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ABSTRACT In renewable microgrid systems, energy storage system (ESS) plays an important role, as an
energy buffer, to stabilize the system by compensating the demand-generation mismatch. Battery energy
storage system serves as a decisive and critical component. However, due to low power density and
consequently slow dynamic response the lifetime of BESS is observably reduced due to high current stress,
specifically experienced during abrupt/transient power variations. Hence, hybridization with supercapacitor
storage system is conferred. Additionally, the controllers designed for energy storage systems should
substantially respond for compensating the transient requirement of the system. In this article, we propose
a decoupled control strategy for batteries and supercapacitors based on k - Type compensators and a
nonlinear PI controller (NPIC) respectively. The formulated control design is tested for voltage regulation
in a standalone microgrid. Furthermore, a comparative analysis is presented with benchmark low-pass-filter
(LPF) based controller. The results obtained shows the proposed control technique possess a faster response
with improved voltage regulation capabilities. For the test system regulated at 48 V for various abrupt
load-generation various case studies presented, the proposed methodology maintains a significantly reduced
voltage deviation between 47 V - 51 V in contrast to 45 V - 56 V observed in the LPF methodology.
Furthermore, the complexity is simpler in comparison to LPF based control strategy and a comparative
obviation of additional sensing devices is achieved, that inherently reduces the detrimental effect on ESS
response during transient condition.

INDEX TERMS Hybrid energy storage systems, microgrid, photovoltaic systems, voltage regulation.

I. INTRODUCTION
In subsequent years electric power generation, transmis-
sion and distribution around the globe will be subjected
to preeminent concern due to several reasons, such as,
limited fossil fuel resources, incremental electric power
consumption, global climatic change, legislation for integrat-
ing renewable energy sources (RES) and stochastic proper-
ties of RES and their as associated challenges [1]. Among
several novel propositions the concept of microgrid (MG)
has attracted both researchers and industrialists in terms of
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improved power quality and transactive energy based on RES
implementation [2]. MGs are active distribution networks
that incorporates interconnected loads and distributed energy
resources, especially RES.

These MGs have the flexibility to operate in both
grid-connected and islanded mode as shown in Fig. 1. Con-
currently, the power supply is more reliable with reduced
power losses and improved power quality as the power gen-
eration and the load lie in close vicinity, thereby serving a
variety of load requirements [3]. Furthermore, the concept of
MGprovides a pertinent and feasible approach for sustainable
rural electrification that are generally decentralized, sparsely
populated and isolated from the central grid [4].
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FIGURE 1. Typical building blocks and future vision of microgrid and their integration.

Considering techno-economic constraints, electrification
in these areas through conventional transmission and dis-
tribution methodologies is difficult to achieve. In these sit-
uations, standalone RES based MGs proves to be a more
efficient alternative [5]. Among other RES technologies,
PV has gained prominence in recent decade, attributable to
its reduced cost, simple installation, modularity, and techno-
logical maturity [6].

Nevertheless, most of the RES technologies are inter-
mittent in nature as they depend on climatic conditions,
transient environmental factors and/or are time constrained.
This primarily leads to demand-generation mismatch that
has a detrimental impact on the voltage and frequency of
the power network [7], [8], degrading its reliability [9], and
inadvertently limiting the feasibility of RES penetration [10].
Numerous problems associated with RES for instance, poor
power quality, meager load following, generation-load mis-
match, voltage instability, frequency deviation and intermit-
tent output power can be addressed by employing an energy
buffer, i.e., energy storage systems (ESS) that acts as a power
balancing medium [11]. Usually due to high energy den-
sity, battery energy storage systems (BESS) are preferred.
However, BESSs (lead-acid, lithium-ion, nickel-Cadmium,
nickel-Metal hydride, redox-flow, etc.) are suitable onlywhen
dealing with steady state fluctuations. The lifetime of the
BESS is drastically effected if it compensates for high fluc-
tuants, due to BESS low power density characteristics and
hence, recurring replacement of BESS is required that dimin-
ishes the margin for profit.

Ideally, ESS must possess optimal operational period, high
energy density, high power density and optimal reaction time

to effectively compensate for the RES disturbances in an
economically reliant power network [12]. Commonly, BESS
are preferred due their superior efficiency and energy den-
sity [13]. However, their technological fallacy that limits an
optimal compensation towards abrupt/transient power varia-
tion, due to comparatively low power density, is unassailable
that negatively impacts BESS life cycle [14]. Concurrently,
in these situations deterioration of BESS is projected to be
accelerated [15], and subsequently their economical signif-
icance is drastically reduced [16]. Further, as a sole ESS
is unlikely to deliver these characteristics, hybridization of
different energy storage systems provides the flexibility to
harness necessary characteristics from individual ESS.

