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Abstract: Renewable energy sources play a great role in the sustainability of natural resources and a
healthy environment. Among these, solar photovoltaic (PV) systems are becoming more economically
viable. However, as the utility of solar energy conversion systems is limited by the availability of
sunlight, they need to be integrated with electrical energy storage systems to be more sustainable.
This paper aims to improve the control performance of a hybrid energy storage system (HESS)
with PV power generation as the primary power source. HESSs stabilize DC microgrid systems
by compensating for demand generation mismatches. Batteries and supercapacitors are chosen as
energy storage elements; batteries have a high energy density and are capable of supplying and
absorbing energy over a long duration, while supercapacitors can store and deliver energy very
quickly. To enhance the stability of the system, each storage element is connected to the DC bus using a
bidirectional Ćuk converter, which offers high efficiency, a continuous current, and minimal switching
losses. This study proposes a proportional–integral (PI) controller combined with the fast nonsingular
integral terminal sliding mode control (FNITSMC) for HESSs to adjust the power balance in a DC
microgrid. FNITSMC has the advantage of enhancing the system states to reach the equilibrium
point of a long sliding surface with a fast convergence rate. The reference current for FNITSMC is
obtained using a PI controller combined with a low-pass filter (LPF), which eliminates the peaking
current spikes on the battery and diverts them towards the supercapacitor. The effectiveness of the
proposed control scheme is validated through the real-time hardware-in-the-loop (HIL) simulations
on Typhoon™ HIL-402 with added uncertainties, including load variations at various temperatures
and irradiances.

Keywords: sustainable solar photovoltaic (PV) system; hybrid energy storage system (HESS); voltage
stabilization; DC microgrid; Ćuk converter; fast nonsingular integral terminal sliding mode control (FNITSMC)

1. Introduction

Renewable energy resources such as wind, geothermal, solar, and hydropower energy
are becoming increasingly popular since they have numerous advantages, such as being
pollution-free and available sustainably [1]. In 2022, there was an additional 243 GW of
solar photovoltaic (PV) capacity, an increase of 25% over the previous year. This trend was
followed by increases in wind power, hydropower, and other renewable energy sources of
9%, 2%, and 4%, respectively [2]. The increase in solar PV capacity is due to low operating
and maintenance costs [3]. Furthermore, from the consumer’s perspective, they create
benefits, with a reduction in electricity costs of around 24.7% [4].

Maximum power point tracking (MPPT) control maximizes power extraction from
a solar PV capacity. As an illustration, by using the MPPT control scheme on a single
200 W Kyocera™ KC200GT solar PV, a maximum power of 192 W can be obtained with an
efficiency of 96%. A facility with 60,000 similar PV modules could produce approximately
11.52 MW of peak power compared to just 8.4 MW at an efficiency of around 70% without
MPPT control. With MPPT, the solar energy conversion systems have a power extraction
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efficiency of up to 98%. This improvement may not significantly influence a small residential
capacity; however, in large PV farms, even a minor improvement will significantly alter the
generated output [5].

In the DC microgrid, an energy storage system (ESS) can be introduced to store
unused energy, enhance stability, and act as a buffer to suppress power oscillations. The
characteristics of an ESS vary in terms of price, life cycle, power density, and energy density.
To stabilize the DC bus, the system requires high-energy-density storage to compensate for
low-frequency oscillations and high-power density to supply and absorb power during
transients [6,7]. These characteristics can be found in a hybrid energy storage system
(HESS) consisting of battery and supercapacitor banks. A battery can provide ten times
more energy over a much longer duration than a supercapacitor, while a supercapacitor
can deliver energy ten times faster than a battery [8,9]. On the other hand, a DC microgrid
with a supercapacitor bank is likely to increase the overall costs; however, this can be
compensated, as the presence of a supercapacitor can improve the system’s efficiency and
the battery’s life cycle by responding instantly to sudden fluctuations and thereby reducing
current stresses on the battery [10,11].

An HESS requires controlled bidirectional DC−DC converters to regulate the stability
of the power balance in the DC microgrid system. Several methods have been used to
control the bidirectional converters, including fuzzy logic control (FLC), droop control,
proportional–integral (PI) control, model predictive control (MPC), sliding mode control
(SMC), etc.

In an example system based on FLC, electric double-layer capacitor storage and a
DC–DC converter is used to regulate both the stored energy balance and the output power
balance. FLC is only responsible for controlling stored energy balance by regulating the
DC voltage reference within ±5% of the rated value. The membership function of FLC is
based on the stored energy ratio and all stored energy averages; gain scheduling maintains
the DC voltage stability [12]. However, it is quite challenging to determine the appropriate
fuzzy rules and membership functions [13,14].

Droop control maintains a stable DC bus voltage level on the microgrid when distribut-
ing load current [15]. However, many techniques for droop control can only accomplish
proportional power sharing in the steady-state condition [16,17]. In [18], the current ref-
erences are obtained by implementing virtual resistance droop (VRD) control and virtual
capacitance droop (VCD) control to decouple the power of each ESS with different dy-
namics. VCD can regulate the supercapacitor system to respond to only fast fluctuations,
while VRD handles the battery system to respond to the slow dynamics to maintain a
constant power supply. Furthermore, a PI controller adjusts the power sharing using a
bidirectional buck–boost converter. The results show that the DC bus voltage overshoots
and undershoots due to load switching remaining within 1.85% [19,20]. This approach has
a tracking reference that makes it unsuitable for nonlinear systems. Another challenge is
establishing the VCD and VRD reference values; incorrect values result in inefficient power
sharing and unstable DC bus voltage.

Dual-loop control strategies based on PI are commonly used for HESSs due to their
simplicity and ease of implementation. A voltage control loop generates HESS current
references, while the current control loop acquires the duty ratio of DC–DC converters to
track the current references [21–25]. However, in an HESS with independent converters
for each ESS, this strategy results in an inadequate current regulation for such a highly
nonlinear system, resulting in ±3.5% voltage fluctuations on the DC bus. Moreover, this
strategy is also unable to address the impact of the intermittent nature and uncertainties of
renewable resources completely [26].

To address the above-mentioned weaknesses of the dual-loop PI control, MPC is intro-
duced to predict the total required current distribution for the battery and supercapacitor
to stabilize the DC bus [27]. The current distribution for each storage element is determined
by considering specified constraints, including the maximum and minimum limits on
the battery’s state of charge, battery current, supercapacitor voltage, and supercapacitor
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current. MPC then predicts the modulation index for the battery and supercapacitor, where
each modulation index drives a pulse width modulation (PWM) generator for the storage
converter. Another approach based on MPC uses a modified cost function to reduce the
DC bus voltage variations. The results show that the DC bus voltage can follow its refer-
ence with an overshoot of around 1%. However, appropriate decoupling between current
components is not achieved in such MPC algorithms since the cost function weights are not
well optimized under varied operating situations. Furthermore, the performance of this
system is determined by the system parameter uncertainties and the model accuracy [28].
To address the modeling uncertainties, some techniques based on MPC with real-time
parameter identification and adaptive MPC are proposed [29,30]. However, all MPC-based
schemes are excessively complex.

