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A Hybrid Controller Assisted Voltage Regulation and
Power Splitting Strategy for Battery/Supercapacitor
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Arunkumar C R , Graduate Student Member, IEEE, and Udaya Bhasker Manthati , Member, IEEE

Abstract—The hybrid energy storage system (HESS) on a direct
current (DC) microgrid aims to ensure rapid and accurate dc bus
voltage control. However, the conventional control approaches are
challenging to implement with minimal setting time and overshoot,
which can cause significant variations in dc bus voltage. The PI
controllers used in traditional techniques add an extra lag to
the control loop and increase the difficulty of parameter tuning.
Additionally, using a power splitting scheme based on a traditional
first-order low-pass filter (LPF) delays the control loop and slows
down system dynamics. To address this issue, a hybrid control
strategy that employs a proportional-integral controller for dc bus
voltage control and a simple prediction control for duty calculation
is proposed in this work. An improved power splitting scheme is
incorporated for HESS, which reduces the effect of LPF on the
battery current reference calculation and enhances the dynamics
of the dc microgrid. Furthermore, a voltage regulation loop is
added to guarantee the charging of the SC without affecting the
dc microgrid operation. The proposed method is validated through
detailed simulation and experimental studies that show improved
dc bus voltage control and HESS power-sharing.

Index Terms—Energy storage system, power sharing, dc micro-
grid, battery, hybrid controller, energy management.

I. INTRODUCTION

R ENEWABLE energy sources (RES) for power generation
have become more popular due to environmental concerns

such as global warming, rising fuel prices in recent years, and
the imminent depletion of fossil fuels [1]. Nevertheless, one
of the most crucial challenges in implementing RES is the
intermittent and non-dispatchable characteristics causing power
quality concerns in the clean power generated [2], [3]. Energy
storage devices address this issue by supplying/absorbing load
demand when load power is scarce or surplus. To store energy,
various kinds of energy storage systems (ESS) are used, includ-
ing battery energy storage systems (BESS) [4], [5], pumped
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hydro electric storage systems [6], and fuel cell systems [7].
Compared to other energy storage systems, BESS is one of the
most appealing storage solutions in the power sector due to its
low cost and reasonable size.

The BESSs have a crucial feature: high energy density, mak-
ing them an effective device for controlling energy vacillations.
Nevertheless, the BESSs have low power densities, resulting
in ineffective storage when power variations are significant and
rapid [8]. Such high power fluctuations can cause severe damage
to the battery banks and shorten the battery life cycle in the long
run. Furthermore, if large power fluctuations are not adequately
supplied, they can harm power quality, leading to the failure
of electrical loads [9], [10]. SC, on the other hand, is being
actively researched and widely perceived as a fast, responsive
energy storage technology due to its desirable features such as
high power density and long life span [11]. Although the energy
density is very low, they offer other advantages such as a wide
operating temperature band, low internal resistance, and high
efficiency [12]. As a result, the battery banks combine with an
SC, allowing instantaneous current to be redirected from the
battery. The combined HESS possesses both high energy density
and high power density.

The HESS connects to dc microgrid through three main con-
figurations. The basic HESS structure is a passive configuration
with a direct connected SC and battery to the dc bus [13].
The semi-active configuration includes actively and passively
connected storage devices [14], [15]. The active energy storage
is connected to the dc microgrid through a power electronic
converter. The loss in passive/ semi-active configuration is less
due to the reduced number of power converters. Regardless, the
absence of control over passive energy storage limits the effec-
tive use and power-sharing of HESS. The HESS is integrated
with the dc microgrid using fully active topologies, enabling
control over the power flow in the HESS [16].

