
Energy Reports 9 (2023) 163–177

G

g
(
i
f
m
(
p
R
v
t
m
2

k
(

c

h
2

Contents lists available at ScienceDirect

Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Research paper

Analysis of control strategies for smoothing of solar PV fluctuations
with storage devices✩

.V. Brahmendra Kumar a,∗,1, Palanisamy K. a,1, Sanjeevikumar P. b,1, S.M. Muyeen c,∗,1

a School of Electrical Engineering, Vellore Institute of Technology, Vellore, 632014, India
b Department of Electrical Engineering, University of South-Eastern Norway, Norway
c Department of Electrical Engineering, Qatar University, Doha 2713, Qatar

a r t i c l e i n f o

Article history:
Received 14 July 2022
Received in revised form 13November 2022
Accepted 26 November 2022
Available online xxxx

Keywords:
DC microgrid
Fluctuations
Renewable energy sources
Storage devices
Smoothing controls
Battery
Supercapacitor

a b s t r a c t

The irradiation variations caused by cloud changes can cause rapid power fluctuations in large
photovoltaic (PV) plants. The increased PV power share of the grid adversely affects the quality of
power and the reliability of the power supply. Energy storage systems (ESSs)are often used to mitigate
power fluctuations in the grid through various control algorithms. These algorithms create an ESS
power reference that opposes the variations of the PV and reduces them to an acceptable value.
Despite their everyday use, there have been few performance comparisons among the various methods,
especially battery status, and the battery can operate in several systems with various smoothing
methods. The paper aims to analyze the ramp-rate and step-rate control methods for smoothing solar
PV fluctuations based on the irradiation profiles in a DC microgrid (MG) environment. The battery
in the system operates as a continuous energy application, and a supercapacitor (SC) is used to
remove transients in the battery system. The combined battery-SC coordinated system improves the
performance of the DC microgrid system. The battery cycle analysis and depth are conducted using
the well-established Coulomb counting technique. MATLAB/Simulink validates the simulation results,
and the OP-5700 HIL test bench conducts real-time results.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In remote locations, solar and wind energy sources are re-
arded as economically viable renewable energy sources (RESs)
Brahmendra Kumar and Palanisamy, 2019). The load demand
s deficient in remote areas (RAs). Therefore, supplying power
rom the grid is unnecessary because of transmission and daily
aintenance costs. As a result, the standalone power system

SPS) acts as the most appropriate power source in the RAs and
rovides benefits such as lower operating and maintenance costs.
ESs alone cannot meet the load demand in RAs because of the
arying nature of RESs and load demand. SPSs rely heavily on ESSs
o provide a constant power supply to loads powered by inter-
ittent sources such as wind and solar (Kumar and Palanisamy,
021; Tahir et al., 2022; Kumar and Palanisamy, 2020).
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The ESS installation significantly impacts a PV system’s en-
ergy and economic balance and is critical for future viability
due to its inflated cost and lower shelf-life of PV systems. This
emphasizes the importance of ESS parameters such as energy
efficiency, losses, and cycling decay. Any decrease in ESS capacity
and charge/discharge cycles reduces the investment required to
install and maintain the ESS (Brahmendra Kumar and Palanisamy,
2021). Therefore, the control strategy chosen to smooth out fluc-
tuations becomes a key decision. However, various control strate-
gies are available depending on the maximum fluctuation limit to
keep the fluctuations below that limit.

The literature (Prabha et al., 2019) contains three commonly
used control strategies: ramp-rate (RR), step-rate (SR), and
moving-average (MA) controls. The main asset of MA is that when
the system has an ideal converter and a battery, the mean value
of energy in the ESS should be the same at the beginning and
end of each day. The ESS is discharged with a value equal to
the energy lost in the processes of charge/discharge. However,
the effectiveness of system storage is poor, and storage system
losses are high. Several control strategies are available in Patel
et al. (2020) and Zhang et al. (2021), but these do not smooth the
fluctuations in the PV system and cause very large ESS in short
periods. The mitigation of fluctuations using the MA control and

a first-order low-pass filter is also discussed. The ESS SoC can be

rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Smoothing control block diagram.
Fig. 2. Severe PV variations on a day.
maintained over the range by modifying the ESS power output.
There is no significant analysis of the impact of these strategies
on ESS charge/discharge cycles, cycling degradation, SoC levels,
and voltage regulation.

