulation, the simulation must be conducted for an extended
period of time.

It is evident from the preceding explanation that the overall stability of the DC-bus
voltage is reliant on the stability of each component when supplying power to the load. To
achieve this purpose, a proper model of each unit is necessary, which is discussed in detail
in the next section.
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4. Modeling of Each Microgrid Component

In this section, each component of the DCMG is modeled separately based on its
features and constraints, which are discussed in the following subsections.

4.1. DDBC Model for the Solar PV

The analogous circuit layout of a solar PV unit with a DDBC is shown in Figure 2.
From Figure 2, using Kirchhoff’s voltage and current laws, the mathematical model can be
introduced as follows [9]:

di 1 .
po
®)
dUd 1 . H
dtc = C—dc[(l —up)ip — lopv]

where vpy, i1, Cac, lopo, and uq are the solar PV unit’s output voltage, the current flow-
ing through the internal inductance (L), and resistance (rp,) of the converter, DC-bus
capacitance, load current, and control signal, respectively. To ensure robustness against
measurement noise, it is essential to consider the uncertainties within the dynamical model.
As a result, Equation (3) can be changed by including external disturbances as follows:

di 1 .
7: = Lo [_T’pvlL — (1 —up)vge + Upv] +dq
4
dUdC . 1 ( )

where d; and d, are used to represent the external disturbances.

_____ by Cp IS TS Mg
e L o [ e
l | +H | rpv va : | + |
E=EEi] JENE
|y] B | _:| uJK% |C ::U |
|E% E%l Vo | | 1 | Idc de |
Nisaal sl | ) I
L - — —— 2 L e e o e e | L———
Solar PV system DDBC Common DC-bus

Figure 2. Solar PV unit with a DC/DC boost power converter.

4.2. BDDC Model for the BESS

Figure 3 shows the equivalent circuit of a BESS with a BDDC. Based on this equivalent
circuit, the dynamical model can be expressed as [9]:

diy 1
ar Ly
dvdc . 1 . .

it~y [H23ip — ip)

[0p — Tpiy — H2304c]

©)

where iy, vy, Ly, 1y, iop, and o3 are used to represent the output current of the BESS, the
terminal voltage of the battery, the inductance of the converter, the internal resistance of the
inductance, the load current, and the switching control signal, respectively. By including
external disturbances, Equation (5) can be rewritten as follows:
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diy, 1 .
i fb[vb — rpip — p2304c] + d3
6
dvdc 1 . . ( )
el G[#Blb —dop] +dy
c

where d3 and d, are used to represent external disturbances.

To ensure the DCMG’s steady and efficient transient operation, effective control
methods must be developed. In the following section, the proposed controller will be
designed based on the models provided by Equations (4) and (6), respectively.

r

BESS unit BDDC Common DC-bus

Figure 3. BESS with a DC/DC bidirectional power flow converter.

5. Proposed Controller Design

The goal of this paper is to maintain power balance when the DCMG is working in
various modes. To meet that goal, it is essential to keep the solar PV unit at its MPP and
manage the BESS’s charging and discharging modes. To obtain the control signals of these
units, the design technique of the proposed controller is presented in the following sections.

5.1. Controller Design for the DDBC

The design approach of the ITSMC based on a MERL for the boost converter is
presented in this part to get the control law. It is well-known that the design of any SMC
generally has two phases. In the first phase, the sliding surface must be carefully selected to
provide the desired stability and dynamic performance. In the second phase, an appropriate
reaching law and equivalent control law should be selected to reduce reaching time while
minimizing the effect of uncertainties.

5.1.1. Design Steps
To develop the proposed ITSMC by employing a MERL, the following conditions
must be met:

where Sy, is the sliding surface. The tracking errors e1,, and e3, for the inductor current
and DC-bus voltage, respectively, can be defined as follows:

Clpo = ip — iL(ref) ®)

€2pv = Vdc = Udc(ref)

where if (1) = K(Vgc — Uge(ref)) 18 the inductor reference current and K is the proportional
gain constant. The tracking error dynamics can be described using Equation (4) as follows:

é1pp = @1+ u1d +dq )
bopy = P2 + U1y +d

0, i 1 : 1 (- : i
Where 191 - fllii’ + Kcildlcz q)l = LTU[—rpsz — U4dc =+ Upy] — chdE(ZL — lopv)/ 192 = —C—gf, and