Significant research has been conducted and published in the
literature in the field of developing control mechanisms for a
HESS based dc microgrid [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [28], [29], [30]. The traditional control of
fully active HESS follows a two-loop structure [17]. The inner
loop controls the HESS current, regulating the dc bus voltage.
A low order filter divides the total HESS reference current
by the average battery reference current and the transient SC
reference current [18], [19]. A grid integrated PV-dc microgrid
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system is proposed with a unified controller for the bidirectional
power flow in HESS [20]. This article selects operating modes
based on the power difference between PV output and load
demand. However, a fixed power-sharing coefficient was used.
A faster joint control strategy-based dc microgrid for faster
dc-link voltage regulation has been proposed in [21]. This article
diverts the uncompensated battery currents to the supercapacitor
for enhanced dynamic performance. The battery current based
reference generation for HESS is proposed for an autonomous
dc microgrid in [22]. Though these methods improve the overall
dynamics in the system, the direct connected low pass filter in
the battery control loop adds delay to system dynamics.

Nevertheless, dual-loop control methods based on PI cannot
produce an optimal transient response; Instead, they result in
a shorter settling time and a higher overshoot or vice versa.
Furthermore, a shorter settling time in the PI controller generates
a more significant overshoot due to parameter adjustment issues,
and designing a three-loop PI controller with six parameters in-
creases the complexity of controller design [23], [24]. The above
schemes use conventional LPF for power distribution, increasing
the control system’s delay and battery reference current tracking.

Advanced and sophisticated control strategies introduce to
control the HESS in dc microgrid. The sliding mode control
(SMC) is used to obtain fast dynamic performance and com-
bined with other controllers to improve the system performance.
However, conventional SMC methods are affected by chatter-
ing [25], [26] and modified SMC techniques requires complex
modelling [27]. Fuzzy logic controllers (FLC) have incorporated
power management strategies in HESS for better power alloca-
tion and dc bus regulation. However, FLC system performance
relies on human knowledge, and it requires regular updating
of data [28]. The model predictive control shows promising
performance for HESS-assisted dc microgrid [29], [30]. In [29],
a multi-input converter assisted HESS in implementing isolated
dc microgrid applications. The MPC-based topology improves
the system dynamics and power-sharing in HESS. Though,
they require faster processors and optimization techniques to
implement.

This article proposes a two-level hybrid control strategy and
power-sharing scheme for HESS in an isolated dc microgrid.
In a conventional power-sharing scheme, a first-order low pass
filter is directly connected to the battery controller, increases
the delay in the control loop, and causes slow system dynamics.
Further, the lag nature of the PI controller adds delay to the
control system. Hence, a two-level hybrid controller is proposed,
featuring fast predictive control for current regulation and a slow
PI controller for voltage regulation. The simple duty calculation
control reduces the tuning burden and provides faster dynamics
for HESS current regulation. The current predictive control
calculates the duty signal in one sampling period, reducing the
computational burden. The proposed power splitting scheme
for battery and SC is introduced such that it generates battery
reference current without the aid of LPF. It reduces the delay in
battery reference current calculation and the over-discharge of
the battery during the steady state. Further, the proposed method
reduces the effort of parameter tuning, and a slow outer voltage
controller ensures that the dc bus voltage is unaffected by sudden

disturbances and noises. A second controller is incorporated as
a long-term solution to charge the SC in both steady-state and
transient conditions. The suggested SC charging approach have
less impact on the charge/discharge rate of battery current and dc
bus voltage regulation. The following list summarises the main
ideas and steps involved in this work:

1) This article proposes a hybrid controller with a new power-
splitting scheme for HESS in a PV-fed dc microgrid. While
the slow dynamics of the PI controller regulate the dc bus
voltage, the discrete nature of duty calculation enables
fast dynamics and accurate tracking of HESS reference
currents. Furthermore, the hybrid controller calculates
the required duty in one sample time and reduces the
computational burden in the system.

2) The proposed HESS hybrid control follows a simple three-
loop structure with external voltage control to regulate dc
bus voltage and two predictive control loops for tracking
the reference currents. It requires only two parameters
to be adjusted for dc bus voltage regulation, reduces the
complexity of tuning and settles the dc microgrid faster.

3) In the battery control loop, the proposed power-sharing
method eliminates the use of LPF directly. As a result,
it ensures accurate battery current tracking and reduces
control loop delay.

