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ARTICLE INFO ABSTRACT
Keywords: Energy storage devices and renewable resources, especially rooftop photovoltaic (PV), are vital to the operation
Solar photovoltaic (PV) of standalone systems. In this study, an energy management strategy (EMS) for battery energy storage systems

Battery energy storage system (BESS)
Supercapacitor (SC)

Energy management system (EMS)
Hybrid energy storage system (HESS)
State of charge SoC

(BESS), PV, and supercapacitors (SC) is presented. The proposed control strategy is designed to optimize the BESS
flow rate, discharge, and charge cycles of the energy system using the Meta-heuristic Jaya algorithm by properly
coordinating SC and PV. SC is employed in HESS to fulfill the transient energy mismatches and reduce the
transitory high charge/discharge current rate impacts on BESS using EMS. The proposed controller also has the
benefit of keeping the battery’s SoC within limitations for a long period. To extend the life of BESS, the EMS is
aimed at minimizing deep charging and discharging by reducing PV generation, particularly under light load (no-
load) situations and when battery and SC’s SoC > SoCpqx or charging. Similarly, the optional load shedding is
employed when battery and SC’s SoC < SoCy,in to avoid deep discharge. The proposed EMS is validated in both
simulation environment and hardware-prototype under different perturbations and operating conditions. The
charge and discharge rate performance of BESS and SC under different charge and discharge time durations, i.e.,
1s, 2s, and 3 s, were evaluated in both simulation and hardware, and compared to conventional charge and
discharge methods for HESS, whose charge and discharge time durations are nearly 0.3 s to 0.4 s. As a result,
battery stress is significantly reduced. Furthermore, the economic analysis of the complete system is carried out.
In this, it is observed that standalone PV and HESS systems with the proposed EMS are cost-effective and
economical compared with PV and BESS systems when operated for a long horizon beyond 6 years.

microgrids. Especially with increase in the renewable integration, power
systems are facing various challenges such as power imbalances,
reduced frequency, voltage stability, reduced inertia, etc. By providing
as a backup to RESs, ESS can considerably help to overcome these issues.
There is no one ESS device that can fulfill all the necessary application
needs, including discharge rate, power, energy levels, load profile, etc.
As a result, hybrid energy storage systems (HESS) are a desirable solu-
tion in which distributed ESSs are combined into one HESS to make use
of the benefits of each device while reducing the drawbacks of any in-
dividual. BESS-SC is the most extensively used HESS design in stand-
alone systems, where the SC’s high-power density, improved life cycles,
and high-performance aid complement and enhance the battery disad-
vantage, and vice-versa [4].

1. Introduction

In standalone systems, energy storage systems (ESS) are commonly
employed to compensate for power imbalances between generation and
load demand. ESSs are also used to address issues like energy manage-
ment, peak (or) maximum shaving, power quality, transient stability
response, load levelling, voltage control, and provide uninterrupted
power supply. Various energy storage devices are classified based on
factors such as energy and power density, life cycle, ramp limit, and so
on [1]. Battery energy storage systems (BESS), and supercapacitor (SC)
are the most commonly used ESS technologies. A study of energy storage
technologies, applications, comparisons, and current developments is
provided in [2-3]. With many advancements in battery technology, the
BESS has a wide range of applications in electric and hybrid vehicles,
airplanes, DC shipboards, and other applications of DC and AC
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Nomenclature

PV Photovoltaic

SoC State of charge

BESS Battery energy storage system
MPPT Maximum power point tracking
EMS Energy management strategy

MPP Maximum power point

ESS Energy storage systems

HESS Hybrid energy storage system

SC Supercapacitor

ipy PV output current (A)

Vv PV output voltage (V)

Py, PV output power (W)

Lpy PV inductor (Henry)

Ve PV open circuit voltage (V)

Tse PV short circuit current (A)

Do Previous duty cycle of the PV

A Exponential voltage (V),

S0Crin  Minimum limit of SoC

Videre Reference voltage signal

k, Proportional controller gain

Ppar Battery output power (W)

Vhatt Bidirectional converter voltage (V)
rbatt Bi-directional converter inductor current (A)
dpase Bidirectional converter change in duty
Q BESS capacity (Ah)

Qr Total charge stored by internal of SC (Coulomb)
Ppagref Battery reference power (W)

Ppan Actual battery power (W)

fipr Low pass filter’s transfer function
APy Power difference in PV power and load power (W)
F Optimum point

Hyay) Hourly solar irradiance of the site
Apy Area of the PV modules.

