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Abstract

A novel control strategy for a hybrid energy storage system (HESS) is outlined and examined in this paper. In the proposed
system, the battery is utilized to stabilize the moderate changing of power surges, whereas supercapacitor is utilized to
stabilize the rapidly changing of power surges. A two-loop proportional-integral controller is designed for the closed-
loop operation of HESS. The source power and load power is not balanced because of the fluctuating conditions of pho-
tovoltaic (PV) power generation and load demand. This power imbalance causes fluctuations in direct current (DC) grid
voltage. The DC bus voltage variations are mitigated using HESS, which is connected to DC grid through bi-directional
DC-DC converter to enables the bidirectional power flow between energy storage devices and the DC bus. To enhance
the life span and to reduce the current stress on the battery, the proposed method is employed with charge/discharge
rate control feature. The proposed control procedure is realized in MATLAB/Simulink and the results are presented for
different case studies. Experimental results are obtained for a two-input bi-directional converter at the sudden change in
PV generation and load demand with the proposed controller. The proposed control strategy is effective for maintaining

constant DC microgrid voltage under source and load fluctuations.

Keywords HESS - Pl controller - SC - Battery - Photovoltaic (PV) - Bi-directional converter

1 Introduction

In the modern electrical grid system, interfacing of renew-
able energy sources (RES), electrical loads, and energy
storage systems (ESS) made DC microgrid as an attractive
technology. In light of natural resources utilize, low car-
bon emission and decentralized power system network
resulted in more investigation in the area of distributed
power generation (DG). The high energy density of energy
storage systems is used to support the maximum power
extraction from RES under all operating conditions [1].
Flywheel energy storage (FES), superconducting mag-
netic energy storage (SMES), supercapacitors (5C) and
batteries are the few energy storage innovations used in
RES power generation [2, 3]. However, there is no energy

storage which can provide both fast dynamics as well as
longer duration of the power.

The battery is the most used ESS in microgrid applica-
tions. However, they are suffering from high charging and
discharging time (0.3-3 h) due to its low power density [4].
Battery reaction time is less under extraordinary load con-
ditions, which results in reducing the life span of battery
due to the high stress condition. There is another electro-
static storage device called supercapacitor or ultra-capac-
itor or electric double layer capacitor (EDLC). It is a high
power density device and low energy density device with
a fast dynamic response. So this is the driving inspiration
for the hybridization of ESS with complementary charac-
teristics. Which can provide both fast dynamic response
and supply power for longer duration [5, 6]. This makes
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the former an excellent choice for applications like hybrid
electric vehicles (HEV) and microgrid applications.

In this way, a HESS was formed by combining high
energy density battery and high power density superca-
pacitor [7-10]. In HESS, the ultimate objective is to control
the power sharing between battery and supercapacitor.
The charging/discharging of HESS is controlled through
a two-input bidirectional converter and which interfaces
HESS with DC microgrid. To exploit the advantages of both
battery and SC, different topologies of HESS were intro-
duced for DC microgrid applications. Interfacing of multi-
ple energy storage systems as a buffer to isolate the load
fluctuations from the shipboard network was presented in
[11]. A multiple input (MI) isolated buck-boost converter
is presented in [12]. Between the sources they have gal-
vanic isolation and magnetic coupling for power sharing
among battery and SC sources in these converters. Various
sources aided with multiple bidirectional boost converters
are used to supply required DC power and changed over
into AC power [13, 14]. Distinctive control techniques have
been represented for convincing voltage regulation of DC
microgrid [15-20].

The paper is organized as follows: Sect. 2 introduces the
literature review and background of the research work is
quickly portrayed. Section 3 depicts the configuration
of HESS supported renewable energy generation sys-
tem. In Sect. 4 the proposed novel HESS control strategy
is depicted. Design of the proposed controller for HESS
is described in Sect. 5. Simulation results are presented
in Sect. 6. Experimental results are presented in Sect. 7.
Results and inferences are concluded in Sect. 8.

2 Recent research works: a brief review

Different research works have beforehand existed in the
literature which relied upon the interfacing of HESS to a
DC microgrid. The motivation behind the control tech-
niques is to maintain the DC bus voltage constant. A sec-
tion of the works is assessed here.