4) A controlled charging scheme for SC is incorporated to
charge SC from the dc bus during regular operation. The
Controlled scheme enables charging of SC at regular
operation and supplies transient power at the time of
disturbances.

5) A detailed controller modelling and analysis are presented
to validate the hybrid controller. Further, the controller
is tested with simulation ad experimentally for various
conditions.

Paper presented in the following order: Section II dis-
cusses dc microgrid configuration and conventional controller.
Section III explains the proposed control strategy. Simulation
study is presented in Section IV and hardware results are dis-
cussed in Section V. Section VI concludes the work.

II. DC MICROGRID CONFIGURATION AND HESS CONTROL

STRATEGY

The proposed autonomous dc microgrid configuration is de-
picted in Fig. 1. One unidirectional boost converter and two
bidirectional boost converters are utilized to incorporate the
photovoltaic (PV) panel, battery and supercapacitor into the dc
bus. The HESS converters have a bidirectional property to enable
power flow in both directions. The bttery, SC and PV converter
filter inuctance are represented by Lb, Lsc, Lpv respectively,
and output filter capacitance is denoted by C0. The Vpv , Vsc, Vb,
and V0 are the PV, battery, supercapacitor and load bus voltage
respectively. The power converter switches are represented by
Spv , Sb1, Sb2, Ssc1, and Ssc2 and D represents the PV converter
diode. The PV panel is controlled to extract maximum power
using Perturb and Observe (P&O) based power point tracking
(MPPT) control. dc microgrid operation can be classified into
deficit power mode (DPM) and excess power mode (EPM).
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Fig. 1. Architecture of isolated DC microgrid and control.

Fig. 2. Three layer HESS control structure and different power splitting schemes; different power splitting strategies: (a) conventional LPF (b) enhanced LPF by
adding battery error current (c) modified LPF based on battery current (d) proposed LPF based on SC current.

When PV generation exceeds load requirements, the HESS
absorbs the excess power from the dc load bus, referred to as
EPM. During PV generation is less than the load demand, the
dc microgrid operates in DPM, and the additional power flows
from HESS to the dc bus.

The HESS control for the dc microgrid follows a three-layer
structure as shown in Fig. 2. The outer layer of the three-layer
structure generate the reference current to regulate dc microgrid
voltage. Based on errors in battery and SC currents, the inner
layer calculates the control signal/duty signal. The middle layer
of the HESS control scheme derives the battery and SC reference
currents from the total HESS reference current generated by the
outer layer.

The performance of HESS depends on the power-sharing
strategy used in the middle layer. The lower order LPF based
power splitting scheme is most used in literature to reduce
the complexity of the middle layer, and the cut-off frequency
selected for LPF is 5 Hz. The basic LPF power spitting strategy
follows battery current reference generation by bypassing the
total HESS current through LPF. The difference between the
LPF output signal and input signal gives the SC reference current
as shown in Fig. 2(a). The basic LPF power-sharing scheme is
enhanced by adding uncompensated battery current to the SC as
given in Fig. 2(b). It reduces the ripple in battery current and dc
bus voltage. Another method used for generating the reference
current for battery and SC utilizes actual battery current as shown
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Fig. 3. Block diagram of proposed hybrid controller with SC charging scheme.

in Fig. 2(c). In this method, the battery current reference is the
output of LPF and SC current reference is the difference between
the HESS current reference and the actual battery current. In
all the above methods, the LPF is directly connected to the
battery control loop, which leads to over-discharge of the battery
and slow dynamics in the load voltage. Hence in this work, we
propose a simple power-sharing strategy to minimize the direct
use of LPF in the HESS control loop, as shown in Fig. 2(d). In
the proposed method, the battery reference current is generated
from SC current without the aid of LPF. Following describes
the detailed analysis of proposed control and power splitting
scheme.