The dynamic state analysis of voltage control was performed
in Mahmud et al. (2017), but no limiting factor was measured
in the BESS’s State of Charge (SoC). A voltage-based storage con-
trol for distributed solar PV generation with battery systems is
discussed (Zeraati et al., 2018). The article (Zeraati et al., 2018)
proposes voltage regulation to reduce the slow fluctuation in
PV production. However, practical problems like limited BESS
capacity, sudden fluctuations in PV generation, etc., were not
considered. In Chen et al. (2019), the ESS only handles power
ramp-down. In this strategy, the battery discharges during the
day and charges slowly at night. Initial SoC can be set high to
reduce capacity and charge cycles. Batteries degrade from fre-
quent discharge/charge cycles. Uncertain charge/discharge during
control makes estimating battery capacity challenging, leading
to redundant assessment (Beltran et al., 2019). In Pranith et al.
(2022), an adaptive control algorithm with the MAC method
reduces the distribution system intermittency. The ESS SoC can
be maintained over the range by modifying the ESS power output.
There is no unique PV smoothing strategy because it is deter-
mined by many factors, including the cost, the response time of
the resource compensation, and the system operating policy. The
time to transfer data can also make the output less smooth or
cause more fluctuations (Pranith et al., 2022).

Using ESS for smoothing control has been the subject of many
studies in the existing literature (Sukumar et al., 2018). This
method improves power generation efficiency, as no energy is
164
lost in the conversion process. However, using ESS requires ad-
vanced communication systems, reducing battery life and signif-
icantly increasing PV system costs. Alternative methods for mon-
itoring passing clouds include ground sensors or sky-camera sys-
tems. These methods cannot achieve such a high average accuracy
because the shadow map obstructs it at ground level. However,
both methods require additional hardware and communication
systems, which increases the system’s capital cost (Saleh et al.,
2018). Recently, power curtailment (PC) techniques have been
studied (Solomon et al., 2019). Depending on the specifics of
each installation, a PC is a viable option despite the waste of
energy because it requires a low initial investment. It is important
to note that PC and storage do not always substitute for each
other; Sometimes, a hybrid approach is the most cost-effective
solution (Li et al., 2020). Because of the high cost and short life
of batteries, active PC has been discussed in Lin et al. (2020).
This simple, low-cost technique achieves RRC without ESSs. A PV
system operates at a sub-optimal power level instead of at its
peak power. Part of the PV electricity can be saved for smooth
output power. However, the APC mechanism controls only RR up,
not RR down.

According to the literature above, achieving optimal and ac-
curate smoothing is the most important factor in managing PV
power fluctuations. The algorithms for controlling PV and ESS and
coordinating their use are also crucial. In Neto et al. (2020), a
system for power management in the DC MG with virtual inertia
and a mode of operation based on the voltage distribution is pro-
posed. However, during transient conditions, the strategy failed
to maintain a DC link voltage at the required voltage level. A new
control strategy for the hybrid DC grid is proposed in Mardani
et al. (2019). This technique can eliminate the high current and
power pulsations but suffer from more voltage deviations. In Xu
et al. (2017) and Kollimalla et al. (2017), a power coordination
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Fig. 3. Normal PV variations on a day.
Fig. 4. PV power fluctuation model with RR and SR controls.