SMC has been widely used to handle the modeling uncertainties in the systems due
to its robustness [31–34]. PI and SMC have been integrated to ensure the proper voltage
level on the common DC bus. PI control with a low-pass filter (LPF) is used to split up the
reference current into references for the battery and supercapacitor. SMC finally controls the
current sharing. The results indicate that the DC bus voltage can follow its reference with an
overshoot of around 3.8% and a settling time of around 0.45 s [35,36]. The use of standard
SMC, however, does show its drawbacks of chattering and uncertain convergence time.

The control strategies, power-sharing control with HESSs, and bus voltage stabilization
in DC microgrids discussed above are summarized in Table 1.

Table 1. Summary of the existing control strategies of DC microgrid control with HESS.

Controllers Advantages Limitations
Overshoot/
Undershoot Statistical Errors Considering

Uncertainty

FLC-gain scheduling [12,13]
• Mathematical model of

the system is not required.

• Challenging to determine
the appropriate fuzzy
rules and membership
functions.

5% ✗ ✗

Droop control-PI [18–20]
• Decentralized strategy

without communications
and central controllers.

• Virtual resistance and
capacitance droop must be
accurate; incorrect values
result in unstable DC
bus voltage.

1.9% ✗ ✗

PI-PI [13,24–26]
• Simple implementation.
• Faster transient response.

• Unable to address the
impact of intermittent
nature and uncertainties
of renewable resources.

• High overshoots.

3.5% ✗ ✗

MPC [13,28–30]
• Efficient tracking due to

good system estimation.
• Improved transient

response.

• Sensitive to unmodeled
uncertainties.

• High computational
burden.

1% ✗ ✓

PI-SMC [35,36]

• Insensitive to model
uncertainties.

• Robust to model
nonlinearities.

• Simple and tunable
controller structure.

• Chattering effect.
• Uncertain time

convergence.
3.8% ✗ ✓

This table compares the advantages, disadvantages, and some performance metrics. None of these schemes are
studied for statistical tracking errors.

The table shows numerous benefits and limitations of the PI-SMC-based approach.
Chattering issues in SMC can be mitigated by using a sliding surface with a boundary layer.
Furthermore, convergence can be accelerated and guaranteed by modifying the sliding
surface in certain ways.

The fast nonsingular integral terminal sliding mode control (FNITSMC) can overcome
these shortcomings of the standard SMC. It is also simpler to implement and demon-
strates higher robustness to external disturbances and parametric uncertainties result-
ing from unmodeled loads and changes in plant dynamics. Therefore, it can reduce
overshoot/undershoot and statistical errors. In addition, it also guarantees finite-time
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convergence by accelerating the rise time and settling time, along with high tracking
accuracy [37,38].

Regarding the converter technologies, most of the published works utilize the bidi-
rectional DC–DC buck–boost converters to regulate the DC bus [11,19,20]. However, the
bidirectional buck–boost converter has the disadvantages of poor transient responsive-
ness, large peak currents in power components, intermittent input currents, etc. These
weaknesses can be overcome by employing the bidirectional DC–DC Ćuk converter, which
has the benefits of high efficiency, minimal switching losses, and better output current
characteristics [39–41].

This article proposes a control strategy combining PI control with FNITSMC to control
the DC bus voltage stability for the HESS consisting of a battery energy storage system
(BESS) and a supercapacitor energy storage system (SESS). The proposed strategy is out-
lined as follows:

• The PI controls the DC bus voltage and generates a total current reference for the HESS.
Using an LPF, the total current is split up into low- and high-frequency components
serving as references for BESS and SESS, respectively.

• FNITSMC adjusts the PWM of the bidirectional Ćuk converters for the BESS and SESS
to control the power balance of the DC microgrid. The BESS compensates for the
steady-state power demands, whereas the SESS compensates for the transient ones.

This proposed controller aims to improve the control performance of an HESS with PV
power generation as its primary source, with added uncertainties including load variations
at varying temperatures and irradiance levels. The performance metrics will be the transient
parameters like rise time, settling time, percentage overshoot, and statistical tracking errors.
The accelerated rise time and settling time will demonstrate the fast convergence.

Hardware-in-the-loop (HIL) simulations are performed on the Typhoon™ HIL-402
system to validate the effectiveness of the proposed scheme and its performance in main-
taining the DC bus stability. The proposed methodology has shown improved performance
over the PI-SMC approach tested on such systems. The integral absolute error (IAE) of the
DC bus voltage is reduced by more than 35% compared to the PI-SMC-based power-sharing
method. The approach is also more robust to load variations and external disturbances as
evidenced by low voltage fluctuations and overshoots/undershoots compared to PI-SMC.

The following are the main contributions of this paper:

1. The design of FNITSMC with a modified nonlinear sliding surface that helps the
system states achieve faster convergence to the equilibrium.

2. The design of a PI-FNITSMC-based current sharing controller for HESSs using bidi-
rectional DC–DC Ćuk converters with improved performance characteristics, good
stability (transient performance), faster and more precise tracking, and robustness to
uncertainties and disturbances.

3. Verification of the performance of the proposed controller with load, temperature, and
irradiance variations using the Typhoon™ HIL-402 system.

The remaining sections of this article are organized as illustrated in Figure 1. Section 2
presents the modeling of the PV system and HESS. Section 3 gives the design of the MPPT
controller based on the global sliding mode control (GSMC). Section 4 gives the complete
design of the proposed voltage and current control with the HESS. Section 5 explains the
system configuration used in simulations. Stability analysis is carried out for load and
input duty cycle variations. Rigorous HIL simulations are then performed, and results are
discussed and analyzed. Conclusions are then drawn in Section 6.
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2. Modeling of the PV-Fed DC Microgrid with HESS

This paper investigates a DC microgrid with the configuration shown in Figure 2. The
system comprises a PV array, a battery bank, and a supercapacitor bank connected to the
DC bus via different DC–DC converters. The PV array is connected to the DC bus via
an MPPT boost converter that prevents power flow in the opposite direction. In contrast,
the HESS storage elements—the battery and the supercapacitor—are connected to the DC
bus through bidirectional Ćuk converters to regulate the power flow in both directions,
charging and discharging. The bidirectional Ćuk converters maintain the DC bus’s stability
by regulating power sharing to meet the load demands. The stability of the DC bus during
transient and steady state will be regulated by the SESS and BESS, respectively.
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2.1. Boost Converter for PV Energy Conversion System

The DC–DC boost converter regulates the PV output voltage
(
Vpv

)
to extract the maxi-

mum power. Equation (1) gives the dynamic characteristics of a PV-fed boost converter [42]
with the system parameters shown in Table 2.[ .