EL estimated total energy demand
e Efficiency of the battery converter
Ary Temperature correction factor
Cpy(iniry  Initial cost of the PV panels
Chan(inity Initial cost of the batteries

Cic(iniry  Initial cost of the supercapacitors
Nrep Number of replacements

Ni The number of years

C. Corrosion loss

Dyy PV duty cycle

Pioad Load output power (W)

S0Cpmax ~ Maximum limit of SoC

Ve DC link voltage (V)

i;m Battery reference current (A)

ki Integral controller gain

Ve Capacitor terminal voltages (V)

isc SC output current (A)

B Exponential capacity (Ah’l)

Tpatt Actual charge of the BESS (A)

Eopt Optimum energy released by the BESS (Joules)
Ly Bidirectional converter inductance for battery
fuer Low-pass filter’s transfer function

Hrmas Maximum discharge rate

Chait Bi-directional converter output capacitor (Farad)
Ly Inductor value for SC (Henry)

Tload Load current (A)

u; and p, Fixed flow rate limits

Rpast BESS internal resistance (£2)

Piotal Total load power provided by HESS (W)

Pyeref Actual SC reference power (W)

Py, SC power (W)

Epau Energy released by the BESS (W)

T Settling time (s)

f(X)worss Worst candidate obtains the worst value of f(x)

f(X)hest  Best candidate obtains the best value of f(x)
S0Cpayt,,, Battery maximum SoC (%)
S0Cpqyt,,, Battery minimum SoC (%)

SoCs,,,  super-capacitor maximum SoC (%)

PVpeak peak power of each module

Cy The storage capacity of a single battery in Ah

Gy The capacitance of each supercapacitor.

Visemax and Vgmin  The maximum and minimum voltages of the
supercapacitor

Y PV converter efficiency

ns¢ SC converter efficiency

Crep Replacement cost

Chrom Cost of a system component

fo inflation rate of the replaced component

kd The real interest rate of the replaced component

Caeg degradation of the battery materials

Ciosm) initial operation and maintenance cost

1.1. Literature review

BESSs have a high energy storage capacity but low power density
[5]. As BESSs have a low power density, they may undergo large stress,
leading to a rise in their internal temperature to meet the highly fluc-
tuating transient load demand. Most often, the rate of change of the
power limit in BESS might be insufficient to fulfill sudden large load
changes, especially in nanogrids. Further, due to the low load factor of
small residential loads, the frequency of discharging/charging cycles
increases, resulting in a reduction in the BESS life span [6]. Due to their
high energy density, BESSs are often utilized to meet low rate-of-change
power requirements for long periods [7]. SCs, on the other hand, have a
large power density with a small energy density. SCs are largely used to
balance the power imbalances that raise in systems with high volatile
generation and loads (as with microgrids and nanogrids) [8]. SCs store
electrical energy in the form of static charge, and due to their low energy
density, they cannot satisfy the load requirement for long periods of

time. Table 1 shows the relative attributes of BESS and SC. Due to
inherent limitations of BESS and SCs, any one system alone cannot meet
high power, and high energy demands simultaneously. As a result, to
ensure, the combined benefits of both high energy density, and high-
power density, a BESS-SC hybrid storage energy system (HESS) is
employed to have: 1) Increase BESS lifespan 2) Reduce BESS size, and
thus cost 3) Impose low strain on BESS, and 4) Ensure better power
balance between power generation, load requirement, as well as remote
region power applications [9]. In [10], various HESS topologies were
presented and reviewed in the context of the usable voltage range of t
energy storage, the utilization of stored energy, the additional require-
ment of power electronics, and load connectivity [11,12].

The authors in [13] presented a method of improving battery lifetime
for a small-scale remote wind-power system by using battery/super-
capacitor hybrid energy storage systems. Further, an analysis was pre-
sented showing a potential improvement in battery lifetime that is
achievable by diverting short-term charge/discharge cycles to a
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Table 1
BESS versus SC capabilities.

S.No. Parameters Super-capacitor Lead acid BESS
1. Particular power density <10,000 W/kg <1000 W/kg
2. Particular energy density 1-10 Wh/kg 10-100 Wh/kg
3. Life cycle >500,000 1000

4. Efficiency 85 %-98 % 70 %-85 %

5. Charging time 0.3-30 s 1-5h

6. Discharging time 0.3-30 s 0.3-3h

supercapacitor energy-storage system. However, similar control strategy
as in [14-15] is adopted.

