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Dynamic Power Sharing Assisted Hybrid Controller
for PV Fed Isolated dc Microgrid

Arunkumar Chirayarukil Raveendran

Abstract—This article presents a hybrid control strategy to
improve the control and power sharing of a hybrid energy stor-
age system (HESS) used in an isolated dc microgrid. While the
photovoltaic panel is the primary energy source, the battery and
supercapacitor work together to meet the additional power require-
ments. A modification to the traditional filter method for dividing
the average and transient HESS current components is done by
replacing the low pass filter (LPF) with a rate limiter to ensure
proper power splitting and smoother battery discharge. The rate
limiter integrates power balance into the system and allows for the
integration of battery discharge rates, eliminating the problems
caused by the unintentional selection of the cut-off frequency. In
addition, the HESS current outputs are no longer affected by low
order LPF phase delay. A simple prediction based current control
is proposed for HESS current regulation to precisely track the
rate-limited current references and avoid common windup con-
cerns associated with proportional integral (PI) controllers arising
from system nonlinearities and uncertainties. The proposed control
approach can reduce the peak overshoot below 2% and settling time
during disturbances less than 15%. Simulation and experimental
investigations are carried out to validate the effectiveness of the
proposed method.

Index Terms—Battery, dc microgrid, hybrid controller, rate
limiter, supercapacitor.

1. INTRODUCTION

NERGY storage systems play a crucial role in renewable

power generation and isolated power supply systems. Of
all the energy storage devices, batteries are considered to be
the most desirable because of their easy integration with new
systems and widely accepted technology [1], [2]. Nevertheless,
their comparatively poor power density and considerable inter-
nal resistance seriously restrict their power-delivery capabilities
under high current loads. Moreover, the battery life is affected
by transient currents and high current rates [3]. To overcome
these shortcomings, batteries are hybridized with other fast-
responsive devices such as supercapacitors (SCs). SCs possess
the advantages of high power density, longer life, and high effi-
ciency even though they have relatively low energy density [4].
The complementary features of batteries and SCs enable this
combination to function as an optimal energy storage system
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with integrated features to meet various power requirements.
Hence, the combination is termed a hybrid energy storage system
(HESS) [5], [6].

In a dc microgrid, the primary functions of HESS include:
1) as a backup source for uninterrupted load power requirements
in the event of a power outage; 2) to create backup storage
capacity by storing energy during peak hours and returning it to
the system during peak load demand; and 3) to improve power
quality by facilitating possible fluctuations and uncertainty in
supply energy resources such as solar photovoltaics (PVs) [7]-
[9]. Different HESS configurations can be integrated with the
microgrid. The passive topology with directly connected energy
storage devices and semiactive topology with controlled and
uncontrolled energy storage devices are used to mitigate the
impact of dc bus voltage changes [10], [11]. Although, the total
losses in such microgrid topologies are reduced by eliminating
additional power converters, the absence of control of the pas-
sively linked storage units impedes the effective utilization of its
total capacity. In addition, it leads to deficient transient power
sharing between the storage units [12].

Extensive ongoing research is mostly on fully active topol-
ogy integrated microgrid systems to increase storage device
utilization and power sharing [13], [14]. A traditional approach
to controlling the battery and SC in HESS is the use of
proportional integral (PI) controllers [15]. The PI-based HESS
controllers mainly use filter methods to assign the average and
transient power to the battery and SC, respectively [16], [17].
Authors in [18]-[20], have presented different PI-filter controller
configurations for HESS by considering the state of charge
(SOC) of battery and SC, dc bus voltage regulation, operation
under different microgrid modes, and additional services. These
methods use a low order low pass filter (LPF) and a minimum of
three PI controllers to isolate the high and low frequency current
components of the HESS current reference. The increase in the
number of PI controllers requires more parameters to be tuned
simultaneously, making the design more complex. Further com-
plexities arise in the design process due to the lack of a systematic
approach in determining the cut-off frequency. In fact, the per-
formance of the microgrid system is dependent on the cut-off
frequency, which is selected based on the charge-discharge rates
of the battery and transient power requirement, rather than the
frequency of the power demand. In addition, the lag of LPF and
PI controller results in considerable delay in response and poor
current regulation of the HESS system [21]-[22].