ILpv.
Vpv

]
=

[
0 1

Lpv

− 1
Cpv

0

][
ILpv

Vpv

]
+

[
Vdc
Lpv

0

]
dpv +

−Vdc
Lpv

0
Ipv
Cpv

0

[1
0

]
(1)

where ILpv , Vpv, Lpv, Vdc, Cpv, Ipv, and dpv represent the inductor current, the output voltage
of the PV, the inductor’s inductance, the DC bus voltage, the capacitor’s capacitance, the
PV current, and the duty ratio of the converter, respectively.

.
Vpv in Equation (1) only works

if the capacitor voltage ripple is negligible, the inductor current is always continuous,
and the time steps are significantly larger than the converter switching frequency. The
performance of the boost converter can drastically deteriorate due to PWM switching noise
introduced into the data obtained from the voltage and current sensors. Nevertheless, it is
important to note that when the system is in operation, its primary function is to charge
a battery or supercapacitor bank. This charging process has the benefit of minimizing
noise disturbances, as these loads serve as substantial LPFs, effectively attenuating high-
frequency noises. Furthermore, the performance of the proposed controller in terms of
transient response is expected to have the ability to effectively mitigate low-frequency noise
and interference, thereby enabling the quick regain of MPPT.

Table 2. System parameters [43,44].

DC bus voltage 48 V

PV array parameters Values

Maximum power (Pmpp) 200 W
Maximum output voltage (Vmpp) 26.3 V
Maximum output current (Impp) 7.61 A

Open-circuit voltage (Voc) 32.9 V
Short-circuit current (Isc) 8.21 A

Battery specifications Values

Type Lead Acid
Terminal voltage (Vb) 24 V

Ah capacity 17 Ah
Rated energy 408 Wh

Supercapacitor specifications Values

Terminal voltage (Vs) 32 V
Capacitance 58 F
Rated energy 4.2 Wh

Boost converter parameters Values

Capacitor (Cpv, Copv) 440 µF, 6 mF
Converter inductor (Lpv) 2 mF

Switching frequency 50 kHz

HESS parameters Values

Capacitor (Cg, Cog) 10 µF
Inductor (L1g, L2g) 6.3 mH, 1.3 mH

Switching frequency 50 kHz

Controller parameters Values

PV parameters (αpv, βpv, η) 0.16, 0.01, 0.1
HESS parameters (αg, βg, γg, kg, lg) 1.6, 1.2, 0.1, 1.7, 1.2

Constant gain ( Gpv, Gg
)

100
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2.2. Bidirectional Ćuk Converter for HESS

The BESS shown in Figure 2 consists of a bidirectional Ćuk converter. The controller
regulates the battery’s charge and discharges to stabilize the power balance. The current,
ICob , in the capacitor, Cob, can be negative, positive, or null. When ICob is greater than 0, it
indicates a discharge mode; when it is less than 0, it indicates a charge mode; and when it
is null, it indicates a standby mode. The configuration of the SESS is also identical to that of
the BESS, with Cos as the output capacitor. The other components in both subsystems are
shown in Figure 2. As both the BESS and SESS are identical, all the parameters are given a
subscript, g, where g ≡ b for the BESS and g ≡ s for the SESS.

The BESS and SESS state–space model is derived through an analysis of the bidirec-
tional Ćuk converter dynamics, as depicted in Figure 3. The parameters in shown in the
figure are given in Table 2.
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When the MOSFET is turned on with PWM input, ug, the inductor voltages are

VL1g = Vg = L1g
diL1g

dt
, (2)

VL2g = VCg − VCog = L2g
diL2g

dt
. (3)

and the capacitor currents are

ICg = −IL2g = Cg
dvCg

dt
, (4)

ICog = IL2g −
VCog

R
= Cog

dvCog

dt
. (5)
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Rewriting Equations (2)–(5) in the state space form
.
xg = A1gxg + B1gVg is as follows:

.
IL1g.
IL2g.
VCg.
VCog

 =


0 0 0 0
0 0 1

L2g
− 1

L2g

0 − 1
Cg

0 0

0 1
Cog

0 − 1
RCog




IL1g

IL2g

VCg

VCog

+


1

L1g

0
0
0

Vg . (6)

When the MOSFET is turned off, the inductor voltages are

VL1g = Vg − VCg = L1g
diL1g

dt
, (7)

VL2g = −VCog = L2g
diL2g

dt
, (8)

and the capacitor currents are

ICg = IL1g = Cg
dvCg

dt
, (9)

ICog = IL2g −
VCog

R
= Cog

dvCog

dt
. (10)

Rewriting Equations (7)–(10) in state space form
.
xg = A2gxg + B2gVg is as follows:

.
IL1g.
IL2g.
VCg.
VCog

 =


0 0 − 1

L1g
0

0 0 0 − 1
L2g

1
Cg

0 0 0

0 1
Cog

0 − 1
RCog




IL1g

IL2g

VCg

VCog

+


1

L1g

0
0
0

Vg . (11)

If dg is the duty ratio of the PWM input and d′g = 1 − dg, then the matrices are

Ag = A1gdg + A2gd′g
Bg = B1gdg + B2gd′g .

(12)

Combining Equations (6) and (11) using definition (12) generates the average state
space model,

.
xg = Agxg + BgVg, as follows [45,46]:


.
IL1g.
IL2g.
VCg.
VCog

 =


0 0 − d′g

L1g
0

0 0 dg
L2g

− 1
L2g

d′g
Cg

− dg
Cg

0 0

0 1
Cog

0 − 1
RCog




IL1g

IL2g

VCg

VCog

+


1

L1g

0
0
0

Vg . (13)

3. GSMC-MPPT Controller for Maximum PV Energy Extraction

The proposed PV system utilizes a GSMC-based MPPT control technique, which
incorporates a two-stage controller, as described in [42]. The first stage calculates the
maximum power point (MPP) reference based on the current values of temperature (T) and
irradiance (E), while GSMC in the second stage adjusts the PWM of the boost converter to
force the PV system to operate at the MPP for the best performance, as shown in Figure 4.
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Figure 4. Block diagram of PV control strategy. 1⃝ represents the variables used in MPP seeking,
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The PV reference voltage is calculated as [47]