Kollimalla et al. [21] have illustrated a control scheme
for power sharing between SCs and batteries. The intro-
duced control strategy regulate the DC link voltage for any
mismatch between PV generation and load demand. The
battery supplies the average power requirement while the
SC supplies the fast transient power demand in addition
to battery error current. This additional feature not just
enhances the capability of voltage regulation in the DC
grid also reduces the stress level on the battery and hence-
forth enhance the battery life span. However, the designed
system is not validated with state of charge (SOC) varia-
tions of ESS. For battery energy storage, a two stage con-
trol with variable rate-limit was presented in the work [22].
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The main objective of the control scheme is to improve the
amount, rate, and duration of time of charging/discharg-
ing of the battery. SCis used to supply power during the
transient period. By optimizing the battery current rates,
the stress levels of battery were controlled. For PV aided
DC grid system, with HESS was illustrated by Manandhar
et al. [23]. To expand the overall performance of HESS, this
methodology uses the battery uncompensated power.

Amid the peak PV generation and voltage drop, while
meeting the peak load, battery energy storage (BESS)
systems were utilized to eliminate voltage rise problem
was presented by Zeraati et al. [24]. A distributed control
scheme is designed to overcome the limits of a coordi-
nated control strategy. To keep the excessive saturation
or batteries depletion changes under control, the per-
formance of BESs are designed considering their State
of Charge (SOC). As far as their installed capacity the
main algorithm decides the BESs participation in voltage
regulation.

In PV generation, the system configuration of ramp-rate
control with energy storage devices was presented by Per-
dana et al. [25]. To reduce the number of power converters
and improve system efficiency, the direct connection of
HESS was executed. Both battery bank and ultra-capacitor
unit called a HESS scheme was clarified by Akta et al. [26].
By an energy management algorithm, depending upon
the dynamic changes in the system was executed. Yi et al.
[27] developed unified control of energy management
system for PV-battery based grid connected and islanded
operation has been presented. In the proposed control
strategy, battery balances the AC microgrid and DC micro-
grid in all different operating conditions. This increases the
stress on the battery, system cost and reduces life cycle of
the battery.

2.1 Background of the research work

The review of the recent research work exhibits that the
HESS interfacing to a DC microgrid with the motivation
behind voltage control as a critical contributing element.
In the microgrid the variable nature of renewable power
sources can't meet the load demand alone. To ensure the
continuous power supply to the load, ESS is integrated
with RES power generation. In any case, there are vari-
ous techniques have been executed for the regulation
of the DC grid voltage with the aid of ESS, for instance,
two-stage variable rate-limit control, battery bank and the
ultra-capacitor unit, self-organizing map, particle swarm
optimization etc.

The fundamental thought behind all the control
schemes is that supercapacitor is managed the high-
frequency power component and the battery is to man-
age average power component. Regardless, most of the
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different plans didn't consider voltage regulation of the DC
grid in the fluctuation of power. At the point when worked
under high power changes the batteries are slanting to
failure of premature. In this way, to upgrade the life span
and stress level on the battery is the basic issue found
in the literary works. Likewise, from the previously men-
tioned written works clearly for DC microgrid application,
multiple-input bidirectional converters required for power
flow control between load and ESS. To overcome the previ-
ously mentioned difficulties, an optimal control strategy
for HESS interfaced with the multiple-input bidirectional
converter is required.

3 HESS supported RES configuration

The most commonly used configuration of HESS, which
has the leverage of attaining independent control on both
battery and SC is as shown in Fig. 1. In this active parallel
configuration of HESS, it is possible to exchange energy
between the component ESSs, for example, the battery
ESS can charge supercapacitor ESS or vice versa. For the
DC microgrid, PV is the main source of power and con-
nected with battery and supercapacitor. The boost con-
verter is used for maximum power point (MPP) extraction

DC
Microgrid
H Boost /
PV PANEL Converter < > DC BATTER
DC
. )
<> DC 4—»[ SC ]
\_ HESS
DC Loads(Lighting
loads,fan loads etc)