Some researchers have introduced advanced control algo-
rithms into HESS integrated microgrid systems to address the
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above shortfalls. A deadbeat control based PV-dc microgrid with
HESS is presented in [22]. The system determines the duty
pulses in asingle iteration. The usage of a LPF combined with the
prediction results in a delay in the current reference generation
affecting the dynamics of dc bus voltage. In [23] and[24], model
predictive control (MPC) strategies are employed to regulate the
HESS current and voltage values. The MPC schemes show better
results than traditional methods, and rather they require accurate
modeling and optimization of the duty based on HESS current.
Hence, it requires high-end processors and computational effort
for its implementation. The combination of different control
schemes are proposed for HESS in [25]-[28]. In [25], the HESS
currents are regulated by using a sliding mode controller (SMC),
and the PI controller regulates the dc grid voltage. However, the
LPF-based power splitting strategy reduces the advantage of us-
ing SMC and introduces a delay in reference current calculation.
In [26], a nonlinear disturbance observer is added to enhance
the performance of the fuel cell—battery—SC system. All the
above SMC-based controllers require complex mathematical
design procedures, and the system performance depends on the
selection of sliding surface. The fuzzy logic controller is used
in the HESS control algorithm and is ofttimes integrated with
other controllers [27], [28]. A major drawback of fuzzy logic
control systems is that they rely totally on human skills and
understanding, and the rules of a fuzzy logic system must be
updated regularly. A hybrid controller combining damping and
the MPC presented in [29] improves the system performance
compared to the traditional PI method, and the rate limiter-
based controller helps to eliminate system delays. However, it
requires complex modeling and optimization to control the dc
microgrid.

A two-level hybrid controller with internal predictive control
and external PI voltage control is proposed in this article. The
proposed duty calculation control of converters relies on basic
modeling equations and generates the control signals in one
iteration. This helps to reduce the computational burden and
enables fast settling of dc bus voltage. The coordinate operation
of predictive control and PI control depends on the power sharing
between battery and SC. The rate limit unit is introduced to
split the current components using a more explicit term that
directly indicates the permissible battery charge-discharge rates
and eliminates the lagging behavior in LPFs. Furthermore, the
combination of duty calculation with the rate limiter ensures
rapid dynamic response of the SC while effectively achieving
proper reference tracking on slow dynamic battery current. An
additional controller is added to the system as a permanent
solution for charging of SC. Unlike many other SC charging
schemes, the proposed method does not affect the dc bus voltage
regulation and charge-discharge rate of battery current. The dc
microgrid system is simulated and tested experimentally with
various source and load variations to test the effectiveness of the
proposed architecture.

The essential contributions of this work are as follows.

1) An improved two-stage hybrid controller with a rate lim-
iter for HESS power decoupling in PV dc microgrid is
proposed in this work. The discrete nature of modulating
signal calculation enables faster dynamics, and the rate
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limiter provides controlled decoupling of HESS reference
current.

2) A simple SC charging method is implemented for the
regulation of SC voltage. The proposed method charges
the SC without affecting the dc bus voltage and rate of
change of battery current.

3) In addition, the proposed rate limiter-based power de-
coupling method balances the dc bus power in a single
iteration. Hence, it reduces the delay imposed by the LPF
on the control loop and reduces the burden in computation.

4) Unlike a battery, the reduction in SC voltage results in the
ringing of dc bus voltage. The proposed control method
mitigates the ringing in the dc bus and battery when
operating under low SC voltage.

5) The proposed system mitigates the effect of variation in
PV generation and load demand effectively with minimal
voltage variation and settling time.

This article has been organized as follows. Section Il discusses
the configuration and control of PV-dc microgrid. Section III
discusses the proposed HESS power sharing and control strategy
for HESS. Section I'V shows the simulation results and case stud-
ies using MATLAB/Simulink. In Section V, hardware results are
presented to validate the simulation results. Finally, Section VII
concludes the article.