Vpv,ref =
NsAKT

q
·log

( Iph − 0.909 Iph + Irs

Irs

)
(14)

where Ns is the number of PV cells connected in series in a panel; K = 1.3805 × 10−23 J/K
is the Boltzmann’s constant; A is the P-N junction characteristic factor; T is the temperature
of the cell; Irs is the reverse saturation current; q = 1.6022 × 10−19 C is the electron charge;
and Iph is the photocurrent. Iph is related to cell temperature and solar radiation as follows:

Iph = (Ish + kis[T − 298])
E

1000
(15)

where Ish is the short-circuit current of the PV cell; kis is the short-circuit current temperature
coefficient. Irs in Equation (13) is as follows:

Irs = Ish

(
exp

[
qVoc

NsAKT

]
− 1

)−1( T
298

)3
exp

(
qEgo

AK

[
1

298
− 1

T

])
(16)

where Voc is the open-circuit voltage and Ego represent the band-gap energy.
The following explains the procedure of designing a controller for a PV system, which

consists of an equivalent and a switching control. Before obtaining an equivalent controller,
the sliding surface must be determined. The sliding surface of GSMC is defined as

σpv(x, t) = βpvepv(t) + αpv
.
epv(t)− F(t)exp(−ηt) (17)

where βpv, αpv, and η are positive constants, epv(t) is the tracking error of Vpv, and F(t) is
designed to achieve the global sliding surface by fulfilling three conditions:

F(0) → βpvepv(0) (18a)

F(t) → 0 as t → ∞ (18b)

F(t) is differentiable (18c)

Condition (18a) represents the initial states of the sliding surface, (18b) the asymptotic
stability, and (18c) the existence of the sliding mode. Then, the equivalent control is derived
by differentiating the sliding surface of Equation (17):

.
σpv(x, t) = βpv

.
epv(t) + αpv

..
epv (t)−

.
F(0)exp(−ηt) . (19)

Substituting
..
epv(t) =

..
Vpv,ref (t)−

..
Vpv(t),

.
σpv(x, t) = βpv

.
epv(t) + αpv

..
Vpv,ref (t)− αpv

..
Vpv(t)−

.
F(0)exp(−ηt) . (20)
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Differentiating
.

Vpv from Equation (1) to obtain
..
Vpv and substituting in Equation (20) yields

.
σpv(x, t) = βpv

.
epv(t) + αpv

..
Vpv,ref (t)− αpv

−
.
ILpv

Cpv
+

.
Ipv

Cpv

(t)−
.
F(0)exp(−ηt) . (21)

Substituting
.
ILpv from Equation (1) into Equation (21) yields

.
σpv(x, t) = βpv

.
epv(t) + αpv

..
Vpv,ref (t)−

αpv
Cpv

(
−Vpv

Lpv
+ Vdc

Lpv
− Vdc

Lpv
upv,eq +

.
Ipv

)
(t)

−
.
F(0)exp(−ηt) .

(22)

Making
.
σpv(x, t) = 0 to obtain the equivalent control is as follows:

upv,eq = −CpvLpv
αpvVdc

[
βpv

.
epv(t) + αpv

..
Vpv,ref (t)−

αpv
Cpv

(
−Vpv

Lpv
+ Vdc

Lpv
+

.
Ipv

)
(t)

−
.
F(0)exp(−ηt)

]
.

(23)

The signum function sgn(·) is widely used to enforce the sliding mode operation over
a given manifold. In this article, the sgn(·) function is replaced with the saturation function,
sat(·), to enforce a boundary condition to solve the accompanying chattering issue. The
saturation function is given below:

sat
(
σpv

)
=


1 ; σpv > ∆
σpv/∆ ;

∣∣σpv
∣∣ ≤ ∆

−1 ; σpv < −∆
(24)

where ∆ is the boundary layer for chattering reduction, linear feedback control inside
the boundary layer, and switching control outside it [48,49]. The switching control with
reduced chattering is designed as follows:

upv,sw = Gpv sat
(
σpv

)
(25)

where Gpv is a variable gain (generally high) of the switching control.
Combining Equations (23) and (25), the GSMC with equivalent and switching controls,

upv = upv,eq + upv,sw, for a PV system can be given as follows:

upv = −CpvLpv
αpvVdc

[
βpv

.
epv(t) + αpv

..
Vpv,ref(t)−

αpv
Cpv

(
−Vpv

Lpv
+ Vdc

Lpv
+

.
Ipv

)
(t)

−
.
F(0)exp(−ηt)

]
− Gpv sat

(
σpv

)
.

(26)

4. PI-FNITSMC DC Bus Voltage and Current Control with HESS

In this article, power distribution is realized using FNITSMC based on PI and LPF,
as illustrated in Figure 5. PI combined with LPF aims to split the power demand into
steady-state and transient power. The PI controller produces a total current reference for
the HESS and then uses LPF to generate a low-frequency current reference for the BESS.
The high-frequency current reference for the SESS is then obtained by subtracting the BESS
current reference from the PI output. The current references can be positive, negative, and
null values; a positive current indicates the discharge mode, negative the charge mode, and
null the stand-by mode. After obtaining the reference current, the FNITSMC will control
the BESS and SESS to follow its reference. The FNITSMC technique offers robust benefits
in maintaining power balance in the DC bus through the charging and discharging of the
BESS and SESS.
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.
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4.1. DC Bus Voltage Control Using PI

The reference current
(
Ig,ref

)
in the HESS is derived from the DC bus voltage error(

Vdc,ref − Vdc
)

in the PI-based voltage control loop, as illustrated in Figure 5. Acquiring the
correct PI gains necessitates the execution of multiple phases, obtaining the voltage transfer
function of the converter and then adjusting the PI parameters based on different analyses.
The transfer function of the bidirectional Ćuk converter can be obtained as Equation (27)
and takes the form of Equation (28). This model is identical to the one generated through
Leverrier’s method [50].

Gg,ess =
VCog

Vg
= Cg

(
sI − Ag

)−1Bg , (27)

T(s) =

[
dgd′g

L1gL2gCgCog

]
s4 + 1

RCog
s3 +

(
d2

g
L2gCg

+
d′2g

L1gCg
+ 1

L2gCog

)
s2+(

d2
g

L2gCgRCog
+

d′2g
CgL1gRCog

)
s +

d′2g
L1gL2gCgCog


. (28)

In this work, MATLAB™ (https://ww2.mathworks.cn/products/matlab.html, ac-
cessed on 4 March 2024) PID tuning tools are used to obtain the PI gains.