In [16] and [17], an overview of the recent advancements for the
applications of hybrid battery-SC in microgrids, grid support, renewable
energy sources, and EV systems was detailed while focusing on all po-
tential applications of HESS. The comprehensive details of different
converter topologies and control techniques in the HESS research were
reviewed in [18], where it was recommended to have an intelligent EMS
controller to facilitate operation of the microgrid and also enable the
transition towards a smart grid. Additionally, in [19], a novel control
strategy for HESS was proposed where a rate limiter is cascaded with
Low-pass filter so as to limit the charge/discharge current rates. How-
ever, in this paper the SoC of BESS and SC are assumed to be always
within the limits, which may not be true in practical case. An adaptive
fuzzy logic controller is designed for hybrid energy storage system of a
DC microgrid in [20], which is designed to ensure uniform utilization of
the available energy storage devices and also ensure a reduction is
charge/discharge cycles of energy storage devices. But, in this case the
charge/discharge current limits of BESS are not enforced, which might
cause a reduction in life cycles. Dynamic structure-based controlling of
the fuel cell-SC-BESS-based hybrid electric automobile was presented in
[21], where sliding mode control (SMC), integral sliding mode control
(ISMC), and double integral sliding mode control (DISMC) algorithms
have been proposed for HESS.

In literature [22-30], many control strategies which include neural
networks, fuzzy logic, rule-based control, and model predictive control-
based power and energy management strategies for battery and SC are
reported. [22] have addressed the benefits of adding an SC to a battery
storage system in a wind-based hybrid remote area power system, but
the strategy might fail to ensure the dynamic charge/discharge rate limit
and SoC within the operational limits. In [23], a dynamic energy man-
agement strategy was proposed for PV and HESS-based DC microgrid
system. In [27], power management strategy for HESS based uninter-
rupted power supply system is presented to reduce the battery stresses
by using SC. [28] demonstrated that HESS lowers the battery cost and
improves the overall system efficiency. In [29], HESS for the electric
vehicle was designed, in which two optimal energy management stra-
tegies based on heuristics and an artificial neural network (ANN) are
proposed. In [30], a rule-based control scheme for integrating a battery
ESS with solar and wind system was proposed. However, the above
methods have drawbacks, such as the requirement for large data storage
and extensive computation. In [31] and [32], a model predictive
controller (MPC) for a hybrid power source was proposed. The drawback
of the method is that it needs more mathematical computation since it is
based on the classical MPC.

Further, in [33-35], the several control methods for HESS were
proposed with similar objectives of reducing battery stress and
improving the life cycles of batteries. In [35], detailed cost analysis and
implementation of HESS were investigated while showing reduced BESS
cost with improved efficiency when SC was considered. [36] detailed an
SC and BESS control to minimize current stresses in the system. The
BESS life enhancement in wind energy systems using an SC using active
current-filtering approach, and field incorporate approach is demon-
strated in [37]. To control and decrease the power discharging flow rate
from the source during rapidly fluctuating load demand, a HESS-based
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strategy is detailed in [33]. An adaptive charge and discharge rate
limit regulation for BESS is proposed in [38], as well as presented an
adaptive rate-limit approach for batteries designed to protect main
power supply during rapid load transient conditions. Energy manage-
ment strategies (EMS) for reducing pulse load demand in a microgrid
system are proposed in [39]. An asymmetric regression method was
used to generate theoretical techniques, and a fuzzy inference system
strategy was used to control the pulse load demand. But this method did
not take into account BESS’s discharge (or) charge rate limitations when
regulating pulse workloads. In [40], an effective energy management
strategy for HESS with multiple operating modes was developed. In
[41], a sliding mode technique (SMT) was proposed for DC link voltage
management and adaptive power sharing in HESS-based DC microgrids.
This approach efficiently minimizes battery stress through diverting
uncompensated BESS current to its supercapacitor device. [42] pro-
posed an energy management strategy for a PV with HESS. In this, the
EMS selects the operating condition of three main sources depending on
the conditions and calculates the reference power for each source. In
[43], a renewable grid-connected system was described with the HESS
management method emphasizing high batteries SoC and excess charge
restrictions. A power management system based on model-predictive
study for an SC-battery hybridization in a DC grid scenario was pre-
sented in [44]. The major benefit of this technique is that it provides a
consistent way of designing a control method that ensures that the SC-
battery hybrid operates within specified limitations. The conventional
model predictive method, which is based on a discrete model of such
control schemes and objective functions, is computationally expensive.
In [45], a low-complexity control method for a hybrid BESS-SC DC
power supply was proposed. The main advantage is that it can achieve
performance equivalent to that stated in [44] with lower complexity and
computational burden.