II. CONFIGURATION AND CONTROL OF PV FED DC MICROGRID

The HESS integrated PV fed dc microgrid considered for
the study is shown in Fig. 1. dc—dc converters link the PV
source, SC, and battery to the dc bus, while the dc loads are
connected directly. The PV, battery, SC, and dc bus voltages are
represented by V,,,,, Vie, V3, and Vp, respectively. The L, Ly,
and L. represent the filter inductances of the PV, battery, and SC
converters, and the dc bus voltage filter capacitance is Cy. The
variables Iy, i,,,, and .. represent the battery, the PV panel, and
the SC current. Control switches for power converters are S,
Sp1> Sp2, Sse1, and Sgeo. The PV panel converter is a unilateral
boost converter based on perturb and observe assisted power
point tracking (MPPT) control. The energy storage converters
in the system possess two-way capabilities to charge or discharge
the power accordingly. The main focus of the HESS controller is
the regulation of dc bus voltage, proper power sharing inside the
HESS and between HESS and PV panel, and regulation of SC
voltage and battery SOC. The key responsibilities of the HESS
controller include regulation of dc bus voltage, SC voltage,
and ensuring proper power distribution within the HESS and
between the HESS and the PV panel. As direct control of output
variables is impracticable, a two-loop control scheme is designed
to get optimum performance from HESS. The feedback variables
considered in the system are dc bus voltage, battery current, and
SC current. The external voltage controller measures the error in
the dc bus voltage relative to the reference voltage and generates
the total HESS reference current. The inner predictive current
controllers are designed to calculate the optimal duty to reduce
the error in the HESS current. The following sections detail the
hybrid controller, SC charging, and PV panel MPPT control
design and analysis.
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Fig. 2. Traditional PI-LPF based control strategy and its different LPF

schemes. (a) Basic two loop control structure. (b) Basic LPF power splitting
strategy. (c) Power splitting based on battery current. (d) Power splitting by
considering uncompensated battery current. (e) Power splitting based on SC
current.

A. Traditional PI-LPF Control Scheme for HESS

The typical HESS control approach requires three PI con-
trollers for load voltage and HESS current regulation. Total
current reference values are generated by linearly regulating
the dc bus voltage. A detailed description of the conventional
control structure and power splitting strategy for HESS current
regulation are depicted in Fig. 2. LPFs are used in conjunction
with PI controllers to separate the total current reference into
steady and transient state current components [15]. A first-order
LPF is applied to avoid the impractical complexity of high-order

Configuration of HESS integrated PV fed dc microgrid and control strategy.

filters in implementation. The LPF decoupling systems choose
various cut-off frequencies without a systematic method, with
31 rd/sec being the most commonly picked value [17], which is
adopted in this work for comparative analysis. The HESS current
reference (i) 1 passed through a LPF to generate battery
reference current (¢3¢ ). The difference between iy, ¢ and the
Thess g1ves SC current reference as shown in Fig. 2(b). Since PI
controllers regulate transient and average current components,
poor tracking and windup difficulties occur. A few reference
papers [9], [17] worked to improve the power sharing of LPFs by
adding uncompensated errors in the system. A simple method is
by adding the battery error current to the 75, r. Some other con-
trol strategies try to generate the reference current by subtracting
the actual current from the total current reference, as shown in
Fig. 2(d) and (e) [4]. All the above power splitting methods,
the inaccuracy in selecting the cut-off frequency, and the slow
response of low order LPF degrade the system performance by
increasing nonlinearity and slowing system responsiveness.

III. PROPOSED HESS POWER SHARING AND CONTROL
STRATEGY

The proposed control strategy combines the simplicity of
conventional PI controllers and the fastness of prediction control
strategies. It uses the PI control strategy to regulate the load bus
voltage. A power splitting-based energy management algorithm
is introduced to split the total HESS power demand into the bat-
tery and SC reference current. The predictive control calculates
the duty signal in a single iteration and reduces the complexity
of optimization and tuning. (9) and (10) provide the average
model of the converter utilized for bifurcation, whereas (13) and
(14) represent the duty calculation, as obtained in Section III-C.
Furthermore, a part of the error voltage is added to the HESS
current reference to reduce the steady-state error associated with
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predictive control. The proposed HESS control system has the
following three parts.
1) Generation of HESS current reference from error dc link
voltage.
2) A Power management algorithm consists of power bal-
ancing and power splitting between battery and SC.
3) Modulating signal calculation utilizing battery and SC
inductor currents, as well as a dynamic dc—dc converter
model that assures the lowest dc bus voltage.