$2 = C%;lc(iL - iopv)-
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As previously stated, the selection of a sliding surface in terms of tracking errors is
always the first step in the design of an SMC. Thus, an integral terminal sliding surface
(ITSS) is defined as follows:

Spo = e1po + klpv[/ €1pvdt]Tlpv + e2pp + k2pv[/ Ezpvdt]szv (10)

where k;,, withi = 1,2is a positive design constant and 7;,,, withi = 1,2 is a positive tuning
parameter for the proposed ITSS, which willbe 1 < 7; < 2. It is worth mentioning that,
to enhance overall performance, it is always better to reduce chattering and successfully
enhance finite convergence. To achieve this control goal, the control law u1 can be built
based on a constant rate reaching law (CRRL), which fulfills SPUS po < 0. The CRRL can be
expressed as follows [40]:

Spo = —11poSgN(Spo) (11)

where 7, is a positive design constant. At this time, the reaching time (ty) for epy can
be obtained by integrating Equation (11) with respect to time, which can be expressed
as follows:

Mpo

tr—epz; = (12)
where S,,(0) is the initial value of Sy,(t). From Equation (12), it can be seen that the
reaching time is inversely proportional to #71,,. If the value of 71, is higher, the reaching
time will be smaller, but the chattering level will be higher. To address this limitation, a
new MERL is presented in this paper which not only increases the system resilience but
also reduces chattering. The proposed reaching law can be expressed as follows:

4 o Ulpvsgn(spv)
S0 = e Pl S )

where 71,5 > 0, 17250 > 0,and 0 < f < 1. At this point, the sliding surface’s dynamic can
be described as follows:

Spv = e1po + klvalpvelpv[/ elpvdt]Tll’”_l + éopp + kzvazpvav[/ ezpvdt]rzl’vfl (14)
The substitution of ey, and ey, from Equation (9) into Equation (14) will yield:
Spp=@+ud+M+A (15)

where ¢ = @1+ @2, 0 = 01+ 02, A = A+ Ay and M = kypoTipolipol [ elpvdt}rlf’fl +
k2poT2poeopol [ ezpvdt}rzﬂfl Now, combining Equations (13) and (15), it will yield:
Wlpvsg”(spv)

T e Sl S = @O ML (19

From Equation (16), the control law can be selected as follows:

Wlpvsg”(spv)
(1—A)e PlSwl 42

1

Finally, using Equation (17), Equation (15) can be reduced to:

. mposgn(Sp)
T T e Pl g TS T A 19)
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Unknown terms cannot be included in a control signal since they will not be available
during implementation. In this case, the Lyapunov function can be used to assure the
system’s global stability in the presence of uncertainties, which is discussed in the following.

5.1.2. Stability Analysis

The Lyapunov function, which specifies the energy of the system, is used to investigate
the stability of the proposed controller. The Lyapunov function, often known as the energy
function, is expressed as follows:

1o
Wy = E5 Do (19)

It is widely known that Wy, must be negative or semi-definite, i.e., Wy, < 0, or
negative definite, i.e., Wy, < 0, to assure the system’s overall stability and resilience when
employing the control law as described by Equation (17). Now, the derivative of W, can
be written as:

va = Spvspv (20)

Putting the value of S, from Equation (18) into Equation (20) will yield:

- 11p0581(Spo)
e = < )l om0

with [S,y| = 581(Spu)Spo. It is necessary that W, be equal to or less than zero in order
to meet the Lyapunov stability criterion. As a result, the external uncertainties can be
constrained as follows to determine the stabilization boundary:

Mpo > |A| (22)

Hence, from Equations (21) and (22), it can be seen that Wy, = 0 if |Sy,| = 0 or
Wpo < 0if |S pv| # 0, and it ensures the overall stability of the system. Now, it is necessary
to examine the reachability of the MERL to observe the convergence of the ITSS to an
equilibrium point within a finite time, which is explained in the following.

5.1.3. Reachability Analysis

In this section, the reaching time of the MERL will be calculated, and it will ensure
a faster reaching time as compared to the reaching time of existing reaching laws for the
same value of 771 py.