Most HESS control algorithms [46-49] are built on the principle that
batteries must satisfy average power requirements while SCs must
support transient power requirements. To achieve this, the overall
power demand is divided into two components: lower-frequencies
power component (average element) and higher frequencies power
component (transient element). BESS provides the lower frequencies
power element, while SC provides higher frequency power element.
However, many of these controller schemes did not consider BESS’s
discharging and charging rate limit regulation, and pattern during
decomposition. As a consequence, the discharging and charging rate
may exceed the designed power limits of battery, as a result of which
BESS may operate at its maximum rate limitations. This in turn causes
increased stress in BESS, decreasing BESS’s longevity. To control BESS’s
charge/discharge rate limit by using EMS, in [38], the authors used a
linear rate limitation control scheme with rate-limit functionalities that
provide a consistent rate limit. However, this has a poor response time,
and also complicated design for an optimal solution.

To address these issues, an adaptive charge discharge rate limit
regulation with optimization techniques has been developed.

The key contributions of the proposed control schemes are:

To optimize charge/discharge current rates for BESS during transient
conditions.

To ensure battery and SC SoC is within their safe limits.

Optimize the time period in which BESS is discharging and charging
at its lowest possible rate with EMS with the help of SC power density.

A real-time PV system de-rating approach is developed to overcome
deep charging of the battery and SC under light load situations.

Hardware is used to execute the proposed method, which considers
operating circumstances and real-time disturbances.

The rest of the paper is presented as follows. Section 2 details a
system configuration and modeling of HESS. In Section 3 Dynamic
modeling of the standalone system and stability analysis. In Section 4,
the conventional controller to maintain the DC link voltage using BESS
and SC is discussed. Section 5 discusses the proposed optimal energy
management strategy. Section 6 validates the efficacy of the proposed
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method in using simulation case studies. Section 7 presents the experi-
mental validation of the proposed strategy. Finally, the conclusions of
the paper are detailed in Section 9.

2. System configurations and control

A DC standalone consists of a photovoltaic (PV) system, a battery
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3.8A. The PV array is formed by connecting 3 modules in series and
one such row in parallel. The standard temperature and irradiance are
considered to be 25°C and 1000W /m?. Solar PV systems [51] are usually
expected to operate at MPP. However, in the standalone DC standalone
systems, the PV system is expected to operate either in MPPT mode or
off-MPPT (de-rated) mode, based on load. For PV MPPT operation, the
conventional perturb-and-observe MPPT [52] is used to track the

Isc =

energy storage system (BESS), a super-capacitor (SC), and power elec-
tronic converters as shown in Fig. 1. The PV system is the major energy
resource that is designed to meet the maximum load demand in the
system during day time. A boost converter is used to control the PV
output power (mostly to track the maximum power point) and feed net
output power into the network. HESS is linked to a common DC bus
through an individual DC-DC bi-directional converter for each storage
source. HESS is utilized to regulate the DC voltage (V) at the common
DC link while supplying power to meet any imbalances between gen-
eration and load. The DC-DC bi-directional converter has two operating
modes. 1) charging mode if the power generation is greater than the load
demand, and 2) discharging mode if generation is less than the load
requirement. The HESS detailed here is capable of fulfilling average
power requirements for a long time, and can fulfill the transient power
variations for short duration.

In Fig. 1, Vpy, Viar, and V. are the terminal voltages, iy, b, isc, and
ipqa indicate currents, Lyy, Lpqr, and Ly are inductor variables, respec-
tively. The resistance R represents the dc load. SW;, SWy, SW3, SW,4, and
SWs are the controllable switches used in DC-DC power converters. The
DC-link voltage is denoted by symbol V.. The converters of the solar PV
systems, BESS, and SC sources are controlled with their respective local
controllers as per the commands provided by the proposed energy
management strategy (EMS).

2.1. Solar photovoltaic (PV) system

The PV array is modelled using the equations given in [50]. Each
module is capable of producing power of 80.18W/m? at V. = 21.1V and

maximum power point by taking V,, and I, as inputs. For off-MPPT
mode, the operating point of the PV system is shifted to the right side
of the MPP (as shown in Fig. 2) which curbs PV output power to meet
energy balance requirements in the system. This is achieved by varying
the boost converter duty cycle (D) using conditional logic (1).