Fig. 1 PV based microgrid aided by HESS

Fig.2 DC microgrid setup
powered by PV source and
supplemented by HESS

Vbc>Vp >Vs +

and interfacing of PV to DC microgrid. In the present work
PV source is rated at MPP voltage 12.2V, MPP current: 1.4 A
and maximum power: 16.8 W at a solar irradiance 1000 W/
m? and cell temperature 25 °C. By utilizing the HESS system
including battery-SC bank, mismatch among source power
and load power is settled. A two-input 4 switch H-bridge
bidirectional converter is used to connect HESS with DC
microgrid. With the usage of the 2-input bidirectional con-
verter, HESS charging and discharging is controlled. At the
point of mismatch between source power and load power,
HESS take care of the surplus or deficient power at the set
reference of grid voltage.

3.1 Operation of microgrid with HESS

The operation of microgrid with HESS is cleared up in
this subsection and two-input bidirectional converter is
used to HESS (charging/discharging) control. The system
involves 4 bidirectional switches which are organized in
the topology of H-bridge showed up in Fig. 2. Battery volt-
age is selected to be less than that of DC grid voltage but
greater than SC voltage in this converter topology. High
frequency inductors Lg and Lg are connected to the battery
and SC legs respectively. Different modes of operation are
explained in the following sections.

3.1.1 HESS charging mode

Whenever generated PV power exceeds the load require-
ment or load demand decreases, so excess power exist-
ing in the DC microgrid which results DC grid voltage
increases. This excess amount of power will charge both
battery and supercapacitor to stabilize DC microgrid.
Hence in this mode power flows from DC microgrid to
HESS. The converter operation in this mode can be divided
into two time intervals as shown in Fig. 3. During the time
interval T,, switches S,,, and S, as switches are operated
with duty cycle, charging both the inductors Lg and Lg by
corresponding sources Vg and Vg Current increases with
a slope of (Vpc—Vp)/Lg and (Vpc—Vs)/Lg respectively as

HESS Converter

Lg

ip

—
Vbc
R Vi V,
SC B
Scl
PV PANEL Boost Converter 4 J_ J_
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Fig.3 Equivalent circuit of bidirectional DC-DC converter for charging and discharging mode

demonstrated in Fig. 3. At the end of this interval (during
T,), both the switches are turned off providing freewheel-
ing path for i, g and i s through Dy, and D, respectively.

Vg =dg - Vpc (M

Vsc = dsc - Vpce (2)

where dg and dg. are the duty cycles. Transfer of energy
from DC grid to HESS. The DC grid has extreme potential
than the HESS. In order to HESS charge, then the converter
is operated as buck mode.

3.1.2 Discharging mode of HESS

DC microgrid voltage decreases if load exceeds PV genera-
tion capability or when PV generated power falls due to
reduced solar irradiation. During this time interval power
has to be supplied by HESS. By operating on devices S,
and S, power flows from HESS to DC microgrid in this
mode, by properly controlling bidirectional converter. Dur-
ing the time interval T, switches S, and S, are gated-on,
inductors (Lg and L) stores energy in opposite direction,
reverse currents (i g and i ¢) increases with a slope of Vy/
Lg and Vs/Lg respectively as demonstrated in Fig. 3. After
end of this time period T; (during time period T,) as sum of
battery and inductor voltages exceeds DC microgrid volt-
age, so power flows from HESS to DC microgrid current
directions of each time interval as demonstrated in Fig. 4.
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Since Sy, Spos Sqqs @and S, are the switches which are
switched in the complimentary way. For each switching leg,
only 1 gate circuit is required.