A. HESS Reference Current Generation

The PV, HESS, and load demand are balanced in the reference
current generation stage. PV and HESS must compensate for the
load demand. The current reference generation must guarantee
that the power supplied by HESS and PV is sufficient to fulfil
the load requirement. However, the PV power generation is
independent of load demand. Hence, the HES has to balance the
power generation and load demand by absorbing or supplying
the power from the dc bus. The power balance in the system can
be expressed as follows:

PPV(t) + Pbat(t) + PS((t) = PL(t) - Pavg(t) + Ptr(t) (1)

where Ppy (t), Poa(t), Psc(t), Pr(t) are the PV power, battery
power, SC power, and load power. Py, (t) and P, (t) represents
the average and transient power exist in the load bus. The total
average power is supplied by battery and PV together. The
transient power occurs during starting, and disturbances are
supplied and absorbed by the SC unit. The total power in the
dc bus can be given as follows.

Under steady-state condition

Pbat<t) = PL(t)y Psc(t) = 0. (2)

The power sharing during SC voltage regulation mode
(SC_EN =1)is given by

Ppy (t) + Pou(t) = Pr(t) + P(t) 3)
P(t) = P @

During charging of SC, P<" () is positive, and it is negative dur-
ing P! (t) discharging mode. The SC_EN = 1 is enabled when
Ve discharged to lower limits. The battery current reference be
written from the power balance equation as

Vae

% Z‘ref + Z.sch~ (5)

Thre f=

At transient conditions, the discharge of iy, is limited by
rate limiter. The rate limiter is designed in such a way that it
modifies the i, based on the previous state. The algorithm
used for splitting the total current to steady-state and transient
current is shown in Fig. 3, “r” is the charge/discharge limit value
of battery current. The ipye r (k + 1) and iy s (k) are ip,c r values
for the next sampling instant and previous sampling instant,
respectively. If the absolute difference between these two is

higher than r, then, ¢y, (k + 1) is replaced to
ibref(k+ 1) = iprep (k) £ 1. (6)
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Fig. 3. Schematic representation of rate limiter-based reference current gen-
eration by considering SC charging.

The SC should supply the remaining %,.; current during this
interval to maintain the power balance in the system

iref (K + 1)Vo(k) = Vi (K)ivres (K +1)

breres (k1) = Veelh)

- (7

B. Voltage Control Design

The outer voltage controller generates the total dc microgrid
reference current with respect to the error in dc bus voltage.
The right hand plane zero appeared in the boost converter
model results in unwanted oscillations in dc bus voltage. Thus,
the controller design requires utmost care in the selection of
bandwidth for the outer voltage control loop in the case of the
PI controller is given as

K’év
S

PI, = Ky, + ®)
The outer voltage controller generates required current reference
from the error in dc bus voltage. The controller generates the
complete current reference for the corresponding error. The PI
parameters for the outer voltage control loop are designed using
the method given in [17]. The phase margin and bandwidth for
the outer voltage control loop are selected as 60° and 600 rd/sec
respectively. The designed values are k,= 0.25 and k;= 160.
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C. HESS Current Control and Duty Pulse Generation

The average voltage balance equation for inductors is de-
veloped to calculate the modulating signals based on reference
current, battery, and SC inductor currents. The duty signals are
calculated with the help of average model bifurcation using Euler
approximation [30]. The averaged equation for L is given by

Ly (diva
Bl _ vy v - avw). ©
For L., the current equation is
Lsc d.sc
Bl @) _y (1) vyt -~ ductt). 10

After expanding (9) and (10) using Euler’s difference law [30]

Ly (ip(k + 1) — iy (k))
T,

= Vo (k) — Vo(k)(1 — dy(k))
(11)

Lsc(isc(k + 1) - ZSC(k)
T

= ‘/;c(k) - VO(k)(l - dsc(k))

(12)

From the perspective of model bifurcation, (11) and (12) can be
rearranged to obtain modulating signals d; and d,.. Also, the
isc(k + 1) and iy (k + 1) indicates the reference target for SC
and battery current. In other words, the is.(k + 1) and i, (k + 1)
can be written as I{ .. and Iy .. The signals at kth sampling
instants indicates the actual measured signals in the system

- ts(‘/O(k) - W)(k)) + Lb(Igref - Ib)

dy(k +1) = e (13)
s V ]ﬂ _Vsc k’ Lsc I* _Isc
et 1) = OB el )t);/: Wares “0e) 14

By comparing dp, and d. with a sawtooth waveform of period
ts, the duty pulses Spy and S, can be generated. As a result, the
HESS regulates the power demand by their operating character-
istics. The prediction-based duty calculation control computes
the dpy and dg. in real time within one cycle. That helps the
HESS respond quickly to PV and load variations and improves
the dynamic performance of the overall system. The overall
block diagram of the proposed PI- predictive hybrid controller
for HESS is shown in Fig. 1.