Short circuit

‘ / current Pypp
LW » MPPT
IMl’P ‘
Off-MPPT
____________________ - ~ =™ (De-rate)
I-V Curve —
< BB > B g
= )
s Z
= [~
&)
P-V Curve Open circuit
voltage
e
Voltage (V) MPP Voc

Fig. 2. Solar P-V and V-I characteristics.
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DY + ADyy,  ifPpy — Pioag < 0

Dy, = { DO — AD,,, elseifPy, — Pioya > 0 (@))

pv

D;lvd otherwise

The PV systems are operating on the right side of MPP in off-MPPT,
the difference in PV voltage V,, is low, guaranteeing stable voltage
operation in the nanogrid. In general, during a normal operation,
whenever the batterySoC < SoC,., the PV system works in MPPT mode,
obtaining maximum power possible. When SoC > SoC,., it signifies
Off-MPPT operation, decreasing PV output power to prevent deep
charging of the battery, as shown in Fig. 3.

2.1.1. Design process of PV system

The solar radiation availability, its allowance area, and the PV
module efficiency all affect how much electricity solar PV systems can
produce [53]. A PV device’s hourly output of electrical power may be
calculated as

va = Apv X Ht(AV)X r],,v (2)

where Pp,is the hourly electrical power generated, H,y) is the place’s
daily hour solar irradiance, nyy is the PV panels’ efficacy, and Ay, is the
zone of the PV panel. The size of the PV panels required to satisfy a
specific load requirements is provided as
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E,
A, = 3
i Hiay) XNy, X Nyo xArer

where EL is the expected overall energy requirement, n, is the efficacy
of the BESS and Ay, is the temperature adjustment factor. This variable
corrects for the testing circumstances and takes into account the
reduction in cell voltage caused by temperature. In this work, the value
is estimated to be 0.8. The amount of PV panels (P,) required to provide
the required power may be estimated using

P,

P Vpeuk (4)

"],w =

where the terms n,, and PVjrefer to the quantity of PV panels and
their individual peak powers, respectively. The International Institute of
Tropical Agriculture in Ibadan provided the solar irradiance employed
in this paper’s modeling. Table 3 presents the PV module’s specifica-
tions, which were employed in this study.

2.2. Battery energy storage system (BESS)

A 12V, 120 Ah lead-acid BESS is considered for nanogrid operation.
The battery model is changed to suit the data sheet parameters provided
in the manufacturer’s catalog [54]. The battery is critical to the effec-
tiveness of HESS because it supplies consistent power to the DC link. The
mathematical formulation of a lead-acid battery bank is adapted from

ol old old old
{ Initialize DoV J

i

[ Read Vi, Ly, Sp, Pload }

v

pv pv

Calculate P,=V,I

AP =P —P"

pv 2

old __ yyold yold
P =V

pv— pv? pv pv

old
AV, =V, =V

Assign D;lud =D

pvo

old old
V = V I = I NO

U pv2T pu pv

va‘Ploa,d >0

(Off-MPPT)

pv pv

(D,,= Dy =AD| D, = Dyl +A

D)

v |

<

No

No

Yes

Yes

No

pv v pv

D, =Dy +AD| (D, =Dy ~AD| (D, =D ~AD|[D,, = D} ~AD|

pv pv

v v

v v

Fig. 3. Flow chart of P&O MPPT for PV system.
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[55], as illustrated in Fig. 4. Battery functioning is dependent on SoC of
battery bank, and BESS SoC variations are very slower than SC. SoC was
maintained between 20 % and 80 % for the safety of the HESS. The BESS
model equations are presented in Egs. (5), (6), and (7) [56-57].

0 .
Ep = E, — Km (barr(£) + iy + Exp(2)) (5)
Viarr = Epan — tpanRban (6)
Exp(t) = B.|i(1)|.( — Exp(r) + A.u(7) ) )

where i,y = BESS current (A), i,,, = filtered BESS current (A), Exp
denotes BESS’s exponentially zone voltage (V), and Q = BESS capacity
(Ah), iy = actual BESS charge. A = exponential voltage (V), B =
exponential capacity Ah~!, Ry, = BESS internal resistance (Q), Epq =
Energy released by BESS (W).

2.2.1. Design process of BESS

Considering the voltage level (V;), the BESS’s depth of discharge
(DoD), and its efficacy, the total capacity of such BESS (Wh) required for
a certain application may be computed [53] as follows:

D[[XE L

Ap=——"-—"7-—""
NpauX DoD x V

(8

pv

wherein Dy is the total number of autonomous days. The system’s
needed battery count may be calculated using

C al
Npan = C]:xg” (9)

where Cy, is the storage capacity of a single battery in Ah. The param-
eters of the battery as utilized in this paper is furnished in Table 3.