algorithm between the RES and the Hybrid Energy Storage System
(HESS). This algorithm shows that the SC is of greater importance
than the BESS but does not discuss battery and SC coordination
for concurrent operations. The RR-based control method (Kumar
et al., 2020) was proposed to reduce PV power fluctuations. How-
ever, there is no analysis to choose a better smoothing method
for improving efficiency in the integrated renewable grid system.
The authors proposed a control approach based on a power
filter for wind power applications in Lamsal et al. (2019), in
which low-frequency components are moved to the BESS and
the other power components to the SC. However, there are no
apparent reasons for the power filter design to deal with rapid
power variations. A PV system with HESS for DC MG is proposed
in Kotra and Mishra (2019) and Sathishkumar et al. (2012). It
generates power based on the maximum power obtained from
the PV system, thereby increasing the capacity and size of the
ESS. Also, it requires more setting time to restore a stable DC
link voltage. The approach based on lower and higher-frequency
power components is used in Cao et al. (2018), where the BESS
provides the average demand, and the SC provides the transient
power fluctuations. However, the slow dynamics of the BESS do
not improve the HESS dynamic performance.
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Table 1
Comparison of smoothing control methods.
Control method Storage time

effectiveness
Losses
in SS

Degradation
of the cycle

SRC (Prabha et al., 2019) Average Average ≤2%
RRC (Prabha et al., 2019) High Low <2%
MA (Pranith et al., 2022) Low High ∼10%
DMA (Pranith et al., 2022) Low High ∼10%
LPF (Kotra and Mishra, 2019) Low Average ∼1%

The above articles discussed various techniques for controlling
solar PV power output changes based on the solar PV genera-
tor input or sequential inputs. Several variables are required to
prevent the PV energy loss caused by the output of the BESS,
which always depends on the previous output of the BESS. The
MA method and its adjustments have been discussed in Prabha
et al. (2019), and results depend on time window selection. These
results are less desirable due to their higher dependence on data
from the previous generation. In Chen et al. (2019), the RRC was
based on the percentage change in the ramp-rate relative to PV
generation. In Schnabel and Valkealahti (2016), the low-pass filter
(LPF) method has been examined. If the limit of the smoothing
control is less than 5%/min, the demand for storage system ca-
pacity increases significantly. Different results are achieved by
the lagging and double-MA (DMA) methods based on window
size and solar PV data. The DMA method results in a smoother
output than other moving average techniques. The SR control is
significant if the RS strictly allows maximum value within the
time window. The SR control is used to reduce the size of the
ESS and lower ESS degradation compared to the MA method.
The critical advantage of RRC is that it only operates when the
fluctuation is higher than the maximum permissible RR value. The
smoothing control comparison is listed in Table 1.

The paper aims to analyze RR and SR controls for irregular
solar PV fluctuations to choose the best smoothing method.

• This paper also discusses the drawbacks of literacy articles
for limiting fluctuations in PV power, practical usage of
HESS, removing stress on the ESS, and increasing system
lifetime.

• These variations can be limited through RR/SR controls and
achieve fast DC-link voltage regulation.

• A new control mechanism is proposed for coordination be-
tween BESS and SC.

• The proposed strategy’s main advantage is overcoming the
slow response of battery storage by diverting power surges
to the system SC.
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Fig. 5. Small-signal modeling of proposed HESS.
Fig. 6. Bode diagram of the current control loop for the battery.
m
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• The SC provides the battery error component current in the
proposed control strategy.

• This feature makes it easier to control the DC grid voltage
and reduces the stress on the battery, which makes the
battery last longer.

• RR control is the best smoothing method regardless of set-
ting time (Ts), peak overshoot (Mp), or change in DC voltage
(∆Vdc). It regulates DC link voltage in 199 ms for load
changes.