III. PROPOSED CONTROL STRATEGY

The dc microgrid control has two parts via PV module
control and HESS control. The PV module uses perturb and
observe (P&O) MPPT technique to extract the maximum power
from solar panels. The HESS requires separate controllers to
regulate dc bus voltage and power balancing. The traditional
HESS control strategy follows a dual loop structure with PI
controllers. However, it demands to tune three PI controllers with
six parameters to obtain optimum performance. On the other
hand, the proposed hybrid controller requires tuning of only two
parameters and uses the speed of prediction control, as shown
in Fig. 3. The PI controller is designed to regulate the dc bus
voltage, and the predictive control is used to control the HESS
currents. The battery and SC current reference are generated
using an LPF decoupling strategy. The main functions of the
HESS control scheme are i) generation of total current reference
for dc buss regulation, ii) battery and SC power sharing during
transient and steady state period iii) generation of modulating
signals for power converter based on prediction and iv) control
of SC voltage and battery state of charge regulation.

A. Control of PV Module

This work uses the basic P&O MPPT technique to control
PV panels. In the P & O algorithm, the duty signal is controlled
in steps to reach the maximum power point. First, the PV
power (δPPV ) and PV voltage (δVPV ) variations with previous
samples are recorded and then compared to produce the duty
pulse for the next instant [8].

B. Power Balance and Reference Generation

The total dc microgrid current reference is generated by outer
voltage controller (PIv) based on error in dc bus voltage. Battery
and SC reference current are decided by proposed power sharing
strategy. The total power balance in the system can be written
as:

PL(t) = PPV (t) + Pbat(t) + Psc(t) = Pavg(t) + Ptr(t) (1)

Where PPV (t), Pbat(t), Psc(t), PL(t) are the power supplied
by PV, power supplied/absorbed by battery and SC and power
absorbed by load. The average and transient power demand is
represented by Pavg(t) and Ptr(t). The charging of supercapc-
itor is controlled by SCEN . Under SC charging, SCEN made
unity. Psc,ch(t) is the charging power of SC.

PPV (t) + Pbat(t) = PL(t) + Psch(t) (2)

Psch(t) = −Psc (3)

The Psch(t) is positive during charging and negative during
discharging. The total HESS current reference including SC
charging current can be given as:

i∗hess = i∗bref + i∗sc = i∗tot − ipv + Vcf + isch · SCEN (4)

Where, Vcf is the voltage compensation factor used to improve
the dynamic performance of microgrid. It can be represented in
discrete form as

Vcf (k) = G ∗ dv + Vcf (k − 1) (5)

Wheredv = V0ref − V0 and G is the voltage compensation gain.
G is selected in such a way that G = 0 for dv > 1 and a small
positive number less than 1 for dv < 1. The feedback of the
previous state allows reducing the Bus voltage error. The total
HESS reference current is split into the battery and SC reference
current using the power splitting strategy.

i∗hess = i∗bref + i∗scref (6)

Where,the total current reference is i∗tot, SC current reference is
i∗scref , battery current reference is i∗bref and total HESS current
reference is i∗hess. The average battery current component of
HESS current by considering charging is calculated by:

i∗bref = i∗hess − iscref (7)

i∗scref = i∗hess(1− LPF ) (8)

The LPF with cutoff frequency fc is given by:

LPF =
2 · π · fc

s+ 2 · π · fc (9)

The main aim of LPF in the proposed method is to generate
supercapacitor reference current. A high value of fc leads to
poor operation of supercapacitor unit. Also, a low value of fc
leads to sluggish response in the control system. Hence based
on literature and simulation, the fc is selected as 5 Hz [21].
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C. HESS Converter Duty Signal Generation

The duty calculation is a simple method to get the required
duty to regulate the dc microgrid. To regulate the HESS cur-
rents, the inductor equations are used to calculate the duty.
The battery and SC inductor current average equations can be
given as:

(dib(t))Lb

dt
= Vbat(t)− (1− db(t)V0(t)) (10)

(disc(t))Lsc

dt
= Vsc(t)− (1− dsc(t))V0(t) (11)

After expanding (10) and (11) using euler’s difference law [29];