2.3. Super-capacitor (SC) energy storage system

Under the changing loads need greater instantaneous power, having
a single energy supply for such purposes would lead to thermal as well as
power quality difficulties used the SC. Most of these difficulties are
mitigated and improve stability by including SC. In this approach,
changing loads are established by connecting various power loads in
parallel via regulated switches. The supercapacitor (SC) serves as a link
between the conventional capacitor and also BESS. SC is well suited for
transitory applications because to its quick response time and capaci-
tance of a few hundred farad. For SC evaluation, the SC modeling pro-
vided in math works [58-59] is employed. The SC numerical analysis is
a hybrid of Helmholtz and Gouy—Chapman models as shown in Fig. 5.
Egs. (10), (11) and (12). provide the formula for SC inner voltage with
SoC. The maximal amount of energy that may be stored in SC is given by.

The amount of energy saved by SC at every particular time, E(t) is
given by:

1
Rypait m,

AAA Py

Wy  d

Exp +

ik Ebatt E I
L batt :+ Controlled
Calculator -> Voltage Vit

Q=it Source

Fig. 4. Mathematical model of lead acid battery [39].
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v |

Qr ! V1 :4_ Controlled

Calculator ~ Voltage Ve
Source J

Fig. 5. Mathematical model of super-capacitor [44].

1
=_C,V?

2 se.max

Ejcmax (10)

1
B =56 V2 (1) an

The following are the relationships between SC’s energies and SoC:

E;. (l )

SoC,. =
Esmax

12

As aresult, the SoC of SC depicts the fluctuations in energy over time.

As aresult, SoC is provided in the form of charge, as seen in Eq. (8) [62],
l .
int — t)dt
S0C, = Q=i a3
Or

Here, Qr is the total charge stored by internal SC (Coulomb).

One of the goals of this paper is to determine the right combination of
system components that will have the minimum life cycle cost and meet
the power demand requirement.

2.3.1. Design process of supercapacitor

When switched on, supercapacitors may be employed to supply the
higher current needed by induction machines since they are high-
density power storage systems [53]. Due to their low energy density,
they can’t be employed by themselves for this application. Hence, they
are compatible with BESSs. Although SCs typically has low voltage, they
must be linked in series when used in applications where the voltage
level is higher than that of a single capacitor. The SC is linked in parallel
to enhance the amount of energy that may be stored. The total capaci-
tance (C) of any combination of supercapacitors in series and in parallel
is given as

c="c, (14)
m

where m refers to the amount of SCs operating in parallel and n refers to
the amount of SCs operating in series. Each supercapacitor has a
capacitance of Cy. The SC’s maximum potential energy output in Joule is
stated as

0, =05Cx (V2,..— V2

scmax s(‘min)

(15)

where Vimax and Viminstand for the SC’s maximum and minimum
voltages, accordingly. Using the formula 1 J = 2.78 x 1077 kWh, the
energy supplied by the SC may be translated to kWh. Table 3 below
provides the SC parameter utilized in this study.

2.4. Cost analysis of PV/battery and supercapacitor

In the simulation test system, the daily residential average load is
considered to be around 240 W, with the peak load being around
Pioadmax = 610 W. The daily energy load demand is Ej,qq = 210W*24h =
5.04kWh.
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To meet this load demand, the installed capacity of PV and batteries
is calculated, as given in [53], which comes up to P,, = 205W and
Epaitery = 7200VAh. But additionally, if a supercapacitor is used along
with PV and Battery system, the net required installed capacities of each
component is Py, = 205W, Epqer, = 5760VAh and Cyc = 99F (at Vs =
24V).

To give a complete economic analysis, three cost components are
considered: the initial cost, the cost of repairs at current value, and the
expense of use and service [53].

2.4.1. Initial cost

The initial investment expense incurred while purchasing parts of the
system for the very first time is known as the “startup cost.” The price of
this device upon launch is listed as

Cinis = Cpu(inity + Coan(inity + Cac(inir) (16)
where Cpyiniy) is the PV modules’ starting cost, Cpau(iniry is the initial

amount of the BESSs, and Cypny) is the initial amount of the SCs
(Table 3).