One such multifarious amalgamation of ESS is that of
BESS and super-capacitor storage systems (SCSS). In this
case, the technical characteristics of BESS consists of high
energy density, low power density, limited life cycle, long
reaction time and relatively lower self-discharge are techno-
logically complimentary to SCSS’s low energy density, high
power density, virtually unlimited life cycle, short reaction
time, and high self-discharge. Therefore, the resultant hybrid
energy storage system (HESS) is equipped to provide high
energy density, high power density, optimal life cycle and
relatively faster dynamic response along with economic via-
bility [17]–[21]. Therefore, the controller designed for HESS
should substantially provide a smooth transition and power
allocation for preferable utilization of selective dominant
technical characteristics of BESS and SCSS.

In this article, we formulate and devise a controller that
aims to improve the transient response of SCSS. The propo-
sition consists of developing a decoupled based control
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structure to harness the dominant characteristics of BESS
and SCSS towards voltage regulation in a renewable based
microgrid. The controller is designed based on Type II com-
pensators and non-linear PI controller (NPIC) for BESS and
SCSS respectively. Using suitable pole and zero placement
and through the error signal measured at the DC bus, suitable
reference current is generated for BESS, that emulates in
accordance to their slow dynamics and instigates its operation
towards average energy demand of the microgrid. Similarly,
the NPIC controller utilises look-up table (LUT) to operate
the PI controller and generate the required SCSS reference
current in accordance with the required transient response
towards DC bus voltage regulation.

The remainder of the paper is organized as follows.
Section II presents the related works and various control tech-
niques available in the literature. The problem description
and the required principles for enhanced power allocation
between battery and supercapacitor is outlined in Section III.
Section IV presents the proposition of the proposed con-
trol strategy. A detailed modelling of the microgrid and its
design components is elaborated in Section V. Section VI
presents the results obtained and detailed comparative analy-
sis with LPF based control strategy, followed by conclusion
in Section VII.

II. RELATED WORKS
In the literature, the control strategy of BESS and SCSS
have been achieved by several distinctive techniques and
control algorithms [22]–[25]. The authors in [26], derived
power reference for HESS components using high pass
filter (HPF). The sensed high frequency component from
the load power is given as reference to the SCSS and the
remaining low frequency component to BESS, thereby sep-
arating the power frequency components. The power is con-
trolled in a closed loop manner typically using PI controllers.
Similarly, researchers in [27], propose the power allocation
strategy between BESS and SCSS based on low pass filter
(LPF), postulating a comparatively enhanced and improved
performance of the control strategy in comparison to HPF.
Kollimalla et al. [28] proposed generation of BESS and
SCSS current reference using filter based control strategy.
The error signals procured from the DC bus is sent to the
PI controller that generates the reference current required
for voltage regulation at the DC bus. This current is then
split, using LPF into low and high frequency component
that serves as a signal generation for switching BESS and
SCSS respectively through their corresponding PI controllers.
Further, ‘‘uncompensated BESS power’’ due to slow dynam-
ics of BESS is quantified and compensated using terminal
voltage ratio between BESS and SCSS. Therefore, SCSS
compensates for the transient component of the power flow
as well as the uncompensated BESS power.

Pavković et al. [29], designed a power allocation scheme
based on averaging technique that separates the BESS and
SCSS current components. For accelerating the load cur-
rent response a supplementary ‘‘load current feedforward

compensator’’ is introduced. Therefore, the generated signal
from the DC bus voltage control loop is combined with
the load current feedforward compensator from which the
BESS and SCSS reference current signals are then allocated.
Tani et al. [30] introduced a polynomial control strategy for
SCSS allocation of high frequency fluctuant of wind genera-
tors and the load. Here, an algorithm based on LPF extracts
the fluctuating current components from the current output
of the wind generators and the measured current of the load.
Finally, using polynomial estimation functions the required
current reference is generated for DC voltage regulation using
the value of the inductor voltage derived from the current
components.

All the above mentioned methods are meticulously
designed for successful application. However, these filter
based methodologies have some disadvantages. For instance,
power components are not optimally separated by the filters.
To obtain optimal splitting of the power components, the filter
parameters and the cut-off frequency has to be adjustedmetic-
ulously and distinctively for different loading conditions [31].
Furthermore, implementation of additional voltage and cur-
rent sensing devices, combined with slow BESS dynamic
response negatively impacts the response of the overall HESS
as the control scheme of the SCSS is associated with the
control loop of BESS.