Proof. By ignoring the second terms of Equation (13), it can be rewritten as:
Spol(1 = A)e PISrel 1 A] = —p1581(Spo) (23)

Let us consider g, as the reaching time for Equation (13). Now, by integrating both
sides of Equation (23) from zero to tpsry, the following equation can be obtained:

1
—(1-A e_ﬁ‘sf’”‘+/\d52—/dt 24
| ey | eh)
It will result as follows after the mathematical manipulation:

1
Mpo

EyRL = [ASPU(O)+(1—/\)/e—ﬁ\5vv|d5] (25)

Equation (25) can be written as follows when S, < 0:
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1 1 £70(0)
tEMRL = [—ASW(O) + (1= A)(1 =o' (26)
Ulpv .B
Similarly, when S, > 0:
1 L Sy (0)
tMrL = ——[ASpo(0) + 2 (1 = A) (1 — e Poret)] (27)
Mpo p
The following expression is obtained by combining Equations (26) and (27):
1 1 BISy0l0)]
tMrL = ——[A|Spo(0)] + (1 = A) (1 — &Pt (28)
771pv /3
Since 1 — P15 (Ol < 1, Equation (28) can be rewritten as follows:
1 1
tmrr < —[A|Spo(0) + 2 (1 = A)] (29)

771]92) :B

If the parameter 8 is appropriately adjusted, Equation (29) could be constructed as
follows:

AlSpo(0
tMRL < M (30)
Mpo
As A is a strictly positive offset, then it follows that:
fMRL < trfepv (31)

Hence, from Equation (31), it is clear that the first term’s reaching time is less than the
conventional reaching time. Furthermore, the second term of MERL can boost the speed of
reaching phase. Therefore, it is obvious that the MERL’s dynamic responsiveness is faster
than the traditional reaching law’s. The proposed design methodology for the BDDC is
presented in the next subsection. [

5.2. Controller Design for the BDDC

The controller design process used by the BESS’s BDDC is the same as explained in
the preceding subsection. As a result, the entire design method is not repeated in this
subsection to avoid duplication. Using the same approach, the control law for the BDDC
can be constructed as follows:

lo3 = _i[ Ulbsgn(sb)
B (1 —A)e PlSsl + A

+ 11255y + @y + M) (32)

where 71;, and 775, are positive constant parameters, S, = ey, + kyp[ [ e1pdt]™ + epp +
kop| [ eapdt]™, eqp = 1y — In(ref)s p(ref) 18 the reference value of im which is obtained as:
inref) = Ko(vae — Vge(rer)) with a proportional gain Ky, €25 = vge — Vge(ref), P = le(vh —
rhib) — (Ij<7hi0h — les, and M, = klelbelb[f elbdt]ﬁbil + k2h72be2b[f EZbdt]TZbil. In the next
part, simulation studies are used to assess the performance of the designed controller.

6. Simulation Results and Discussion

Numerical simulation results are used to assess the proposed controller’s performance.
To perform the simulation, the MATLAB/Simulink platform is used in this paper. The im-
plementation of the proposed DCMG in Figure 1 us shown in Figure 4. Therefore, during
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the simulation, the nominal DC-bus voltage is set at 120 V along with the DC-bus capacitor
value of 1 mF. Under normal working circumstances, the maximum output power of the solar
PV unit is projected to be 10 kW. The maximum load power is predicted to be 15 kW. Apart
from that, a BESS is made up of a lithium-ion battery with a voltage of 48 V DC, a capacity of
200 Ah, and internal resistance of 0.025 (). During the simulation, the switching frequency of
each converter is set to 5 kHz, with a sampling frequency of 10 kHz. Table 1 summarizes all of
this information.

_ DC-DC boost

—» DC-link 1
converter

DCload  ——{i

Vb, lp Bidirectional DC-DC Vdcr bop

power converter DC-link

\ 4

Vac

Figure 4. Implementation diagram of the proposed control scheme and DCMG systems.

Table 1. Parameters of the proposed DC microgrid.