4.2. HESS Current Control Using FNITSMC

FNITSMC stabilizes the DC microgrid by supplying the correct PWM value to the
bidirectional Ćuk converters in each ESS. FNITSMC is an SMC enhancement that allows
the state to converge to an equilibrium point speedily and precisely in finite time by
implementing the integral and nonlinear terms in the sliding surface. The integral term is
designed to be dominant when the system state is far from the equilibrium point, which
ensures a faster convergence speed. When the state is close to the equilibrium point, the
nonlinear term becomes dominant and guarantees convergence in finite time [36].

Both standard SMC and FNITSMC designs include two steps. The initial stage is to
design the equivalent control based on the sliding surface followed by the second stage,
which is a switching control to drive the state trajectory of the plant to the sliding surface.
Figure 6 illustrates the different phases in the SMC.

FNITSMC requires reference currents for both the BESS and SESS to track current
errors and regulate the power balance of the DC microgrid system. The reference currents in
the HESS are obtained using a PI controller combined with an LPF, which divides the overall
current into low- and high-frequency components. To reduce system latency, 31 rad/s is

https://ww2.mathworks.cn/products/matlab.html
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chosen as the LPF cut-off so that the battery current responds to changes happening in
more than 0.2 s [21,51,52].
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After obtaining the reference current for an ESS, the sliding surface is designed. The
modified sliding surface of FNITSMC for an ESS with a fast convergence rate is defined as

σg(t) =
∫ t

0
eg(τ)dτ + βg

{∫ t

0

∣∣eg(τ)
∣∣dτ

}kg

+ αg
∣∣eg(t)

∣∣lgsgn
(
eg
)
− γgICog(t) (29)

where eg(t) is the current tracking error; αg, βg, γg > 0; kg > 0; and 1 < lg < 2, with the con-

dition of kg > lg [37]. When the states are far from the equilibrium point, βg

{∫ t
0

∣∣eg(τ)
∣∣dτ

}kg

will dominate αg
∣∣eg(t)

∣∣lg sgn
(
eg
)
, which will ensure a faster convergence. However, when

the system states are close to the equilibrium point, the αg
∣∣eg(t)

∣∣lg sgn
(
eg
)

will play the
dominant role, which guarantees the convergence in finite time.

When the sliding surface σg = 0, then the sliding motion can be defined as

.
σg(t) = eg(t) + βgegkg

{∫ t

0

∣∣eg(τ)
∣∣dτ

}(kg−1)
+ αg

.
eglg

∣∣eg(t)
∣∣(lg−1)sgn(eg)− γg

.
ICog(t). (30)

The ug,eq of FNITSMC is obtained by eliminating the sgn
(
eg
)

in Equation (30) to avoid

chattering; substituting
.
ICog(t) =

.
IL2g(t)−

.
Iog(t) in Equation (30); and then substituting

.
IL2g(t) from Equation (13), yielding

ug,eq =
L2g

γgVcg

[
eg(t) + βgegkg

{∫ t
0

∣∣eg(τ)
∣∣dτ

}(kg−1)
+ αg

.
eglg

∣∣eg(t)
∣∣(lg−1)

+
γgVCog (t)

L2g

+γg
.
Iog(t)

]
.

(31)

Moreover, ug,sw is designed as

ug,sw = Ggsat
(
σg
)
. (32)
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Finally, the FNITSMC consisting of both the equivalent and the switching controls,
ug = ug,eq + ug,sw, can be written as

ug =
L2g

γgVcg

[
eg(t) + βgegkg

{∫ t
0

∣∣eg(τ)
∣∣dτ

}(kg−1)
+ αg

.
eglg

∣∣eg(t)
∣∣(lg−1)

+
γgVCog (t)

L2g

+γg
.
Iog(t)

]
− Ggsat

(
σg
)
.

(33)

5. Results and Discussion

To verify the effectiveness of the proposed power-sharing control schemes for the
microgrid system consisting of a PV input and an HESS, and demonstrate its superiority
to the conventional control schemes, a comparative HIL real-time simulation study is
conducted utilizing the Typhoon™ HIL-402 platform.

The following steps are required to acquire real-time simulation data:

• A DC microgrid consisting of a PV system, an HESS, and load is designed using the
Typhoon™ HIL Control Center software V2023.2.

• Similarly, the MPPT controller based on GSMC and PI-FNITSMCs for both the BESS
and SESS are also designed using the Typhoon™ HIL Control Center software V2023.2.

• A complete simulation model is compiled and uploaded to the Typhoon™ HIL-402.
• Simulation parameters like sampling time and execution time are also set. The sam-

pling time is set in a way that the achieved results are close to the real time. For
example, an execution of the system for 24 s took almost 33 s at 200 ksps to achieve
the best possible results. This total time included the overhead of data gathering and
transportation to the main personal computer (PC).

• The real-time simulations are conducted, and the results are communicated back to
the PC after the completion of each simulation.

• The results are plotted in Matlab™ to make it easier for further processing and dis-
playing specific information.

To evaluate the robustness of the proposed control scheme, the impact of load vari-
ations in both charging and discharging states, as well as at varying temperatures and
irradiances, is discussed.

5.1. MPPT Power Extraction under Standard Operating Conditions

To verify that the MPPT algorithm works effectively, the PV system must be tested
before being connected to the HESS. The simulations are performed at a temperature of
25 ◦C, with an irradiation level of 1000 W/m2 and a load resistance of 21 Ω. Figures 7 and 8
depict the output response of a PV system without being connected to an HESS, which
includes Vpv, Ipv, and Ppv with values of 26.3 V, 7.6 A, and 200 W, respectively. The Vpv, Ipv,
and Ppv values perfectly match the rated voltage in the PV panel specifications of a single
Kyocera™ KC200GH-2P module, which indicates that the MPPT technique can extract
maximum power effectively.

Sustainability 2024, 16, x FOR PEER REVIEW 13 of 27 
 

• A complete simulation model is compiled and uploaded to the Typhoon™ HIL-402. 
• Simulation parameters like sampling time and execution time are also set. The sam-

pling time is set in a way that the achieved results are close to the real time. For ex-
ample, an execution of the system for 24 s took almost 33 s at 200 ksps to achieve the 
best possible results. This total time included the overhead of data gathering and 
transportation to the main personal computer (PC). 

• The real-time simulations are conducted, and the results are communicated back to 
the PC after the completion of each simulation. 

• The results are plotted in Matlab™ to make it easier for further processing and dis-
playing specific information. 
To evaluate the robustness of the proposed control scheme, the impact of load varia-

tions in both charging and discharging states, as well as at varying temperatures and irra-
diances, is discussed. 