Accordingly, Camara et al. [32], posits a polynomial based
control strategy for DC bus voltage regulation that is applica-
ble for varying loading conditions and the dynamic system
characteristics. Through generation of reference current for
BESS and SCSS converters, duty ratios for the converters
are derived using control laws. However, additional volt-
age sensing devices are required for both BESS and SCSS.
Moreno et al. [33] propose a power management technique
based on neural network for hybrid electric vehicular appli-
cation. In the test system presented, BESS and SCSS are con-
nected to the DC side and, as an auxiliary storage through DC
converter respectively. The SCSS compensates the transient
requirement of the drive system. Considering this architec-
tural design the optimized neural algorithm estimates the ref-
erence current for SCSS. The results obtained demonstrates
a smooth BESS current profile, i.e., BESS compensates for
steady state power demand. Nevertheless, several parametric
information are required for estimation of reference current,
namely the DC bus voltage, vehicle velocity, kinetic energy
of the drive system and power flow [34]. The study per-
formed in [35], proposed a fuzzy logic based controller is
for BESS-SCSS-HESS to regulate the DC bus voltage. With
inductor current and the bus voltage as the input to the fuzzy
controllers, partial duty cycle for the interfacing converters
is derived. The other part of the duty cycle consists of the
command generated bymaintaining the state-of-charge (SoC)
of SCSS. A desirable characteristics is the decoupled control
strategy that enables the flexibility of implementation with
reduced number of sensor devices, that in this case, are filters
and current sensors and is postulated to improve the response
of the storage devices.
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FIGURE 2. Block diagram of microgrid system integrated with battery-supercapacitor hybrid storage energy storage system.

III. PROBLEM DESCRIPTION
Voltage regulation in an important parametric aspect for
increasing solar PV penetration in a power network. Consid-
ering the architecture of the microgrid as shown in Fig. 2,
the principle of HESS is compartmentalization and allocation
of unpredictable RES and load power variations in a grid net-
work. Therefore, slow or average power demand are suitable
for BESS and fast or peak transient power requirements are
compensated by SCSS. To achieve this, an optimal power
allocation and acceptable HESS operation is imperative.

In the classical strategy [36], disturbances due to variation
of demand-generation is divided into high frequency (IHFC )
and low frequency power (ILFC ) component based on the
total error signal (It−ref ) generated at the DC bus terminal by
comparing the deviation of the DC link voltage (Vdc) and the
desired reference voltage (Vref ). These form the respective
reference current for the components of the HESS (1)-(3).
The power filtration is done using [37]:

τlpf (s) =
2π flpf

s+ 2π flpf
(1)

where, flpf is the filter cut-off frequency that can be calculated
with numerous different methods; as a function of sampling
frequency (fs) of RES [38]–[41], iterative examinations [42],
[43], ragone plots [44], [45] or by adaptive studies [46]–[48].

ILFC = τlpf .(It−ref ) (2)

IHFC = It−ref − ILFC (3)

The formulated low frequency component provides the
reference current of BESS (4). This is compared with the
actual BESS current (Ibatt ). Accordingly, the PWM generator
provides the required switching through SWb corresponding
to the duty ratios generated by the PI controller. In similar
terms, the reference current for SCSS (ISC−ref ) is formulated,
by comparing with the actual SCSS current (Isc), for generat-
ing the required switching of SWSC , as shown in Fig. 3.

Ib−ref = ILFC (4)

Nevertheless, owing to the slow dynamic response of
the BESS, Ibatt may not instantly coordinate with Ib−ref .

FIGURE 3. LPF based interconnected power allocation between BESS and
SCSS.

Resulting in a fraction of power in (ILFC ) that remains
uncompensated (Ib−u). This requires an additional power
sharing ratio between BESS and SCSS is needed [28], [49]
and additional voltage sensing devices. Therefore, the com-
plexity of LPF strategy is increased that requires formula-
tion and design of an optimal power sharing technique that
optimally switches SCSS to limit its operation to facilitate
power compensation (short-term transient variation) rather
than energy compensation (long-term average variation) in
the system [50].

IV. PROPOSED HESS CONTROL STRATEGY
The BESS being a dispatchable energy source can be
charged or discharged with the grid requirements in terms of
excess/deficit power. The BESS is controlled with an outer
and an inner voltage and current control loops respectively
and hence operated in voltage controlled mode for DC bus
voltage regulation as shown in Fig. 4.

For procuring a suitable BESS response towards voltage
regulation considering the technical power density limitations
of BESS a type II controller is designed for the voltage and
current feedback loops. Type II controllers, are a type of
lead compensators that facilitate enhanced and robust per-
formance for grid regulation operations. The combination of
poles and zeroes provide appropriate shaping of the control
loops. This is achieved through modification of the phase
and gain characteristics of open-loop frequency response.
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FIGURE 4. Proposed controller desgin for power management between
BESS and SCSS.

Providing a compensation from 0◦ upto 90◦ a zero steady
state error can be achieved with faster response and nominal
overshoot through appropriate tuning. The controller transfer
function, magnitude transfer function and argument is given
in equations (5)-(7)
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=
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)
−
π

2
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where, wz and wp are the poles and zeros of the con-
troller in the frequency domain respectively and υ is
the required value of the gain. Accordingly, k-factor
approach is used to design these controller, that allows to
shape the controller with a desired output based on loop
cross-over frequency and phasemargin, based on the equation
in (8)-(10)

k = tan
(
phase boost

2
+
π

4

)
(8)

fp = k.fc = tan
(
phase boost

2
+
π

4

)
fc (9)

fz =
fc
k
=

fc

tan( phase boost2 +
π
4 )

(10)

Therefore, the stability and response of BESS is acquired
by designing the voltage and current control loops using
k-factor approach and low bandwidth is considered in
designing these controllers, correlative to the slow dynamic
response of BESS during generation and or load variations.
So, BESS compensates only the average long-term power
demand of the system with a smooth transition and hence
contribute to the prolonged life of BESS, due to reduction
in current level.