4 Proposed control strategy of HESS

The control block diagram of conventional and proposed
control schemes are depicted in Fig. 5. To the proportional
integral (PI) controller, the reference (Vpc ) and actual
(V) voltages of grid are contrasted with each other in both
schemes and the dissimilarity in voltages is proceed. From
the HESS the controller is generating total reference current
(ixor) required and which is minimizing the difference in volt-
ages. In the conventional scheme total current is decom-
posed into frequency components as low and high range,
to the battery and SC which is given as reference currents
respectively and it is depicted in Fig. 5a. The reference cur-
rent of SC consists of a component with high frequency and
the battery current with error component in the proposed
control scheme which is explained below,

The component (i) with low frequency is derived from
i as derived as follows,

(5)

life = flfc (itot)

where low pass filter function is represented as fi, (). A
rate limiter (f,)) is introduced for battery current charge/
discharge rate limit which is depicted in Fig. 5b. The cur-
rent signal reference of rate limiter output is formulated
by,

(6)

iBAT,ref = frl(ilfc)

The difference in currents (igar ,,) is given to the Pl con-
troller after the battery current with reference and actual
are contrasted with each other. The controller generates
the control signal (dg) to minimize the dissimilarity in the
currents. The pulse width modulated (PWM) pulses are gen-
erated to the switches (S,;, Sp,) in the converter of battery to
the PWM generator, this duty ratio which is shown in Fig. 5b.
In DC-DC converter due to the electrical inertia and slow
dynamics of battery system the converter may not follow
instantly with battery reference current (iz,7 ¢ ). Therefore,
the uncompensated power is observed in battery system
is given by

@)

ltran = ltot = IBAT ref

Ps_uncomp = (’BAT,ref - IBAT) - Vg

Fig.5 a Control block diagram iBAT
of conventional control |
schemes, b control block v . . 4
diagram of proposed control DC,ref Ltot IBAT,ref - B Sb1
gram oTProp PI — LPF D PI [—{pwM—
schemes Sia
Battery Control
Vbc
dSc Scl
- PI —PWMI—
lsc,ref Se
. Supercapacitor Control
lSC
(a)
igat
dg \
Voc,ret i iBAT ref
E PI "~ LPF{— 7|4 SR P1 —{pw—S
- Sz
H ate iBAT,t:rr
Limiter Battery Control
Ve
Compensation
actor
dsc S )
PI (—{pwM—*!
ScZ
Supercapacitor Control
lSC
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SN Applied Sciences

A SPRINGER NATURE journal



Research Article SN Applied Sciences (2020) 2:495 | https://doi.org/10.1007/s42452-020-2313-3

where iy, transient component of current, Pg ,comp:
battery uncompensated power. In the proposed control
strategy Pg_yncomp Used to enhance the performance of SC.
Therefore, the supercapacitor reference current (isc ¢) is
formulated as follows,

, . . ) Vg
iscet = ian + (Tat rer = igat) Vo 9)
sc

The error is passed to the controller after the actual and
references of supercapacitor currents are contrasted with
each other. The error is minimized when the PI controller
generates the control signal ds. To generate the pulses
of PWM corresponding to SC switches such as S, S, this
control signal is given to the PWM generator which is
shown in Fig. 5.

Vs

ISC,ref = lirgn + IBAT,err : V. (10)
SC

where ig,r.,: battery error current is the difference
between actual and references of battery is given by

IgAT err = 1BAT ref — IBAT

5 Design of proposed controller for HESS

The design of proposed controller for HESS is clarified [28].
In the unified controller a single controller is utilized to
trigger the two control switches. For both charge (buck)
and discharge (boost) modes [29, 30], boost mode of
operation is considered to design the controller. The sub-
harmonic oscillations are kept then, the current control
loop bandwidth of supercapacitor controller is restricted
to 0.1667 times switching frequency and it is spoken to as
(f,w) [31]. Here, the switching frequency is equivalent to
10 kHz. The battery current controller Bandwidth (BW) is

SC Current Control loop

chosen with the end goal that high frequency transients
are redirected to supercapacitor, i.e. at f,,/10. In stable
region to work the system, the bandwidth of the con-
verter must be worked significantly lesser than the right

half plane zero frequency (fy,,,) [32] of the supercapacitor.

1—ds)?R
frrpz = % (n
where R: load resistance, L¢: SC inductance and ds: duty
cycle of SC leg. The outer voltage control loop is slower
than the inner current control loop; than the voltage con-
trol loop bandwidth is picked lesser than that of the SC
current control loop.