System PV (Cpy(inir)) Battery Supercapacitor Total

component (80 INR/W) (Chas(init)) (Coc(init)) (Cinit)

Unit cost 19,200 63,860 0 83,060
(INR)

Unit cost 19,200 52,000 31,200 102,400
(INR)

2.4.2. Present value replacement cost

The cost of repairing system components as they approach the limit
of their service life is considered in the current value purchase price of
such components. Inflation and rate of interest, which might affect the
system’s current value, are considered in this cost as well. The formula
for calculating the cost of repairs (Crp) is

Nrep v
Crop = CunitCuom le Ll%;] W71 a7
where f, is the inflation rate of the replacing unit, kd is the rate of in-
terest of the replaced element, Ni is the couple of year, and Cpm is the
value of a system component. Utilising the Schiffer balanced Ah capacity
model, the effect BESS life by using SC. By taking into consideration the
corrosive loss (C.) and (Cy,) of the BESS materials, this method com-
putes the BESS’s lifespan. When a BESS’s capacity (C,) is <80 % of its
rated capacity (Cp), it is said to have achieved the end of its useful life.
The BESS’s remaining capacity may be calculated as

Cr = C[] - CL' - Cdeg (18)

where is C; and Cy, are calculated as given in [59-60],

Fig. 6 shows the remaining battery capacity with and without the
supercapacitor. It is evident that the replacement of the battery takes
carried out with 3.5 years when the battery alone is used in the system,
whereas if the super capacitor is used, then battery life time is increased
by almost 2 more years. Thus reducing the replacement cost Crep.

2.4.3. Present value of operation and maintenance cost:
This cost includes the price of running and maintaining every
element of the device over the duration of the device. It is provided as

1 +f;7 B 1 +‘f‘0 n
Cloamo {T—«—KJ {1 (1+K4) ] a £ (19)

ka # fi

C()&m =

Clogmpo X 1t

where Cogm), represents the initial operating costs and maintenance, f;
represents the inflation rate for these costs, and n represents the lifespan
in years.

It should be noted that the operation of a supercapacitor requires the
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Fig. 6. Battery Life time comparison without and with supercapacitor.
bare minimum cost, as there are no dynamic or moving components.

2.4.4. Life cycle cost

The life cycle cost (LCC) includes the initial capital cost of the system,
the present value replacement cost of the system component throughout
the system’s lifetime, and the present value of operation and mainte-
nance cost throughout the system’s lifetime. Hence, the life cycle cost is
given as

LCC = Cinit + Cerep + Cogem (20)

Although the initial cost of the PV with HESS (INR 102,400) is large
when compared to the PV with BESS (83,060), with the inclusion of
replacement and maintenance costs, the PV with BESS has become
expensive after 6 years, as observed in Fig. 6. Here, in our case study, the
life of a supercapacitor is pessimistically considered to be 10 years, even
though many datasheets claim to have a 10-15-year life span. The
comparison in Fig. 7 shows that PV with HESS is less expensive in the
long horizon with the selected design specifications and control strategy.
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Fig. 7. Total cost incurred in the system life time of 20 years.
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2.5. HESS supported RES configuration

The HESS arrangement that is most frequently utilized to achieve
individual control over both the BESS and the SC is seen in Fig. 8. The
element ESSs under this actively parallel arrangement of the HESS might
interchange energy, for instance, the BESS can store the SC ESS or
conversely. PV serves as the primary power supply for such DC nanogrid
and is coupled with a BESS and a SC. The MPP tracking and DC grid
interface of PV are done using the DC-DC converter. The PV supply used
in this study has an MPP of 80.18 W/m? at 21.1 V and 3.8 A, with a solar
irradiation of 1000 W/m? and a module temperature of 25 °C. It is
possible to correct the mismatch between source power with load power
using the HESS device, which includes a BESS-SC bank. To link HESS to
DC nanogrid, a two-input, four-switch H-bridge DC-DC bidirectional
converter is employed. HESS discharge and charge are regulated by the
two - input bidirectional DC-DC converter. HESS manages the excess or
deficiency power at the predetermined reference of DC grid voltage now
at location of discrepancy among source power with load power.

2.5.1. Operation of microgrid with HESS

In this part, the functioning of the nanogrid with HESS is described,
and the two-input DC-DC bidirectional converter is utilized to regulate
HESS (battery management). As shown in Fig. 8, the system consists of
four switching devices arranged in an H-bridge configuration. With this
converter design, the battery voltage is chosen to be lower than the DC
utility grid but more than the SC voltage. The BESS and SC legs are
linked, accordingly, to higher - frequency inductance Ly, and L. The
following sections discuss several types of operations.