FIGURE 5. Allocation of power between BESS and SCSS based on voltage
deviation at the DC bus.

Accordingly, with BESS being controlled to provide a
constant steady state voltage support to the DC bus (as shown
by the blue lines in Fig. 5) the operation of SCSS can be
designed to utilize them corresponding to their dominant
operational characteristics. Firstly, considering low energy
density of SCSS, their operation during steady state volt-
age deviation will negatively effect SCSS lifetime and tech-
nological significance. So, SCSS operation should rapidly
acquire zero value when bus voltage has been reduced from
a transient to a steady state requirement as depicted in Fig. 5.
Secondly, a fast dynamic response is needed for abrupt power
variations.

Therefore, to establish this non-linear function and to limit
the SCSS operation during steady state voltage deviation,
we formulate non-linear PI controller design that is driven
through a 1-D LUT as shown in Fig. 4. The main objective of
this strategy is the identification of two tolerable boundaries,
lower and upper boundary of the DC bus voltage as shown
in Fig. 5. Hence, based on the observations on the generated
error signals by Vref and Vdc at the DC link, the controller
is set to operationally obviate SCSS towards regulating the
under-voltage and over-voltage conditions hence limiting its
power absorption and injection respectively and correspond-
ingly defining its lower and upper boundary limits. In this
way, the SCSS controller will be limited and not operate
within the steady state region, that is compensated by BESS.
During the dynamic load changing process the SCSS is
charged in regions A, B and C to regulate the voltage below
the upper boundary region and absorb the redundant energy.
Similarly, in regions D and E voltage is regulated above the
lower boundary region by instantaneous discharging of SCSS
and supplying the deficient power requirement. Additionally,
this strategy allows restriction of power transition during
steady state errors through required suitable model based
regression techniques. The operational dynamics are further
defined in Section V.

V. DESIGN FRAMEWORK OF THE MICROGRID
Fig. 2 illustrates the architecture of the DC microgrid under
consideration in this study.
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A. MODELLING AND CONFIGURATION OF PV POWER
GENERATION SYSTEM
Majority of relevant research studies [51], [52], rely on
the representation of the PV cell module as an electrical
equivalent of single diode-five parameter circuit, primarily
due to its sufficient accuracy and simplified resilience to fit
experimental data. In lieu, adoption of double diode seven
parameter model [53] is inherently complicated without any
considerable gain in accuracy. Accordingly, other approaches
have been proposed, for instance [54], employs the Gompertz
function for PV representation.

The single-diode five parameter model in this study
includes a photocurrent source with series resistance, shunt
resistance and a diode. Further, the generated photocurrent,
Iph, ideality factor of the diode, µ, shunt resistance, Rsh,
series resistance, Rs and the saturation current, Isat are the
five parametric estimation values of the model. Albeit for
simplicity, some studies neglect Rp [55], [56] or both Rp and
Rs [57].

The implicit and explicit form of the equation are as fol-
lows [58]:

Ipv = Iph − Isat

[
exp
(
Vpv + RsIpv
µVth

)
− 1

]
−
Vpv + RsIpv

Rsh
(11)

Vth =
nskBT
q

(12)

where Vth is the array thermal voltage represented with its
relation to µ, series connected cells (ns), Boltzmann constant
(kB), electron charge (q) and the p-n junction temperature
of the diode (T ). The µ range is selected as 1 ≤ µ ≤ 1.5.
The relationship of the generated photocurrent to the PV cell
current and the solar irradiance is represented as:

Iph =
(
Iph, n + Itsh1T

) 9
9n

(13)

where Iph, n implies the photocurrent at standard test con-
ditions (i.e. 25◦ C and 1000 W/m2); Itsh is the cur-
rent/temperature coefficient; 1T, in Kelvin, is the difference
between the actual temperature and the nominal temperature;
9 and 9n are the irradiation on the device and the nominal
irradiation respectively in W/m2.

Furthermore, Iph, n can be formulated by (14)

Ipv, n =
Rsh + Rs
Rsh

Isat (14)

The standard parameters of the structured PV panel is
shown in Table 1 that is utilized to obtain the I-V char-
acteristics for varying irradiance with constant temperature
and varying temperature with a constant irradiance and the
corresponding values are utilized for proving the validity of
the design model in accordance with the standardized design
of Kyocera KC200GT PV array.