D. SC Voltage Control

The SC voltage regulation is achieved by adding a PI con-
troller. The controller is active only when the SC_EN= 1. Unlike
a battery, the voltage of a SC can fluctuate from 100% to 0%
while operating. Furthermore, 75% of the stored energy in a SC
is available at a 100% to 50% voltage range. Further decaying in
SC voltage leads to adverse effects on the dc bus [19]. Hence, the
lower limit of SC voltage is fixed at 50% as shown in Fig. 3. A
simple PI controller generates the charging current reference for
SC. The PI will generate the required charging current reference
based on the error in SC voltage. The SC charging reference
current is added to the total reference current and subtracted
from the SC current such that a sudden change in battery current
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is eliminated. The corresponding total HESS current reference
and SC current reference is as follows

_ LintVo(k) + dvo(k) — By (k)

= I )
lref Vo(k) + Lsen (15)

. -Te k+1 Vc Y=V, (k "re k+1
faeres(k+1)=" SN (V) (k;( Viores(k+ 1) _p
(16)

where dv(k) is the compensating factor added to reduce the
steady state error. dv(k) is given by

dv(k) = m(Vyey — Vo(k)) + dv(k — 1). (17)

The error constant “m” is a small positive integer chosen to
reduce the error in dc bus voltage and helps the HESS current
to reach the correct steady-state value.

E. Analysis of Effect of Parameter Variation

The operation of the proposed controller is mainly affected
by the duty calculation accuracy and rate limiter constant (r).
The rate limiter effect on the battery and SC reference current
generation is depicted in Fig. 4(a). The load disturbance con-
sidered here is the same for all cases and is applied at 1 s. The
required average current is in 6 A. The high “r” value indicates
the fast settling of the battery and SC current. As the “r”” value
decreases, it takes longer for the battery current to reach its final
state. Furthermore, the final reaching time depends on the HESS
current to be supplied.

The duty calculation depends mainly on the variance in the
inductor rather than the capacitor. The variation in calculated
battery and SC duties based on variation in inductor values
are presented in Fig. 4(b). The calculated duty is higher at
lower inductor values, which allows the inductor to store more
power. On the other hand, the variance in duty after the specified
inductance value is modest, which indicates that the increase in
inductance has little effect on the duty calculation. In Fig. 4(c),
the variation of calculated duty concerning battery SOC and
SC voltage are shown. The dependency of battery duty on
battery SOC is minimal and almost constant in the 30%—90%
SOC range. On the other hand, the SC duty depends entirely
on SC voltage variation. The duty increases as the SC voltage
reduces. Below 50% of SC voltage, the duty shows significant
increment and saturation at the upper limit. The operation of
power converters with a duty above 85% gives rise to other short
circuits and thermal issues. Hence, operating SC below 50% of
its voltage is not advisable, and charging must be initiated.

IV. SIMULATION RESULTS AND CASE STUDIES

To verify the proposed system, an extensive simulation study
is conducted in MATLAB/Simulink. The simulation parameters
used for the study are developed based on basic converter
modeling given in [31] and the selected parameters are shown in
Table I. From Fig. 4, the “r” value is selected as 20 A/sec. The dc
microgrid system performance with proposed control structure
is verified under the following four scenarios via:

1) increment in PV generation (Scenario-I, at t=¢;);

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL. Downloaded on November 26,2025 at 11:49:40 UTC from IEEE Xplore. Restrictions apply.



1092

%i.ée 30A/sec ‘y{:= 10As %i.t‘-’= 5Alsec i‘;—it" = 1.5Alsec
' 1 ' : rz2 ' : |:3 ' l ; rs '
6 I g
5F J
4 4
3} 4
Ai,= 6A
2 - -
1F J
rs . I
o [— . : ¥
At{ At | Aty Aty
1 1.5 2 2.5 3 3.5 4 4.5 5
Time (sec)
(@)
Battery Inductance variation
0.2 L, 0.6 Ly, 1Ly 1.4 L, 1.8 Ly
2075 do
=3
h-}
©0.65
[}
5
30.55
(C
o
0.45
0.2 L 0.6 Lo 1 Lsc 1.4 L. 1.8 Lgc
SC Inductance variation
(b) % Battery SOC
1 40 50 70 80
0.0
©
30.8
(1]
0.7
=]
806
0516 20 30 40 50 60 70 80 __ 90 100
(c) % SC voltage
Fig.4. Analysis of effect of variation in parameters: (a) selection of rate limiter

constant and battery rate of discharge, dependency of predicted duty on (b)
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TABLE I
RATING OF DC MICROGRID COMPONENTS CONSIDERED FOR SIMULATION
STUDY