5.1. MPPT Power Extraction under Standard Operating Conditions 
To verify that the MPPT algorithm works effectively, the PV system must be tested 

before being connected to the HESS. The simulations are performed at a temperature of 
25 °C, with an irradiation level of 1000 W/m2 and a load resistance of 21 Ω. Figures 7 and 
8 depict the output response of a PV system without being connected to an HESS, which 
includes Vpv, Ipv, and Ppv with values of 26.3 V, 7.6 A, and 200 W, respectively. The Vpv, 
Ipv, and Ppv values perfectly match the rated voltage in the PV panel specifications of a 
single Kyocera™ KC200GH-2P module, which indicates that the MPPT technique can ex-
tract maximum power effectively. 

 

Figure 7. MPPT control of PV system under standard operating conditions (25 °C, 1000 W/m2). 

 

Figure 8. Extracted power of PV system under standard operating conditions (25 °C, 1000 W mଶ⁄ ). 

5.2. PI Gain Selection 
This paper investigates three cases of bus voltage stabilization: discharging only, and 

charging and discharging without and with varying temperature and irradiance. All of 

Figure 7. MPPT control of PV system under standard operating conditions (25 ◦C, 1000 W/m2).



Sustainability 2024, 16, 2307 14 of 27

Sustainability 2024, 16, x FOR PEER REVIEW 13 of 27 
 

• A complete simulation model is compiled and uploaded to the Typhoon™ HIL-402. 
• Simulation parameters like sampling time and execution time are also set. The sam-

pling time is set in a way that the achieved results are close to the real time. For ex-
ample, an execution of the system for 24 s took almost 33 s at 200 ksps to achieve the 
best possible results. This total time included the overhead of data gathering and 
transportation to the main personal computer (PC). 

• The real-time simulations are conducted, and the results are communicated back to 
the PC after the completion of each simulation. 

• The results are plotted in Matlab™ to make it easier for further processing and dis-
playing specific information. 
To evaluate the robustness of the proposed control scheme, the impact of load varia-

tions in both charging and discharging states, as well as at varying temperatures and irra-
diances, is discussed. 

5.1. MPPT Power Extraction under Standard Operating Conditions 
To verify that the MPPT algorithm works effectively, the PV system must be tested 

before being connected to the HESS. The simulations are performed at a temperature of 
25 °C, with an irradiation level of 1000 W/m2 and a load resistance of 21 Ω. Figures 7 and 
8 depict the output response of a PV system without being connected to an HESS, which 
includes Vpv, Ipv, and Ppv with values of 26.3 V, 7.6 A, and 200 W, respectively. The Vpv, 
Ipv, and Ppv values perfectly match the rated voltage in the PV panel specifications of a 
single Kyocera™ KC200GH-2P module, which indicates that the MPPT technique can ex-
tract maximum power effectively. 

 

Figure 7. MPPT control of PV system under standard operating conditions (25 °C, 1000 W/m2). 

 

Figure 8. Extracted power of PV system under standard operating conditions (25 °C, 1000 W mଶ⁄ ). 

5.2. PI Gain Selection 
This paper investigates three cases of bus voltage stabilization: discharging only, and 

charging and discharging without and with varying temperature and irradiance. All of 

Figure 8. Extracted power of PV system under standard operating conditions (25 ◦C, 1000 W/m2).

5.2. PI Gain Selection

This paper investigates three cases of bus voltage stabilization: discharging only, and
charging and discharging without and with varying temperature and irradiance. All of
these cases are tested with varying loads: 15 Ω, 21 Ω, and 100 Ω. The transfer function
of the non-isolated bidirectional Ćuk converter derived in Equation (26) with the system
parameters given in Table 2 and assuming all the parasitic resistances as 0 Ω is as follows:

Gg =

[
dgd′g

8.19 × 10−16

]
s4 + 1

R(10 × 10−6)
s3 +

(
d2

g
1.3 × 10−8 +

d′2g
6.3 × 10−8 +

1
1.3 × 10−8

)
s2+(

d2
g

R(1.3 × 10−13)
+

d′2g
R(6.3 × 10−13)

)
s +

d′2g
8.19 × 10−16


. (34)

The root loci with load resistances of 15 Ω, 21 Ω, and 100 Ω and a duty cycle of
dg = 0.1–0.9 are shown in Figures 9–11. As the system’s closed-loop behavior is heavily
dependent on both the duty cycle (dg) of the PWM input and the load (R), it is important
to analyze the stability conditions. These figures show the root loci of the bidirectional
Ćuk converter with varying duty cycle (dg) for loads of 15 Ω, 21 Ω, and 100 Ω, respectively.
These sets of plots allow us to know the range of the control gain (Kg). The system is the
least closed-loop stable for dg = 0.1; the dominant poles remain stable for 0 < Kg < 0.5. In
other words, at low values of dg, the control gain must be kept low or else the system will
become unstable.

Neglecting circuit losses, the Ćuk converter’s nominal duty cycles with Vb = 24 V,
Vs = 32 V, and Vdc = 48 V are calculated as [53,54]

db =
Vdc

Vdc+Vb
= 48

48+24 = 0.68

ds =
Vdc

Vdc+Vs
= 48

48+32 = 0.6
(35)

As these values are quite close, taking dg = db = ds = 0.6, the transfer functions of the
two converters are similar and will simplify the overall model. The transfer functions of
the bidirectional Ćuk converter with load resistances of 15 Ω, 21 Ω, and 100 Ω at dg = 0.6
are given in Equations (36)–(38), respectively.

Gg =
2.9304 × 1014

s4 + 6.6667 × 103s3 + 1.0716 × 108s2 + 2.0155 × 1011s + 1.9536 × 1014 . (36)

Gg =
2.9304 × 1014

s4 + 4.7619 × 103s3 + 1.0716 × 108s2 + 1.4396 × 1011s + 1.9536 × 1014 . (37)

Gg =
2.9304 × 1014

s4 + 1000s3 + 1.0716 × 108s2 + 3.0232 × 1010s + 1.9536 × 1014 . (38)
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Splitting up the control system given in Figure 5 for the BESS and SESS, the individual
double loop controls, comprising outer voltage loops and inner current loops, are illustrated
in Figures 12 and 13. The outer voltage loop is a PI control that regulates the DC bus
voltage; cascaded with the LPF, it then generates the current references for the HESS.
The LPF separates the low- and high-frequency current references for the BESS and SESS,
respectively. In the inner loop, FNITSMC controls the current of the respective ESS to
regulate the power balance of the DC microgrid.
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used to split up the current reference, its behavior is not included in the simulations be-
cause the inner current loop is designed to be fast enough to assume a gain of 1 [18,55]. 
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The PI compensation transfer function is

C(s) =
Kps + Ki

s
, (39)

and the first-order LPF transfer function is

H(s) =
ωc

s + ωc
, (40)

where ωc is the filter’s cut-off frequency, which is set as 31 rad/s. However, as the LPF
is used to split up the current reference, its behavior is not included in the simulations
because the inner current loop is designed to be fast enough to assume a gain of 1 [18,55].
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Using MATLAB™’s PID tuning tool, the PI gains for an acceptably stable set of closed-loop
dominant poles are obtained as Kp = 1.2 and Ki = 180. The closed-loop transfer functions
of the system with the PI compensation and loads of 15 Ω, 21 Ω, and 100 Ω are given in
Equations (41)–(43), respectively.