Further, with the perturbation of the operating voltage to
ensure maximum power, the perturb and observe method for

TABLE 1. PV panel parameters at standard condition.

FIGURE 6. Equivalent circuit model of PbAc-BESS.

maximum power point tracking (MPPT) is integrated to the
PCC of the DC grid through a boost converter.

B. MODELLING OF BATTERY
The equivalent circuit of Lead-acid (PbAc) BESS is shown
in Fig. 6. This model accurately represents the operation
of BESS voltage (Vbatt ), consisting of controlled voltage
source (Vcvs), internal resistance (Rb), charge and discharge
model and a non-linear dynamic design of BESS based on its
hysteresis phenomenon.

The battery voltage is calculated as given in (15) consider-
ing the polarization constant (ρb), exponential zone voltage
(α) and the exponential capacity(β).

Vbatt = Eb −
ρb0b

0b − it
· it − R · ibatt + αe(−β·it)

−
ρb0b

0b − it
· if (15)

where 0b is the maximum capacity of the BESS and ‘‘it’’
represents the actual extracted BESS charge. The filtered
current (if) establishes the particularity of the model, exhibit-
ing moderate voltage dynamics corresponding to current step
response, inherently also solving the problem associated with
the algebraic loop that requires electrical systems [59].

Rρ = ρb
0b

it
(16)

Rρ = ρb
0b

it − 0.1 · 0b
(17)

The non-linear variation of open circuit voltage of BESS
with the SoC is modeled using the polarization resis-
tance (ρb). Generally, the polarization resistance is designed
according to equation (16). However, in case of fully charge
BESS (i.e. it= 0), the value of this resistance will be imprac-
tical [60]. Therefore, in relation to the experimental results,
the evaluated polarization resistance contribution is about
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10% to that of BESS capacity [61], [62]. Also, the rapid
voltage increase as the BESS reaches full charge is also cov-
ered by this modelling methodology and hence represented
by equation (17).

VD
(
s
)

BM
(
s
) = α

1/
(
β · ibatt

(
t
)
· s+ 1)

(18)

Irrespective to the SoC of BESS, there exists a hysteresis
phenomenon only in the exponential area between the SoC
and the charge/discharge process [63]. This phenomenon
is quantified using the dynamic model of BESS based on
equation (18). Inclusive of the formulated dynamic zone
voltage (VD) and the BESS charge/discharge mode (BM ),
the developed model of charge and discharge characteristics
is obtained as given in (19)-(20), [64].

Vch = Eb − ρb ·
0b

it + 0.1+ 0b
· if − ρb ·

0b

0b − it
· it

+L−1
[
VD
(
s
)

BM
(
s
) .1
s

]
(19)

Vdch = Eb − ρb ·
0b

0b − it
· if − ρb ·

0b

0b − it
· it

+L−1
[
VD
(
s
)

BM
(
s
) · 0] (20)

C. MODELLING OF SUPERCAPACITOR
An SCSS is an electrochemical capacitor consisting two elec-
trodes that allows the application of potential across its cell;
double layers are hence present at each electrode-electrolyte
interface. In this study a non-linear stern-tafel mathematical
model is used that gives the relationship between current,
voltage and availability of charge during the charge/discharge
process [65].

The terminal SCSS current (Isc) is the input to the dynamic
model and the output comprises of the corresponding volt-
age (Vsc) and SoC value. A detailed dynamic model is
depicted in Fig. 7

0sc = 0si +

∫ t

0
−(i(t)+ isd (t))dt (21)

The electric charge of SCSS (0sc) is quantified by equa-
tion (21), using the initial charge amount (0si), series current
(isc) and the self-discharge current (isd ). The function of satu-
ration limit helps to prevent overcharge or over-discharge by
restricting the calculated amount of charge within a specified
range.

1
C
=

1
CM
+

1
CG

(
1+

δσA

δσ

)
(22)

isd (t) = −A · id · NL · exp
{
CT · F
G · Ts

·

(
Vsc
Ns
−
Vsmax
Ns
−1Vs

)}
(23)

Vscv =
NL · Ns · 0sc · rm
Np · N 2

L · εp · A
+

2 · NL · Ns · G · Ts
F

· CT · rm

FIGURE 7. Dynamic model of SCSS.

· sinh
(

0sc

Np · N 2
L · A

√
8 · G · Ts · εp · mc

)
(24)

The Tafel equation [66] is a generalized plot which has
several different applications, in this study it used to generate
the leakage current (Isd ) waveform of the SCSS. Based on
the modified value of capacitance with the inclusion of the
surface charge of ions and the charge density, an accurate ion
alignment can be portrayed using the Stern equation. This
improved capacitive summation is shown in equation (22).
Considering this additional improvement, the voltage form
of combined Stern-Tafel model is computed using equa-
tion (24). For modelling the SCSS current, the voltage form
formulated is substituted in the Tafel equation (23), where F
and G are the Faraday and ideal gas constant respectively.