Parameter of the BESS (Lithium Ion Battery)

Parameters Values
Terminal voltage of the BESS, v, 48V
Rated capacity of the BESS, Q,, 200 Ah
Resistance of the converter, 7y, 0.025 Q)
Inductance of the converter, L, 0.3 mH

Parameter of the solar PV unit

Generated power at MPP, Py, 10 kW
Resistance of the converter, 7y, 0.05 Q)
Inductance of the converter, Ly, 0.352 mH
Input capacitance of solar PV unit, Cpy 2200 pF

Parameter of the common DC-bus

Rated common DC-bus voltage, V. 120V

Common DC-bus capacitance, Cy, 1 mF
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The controller’s performance is evaluated under a variety of circumstances, including
variations in solar irradiation and load fluctuations. The performance of the developed
controller is also compared to existing control approach 1 in [33] and existing control
approach 2 in [30] to demonstrate its superiority. When there is a power shortage, the
BESS will deliver the necessary power to the load; when power is sufficient, the BESS
will absorb the surplus power from the DC-bus. During the simulation, the solar PV unit
is turned on first to provide the DC-bus voltage, followed by the BESS and DC loads.
Various operational scenarios are simulated to confirm the solar PV and BESS performance
in regulating the DC-bus voltage while delivering power to loads. These scenarios are
presented in the following.

Initially, it is considered that the solar PV unit is operating at standard operating
conditions. However, at t = 2.5 s, the power generation by the solar PV unit decreases from
10.34 kW to 7.26 kW due to the change in atmospheric conditions while the load power
demand is kept constant at 3.122 kW. Figure 5 shows the simulation results for the proposed
approach and existing control schemes. From Figure 5, it is obvious that for this time interval,
the generating power is greater than the total load demand. Therefore, the DC-bus voltage
surpasses 120 V since the solar PV power exceeds the load power needs. Under this situation,
the BESS instantaneously absorbs a surplus power of 6.717 kW for a short period to maintain
power balance while regulating the DC-bus voltage to 120 V. From Figure 5d, it can be
observed that the existing controllers and proposed controller have settling times of 300 ms,
200 ms, and 3 ms, respectively. In comparison to the existing control techniques, the proposed
control scheme is around four times quicker. The overshoot of the proposed controller
and existing controllers are demonstrated in Tables 2-5. According to the findings that are
demonstrated in Figure 5 and Tables 2-5, the proposed controller outperforms the existing
control schemes in terms of setting time and overshoot.

T 14 Proposed approach |
" —— Existing approach 1
" 1 12t %\ — Existing approach 2 |
—7 5. (PSS 5 ,
M 104 g \W w
9.6 B 8 810 3 4
8 9.4 103 k) 2
8.05 8.1 815 82 9 6 4515 a7 7
7 92 Proposed approach 8 81 82 \{3
6 455 46 465 47 — Existingapproach 1 4 (] i
255 26 265 27 ) ) Existing approach 2 > , , )
0 2 4 Time (s) 6 8 10 0 2 4 Time (s) 6 8 10
(a) PV power (b) Load power
-2 Proposed approach 125
— Existing approach 1 Prc_)pc_)sed approach
" —— Existing approach 2 — Existing approach 1
5 g — Existing approach 2
. 1 % 120 - - Ao
8 § 201 1202 ﬂ X 1204 X
p— 4 818X 83 i 120.2
1 8 115 fff 120 VA AVA\'/Av“v‘ 120 ﬁvl‘\‘(/‘\v“v ,
120
W’“"“" 8 \I
119.9 1198
26 27 281198
| 46 47 | 110 ‘ ‘ 46 47 ‘ 48 ‘8,1 82 8.3
) 8 10
Time(s) 0 2 4 Time () 6 8 10
(c) BESS power (d) DC-bus voltage

Figure 5. Dynamic and transient stability of the DCMG under different operating conditions.
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Table 2. Quantitative analysis for a solar PV unit.

Transient Settling Time (ms) Overshoot/Undershoot (%)

Time (s) Proposed Existing 1 Existing 2 Proposed Existing 1 Existing 2
2.5 120 200 160 17.35 24.24 24.24

45 130 200 160 1.55 3.91 23

8 130 200 160 0.30 1.06 23

Table 3. Quantitative analysis for a load power.

Transient Settling Time (ms) Overshoot/Undershoot (%)

Time (s) Proposed  Existing1l  Existing2  Proposed  Existing1l  Existing2
4.5 15 205 170 0 16.37 15

8 15 230 170 0 58.46 35

Table 4. Quantitative analysis for a BESS.

Transient Settling Time (ms) Overshoot/Undershoot (%)

Time (s) Proposed Existing 1 Existing 2 Proposed Existing 1 Existing 2
2.5 20 210 180 33.67 33.67 33.67

4.5 15 205 180 30 72.34 72.34

8 5 300 180 0 27.28 25

Table 5. Quantitative analysis for a common DC-bus voltage.