(ib(k + 1)− ib(k))Lb

Ts
= Vbat(k)− (1− db(k))V0(k)

(12)

(isc(k + 1)− isc(k))Lsc

Ts
= Vsc(k)− (1− dsc(k))V0(k)

(13)

From the perspective of discrete control, (12) and (13) can
be rearrange to obtain control signals dsc and db. The battery
(ib(k + 1)) and SC (isc(k + 1)) reference currents can be rewrit-
ten as I∗bref and I∗scref [29]. Thekth state represents the feedback
signals from the dc micorgird.

db(k + 1) =
Lb(I

∗
bref − Ib + Ts(V0(k)− Vbat(k)))

TsV0
(14)

dsc(k + 1) =
Lsc(I

∗
scref − Isc) + Ts(V0(k)− Vsc(k))

TsV0
(15)

The duty pulses are generated by comparing calculated control
signalsdb anddsc with a sawtooth carrier wave. The period of the
carrier signal is Ts. The duty calculation determines the required
modulating signal in one cycle, which reduces the computational
burden and improves the dynamics of the control system. The
block diagram representation of overall hybrid control system
is depicted in Fig. 3.

D. dc Bus Voltage Control

The voltage control loop calculates the required reference
current based on the dc bus voltage error. The boost converter
model has a right-hand plane zero (RHPZ) in the voltage control
transfer function, leading to undesirable fluctuations in bus
voltage [22]. Hence, special care must be taken while choosing
the outer voltage control loop bandwidth for PI controller design.
The single input, single output tool (SISO tool) in MATLAB [21]
and the overall transfer function without the controller are used
to tune the PI controller parameters. The phase margin of 60°
and bandwidth of 700 rd/sec are selected to ensure stable voltage
regulation [22]. kp= 0.25 andki= 160 are the calculated values.

E. SC Voltage Regulation

An extra voltage controller is added to regulate the SC volt-
age. The charging is active only if SCEN = 1.SC operating
voltage can change from 100% to 0% depending on the power
requirement during operation. However, the useful energy varies

Fig. 4. Dependency of battery and SC on system parameter variation (a) con-
verter inductance variation (b) battery SOC variation and SC voltage variation.

nonlinearly concerning the reduction in voltage. For example,
75% of useful energy is dissipated when SC voltage reduces to
50%. Thus the lower operating range of SC voltage is limited to
50%. Below 50%, the SCEN enables to charge of the SC unit.
The charging current required for SC (Isch) is added to the i∗tot so
that the sudden change in system current is split between battery
and SC as shown in Fig. 3. The charging current is decided by
the SC voltage control PI and saturation limit. The PI values
selected as Kpsc= 0.2 and Kisc= 5. The new HESS reference
current for HESS considering SC charging current is given by:

i∗hess = I∗tot − Ipv + IschSCEN (16)

The new SC reference current is given by:

i∗scref = i∗tot − i∗bat − IschSCEN (17)

F. Analysis of Dependency on Parameter Variation

This section analyzes the effect of parameter variation on
calculated duty. Fig. 4 shows the average value of calculated duty
for battery and SC converter. From (14) and (15), the duty mainly
depends on converter filter inductance, battery voltage, and SC
voltage. The calculated duty is plotted against each parameter
by considering other parameters are at 80%.

The battery voltage will be almost constant irrespective of the
state of charge (SOC). Hence, the variation in calculated duty is
limited to 0.55 to 0.65 as battery SOC varies. The variation in
the calculated duty of the battery and SC converter concerning
converter inductance is shown in Fig. 4(a). The plot shows that
reducing inductance increases the duty to supply the required
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TABLE I
SIMULATION PARAMETERS FOR DC MICROGRID SYSTEM

current. Further, an increase in inductance than the designed
value has less effect on duty. The calculated duty variation for
battery SOC and SC voltage level is plotted in Fig. 4(b). The
calculated SC duty varies between 0.6 to 0.96. The calculated SC
converter duty increases above 0.8 as SC operating voltage falls
below 50%. Because, at lower SC voltage, it requires high duty
to regulate the load voltage. It is important to note that the duty
increases to the upper peak as the SC voltage lowers. Sometimes
this may lead to duty saturation in a practical scenario. Hence,
fixing the lower limit of SC voltage during operation is essential.
The charging of SC is added in this work to address this issue
such that SC charging enables below 50% of SC voltage.