Hence the curve obtained can be implemented across aca-
demic fields for various curve modelling practices. In this
study, the SCSS current is modeled with this curve while the
ideal gas constant, temperature ratio and over-potential is to
vary the exponent of the curve [66]. Accordingly, using equa-
tion (22) the Gouy-Chapman model [67] is further improved
with the inclusion of the influence of the motion of the
thermal ions on the capacitance. From these values, the rest
of the parameters such as, ion alignment factor, model capac-
itance (CM ), thermal motion capacitance (CG), molecular
radius (rm), molar concentration (rm), material permttivity
(εp) operating temperature (Ts), over-potential (1Vs), number
of parallel and series SCSS cells (Np, Ns) number of elec-
trolyte layers of SCSS (NL) and the inter-facial area between
the electrode-electrolyte (A) are used to define the combined
Stern-Tafel model of SCSS.

D. MODELLING OF BI-DIRECTIONAL DC-DC POWER
CONVERTERS
Using small signal analysis, the open-loop transfer function
of the bi-directional converter is derived [68]–[72]. The ratio
of inductor current to duty cycle (25) and ratio of voltage
output to duty ratio (26) are used for modelling:

Gid =
Vin
1−D (2+ sRL)

(1− D)2RL + sL + s2RLC
(25)

Gvd =
Vin

RL (1−D)2
(R2L(1− D)

2
− sRL)

(1− D)2RL + sL + s2RLC
(26)
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where, Vin is the input voltage, RL is the load resistance, C is
the output capacitance of the converter, L is the inductance of
the converter and D is the duty ratio of the converter.
The inductor current to duty ratio and output voltage to

duty ratio small signal transfer functions are derived as:

Gid =
190230.4

(
s+ 130

)(
s2 + 432s+ 1412760.4

) (27)

Gvd =
−0.369

(
s2 − 11068s− 212703645

)(
s2 + 432+ 1412760.4

) (28)

Further, the inductor current to duty ratio small signal
transfer function is derived as:

Gid =
73166.1

(
s+ 235.9

)(
s2 + 259.5s+ 9897944.2

) (29)

Accordingly, the bandwidth for the k- type compensator
for BESS controllers are kept small so as to emulate slow
dynamic response of BESS. The current controller bandwidth
is set to fSW/67 of the switching frequency (fSW), with a
desired phase margin of 52◦. Accordingly, the voltage con-
troller is set to fSW/1380. In this study the switching frequency
is set to 30kHz. The transfer function of the derived current
controller Ti and the voltage controller Tv are derived as
follows:

Ti =
78.7

(
s+ 1179.8)

s
(
s+ 6511

) (30)

Tv =
180.9

(
s+ 83.8)

s
(
s+ 220

) (31)

The bode plots the current and voltage control loops are
shown on Fig. 8 (a) and (b) respectively.

In case of SCSS, a PI controller is developed to control the
generated input current from the boost converter. The general
transfer function is represented by (32). The proportional gain
constant (kp) is set to 0.05 and integral gain (ki) is taken as
10. Hence, the a phase margin of the PI controller obtained
is 87.7◦ and a bandwidth of 3914 rad/sec. Fig. 9 represents
the resultant bode plot of the inner current loop and the PI
controller of the SCSS converter.

TPI =
kps+ ki

s
(32)

The voltage error at the DC bus is taken as the input to the
LUT controller. The input signal is limited between −1 to
1 range. The generated output voltage is limited between the
range of −3V to 3V (in this study), that serves as the input
signal to the LUT controller by reduction and normalization
to 1/3rd of its value. The signal is amplified to boost the
transient power compensation by multiplying the signal with
the base value of the current hence generating the nominal
value of SCSS reference current.

The SCSS controller is developed based on the subjective
model based requirement of SCSS and the microgrid. The
graph shown in Fig. 10 depicts the relationship between the
input of LUT controller, as voltage error of the DC link,

FIGURE 8. Bode plot of BESS controller: (a) Current loop (b) Voltage loop.

FIGURE 9. Bode plot of current control loop of SCSS.

and the generated SCSS current reference output to the LUT
controller. This output is selected to remain during steady
state error conditions, between −0.2 to 0.2 p.u., and hence
create a zero reference current for SCSSwhen the DC voltage
error is low. Accordingly, the above these values the output of
the controller increases that is set non-linearly in accordance
to the operational requirement deemed to be required for
rapid voltage regulation of the DC link voltage.

VI. SIMULATION AND VALIDATION
The proposed control strategy is analyzed and compared
with LPF control strategy in a DC microgrid system with
standalone 480W - PV power source with a desired reference
voltage level (Vref ) of 48 V. The nominal parameters of the
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FIGURE 10. Graphical representation of the input and the output
relationship formulated in the LUT - SCSS controller loop.

system are given in Table 2 The analysis is performed for
various load-generation variations in the microgrid. Corre-
sponding to this, the regulation of DC bus magnitude and its
degree of deviations are compared to mark the robustness of
the proposed control strategy. In addition, comparison is also
presented between the BESS SoC for quantifying the efficacy
of the proposed controller towards reduction of BESS stress
current and the subsequent increase in life cycle.