5.1 Design of supercapacitor current controller

Figure 6 shows the block diagram of the current controller
of the supercapacitor. The voltage control loop produces
the supercapacitor reference current (i ¢) in the control-
ler. In the current control loop, reference current is con-
trasted with the actual current [33]. After perturbation and
linearization of state equations, duty cycle to SC current
transfer function is given below,

. o VpcCS + 27

id SC = ~ = (12)
T e LGS+ 54 (1 - dye)?

Here, the duty cycle of small perturbations as 5’50 SC
inductor current as i¢-. The Pl control transfer function of
SC current loop is formulated as follows,

Kisc
Gpi,SC = Kp,SC + T (13)

Here, proportional and integral gains of the Pl controller
is represented as K, sc and K; s

Controller parameters (K, s and K; s¢) for inner current
loop is designed based on above model with bandwidth

Bode Diagram

=== Without compensator

VDC,ref

Vbc

dsc P Isc
Gpi,sc Uid,sc ]

Gpi,v

)
‘v, With compensator

Gvi,v

Magnil ude(dB)
8

Phase(deg)

3
10 10 10 10 10 10

Frequency (rad/s)

(b)

Fig.6 a SC controller Block diagram. b Bode plot of inner current controller of SC control logic with controller
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of 1.67 kHz and phase margin of 59.2°. Bode plot for com-
pensated and uncompensated transfer functions is shown
in Fig. 6b. The controller parameters are designed and
fine-tunes using SISO tool in MATLAB software. The pro-
portional and integral constants obtained are 0.0088 and
80.689 respectively.

The open loop transfer function of SC current controller
can be calculated based on the following equation,

Goi,sc = Gpisc * Gig,sc * Hsc (14)

Here, gain of the current sensor is specified as Hs.

5.2 Design of HESS voltage controller

The voltage control loop, SC current to voltage small signal
transfer function are obtained in Eq. (15).

A Ly,
G = Voc R(1-dy)- (1 B Ru—dsc)ZS) (15)
viv T oA T 2 +RCS
Isc

Here, the output voltage small perturbation is specified
as Vpc. The Pl control transfer function of voltage control
loop is given as follows,

K.
K, +—= (16)

G ot g

piy =

Here, the Pl controller gains as K, , and K; ,. Open loop
transfer function of voltage controller is equated as
follows,

Gol,v = Gpi,v : Gc/,sc : Gvi,v : Hv (1 7)
G... - G'd s
Here, G, = == (18)
e T+ Gpi,SC : Gid,sc : Hsc

Here, gain of the voltage sensor is represented as H,,.
Proportional constants of outer voltage loop is also
designed based on averaged state space model. Band-
width has to be less than right half plane zero. The
designed voltage controller has a bandwidth of 200 Hz
and phase margin 59.2°. Bode plot for compensated and
uncompensated transfer functions shown in Fig. 7. Propor-
tional and integral constants are 5.96 and 175 respectively.

5.3 Battery current controller design
Figure 8a depicts the block diagram of the battery current

controller. The duty cycle to battery current transfer func-
tion for battery stage is given by,

Bode Diagram
100 T

T T
——————— Without compensation

50 ———  With compensation

Magnitude(dB)

=50 - —

- | | ‘ . .
360 [ — | | | |

270 7

Phase(deg)

180 7

I I I I
900 1 2 3

10 10 10° 10 16
Frequency (rad/s)

Fig. 7 Bode plot of outer voltage controller of supercapacitor con-
trol logic with controller

N V,

G _ lpar _ VDCCS+2% (19)
id, BAT — "~ -

’ dg  LgCS? + 2S5+ (1 — dp)?

Here, small perturbations in duty cycle as ElB, battery
inductor current is represented as ig,r.

The PI control transfer function of battery current con-
trol loop as follows,

KiBAT

Gpigar = Kpgar + S (20)
Here, proportional and integral gains of the Pl compensa-
tor as K, gar and K; g47. The open loop transfer function of
current control loop is formulated as follows,

Golgar = Gpigar * Gidgar - Hear (21)

Here, gain of the current sensor is represented as Hgr-

PI controller to regulate battery current is designed
based on above transfer function. Bandwidth of the con-
troller is made less than that of supercapacitor controller
stage. The designed controller has a bandwidth of 1 kHz
with phase margin of 59.2°. Bode plot of compensated
and uncompensated plant is shown in Fig. 8b. The pro-
portional and integral constants obtained are 0.1404 and
78 respectively.