S.No
1 DC-DC converter

Parameter Specifications
Lsc=2.3 mH, L;=2.3 mH,

Lpy=3.25 mH, Cg.= 430 uF

2 Supercapacitor Vse=48 V, Csc.= 193 F
3 PV panel Vpu= 614V, I,,=163s A
4 Output power, Poust 1 kW

5 Load voltage, Vo 9% V

6 Switching frequency, fsw 20 kHz

2) decrement in PV generation (Scenario-II, at t= t5);
3) increment in load demand (Scenario-III, at t= t3);
4) decrement in load demand (Scenario-1V, at t= t4).

A. System Operation Under Disturbances

The simulation results are presented for validating the opera-
tion system variables at disturbances and power balance among
the different devices. The system parameters such as Vj, Iy, I,
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I, and I, under various scenarios are shown in Fig. 5(a).
The system power sharing at different instants is shown in
Fig. 5(b). Initially, the PV generation and load demand are equal.
Therefore, the HESS current is almost zero during this period.
At t = 14, the increase in PV generation from 200 to 450 W
causes the injection of extra power to the system. The battery
absorbs the excess steady-state power, and the SC absorbs the
transient pressure. The load voltage dip (2%) at the time of
disturbance and regains its actual value in 7 ms. In conventional
control strategies, the rise occurs after the dip. The proposed
system is settled before a further rise in voltage. The system
regulates the increase in 100% load demand at t = t3 with
reduced load bus variations. From Fig. 5(a), the dc bus voltage is
clearly maintained constant at 96 V in all scenarios, with a small
variation at the time of disturbance, the change in battery current
is slower, and the SC is compensating for the transient current.
The total load power demand is shared between the PV, battery,
and SC. The SC supplies power only at the time of disturbances
that make the SC voltage almost constant during steady state
operation, as shown in Fig. 5(b).

B. System Operation Under 50% of SC Voltage

The battery and SC current sharing during Scenario- III with
50% SC voltage is shown in Fig. 6(a). Att = ¢, the load current
isincreased from 2 to 4 A. The battery current changes to the new
state from charging to discharging with a slow rate of change, and
the SC delivers the excess power demand. The enlarged portion
compares the time taken by load current, battery current, and SC
current to reach the final state. With 80% of SC voltage, the dc
bus fluctuates nearly 2 V, and with 50 % voltage, the variation in
dc bus voltage is 2.5 V. In comparison to the traditional control
strategy, the reduction in SC voltage has less impact on dc bus
voltage. Furthermore, to verify the charging of SC from the
main system, Scenario-IIl with SC_FEN = 1 is considered in
Fig. 6(b). Initially, the system is at a steady-state with PV =
excess power mode, battery = charging mode, Vo =96V, [,=
-2 A, and I;.= 0 A. Att = 0.5 s, the SC charging is enabled
such that battery current change to positive and 1.6% voltage rise
occur in the dc bus. Now, the battery is discharging, and the SC is
charging. Att= 1.5 s and 2 s, the load disturbances are applied.
The maximum peak overshoot at the time of disturbance is 2.1%,
and the SC acts quickly to mitigate the transient power. The
increase in overshoot is due to the operation of dc microgrid with
low SC voltage. It can be seen that the change in battery current
is slow during charging and disturbance, which is important for
battery life enhancement. Furthermore, the battery and SC react
faster, resulting in reduced dc bus voltage oscillations.

C. System Operation With Variation in Rate Limiter Constant

Further simulation studies are conducted to examine the
system’s performance with variation in the “r” value. Fig. 7(a)
shows the load voltage, battery current, and SC current variation
with the decrease in “r” value and with a LPF of 31 rd/sec for
the same hybrid controller. The rate limiter-based method shows
that it limits the overdischarge of the battery compared to the

LPF. Further, the “r” allows the designer to select the battery’s
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Simulation results. (a) System parameters under different source and load variation; load voltage, load current, PV current, battery current, SC current;

(b) power supplied, dissipated and absorbed by PV, load, battery, and SC, respectively.