IV. SIMULATION RESULTS

This section presents the simulation results of the proposed
scheme by considering two test cases. The control system and
system model are created using simulink blocks in MATLAB.
With the ultimate objective to exhibit the ampleness of the
proposed strategy, it is tested and differentiated from traditional
methods. The lead-acid model of 48 V, 28 Ah is utilized as a
battery. The switching frequency used for circuit operation is
20 kHz. The PV module is selected at a maximum peak voltage
of 59 V and 960 W of power. MOSFET switches are selected to
provide the bidirectional capability for the boost converter. The
dc bus voltage ripple and inductor current ripple are selected
as 2% and 5% respectively. The converter parameter equations
are derived from [31]. The calculated simulation parameters are
presented in Table I. The proposed approach simulation results
for two test cases are examined below.

A. dc Bus Stabilization: Step Variation in PV Generation

The PV generation is disturbed to verify the operation HESS.
Fig. 5 shows the waveform for simulation under different in-
stances. Initially, PV supplies load demand and the additional
PV power is stored in the battery. The SC current is zero at steady
state operation. At t = 0.5 sec, the PV generation increases from
3.8 A to 7.6 A. SC absorbs the sudden, and the battery charges
the average power from the excess power supplied by the PV.
The SC absorbs the sudden excess power supplied by PV. At t =
1 sec, the PV current reduces to 5.2 A due to reduced irradiance.
The additional power is used to charge the battery during the
period. The load current during this period is 2 A. The time
the dc bus voltage takes to settle back to the original voltage

Fig. 5. Simulation Results: (a) DC bus voltage, load, PV, battery and SC
currents (b) power supplied by load, PV, battery and SC, and SC voltage.

is approximately 20 msec. Also, the battery and supercapacitor
currents reached the new steady-state value of 150 msec.

B. dc Bus Stabilization: Step Variation in Load Demand

The connected load across the dc bus is varied using a con-
trolled switch. Load demand increases by 2 A in t = 1.5 sec and
returns to the previous state in t = 2 sec. Since PV generation
is constant, the HESS forces provide the excess load demand
and battery current increases from −3 A (charging) to 2 A
(discharging). The SC supplies the sudden power requirement,
thereby facilitating a smooth change of battery current. The
100% change in the load current fluctuates the dc bus voltage
by 4.166%. The disturbance is mitigated within 30 msec. Load
power, PV power, battery power, SC power, and SC voltage are
shown for different cases in Fig. 5(b). Fig. 6(a) shows an enlarged
portion of load increment. The battery changes to discharging
state from charging, and SC takes the transient power during
the disturbance. Maximum peak ripple voltage is 4 V and the
settling time is approximately 25 msec during this period.

Further, the duty variation during load disturbance is analyzed
to understand the duty calculation technique. The calculated
duty of battery and SC are given in Fig. 7(a) and (b). The
battery shows consistent duty compared to SC. However, since
SC supplies the transient and ripple power, its calculated duty
has more variations during the disturbance. In summary, the dc
bus oscillations due to PV variations are limited compared to
load variation. Further, the battery and SC share the average and
transient power during disturbances.

C. dc Bus Stabilization: SC Charging

The charging process starts once the SC operating voltage
falls below 50% of the rated voltage. The controller mentioned in
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Fig. 6. Simulation Results: (a) magnified portion of load disturbance
(b) Controlled charging of SC under load disturbance.

Fig. 7. Simulation results of calculated duty PV disturbance (a) SC converter
duty signal (b) battery converter duty signal.