The following sections are Section 2 represents the integration
f PV power with smoothing control. Section 3 deals with the
mall-signal modeling of the proposed HESS. The configuration
nd control of the proposed system are discussed in Section 4.
ection 5 deals with the HIL results, followed by the conclusions
resented in Section 6.
 T
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2. Integration of PV power smoothing control

PV power fluctuates significantly because of its irregularity,
uncontrollability, and climate variation. The injection of PV power
causes power quality issues such as voltage fluctuations and
instability in the distribution system. These issues can be mit-
igated using efficient ESS, and smoothing control can smooth
the solar system’s PV energy. Smoothing control keeps variations
in PV power within specified limits and ensures the network’s
stability (Brahmendra Kumar et al., 2018).

Fig. 1 shows the smoothing control block diagram applied to
extreme solar PV variations on the day given in Fig. 2.

The control algorithm reduces the PPV(t) fluctuations to the
aximum allowed level (rmax) for each sampling period, and

he resulting smoothing power (P∗
PV) is injected into the grid.

he difference between P (t) and P∗ (t) represents the power
PV PV
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Fig. 7. Bode diagram of the current control loop for SC.
etpoint of the ESS that can be delivered (PESS > 0) or absorbed by
he ESS (PESS < 0). During normal solar variability, the variation
s not severe. In the worst-case scenario, the fluctuation of the
assing cloud can be severe. Based on Fig. 2, 70 to 90 percent
ower changes were observed in severe fluctuations. Periodic 1-
inute data from 6 a.m. to 6 p.m. during the day are presented in
igs. 2 and 3 to observe the changes in the PV output power. The
luctuation model of PV output power with RR and SR controls is
resented in Fig. 4.
Where G is the % change in irradiance levels, Pramp(t) and

step(t) are the power delivered to the grid with RR and SR con-
rols. The battery power (Pb) difference between PV output power
and the power delivered to the grid with smoothing control.

3. Small-signal modeling of proposed HESS

The small-signal modeling of the proposed HESS is presented
in Fig. 5. A Low Pass Filter (LPF) ensures that power is shared
between the battery and the SC (Gundumalla and Eswararao,
2018). GIb and GIsc are the parameters of the battery and SC
control transfer function that control the current through induc-
tors. Based on the SC power phase, the controller of PI is tuned
because the SC has higher charge/discharge rates than the battery.
To avoid oscillations, the SC’s internal loop bandwidth (BW) is
restricted to fsw/6 (Kollimalla et al., 2017). The BW of the battery
urrent loop is kept below the SC current loop BW, i.e., at fsw/10,
o divert the fast-changing transients to the SC.

The feedback system is tuned with two PI controls. The typical
epresentation of PI is as follows:

Ia = KPa +
KIa
s

(1)

where a represents the PI gains of the battery (b) and a super-
capacitor (sc) for the inner control loop. Here, HB and Hsc are
the transfer function’s feedback parameters to be unity. Because
they are complementary to both converters, these processes lead
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to errors. The control transfer function of the battery inductor
current is specified by (Kollimalla et al., 2017),

Gib =

V0Cbs + 2 V0
RL

LbCbs2 +
Lb
RL
s + (1 − Db)2

(2)

In the battery converter, the following equation takes the
current control loop:

GPIb = KPb +
KIb

s
(3)

The current controller open-loop TF of the battery is taken by,

Golb = GPIbGIbHb (4)

where Kpb and KIb are the compensator PI gains, Hb is the current
sensor gain of the battery. The control transfer function of the SC
inductor current is given as follows (Kollimalla et al., 2017),

Gsc =

V0Cscs + 2 V0
RL

LscCscs2 +
Lsc
R s + (1 − Dsc)2

(5)

The following equation takes the SC converter current control
loop,

GPIsc = KPsc +
KIsc

s
(6)

The current controller open-loop TF of SC is given as,

Golsc = GPIscGIscHsc (7)

where Kpsc and KIsc are the compensator PI gains, Hsc is the current
sensor gain of the SC. The total load voltage can be taken as,

v0(s) = (ib(s) + isc(s))RL (8)

Vo, Lb, and Lsc , Cb and Csc , D, RL are the output voltage, battery
and SC inductances, battery and SC capacitances, duty ratio, and
load resistance. The bode diagram of the battery and SC current
control loops are illustrated in Figs. 6 and 7.
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Fig. 8. Block diagram of DC MG system.
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Fig. 9. Power flows in the DC MG system.