TABLE II
COMPARISON BETWEEN PROPOSED CONTROLLER BASED ON RATE LIMITER
(RL), PROPOSED CONTROLLER WITH LPF WITH OTHER CONTROL METHODS

Parameter PI+ LPF | PI+LPF MPC PI+SMC | Proposed | proposed
[15] [18] [21] [25] with LPF | with RL

%Mp load 6—8% 4-5% 1-2% | 35-45% | 3.6-4.5% 1.5-2%
disturbance

%Mp PV 2-3% 1.5-25% | 0.5-1 % | 1.5-2.5 % | 1.5-2.5% 0.5-1%
disturbance

Settling 60—120 25-50 2-10 30-60 20-50 7-15
time (ms)
Execution 25-30 25-30 50-55 25-30 25-30 10-15
time (us)

discharge rate based on application. The hybrid controller with
arate limiter has less overshoot and settling time than the hybrid
controller with a LPF, as shown in the dc bus voltage waveform.
A comparative study with traditional PI, proposed + LPF and
proposed + rate limiter are shown in Fig. 7(b). The traditional
system requires 50 to 120 ms to reach the final state, while the
proposed system with a LPF requires 20 to 50 ms to settle the
dc bus voltage. The proposed system with a rate limiter only
requires 7 to 12 ms to settle the oscillations in dc bus voltage. A
detailed comparison of different topologies for HESS integrated
dc microgrid is shown in Table II.

V. EXPERIMENTAL RESULTS

The isolated dc microgrid with PV source, battery, and the
SC is shown in Fig. 8. The experimental setup consists of PV
emulated dc source, Exide 12 V 7 Ah lead-acid battery, Maxwell

BMODO0058 E016 B02 SC, IRF460 MOSFETS, sensor and
driver circuit, dSPACE 1104 real-time controller, linear load, and
other passive components. The system is designed for 100-W
power, and the nominal power is 48 W. The output capacitor, PV
converter inductor, battery converter inductor and SC inductor
values are 470 uF, 2 mH, 2.3 mH, and 4.1 mH, respectively.
The system operates with a dc bus voltage of 24 V. The system
is verified under sudden variation in PV source and load. The
hardware results are shown to evaluate the performance of the
system.

A. System Operation Under Irradiance Variations

To analyze the performance of the proposed controller, dis-
turbances are created at ¢, £, t3, and t4 similar to the scenarios
presented in Section IV as shown in Fig. 9(a). The four traces
represent dc bus voltage, PV current, battery current, and load
current. The variation in incident PV panel irradiation is reflected
as change in PV current as shown in t = ¢ and t = ¢5. Initially,
PV generation was sufficient to meet the load demand, and
the battery current was almost zero. At ¢, the PV generation
increases from 24 to 48 W. The excess power is absorbed by the
battery and dc bus voltage regulated at 24 V. At o, the PV gen-
eration is reduced to 24 W and battery current reduces to nearly
zero with minimal dc bus voltage variation. The slow change in
battery current indicates that the SC is absorbing or supplying the
transient power. An enlarged portion of PV variation is presented
in Fig. 9(b). Initially, the battery current is almost zero, and
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Fig. 6. Simulation results. (a) Enlarged view of Scenario-III with 50% SC voltage. (b) SSC charging under load disturbance.

PV meets the load demand. At the time of disturbance, the dc
bus voltage and load current have a small oscillation and settle
back to the original value. The battery current changes slowly
according to the power sharing algorithm. The SC supplies the
transient power, which helps to get faster system dynamics.

B. System Operation Under Load Variation

The load variation is applied by changing the connected load
as shownin Fig. 9(a). Att3, the load demand increases to 48 from
24 W and reduced to 24 W at t = ¢4. Since the PV generation is
constant, and the battery current varies to meet the excess power
demand. The dc bus voltage is regulated constantly, and the
battery current changes slowly compared to the change in load
current. At t3, the load demand increases by 1 A. The battery
current increases to meet the additional power requirement. At
t4, the battery current reduces near 0 A since load demand is
reduced to 1 A. For further understanding, the enlarged portion
of battery and SC current sharing is illustrated in Fig. 10(a).
Initially, the load is taking 2 A from PV and battery together.
The enlarged portion shows the reduction in load current to 1 A.
As a result, the battery current reduces to a new value based
on the rate limiter algorithm. The SC absorbs the additional
power created in the dc bus. Hence, SC current is negative in
this operation.
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C. System Operation Under SC Charging