Transient Settling Time (ms) Overshoot/Undershoot (%)

Time (5) Proposed Existing 1 Existing 2 Proposed Existing 1 Existing 2
2.5 3 300 200 0 0.166 0.166

45 3 300 200 0 0.166 0.166

8 2 300 200 0 0.375 0.375

Again, at t = 4.5 s, the output power generated by the solar PV unit changes to
9.335 kW from 7.26 kW owing to atmospheric fluctuations. At the same time, the load demand
increases from 3.122 kW to 11.6 kW as illustrated in Figure 5b. During this time interval, the
total load demand is greater than the total generation, and to supply this shortage power, the
BESS discharges its power (2.596 kW), which can be seen in Figure 5c. The corresponding
SoC of the BESS is shown in Figure 6a. The abrupt increase in load demand results in a rapid
decrease in DC-bus voltage, as seen in Figure 5d. Again, at t = 8 s, the load demand reduces
back to 3.13 kW from 11.6 kW at the same time the solar PV unit changes to 10.34 kW from
9.335 kW. During this time interval, the total generation is greater than the total load demand.
In this case, the BESS is storing the excess power through the charging mode to maintain
power balance while maintaining a steady 120 V DC-bus voltage. According to Figure 5d, the
DC-bus voltage settles its reference value after the transient at 300 ms and 200 ms when the
existing control methods are used, whereas the proposed control technique does it at 2 ms.
Furthermore, the performance of the proposed controller and existing controllers in terms of
percentage of overshoot and settling time is recorded, which is demonstrated in Tables 2-5.
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Figure 6. Dynamic response of (a) SoC of a BESS and the control signal for (b) a solar PV system and
(c) a BESS system.

As the DCMG’s operating point is being changed many times over the simulation,
there are large transients in the power responses and the DC-bus voltage response, as
seen in Figure 5. However, in comparison to the existing controller, the proposed control
method provides a better dynamic performance and quicker DC-bus voltage regulation.
Figure 6b,c depicts the associated control signals, which indicate that the control signal for
the proposed control technique is more stable than the existing control approaches.

7. Conclusions

This work presents a nonlinear integral terminal sliding mode controller (ITSMC)
based on a modified reaching law to enhance the regulation of the DC-bus voltage while
maintaining a power balance within a solar PV and BESS-based DCMG. The theoretical
analysis and stability of the system with the designed scheme are verified using the control
Lyapunov function. Moreover, it is proved that the reaching time of the proposed reaching
law is lower than the conventional reaching time for the same gain value. Finally, various
operating circumstances, such as changing solar irradiance and load demand, are used to
test the efficacy of the designed controller. Based on the simulation results, the finding of
this research work can be summarized as follows:

¢  The simulation results clearly indicate that the designed controller can provide faster
transient and dynamic stability under a variety of DCMG operational conditions as
compared to the existing controllers.

¢  Even with substantial changes in source and load power, the developed controller
can follow the reference value of the DC-bus voltage with less overshoot and shorter
settling time.

*  In certain additional ways, the proposed ITSMC outperforms its competitors in terms
of implementation robustness, reduced complexity, and chattering-free outputs.

Future studies will examine the DCMG with more than one solar PV units. How-
ever, the smooth switching and stability of parallel multi-solar PV converters are critical.
Therefore, the next research work will focus on the coordinated control of multi-solar PV
converters. Moreover, an adaptive controller will be developed in the future to deal with
parametric uncertainties.
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Abbreviations

The following abbreviations are used in this manuscript:

ACMG  AC microgrid
BESS Battery energy storage system
BDDC  Bidirectional DC-DC converter

BSC Nonlinear backstepping controller
DAB Dual active bridge
DPG Diesel power generator

DDBC  DC-DC boost converter
DCMG  DC microgrid

FLC Fuzzy logic controller

FBLC Nonlinear feedback linearization control
ITSMC  Integral terminal sliding mode controller
1TSS Modified integral terminal sliding surface

MGs Microgrids

MERL  Modified exponential reaching law
MPC Model predictive controller

MPPT  Maximum power point tracking

RES Renewable energy source
SoC State of charge
SMC Nonlinear sliding mode control

SPV Solar photovoltaic
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