A. INCREMENT IN LOAD DEMAND
In this case, the load resistance is originally set to RL =
4.8 �, that projects a load requirement of 10 A and the
solar PV panel operates at an irradiance, S = 509 W/m2,
with temperature, T = 25◦C. The resultant generated power
(Pspv) is 480 W at MPPT. At this initial stage, the DC bus
voltage (Vdc) operates at 48 V. During the operational period,
t = 0.1 sec an abrupt step increase in load demand from
10 A to 16.25 A is experienced by decreasing RL to 2.95 �.
Therefore, Vdc drops is experienced at this instant and to
maintain the voltage at 48 V the surplus load demand needs
to be supplied by the HESS.

In the LPF control strategy, the BESS compensates the
average power difference (300 W) experienced due to the
load increment and reaches a steady state discharge current
of 12.5 A at t = 1.25 sec with and initial overshoot as
shown in Fig. 11 (a). Accordingly, SCSS compensates for the
short-term high frequency transient component to maintain
the voltage at 48 V through a short-term current discharge.

In the proposed strategy, the BESS reaches a steady state
current at of 12.5 A t = 1 sec with negligible duration of the
current overshoot, as shown in Fig. 11 (b). Similarly, SCSS
compensates for the short-term transient power mismatch and
switches to a steady state comparatively faster than the LPF
strategy.

The efficacy based comparison between these two meth-
ods is firstly done on the basis of voltage magnitude and
its degree of deviation at the DC bus (Vdc). As observed

FIGURE 11. Results obtained with abrupt load increase in microgrid.
a) LPF control strategy; b) proposed strategy.

TABLE 2. Converter parameters of battery and supercapacitor.

in Fig. 11 (a)-(b), the LPF strategy is unable to optimally
regulate Vdc during transient conditions and the voltage drop
experienced drops down to 44 V, whereas in the proposed
method it is 47 V. This is mainly due to the slow dynamics
of BESS, explained in Section III that not only contributes
to the voltage deviation and magnitude but also negatively
impact BESS lifetime. Secondly, the impact on the BESS %
SoC decrease in the proposed method is lower as compared
to the LPF method at the end of the operational analysis.

B. DECREMENT IN LOAD DEMAND
In this case, the solar PV panel operates at S= 509W/m2 and
T= 25◦C. The resultant generatedPspv is 480WatMPPT and
initially RL is set at 4.8 �, that projects a load requirement
of 10 A. At this initial stage, Vdc operates at 48 V. During the
operational period, t = 0.1 sec an abrupt step decrease in load
demand from 10 A to 5 A is experienced by increasing RL to
9.6 �. Therefore, a rise in Vdc is experienced at this instant
and to maintain the voltage at 48 V the surplus generation
needs to be absorbed by the HESS components by charging
them.

In the LPF control strategy, the BESS compensates the
average power difference (240 W) experienced due to the
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FIGURE 12. Results obtained with abrupt load decrease in microgrid. a)
LPF control strategy; b) proposed strategy.

decrease in load deamand and reaches a steady state charge
current of 10 A at t = 1.15 sec with and initial current
overshoot as shown in Fig. 12 (a). Accordingly, SCSS com-
pensates for the short-term high frequency component to
regulate the DC bus voltage.

In the proposed strategy, the BESS reaches a steady state
charge current at of 10 A t = 1 sec with negligible duration
of the current overshoot, as shown in Fig. 12 (b). Similarly,
SCSS compensates for the short-term transient power mis-
match to regulate Vdc at 48 V through short-term current
charge of 7.5 A and switches to a steady state comparatively
faster than the LPF strategy.

The efficacy based comparison between these two meth-
ods is firstly done on the basis of voltage magnitude and
its degree of deviation at the DC bus (Vdc). As observed
in Fig. 12 (a)-(b), the LPF strategy is unable to optimally
regulate Vdc during transient conditions and the voltage rise
experienced reaches upto 50 V, whereas in the proposed
method it is 48.5V. This ismainly due to the slow dynamics of
BESS, that attributes uncompensated current leading to this
additional voltage deviation and magnitude and inclusively
negatively impact BESS lifetime. Secondly, the impact on
the BESS % SoC increase in the proposed method is less as
compared to the LPF method at the end of the operational
analysis.