4. Configuration and control of the proposed DC MG system

The block diagram of the DC MG comprising PV and HESS is
presented in Fig. 8. The PV system and HESS are associated with
an interleaved boost converter (IBC) and bi-directional convert-
ers. The IBC is used to reduce conduction losses and improve the
transformation ratio. Hence, energy savings can improve the sys-
tem’s effectiveness (Kumar and Palanisamy, 2019). PV and HESS
converters work in parallel and are required to maintain a con-
stant power balance in the DC grid. The smoothing and DC-link
controls generate the reference signals for batteries. The system
cannot maintain a constant voltage in a network because it is
connected to the grid by current-controlled converters. Therefore,
we must use a controller to maintain a constant voltage on the
grid. In Gundumalla and Eswararao (2018), the authors proposed
a DC link controller and a storage system that quickly adjusts the
DC link voltage when a PV or load power change occurs.

Fig. 9 depicts the different power flows of the DC MG system.
The power balance equation of the DC MG is as follows (Kolli-
malla et al., 2017),

Pin(t) = Pdc(t) + Pout (t) (9)

Pin(t) = Ppv(t) ± Pb(t) ± Psc(t) (10)
 s
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where Ppv(t), Pb(t), Psc(t), Pdc(t), and Pdcl(t) are the power con-
tributed by the PV system, batteries, SC, DC link capacitor, and
DC load, respectively. Where, as long as Pin(t) is equal to Pout (t),
Pdc(t) will be zero, such that a constant voltage is maintained
henever there is an imbalance between input and output. The
C-link capacitor charges or discharges, increasing or decreasing
he DC link voltage.

Hence, the i∗avg is generated by using the DC-link regula-
or illustrated in Fig. 10(b), and it is drawn from the following
quation (Gundumalla and Eswararao, 2018),

∗
avg (t) = (

1
1 + sτc

)inet (t) (11)

where τc is the time constant of the filter. The SC transient current
(its) is generated by the equation as follows (Cao et al., 2018),

itrs(t) = (1 −
1

1 + sτc
)inet (t) (12)

A low-pass filter (LPF) passes the B1 net current to achieve an
average value of the net current required by the B1 controller. The
i∗SC1 is generated based on the difference between i∗avg and inet of
B1. The SoC of the system is measured using the count-Coulomb
method in Fig. 10(a). The SoC of the battery system performs
significantly and enhances the battery device’s efficiency. The
initial SoC is considered as 80%. The calculation part of the SoC
is given as (Tummuru et al., 2015),

SoCb = SoCin −
1

3600CN

∫
ibdt (13)

SoC in and CN are the battery’s initial SoC and nominal capaci-
ance, respectively.

. HIL experimental setup results and discussion

OP5700 HIL was used in Fig. 11 for testing results by RT-LAB,
SOX3014T, PCB-E06-0560, connection devices, and probes. The
CB interfaces the simulation with the real-time controller for
ata exchange using analogue O/Ps and digital I/Ps. In Fig. 11, the
etup of real-time results is presented.
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Fig. 10. (a) SoC Coulomb counting control, (b) proposed system control configuration.
Fig. 11. OP5700-HIL-RT setup.
The system HIL parameters are given in Table 2. Figs. 12, 14,
6, and 18 show the ramp-rate control-based DC MG system
esults, and Figs. 13, 15, 17, and 19 show the step-rate control-
ased DC MG system. Figs. 12(a) and 13(a) show the variable
V current. The battery B1 and B2 currents are presented in
igs. 12(b) and (c), 13(b) and (c). The response of SC is shown
n Figs. 12(d) and 13(d). The SC helps in reducing rapid changes
n B1 and B2 currents. As a result, the stress level in the battery
ystem is reduced. The lifetime of the battery system is increased.
he variable DC load is illustrated in Figs. 14(b) and 15(b), and the
C grid voltage response is presented in Figs. 14(a) and 15(a).
able 4 compares the performance of DC link voltage in the RR
nd SR control methods.
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The regulation of DC bus voltage in RR control is as follows
compared with the SR control in Figs. 16 and 17,