6 Simulation results and discussion

In simulation, PV panel is emulated as current regulated
voltage source using boost converter for step change in
source power. The control procedure is made using Sim-
ulink blocks in MATLAB. The system parameters used for
simulation and experimental results are presented in
Table 1. For boost and bi-directional DC-DC converters,
MOSFET switches are chosen. The ultimate aim of the pro-
posed system is to stabilize the DC-link voltage for any
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Fig. 8 a Battery current controller block diagram. b Bode plot of battery current controller

Table 1 System parameters for simulation and experimental study

S.no Parameter Value

1 MPPT voltage (va) 112V

2 MPPT current (ipv) 14A
3 SCvoltage (V) (%

4 SCinductance (L) 1.43 mH
5 Battery voltage(Vy) 12V

6 Battery inductance (Lg) 4.8 mH
7 Boost inductance (L,) 4.1 mH
8 Resistance (R) 250

9 DC grid voltage (Vp) 20V
10 Capacitance (C) 150 pF

disturbance occur in load side as well as source side. In this
segment, the results of the proposed technique analysis is
developed by two test cases are considered.

Case 1 Stabilization of DC grid against step variation in
PV Generation

Case 2 Stabilization of DC grid against step variation
in load

Case 1 Stabilization of DC grid against step variation in
PV generation

6.1 Step increase in PV generation

Figure 9 demonstrates the step variation of PV generation
over the period of time frame. Due to the atmosphere vari-
ations power produced by the PV panel increases to 40 W
from 30 W at t=0.2 s by this is emulated by increasing PV
current to 2 A from 1.5 A. As input power is more than
load power can consume, grid voltage increases more than
20 V. Than immediately SC absorbs the excess power of
10 W in short duration of time until battery can regulate
the grid voltage to 20 V. Thus battery and supercapacitor
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charge accordingly to maintain the DC grid voltage con-
stant at 20 V. Figure 9 shows the battery current waveform
with reduced current stress due to low current charge rate.
At the point when a bi-directional converter is associated
among battery and supercapacitor, the DC grid voltage is
recovered back to steady state in approximately in 10 ms.

6.2 Step decrease in PV generation

Due to the atmosphere variations power produced by the
PV panel decreases to 30 W from 40 W at t=0.4 s by this
is decreasing PV current to 1.5 A from 2 A. As input power
is less than load power can results, DC grid voltage is less
than 20 V. Than immediately discharge SC for deficient
power of 10 W in short term until battery can regulate DC
grid voltage to 20 V. By this manner a bi-directional con-
verter is associated among battery and supercapacitor,
the DC grid voltage is recovered back to 20 V utilizing the
proposed control strategy.

Case 2 Stabilization of DC grid against step variation
in load

The output power produced by the PV panelis 16 W in
maximum power region. A load resistance of 25 Q is con-
nected to 20 V DC microgrid. In steady state load draws
0.8 A current thereby consuming the entire power gener-
ated by PV panel. For step variation in load, load resistance
decreased to 18 Q at t=0.2 s for duration of 0.4 s. Then
load requirement increases to 27 W from 16 W which is
more than power range of PV panel. Due to source and
load power imbalance DC grid voltage falls below 20 V.
Now control logic will sense any deviation from DC grid
voltage reference of 20V and controls the bi-direction con-
verter associated with battery and supercapacitor will now
supply excess power of 11 W in 10 ms duration of time
with increased load. In this mode both battery and super-
capacitors are discharging. Figure 10 shows the battery
and supercapacitor current waveforms, stress on battery
current reduced with help of SC.
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7 Experimental results

supply (RPS) is used as PV generator. RPS currents are
controlled by using boost converter. Exide chloride 12V,

A low power hardware prototype is developed for pro-
posed controller for two-input bidirectional converter
shown in Fig. 11. The controller used for this experiment
is dSPACE DS1104. In this experiment a regulated power