T(s) =
3.516 × 1014s + 5.275 × 1016

s5 + 6667s4 + 1.072 × 108s3 + 2.016 × 1011s2 + 5.47 × 1014s + 5.275 × 1016 . (41)

T(s) =
3.516 × 1014s + 5.275 × 1016

s5 + 4762s4 + 1.072 × 108s3 + 1.44 × 1011s2 + 5.47 × 1014s + 5.275 × 1016 . (42)

T(s) =
3.516 × 1014s + 5.275 × 1016

s5+1000s4 + 1.072 × 108s3 + 3.023 × 1010s2 + 5.47 × 1014s + 5.275 × 1016 . (43)

The rise and settling times of the closed-loop system are given in Table 3.

Table 3. The transient response with varying load resistance.

15 Ω ≡ 153.6 W @ 48 V 21 Ω ≡ 109.71 W @ 48 V 100 Ω ≡ 23.04 W @ 48 V

Rise time Settling time Rise time Settling time Rise time Settling time
1.1 ms 28.5 ms 0.8 ms 28.9 ms 0.6 ms 46.4 ms

5.3. Case 1: HESS Discharging under Resistive Load

The real-time simulations of the DC microgrid employing Typhoon™ HIL-402 are con-
ducted at 30 ◦C, an irradiation level of 400 W/m2, and varying load resistance. Figures 14–16
show the effects of load changes on DC bus voltage and currents for the BESS and SESS. In
case 1, the load is varied as follows: 21 Ω for 0–8 s, 15 Ω for 8–16 s, and again at 21 Ω for
16–24 s.
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In this case, the PV system can only produce a power of around 80 W, whereas the 15 Ω
load and 21 Ω loads will dissipate 153.6 W and 109.71 W at 48 V, respectively. Consequently,
the battery will discharge in a steady state to compensate for the power deficit, while the
supercapacitor will charge or discharge during transients to meet the load requirements.
With a battery voltage of 24 V, the battery discharges at approximately 1.24 A to meet the
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power deficit of around 29.71 W at a load of 21 Ω in the steady state. At a load of 15 Ω, the
battery discharges at around 3. 067 A to fulfill a power deficit of 73.6 W.
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For better visualization of the errors between the references and the actual data, the
obtained data are also filtered in the upper inset windows in both Figures 14 and 15. It is
clear from these plots that the average values of each datum closely follow their respective
references. From these filtered plots, it is evident that the performance of PI-FNITSMC is
much superior to PI-SMC. The filtered data are not used in the actual control; the control
system must work on the real feedback so that it can decide the actual load balancing
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demands and HESS power sharing; any type of pre-processing may adversely affect the
correct operation of the complete control scheme and may lead to the wrong sharing
decisions. The filtered results are not shown for the rest of the simulations.

In both Figures 14 and 15, as soon as the load changes at t =8 s, the supercapacitor
discharges to deal with the transient power requirement. Soon, the battery takes over
to force the DC bus voltage into a steady state. The PI-SMC- and PI-FNITSMC-based
controllers demonstrate that the DC bus output response can track its reference during both
transients and steady-state regions. However, there are bigger overshoots and undershoots
with the PI-SMC-based controller than with the proposed PI-FNITSMC-based controller
during load switching.

Figure 16 shows the DC bus voltage, while Table 4 summarizes the results. These
results show that the proposed controller has a reduced rise time and settling time and
has a performance superior to PI-SMC, with minimal overshoots. Furthermore, Vdc errors
calculated, including the IAE and integral time absolute error (ITAE) of the proposed
controller, are smaller compared to PI-SMC.

Table 4. Transient performance and Vdc errors in case 1.

Controller Rise Time Settling Time Overshoot/Undershoot
0–1 s; 8–9 s; 16–17 s IAE ITAE

PI-SMC 26.7 ms 527 ms 4.9%; 1.6%; 1.6% 3.4 13.7
PI-FNITSMC 25.2 ms 65 ms 0.1%; 1.3%; 1.3% 2.0 8.1

5.4. Case 2: HESS Charging and Discharging under Resistive Load

This case investigates the behavior of an HESS with the following load variations:
21 Ω for 0–8 s, 100 Ω for 8–16 s, and again at 21 Ω for 16–24 s. Figures 17–19 depict both the
PI-SMC and proposed controller responses, including the battery current, supercapacitor
current, and DC bus voltage.
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Figure 19. DC bus voltage (Vdc) in charging and discharging HESS.

The battery can maintain Vdc stability in a steady state by discharging at t = 0–8 s and
t = 16–24 s to address the power shortage of 29.71 W, while it charges at t = 8–16 s to store
the excess power of 56.96 W. Furthermore, the supercapacitor charges and discharges during
the transients to provide proper power delivery during load switching. The charging and
discharging of the HESS with PI-SMC and PI-FNITSMC are illustrated in Figures 17 and 18.

Figure 19 shows the DC bus voltage, while Table 5 summarizes the results. These
results again show that the proposed controller has a reduced rise time and settling time
and has a performance superior to PI-SMC, with minimal overshoots. It is also evident that
the battery efficiently stores the excess PV power when the load demand is less.
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Table 5. Transient performance and Vdc errors in case 2.