Case i: There is no variation in PV and load currents from t0 to
t2; the DC link voltage is maintained constant.

Case ii: During period t2, PV varies while load current remains
constant. The voltage of the DC link is increased to +2 V/div.

Case iii: During the time interval t3, the load varies while
the PV current remains constant. The voltage of the DC link is
increased to +1 V/div.

Case iv: PV and load currents vary between t5. The voltage
across the DC link is reduced to −2 V/div.

As a result, it is clear from cases i–iv in Fig. 16(a) for RR
control that when there is a sudden change in PV or load, there
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Fig. 12. HIL test-bench results — Ramp-rate control: (a) PV current (VDC ), (b) battery-1 current, (c) battery-2 current, (d) SC current.
Fig. 13. HIL test-bench results — Step-rate control: (a) PV current (VDC ), (b) battery-1 current, (c) battery-2 current, (d) SC current.
Table 2
DC grid HIL parameters.
PV system: Input voltage, solar irradiance;
converter parameters

Vin , 40 V; I, 1000 W/m2;
Lpv , 5 mH; Cpv , 500 µF

Battery: Capacity; terminal voltage; no. of
batteries in series;
Converter parameters

Cb , 12 Ah; Vb , 48 V; 4;

Lb , 5 mH; Cb , 500 µF

SC: Capacity; terminal voltage; no. of
batteries in series; peak current; continuous
current; Converter parameters

Csc , 58 F, Vsc , 12; 4; Ip , 200 A;
Imsc , 19 A; Lsc , 5 mH; Csc ,
500 µF

DC grid voltage Vdc , 80 V
170
is no effect on the steady DC link voltage. The SoC of B1 and
B2 responds to battery charging and discharging conditions in
Figs. 18 and 19. show the DC grid voltage for RR and SR control
is shown in Fig. 20(a) and (b) to evaluate the voltage drop and
efficiency analysis at the DC link. Figs. 21 and 22 show the PV
power output without smoothing controllers. The controller is
implemented to limit the fluctuating PV power output changes
to the desirable limit-rate value. Fig. 23 shows the ramp-rate and
step-rate controls for smoothening PV power output. Figs. 24–26
shows the HIL results for PV power before and after using the
smoothing controllers. The PV-RRC power output delivered to the
grid is more than the PV-SRC power output. Hence, the PV-RRC
method meets the amount of power required by the load. Thus,
the size of ESS can be reduced when compared to the SRC method.
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Fig. 14. HIL test-bench results — Ramp-Rate control: (a) DC-bus voltage (VDC), (b) Load current (Iload).

Fig. 15. HIL test-bench results — Step-Rate control: (a) DC-bus voltage (VDC ), (b) Load current (Iload).

Fig. 16. HIL test-bench results — Ramp-rate control: (a) DC link voltage (Vdc ), (b) PV current (IPV ), (b) load current (Iload).