Section III-C operates when theSCEN = 1. The charging of the
SC is shown in Fig. 6(b). At t = 0.5 sec, SCEN made unity and
the SC starts charging. The charging does not affect the rate of
change of battery current, and the fluctuation in dc bus voltage is
negligible. At, t = t2, 100% load change is applied. The battery
provides the additional current required by the load, whereas SC
provides instantaneous power without deviating from charging.

D. Comparison With Traditional Methods

The proposed hybrid control strategy is compared with tradi-
tional PI control strategies and similar topologies. A summary of
the comparison is presented in Table II. The similar three-level
control strategies and proposed power splitting scheme with
PI controller and hybrid control strategies are compared to
verify the effectiveness of the proposed method. All control
strategies are simulated and compared for same power level.
The traditional control strategy [16] with LPF shows high peak
variation and more settling time. The second method utilizes
battery current assisted power splitting strategy as shown in Fig.

TABLE II
COMPARATIVE STUDY OF HYBRID AND CONVENTIONAL CONTROL STRATEGIES

Fig. 8. Comparison waveform of load voltage with conventional methods and
proposed control strategy.

Fig. 9. Experimental setup.

2(c) [22]. This method reduces the maximum peak overshoot
(Mp) below 5% and settling time (ts) below 50 msec. In all
the PI control based methods, there is a trade of between Mp
and ts. As a result it is difficult to attain both parameter in
optimum value. The proposed power splitting strategy with PI
controllers shows settling time below 40 msec and Mp below
5%. However, the above cases require three PI controllers, and
their simultaneous tuning becomes complex for implementation.
The use of prediction and PI together reduces the lag effect
on the control system and improves the dc bus voltage control
dynamics. As a result, the proposed method shows a 43%
reduction in peak overshoot and a 62% reduction in maximum
settling time compared to the traditional approach [16]. Peak
overshoot of 4.2% and settling time of 30 ms are exhibited by
the proposed hybrid controller-operated dc microgrid. Fig. 8
shows the comparison of different control strategies.

V. HARDWARE IMPLEMENTATION AND DISCUSSION

A hardware prototype has been developed to test the proposed
hybrid controller for the PV dc microgrid depicted in Fig. 9.
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Fig. 10. Experimental results: system performance with (a) PV irradiance and load change (b) SC and battery current sharing during load change (c) enlarged
view of load increment (d) operation under PV irradiance variation (e) load voltage during irradiance variation (f) enlarged view of PV disturbance.

TABLE III
DETAILS OF EXPERIMENTAL STUDY

The dSPACE DS1104 real-time platform is used to develop
the controller for this experiment. A regulated power supply
is manipulated as a PV source in this experiment [22]. A boost
converter is employed to control the PV currents. The battery and
SC rating is 12 V, 7Ah lead-acid type, and Maxwell BMOD0058
16 V, 58F. The function of the HESS microgrid is tested in several
modes of operation. The nominal dc bus voltage is selected
as 24 V. The converter parameters for dc microgrid system is
designed for 150 W. The parameter details of experimental setup
is summarized in Table III.

A. Change in Connected Load

Here, the load variations are created by connecting two
rheostats in parallel through a mechanical switch. The over-
all system performance was tested with load and source dis-
turbances as demonstrated in Fig. 10(a). At t3 and t4, load
disturbances are applied. Primarily, the PV supplies the load
demand, and the battery current is 0.4 A. At t3, the load current
increases from 0.5 A to 1.1 A. The battery current changes from
0.4 A to 1.2 A to meet the load demand as power supplied by
PV is constant. At t4, the load demand is reduced to 0.5 A.
The SC current is zero during the steady-state period, and

supplies/absorbs transient current at the time of disturbances,
as depicted in Fig. 10(b). Fig. 10(c) shows the enlarged load
increment and decrement section. It is evident from the results
that the dc bus voltage has fewer oscillations during load dis-
turbance. The battery voltage during different load disturbances
shows no variation due to disturbances, as shown in Fig. 11(b).
Battery compensates only the average power demand, and the
SC balances for transient power.