Controller Rise Time Settling Time Overshoot/Undershoot
0–1 s; 8–9 s; 16–17 s IAE ITAE

PI-SMC 27.3 ms 521 ms 4.6%; 3.3%; 3.1% 4.1 22.4
PI-FNITSMC 25.2 ms 65 ms 0.06%; 2.5%; 2.4% 2.5 13.8

5.5. Case 3: HESS Charging and Discharging under Load Variations at Varying Irradiance and
Temperature Levels

This case compares the controllers in terms of the tracking and stability performance
with load variations, as shown in Figure 20, along with temperature and irradiance vari-
ations, as illustrated in Figure 21. These conditions force the PV module to generate the
peak power of 80 W at an irradiance of 400 W/m2 and a temperature of 30 ◦C, as well as
70 W at an irradiance of 300 W/m2 and a temperature of 25 ◦C.
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Temperature and irradiance certainly have the potential to influence the power output
of a PV array. The generated power is a direct output of the irradiance level while the
temperature works conversely. There are several studies to correlate the cell/ambient
temperature to the generated power. In conclusion, with each 1 ◦C rise in temperature, the
generated power drops by approximately 1.5%. ESS charging and discharging states are
the functions of the total generated power, the ESS’s charging state, the bus voltage, and
the load demands; they are not directly linked to either the temperature or the irradiance.
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The charging and discharging of the HESS for both PI-SMC- and PI-FNITSMC-based
controllers are illustrated in Figures 22 and 23. Figure 23 demonstrates that both the SESS
and BESS control systems, using the proposed PI-FNITSMC-based controller, can efficiently
follow their reference currents. Discharging (at t= 0–8 s and t= 16–24 s) and charging (at
t= 8–16 s), the battery indicates that the BESS is used to stabilize the Vdc in the steady
state. Furthermore, the charging and discharging of the supercapacitor occurs during the
transient periods to provide proper power during load switching.
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Figure 24 shows the DC bus voltage, while Table 6 summarizes the results. These
results again show that the proposed controller has a reduced rise time and settling time
and has a performance superior to PI-SMC, with minimal overshoots. It is also evident that
both the battery and the supercapacitor are properly charged and discharged to efficiently
utilize the excess PV power when the load demand is less and stabilize the bus voltage
when the demand is more.
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Table 6. Transient performance and Vdc errors in case 3.

Controller Rise Time Settling Time Overshoot/Undershoot
0–1 s; 8–9 s; 16–17 s IAE ITAE

PI-SMC 32.1 ms 591 ms 3.1%; 3.3%; 3.2% 4.6 27.3
PI-FNITSMC 25.2 ms 88.2 ms 0.3%; 2.6%; 2.4% 2.8 14.7

5.6. Discussion on the Simulation Results

The above simulations of the three cases compare the performance of the proposed
PI-FNITSMC-based control scheme with the PI-SMC-based scheme. It is clear from the
obtained results that FNITSMC exhibits all of its properties, like smoothness and robustness.
The achieved results are superior to the best possible reported until now. The performance
in the transient region shows that the system was able to efficiently maintain the bus
voltage with minimal overshoots/undershoots, rise time, and settling time. Similarly, in the
steady-state region, the system was able to efficiently extract and inject power depending
on the load demands. In case of temperature and irradiance changes, the proposed system
shows robust behavior.

6. Conclusions

In this study, a combined PI and FNITSMC-based current sharing algorithm for an
HESS, comprising a battery and a supercapacitor, has been investigated and verified
using the Typhoon™ HIL-402 platform. The PI coupled with an LPF has successfully
distinguished between the current references for a BESS and an SESS. Both the BESS and
SESS are controlled by FNITSMC to adjust the power balance in the DC microgrid. The
BESS is able to control steady-state power demands, whereas the SESS is successful in
controlling transient power demands. The PI-FNITSMC-based proposed controller is able
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to consistently satisfy the power requirements of a DC microgrid with good transient
performance, faster and more precise tracking, and robustness to load variations at various
temperatures and irradiances. The rise time and settling time of the proposed controller can
be reduced compared to the PI-SMC by defining a modified sliding surface in FNITSMC.
FNITSMC is able to reach the equilibrium point with improved tracking accuracy and finite-
time convergence. The precise tracking of PI-FNITSMC can be measured by calculating
the statistical errors. The IAE of Vdc is reduced by 41.2%, 39%, and 39.1% compared to
the PI-SMC-based power-sharing method in the three cases. Furthermore, the proposed
controller has good robustness to load variations, as evidenced by low Vdc fluctuations and
lower overshoot/undershoot compared to PI-SMC.

Regarding the future directions of this research, the system will be tested with both re-
sistive and reactive loads to know its performance in a more real-life scenario. Experimental
verification with a real-life system will also be of crucial importance. In addition, decentral-
ized DC microgrid HESS stabilization control will be targeted. This will need a separate
control design for BESS and SESS stabilization controls without a communication link; this
will allow for several BESSs and SESSs on the same DC bus at different locations according
to specific local demands, hence flexibly expanding the system without modifying existing
control structures. Another line of research will be towards optimizing the transient and
steady-state performances through implementing adaptive SMC enhancement. As it is seen
in this work that the PWM duty cycle and the load greatly affect the closed-loop stability
of the system, future work may further investigate these dependencies and, if feasible,
propose an adaptive (for example, gain scheduling) scheme to achieve the optimal behavior.
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Nomenclature

Abbreviation Definition Abbreviation Definition
PV Photovoltaic dg Duty ratio of the PWM input
ESS Energy storage system d′g 1 − dg
HESS Hybrid energy storage system Vpv,ref PV reference voltage
LPF Low-pass filter Ns Number of PV cells in series
HIL Hardware-in-the-loop K Blotsmann’s constant
MPP Maximum power point A P-N junction characteristic
MPPT MPP tracking T Cell temperature
PI Proportional–integral E Irradiance
SMC Sliding mode control Irs Reverse saturation current
MPC Model predictive control q Electron charge
FLC Fuzzy logic control Iph Photocurrent
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VRD Virtual resistance droop Ish Cell short-circuit current
VCD Virtual capacitance droop kis Short-circuit current coefficient
GSMC Global SMC Voc Open-circuit voltage
BESS Battery ESS Ego Band-gap energy
SESS Supercapacitor ESS σpv Sliding surface of GSMC
FNITSMC Fast nonsingular integral terminal SMC epv Tracking error of Vpv
PWM Pulse width modulation sgn Signum function
IAE Integral absolute error sat Saturation function
ITAE Integral time absolute error ug PWM input
ILpv Inductor current of PV converter upv,eq Equivalent control in GSMC
Vpv PV output voltage upv,sw Switching control in GSMC
Lpv Inductance of PV converter Gpv Switching control gain for PV
Cpv Capacitance of PV converter Ig,ref Reference current of ESS
Vdc DC bus voltage σg Sliding surface of FNITSMC
dpv Duty ratio of PV converter eg Tracking error of Ig
αpv, βpv, η PV parameters Gg Switching control gain for ESS
g ≡ b For BESS αg, βg, γg, kg, lg HESS parameters
g ≡ s For SESS ug,eq Equivalent control in FNITSMC
Vg Voltage of the ESS ug,sw Switching control in FNITSMC
VL1g Voltage of Ćuk converter’s L1g Kp Proportional gain of PI controller
VL2g Voltage of Ćuk converter’s L2g Ki Integral gain of PI controller
VCg Voltage of Ćuk converter’s Cg Vdc,ref DC voltage reference
VCog Voltage of Ćuk converter’s Cog Ib,ref Current reference for BESS
R Load Is,ref Current reference for SESS
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