171
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f
T

Fig. 17. HIL test-bench results — Step-rate control: (a) DC link voltage (Vdc ), (b) PV current (IPV ), (b) load current (Iload).
Fig. 18. Ramp-rate control: (a) battery-1 SoC (SoCB1), (b) battery-2 SoC (SoCB2).
Table 3
Performance of proposed system with existing methods.
Parameters index Kollimalla et al. (2017) Kotra and Mishra (2019) Sathishkumar et al. (2012) Proposed method (SR control) Proposed method (RR control)

Mp (%) 6.25 3.7 5 6.25 2.25
Ts 300 ms 400 ms 900 ms 199 ms 199 ms
The above findings show that the RR control strategy provides
aster voltage regulation than the existing methods presented in
able 3. As shown in Fig. 27, the settling time (Ts) is measured

between t1 and t2, and the change in the voltage (∆Vdc) is very
low. Therefore, the proposed system can improve performance
using RR control compared to existing methods. Also, the RR
172
control method’s current charge/discharge rate is low; it reduces
current stress and improves battery life. In addition, battery size
is significantly reduced as SC manages transient currents, and
costs are reduced. The efficiency of the RR control strategy is
higher than the SR control strategy, and it can be measured by
the ratio of useful output to total input. In Table 4, the RR and
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Fig. 19. Step-rate control: (a) battery-1 SoC (SoCB1), (b) battery-2 SoC (SoCB2).
Fig. 20. Simulation results: (a) RR control DC link voltage, (b) SR control DC link voltage.
R controls are compared. The RR control strategy is observed to
e more effective in terms of efficiency, voltage drop, losses, SoC
evels, cycling degradation, and voltage regulation at the DC link.

. Conclusion

This paper analyzed the storage requirements for smooth-
ng fluctuations in PV power based on the RR and SR control
173
strategies. A simulation analysis was performed under the same
irradiance profile conditions. This profile is distinguished by high
solar variability, which aids in mapping results obtained under
the same irradiance variability conditions. The RR controller re-
quires less battery energy than the SR and has fewer cycles than
other smoothing methods. RR control achieves faster DC link
voltage regulation and lower voltage drop than the SR control
method. The system’s efficiency using the RR method is 98.07
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Fig. 21. Simulation results: PV power output before and after using ramp-rate control.
Fig. 22. Simulation results: PV power output before and after using step-rate control.
Fig. 23. Simulation results: Comparison of PV power output with ramp-rate and step-rate smoothing controls.
Table 4
Analysis of voltage drop and efficiency for RR and SR control methods.
Time
interval (s)

Vdc,change (±)
(Ramp-rate)

Efficiency
(%)

Vdc,change (±)
(Step-rate)

Efficiency
(%)

t2 2 V 97.5 10 V 87.5
t3 1 V 98.75 2 V 97.5
t5 3 V 96.25 6 V 92.5
t6 1.8 V 97.75 5 V 93.75
t7 2 V 97.5 5 V 93.75
t8 0.5 V 99.375 5 V 93.75
t9 0.5 V 99.375 2 V 97.5
174
percent, while the system’s efficiency using the SR method is
about 95.6 percent. Compared to the SR method, the RR controller
is more effective in regulating the output of the batteries to
minimize variations in output PV power and maintain power
balance at the DC link. The effectiveness of storage time is much
higher in the RR method than in the SR control method because it
responds quickly to changes in demand and charges. The overall
performance analysis of the control methods presented in the
paper is evaluated in Table 5. Although various methods have
been evaluated for smoothing over a single radiation day, a better
understanding of the overall lifetime operation of the battery is
required. Future research aims to develop a lifespan model to
understand these issues better.
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Fig. 24. HIL results: PV power output before and after using ramp-rate control.
Fig. 25. HIL results: PV power output before and after using step-rate control.
Table 5
Performance analysis of RR and SR control methods in DC MG system.
Control
strategy

Storage
efficiency

System
losses

% Drop in DC
grid voltage

System
efficiency

Storage time
effectiveness

Voltage regulation
at the DC link

Charging/discharging
of storage

RR strategy High Low Exceptionally low High Particularly good Fast Most efficient
SR strategy Average Average Low Medium Good Medium Medium efficient
175
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Fig. 26. HIL results: Comparison of PV power output with ramp-rate and step-rate smoothing controls.
Fig. 27. Performance of the DC bus voltage in the proposed system.
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