B. Change in PV Generation

When the PV generation changes, the HESS charge or dis-
charge load depends on the demand. Fig. 10(a) summarises the
change in PV generation. Initially, PV generation is more, and
the battery current shows a negative current due to charging.
At t1, the PV current reduces from 1.1 A to 0.6 A and the
battery changes from charging to discharging. At t2, PV current
increases to 1.1 A and again increases to 1.5 at t3. The battery
starts to charge as the PV generation exceeds load demand during
this period. At t3, the battery is charged with a current of 0.6 A.
The SC supplies/absorb the transient current in all PV changes,
and the battery balances the average current. At t4, The PV
current changes from 1.5 A to 0.6 A, forcing the battery to
discharge more power. As a result, SC supplies transient current
with a peak of 1 A, and the battery starts discharging with
0.3 A. A further magnified portion of PV disturbance is shown in
Fig. 10(b) and (c). The waveforms show that the dc bus voltage
is stabilized under various disturbances, and SC absorbs the
transient power according to the control strategy.
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Fig. 11. Experimental results: (a) charging of SC under load disturbance (b) battery voltage during disturbance (c) operation of DC microgrid with PI-LPF control
strategy.

C. Charging of SC

To verify the SC charging scheme, SCEN is made unity at
t1. Initially, the battery charges from the dc bus with −0.4 A,
SC current is 0 A, SC voltage is 8 V, and load voltage is 24 V.
Then, the charging of SC is started at t1 with 0.5 A charging
current as shown in Fig. 11(a). Finally, at t2, load disturbance is
applied with an increment of 0.5 A in load current. Consequently,
the battery current rises to 1 A to meet the steady state power
demand, and the SC supplies the transient power. As a result, the
impact of load disturbance during SC charging on dc bus voltage
is minimized. In summary, the SC can support the battery during
charging and supply the transient power without affecting the dc
microgrid operation.

D. Comparison With Conventional PI Method

The conventional PI-LPF based control of HESS has a sim-
ple structure compared to the proposed hybrid controller. The
proposed method requires a minimum of five sensors to im-
plement the hardware, whereas the conventional requires four
sensors to implement it with SC charging scheme. Fig. 11(c)
shows the experimental waveforms for conventional PI-based
dc microgrid. Initially, the battery is charging from the dc bus,
and the load demand is 0.4 A. At t1, the load demand is increased
by 100%. The load voltage varies is 1.8 V to 2 V, whereas the
proposed strategy shows voltage variation of less than 0.5 V.
The waveforms demonstrate that the conventional method has
higher dc bus voltage peaks than the proposed hybrid control
strategy.

VI. CONCLUSION

In this article, a hybrid controller for HESS with a new power
splitting scheme is proposed for an isolated dc microgrid. The
dc bus voltage is regulated using the PI controller, and the power
splitting scheme can generate battery reference current without
the direct aid of LPF. The combination of hybrid control and
power splitting scheme improves the dynamic power-sharing
and dc bus voltage regulation of the dc microgrid. The parameter
dependence of duty calculation is minimal for the battery, and
the predicted duty tends to reach upper saturation for SC at
less than 50% SC voltage. Hence, an SC charging controller

is incorporated to charge the SC while operating below 50%
SC-rated voltage. The steady-state and dynamic performance of
the autonomous microgrid is accessed by offline simulation and
verified experimentally using a laboratory prototype. Compared
to the conventional HESS control strategy, the proposed system
shows a 43% reduction in peak overshoot and a 62% reduction
in maximum settling time. The experimental study is conducted
for different power levels, and the results reflect the simulation
study. In summary, the suggested hybrid controller integrated
autonomous dc microgrid is capable of 1) quick dynamic voltage
regulation, 2) proper power sharing between the battery and SC
with minimized delay, 3) reduces the complexity in modelling
and parameter tuning for implementation and 4) simultaneous
operation of SC charging and dc bus voltage regulation. There-
fore, combining PI with predictive control enhances dynamics
and guarantees proper power sharing of HESS in an isolated dc
microgrid.
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