C. INCREMENT IN SOLAR PV GENERATION
In this case, the load resistance set to a constant RL = 4.8 �
during the entire operational analysis, that projects a load
requirement of 10 A. The solar PV panel initially receives,
S= 509W/m2, with constant temperature, T= 25◦C. During
the operational period, t = 1 sec the irradiance is abruptly
increased to 990W/m2. The resultant generated power (Pspv)
is therefore increase from 480 W to 960 W in the MPPT

FIGURE 13. Results obtained with abrupt increase in solar PV generation
in microgrid. a) LPF control strategy; b) proposed strategy.

mode. A load-generation mismatch occurs at this interval
with surplus of 480 W/m2 generated from the PV. Accord-
ingly, the impact on the DC bus voltage is experienced in
the form of voltage rise which is required to be regulated by
the redirecting this surplus power generation and charging the
HESS.

In the LPF control strategy, the BESS absorbs the surplus
power generated by charging and compensating for the aver-
age power requirement of the system and reaches a steady
state current of 20 A at t = 1.25 sec with and initial overshoot
as shown in Fig. 13 (a). In the proposed strategy, the BESS
current comparatively reaches a steady state faster instantly at
t = 1 sec with negligible duration of the current overshoot,
as shown in Fig. 13 (b). The SCSS compensates for the
short-term transient power mismatch by charging at 15 A and
switching off to a steady state comparatively faster than the
LPF strategy.

The efficacy based comparison between these two meth-
ods is firstly done on the basis of voltage magnitude and
its degree of deviation at the DC bus (Vdc). As observed
in Fig. 13 (a)-(b), the LPF strategy is unable to optimally
regulate Vdc during transient conditions and the voltage rise
experienced goes upto to 56 V, whereas in the proposed
method it reaches 50 V. This is mainly due to the slow
dynamics of BESS that results in a fraction uncompensated
current that attributes towards the observed voltage deviation
and its respective magnitude. Secondly, the impact on the
BESS % SoC increase in the proposed method is less as
compared to the LPF method at the end of the operational
analysis.

D. DECREMENT IN SOLAR PV GENERATION
In this scenario, initially the irradiance to the solar arrays
is 509 W/m2 and RL is kept constant during the whole
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FIGURE 14. Results obtained with abrupt decrease in solar PV generation
in microgrid. a) LPF control strategy; b) proposed strategy.

operational span at 4.8 � with a current demand at 10 A.
During the t = 1 sec of the operational period, the irradiance
to the solar panels is abruptly decreased to 300 W/m2

and the power generated by the PV decreases from 480 W
to 280 W in the MPPT mode. The initial voltage main-
tained at 48 V at the DC bus therefore, experience a voltage
drop at t = 1 sec and hence requires and intervention for
voltage regulation that is provided by the discharging of
the HESS to overcome the deficient power supply to the
load.

In the LPF control strategy, the BESS compensates
the average deficient energy supply (200 W) experienced
between the load and the generation and reaches a steady
state current of 8.34 A at t = 1.2 sec with and ini-
tial overshoot as shown in Fig. 14 (a). Comparatively,
the BESS instantly reaches a steady state current at of 10 A
t = 1 sec with negligible duration of the current
overshoot, as shown in Fig. 14 (b). Similarly, the SCSS
current that provides short-term transient power compensa-
tion and operates until the BESS reaches its steady state
condition.

The efficacy based comparison between these two meth-
ods is firstly done on the basis of voltage magnitude and
its degree of deviation at the DC bus (Vdc). As observed
in Fig. 14 (a)-(b), the LPF strategy is unable to optimally
regulate Vdc during transient conditions and a transient volt-
age drop of 46 V is experienced, whereas in the proposed
method it is 47.5V. This ismainly due to the slow dynamics of
BESS, that inherently curtails the required response resulting
in uncompensated current that contributes to the voltage devi-
ation and negatively impacts the BESS life cycle. Secondly,
the impact on the BESS % SoC decrease in the proposed
method is less as compared to the LPF method at the end of
the operational analysis.

VII. CONCLUSION
A control strategy is proposed to regulate the DC bus volt-
age and improve the power quality during transient/abrupt
power variation in a microgrid. This control strategy is based
on optimal power allocation between hybrid energy stor-
age systems. The strategy is based on a decoupled alloca-
tion between BESS and SCSS utilizing k-type compensators
and non-linear PI controller (NPIC). The proposed control
strategy has been designed and categorically validated on
numerous cases of power mismatch that are experienced from
the renewable based generation and the loads. The observed
results exhibit an improved voltage regulation with enhanced
BESS and SCSS response. In addition, the results are sys-
tematically compared with a benchmark LPF control strategy.
For the test system regulated at 48 V for various abrupt
load-generation various case studies presented, the proposed
methodology improves the voltage regulation by and average
of 4.4 % in case of deficient power and 7 % in case of excess
power scenarios with reduction in BESS current stress with
comparatively more suitable BESS-SoC performance. This
observation concurs that the proposed control strategy signif-
icantly reduces the voltage deviation magnitude at the PCC
during load-generation mismatch and the BESS lifetime is
comparatively improved. Therefore, the proposed controller
facilities an overall faster transient response with simplistic
modelling.
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