7 Ah lead acid battery and Maxwell BMOD0058 16V, 58 F
supercapacitor. The two input bidirectional converter is
built using four MOSFET switches IRF540N. Operation of
microgrid with HESS in charging and discharging mode
explained in Sect. 3. DC grid specifications are given in
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Fig. 11 Prototype model of the
proposed topology

Fig. 12 a Experimental results
for HESS charging mode: DC
microgrid voltage (Vp), bat-
tery current (ig), supercapacitor
current (ig). b Supercapacitor
SOC waveform
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Fig. 13 Experimental results Stop I — — 1 — ]
for HESS discharging mode: DC 2 ' ‘ | ’ 1
microgrid voltage (Vp), bat- e = oife = .
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Table 1. DC microgrid is setup at a nominal voltage of
20V.

7.1 HESS charging mode

Here controller designed for scenario of surge in DC grid
voltage by increasing PV generation (or) decrease in load
is analyzed. The waveforms are shown in Fig. 12.

A sudden upward movement in microgrid voltage is
realized by increasing PV generation. Initially Iy, =1.3 A
and at time t=t,, lp, is increased to 1.42 A and as a result
increased in PV generation. The excess energy in DC grid
cause a surge in grid voltage. Immediately HESS responds,
Transient component of current charging supercapacitor
and battery charging current is allowed to increase slowly
till steady state value at instant t=t,. The PV generation
brought back to original condition of I,,,=1.3 A at instant
t=t;. Battery and supercapacitor then return to its floating
state as it was before t=t;. At instant t, and t; DC microgrid
voltage is retained at 20 V almost instantly as indicated by

(b

small spikes in the Fig. 12a. Supercapacitor SOC shown in
Fig. 12b. At the instant t;, SOC, is shown to be increasing
indicating charging of supercapacitor. After transient cur-
rent has died out, supercapacitor remains idle as indicated
by constant SOC. Battery SOC is not considered, its energy
not depleted fast compared to supercapacitor.

7.2 HESS discharging mode

Discharging mode is active either due to decrease in PV
generation or due to increase in load. Waveforms are
shown in Fig. 13.

Here, dip in microgrid voltage is realized by an increase
in load. At instant t,, R is decreased from 25 to 18 Q. This
causes DC microgrid voltage to dip since there exists a
power mismatch between source and load. The deficient
power is then fed by HESS by discharging battery and
supercapacitor. Transient current is met by supercapaci-
tor and steady state current is supplied by battery as is
evident from current waveforms. Combined action of
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battery and supercapacitor maintain DC microgrid volt-
age constant at nominal value of 20 V. Small spike in volt-
age waveform in Fig. 13ais negligible due to fast dynamic
of HESS. At instant t;, R is reverted back to normal setting
of 25 Q and V¢ is brought to 20 V again. Supercapacitor
SOC waveform is also shown in Fig. 13b to validate the
above explained operation. When load demand increased
at instant t;, SOCy is found to be decreased as long as
supercapacitor supplies current indicating discharge oper-
ation of supercapacitor. After that supercapacitor is idle as
indicated by constant SOC waveform. Similarly at instant
t;, SOC increased to indicate charging of supercapacitor
after which it stays idle.

8 Conclusion

In this paper, a controller is designed for two input bi-
directional converter with battery and supercapacitor as
storage system. Performance of the HESS is analyzed for
the source and load variation case using proposed control
strategy. Controller could effectively stabilize DC microgrid
against the source and load variation. Charging and dis-
charging waveforms of the battery are observed during
source and load variation. The operation of energy bal-
ance forces severe stress on battery, if battery alone as an
energy storage medium. This is principally resulted in bat-
tery with low power density. Along these lines, superca-
pacitor with high power density is joined with high energy
density battery utilizing proposed control technique to
share the imbalance power exist between microgrid of
source and load. This unified controller provided to be
enough for both charging and discharging operation of
HESS. Moreover, decoupled, separate and independent
control of supercapacitor and battery power was achieved
as well as power flow between them. It can also be used in
the case of hybrid electric vehicle applications where more
than two power supply. The proposed method includes
less CPU time. Hence it makes HESS with high power and
energy density, which extended the life of battery.
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