To analyze the SC charging, excess PV generation and battery
charging conditions are considered. Initially, the battery current
is negative, and the SC current is almost zero. At t = t1, the
SC_EN made unity, thus, charging of SC is started. It can be
seen from Fig. 10(b) that the battery current undergoes a smooth
transition from negative current to the positive current during
SC charging. The SC voltage slowly increases, and load voltage
is maintained constant at 24 V. The combined system enables
smooth SC charging without any disturbance in load voltage and
battery current.

“,

D. System Operation With Variation in “r

The key feature of dynamic power sharing is controlling the
battery discharge rate. A comparison is made for the analysis of
battery and SC current sharing with different “r”” values as shown
in Fig. 11(a) and (b). The slope of battery current reduces as the
“r” value increases from 0.0002 to 0.0005. It takes longer for
the battery current to reach its final value when r = 0.0002 as
shown in Fig. 11(a). The waveforms clearly show that the SC
and battery share the total current during steady and transient
states according to the power splitting strategy. Regardless of

the rate limiter constant “r,” the dc bus voltage is maintained at
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E. Comparison With Previous Works

To further assess the performance of the hybrid control strat-
egy, a comparison with prior studies is conducted and shown
in Table II. The main parameter considered for comparison
is percentage overshoot and settling time (Z,) taken by the dc
bus voltage under various disturbances. The execution time
is calculated using “turnaround time” in dSPCAE 1104. The
percentage overshoot in dc bus voltage [9] is given by (18).
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Fig. 10. Experimental results: (a) current sharing between battery and SC
during load decrement, (b) charging of SC in excess power mode with
SC_EN= 1.

Table II shows that the proposed hybrid control strategy has
a lesser peak overshoot and settling time compared to the
methods in [15], [18], and [25]. This implies better dc bus
voltage regulation under different source and load variations.
Also, the settling time of the proposed method is always less
than 15 ms for the rate limiter method. This is because of
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the reduction in system delay due to the combined action of
rate limiter and internal predictive control for duty calculation.
Though the comparison with the MPC controller shows slightly
better dynamic performance due to optimization in duty se-
lection, the proposed method has significantly less execution
time, reducing the computational effort. Compared to controller
execution time, the proposed method has the least computational
effort required. The proposed control strategy with a LPF shows
better performance than the traditional method; however, the
delay imposed by the filter increases the settling and execution
time. To summarize, the proposed control reduces computational
complexity and improves the dynamic performance of the HESS
integrated dc microgrid.

VI CONCLUSION

This article has presented a dual loop hybrid control scheme
by combining traditional PI and predictive control schemes to
control the battery and SC in a PV-dc microgrid. The conven-
tional PI-LPF based HESS control strategies experience slow
dynamic response due to low order LPF. Furthermore, there is
no specific method to select the LPF cut-off frequency to control
battery charge-discharge rates. Hence, a hybrid control strategy
with a discrete rate limiter power sharing scheme is introduced
for HESS. Using a rate limiter for the power splitting scheme
enables a systematic approach to include battery discharge rate.
It helps to eliminate slow response and the nonlinear nature
of the LPF. The simulation study shows that the proposed
method minimizes peak overshoot below 2% and settling time
below 15 ms with stabilized dc bus voltage. Furthermore, the
variation analysis with rate limiter constant shows that battery
charge-discharge rates can be regulated independently without
affecting the system dynamics. The SC charging is enabled using

IEEE SYSTEMS JOURNAL, VOL. 17, NO. 1, MARCH 2023

SC_EN below 50% of SC voltage and verified. The experimental
studies reveal that the results follow the simulation study. The
hardware results show that dc bus voltage has fewer oscillations
and controls power sharing between the battery and the SC. To
sum up, the proposed HESS controller integrated dc microgrid is
able to reduce the controller complexity and effectively tackles
the following required objectives such as:

1) limiting the rate of change of battery current;

2) uninterruptible SC charging without affecting the dc bus
voltage and battery dynamics;

3) ensuring that the battery is supplied only for the steady-
state power demand and SC is supplying the transient
period;

4) limiting dc bus voltage fluctuations with minimum varia-
tion.
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