Voc>Ve>V
PV Array L pc” VB~ Vsc

T

t
Vp
oy mﬁa s\
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2.5.1.1. HESS charging mode. When produced PV power exceeding the
necessary load or even when load reduces, there is extra power as in DC
nanogrid, which causes the DC grid level voltage to rise. The extra power
will be used to charge the SC and BESSs, balancing the DC nanogrid. As a
result, electricity from the DC grid is sent to the HESS in this state. As
indicated in Fig. 9, the DC-DC converter operations in this state can be
split up into two time periods. Switches Spat2 and S are actuated with
a duty ratio throughout the time period Ty, charge the inductance Lyq,;
and L, with respective sources Vpq: and Vsc. As shown in Fig. 10, current
rises with a profile of (Vpc — Vpau)/Lpar and (Vpc — Vsc)/Lsc, accord-
ingly. After this time (during T>), two switch devices are switched off,
allowingi;p and irs to freely go via Dpar1 and Dgeg, accordingly.

Viarr = dpan-Ve 21
Vse = dsc.Vpe (22)

where dpr and dgsc are now the duty cycles, respectively. Energy is
transferred from the DC grid to the HESS. More potential exists for the
DC grid network than for the HESS. The bidirectional converter is then
used in buck mode to recharge a HESS.

2.5.1.2. Discharging mode of HESS. DC nanogrid voltage drops when PV
generating power reduces owing to decreased irradiance or when de-
mand exceeds PV generating capacity. Power needs to be provided by
HESS for this period of time. Under this state, electricity is transferred
from the HESS to the DC grid by appropriately managing the Spa; and
Ssc1 devices. As shown in Fig. 9, when switch Spa1 and Sg; are
controlled during each time period T3, inductors (Lpe: and Lg) accu-
mulate energy mostly in reverse way, and reversal current flow (ippatt

HESS Converter

Boost converter

> >

—>
batt

Fig. 9. Equivalent circuit of bidirectional DC-DC converter for charging and discharging mode.
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Fig. 10. Steady state waveforms for HESS charging discharging mode.

and ips.) grow with a gradient of Vyq/Lpar and Vsc/Ls., accordingly. The
power flows through HESS to the DC grid in the directions shown in
Fig. 10 after its timespan T3 (during timespan T4) as the total of the BESS
and inductance voltages surpasses the DC grid voltage.

Ve = 23
be 1 - dlnm ( )
Vsc
= 2.
Voo = =5 24)

Since the switch Spatt1, Spatt2, Ssc1, and Ssco are operated in a com-
plementary manner. There is just a single gate circuit needed for each
switching leg.

2.6. Calculate the converter efficiency

The power efficiency of the system is dependent on power electronic
converter losses, which are used in the PV and HESS systems. The power
efficiency of the standalone system is calculated from the net power loss
of individual converters. The power efficiency of the PV boost converter.

vy Ve

PV __ "PVo c

Ny =-——— (25)
Ly Vpy

Similarly, the power efficiency of the bi-directional converter used
for BESS and SC are 75%%, 5, which is calculated as

ibarty "V,

batt batty *Vde

= (26)
Upatt *Vbart
[

SC sco “Vde

M =——— 27)
IscVsc

The total power loss in the standalone system is calculated as
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Pioss = (imVpy — fowy Vae) + (inarrVoarr — iparyVae) + (iscVsc — isey Ve ) - (28)

However, the efficiency that the authors claimed in the manuscript is
referred to as “energy efficiency,” which depends on the charge and
discharge cycles of the BESS and SC [61].

The energy efficiency of the storage device is defined as

energy (Wh) discharged

Menergy = energy (Wh) required for complete charge

In practice the lead acid battery has %%, = 70 — 85% whereas the

supercapacitor has an efficiency of 75y, = 85— 98%.
For our considered system, the battery efficiency was obtained

nearly, ng;‘:é,gy ~ 79.4%, and for supercapacitor efficiency was around

ngfergy ~ 92.3% for one complete charge-discharge cycle.
3. Dynamic modeling of the standalone system

In this section, the complete small signal modeling (SSM) of the
standalone microgrid is developed. As the switching ripples of the state
variables are equal to zero over one switching period of the power
converters for both PV and HESS, the small signal averaged model is
considered to assume continuous conduction mode. Moreover, the
nonlinearities caused by the averaging procedure are eliminated before
linearizing the small signal dynamic model.

Small-signal analysis: determining the dynamic behavior of a DC-DC
converter is essential for the development of the regulation [62]. The
resultant LTI model for small signals allows for the use of all common
circuit analysis methods. In order to describe the time-domain dynamics
in the case of small-signal activation, a continuous variant-time small
signal design has been developed. The frequency-spectral (s-domain)
small-signal concept is then created by changing the time-spectral small-
signal model. The power stage dynamical transfer functions are gener-
ated by this transformation, which is necessary for the stability design.

3.1. DC-DC bidirectional converter

The DC-DC bidirectional converter combines boost and buck con-
versions, with the EMS choosing the proper mode. With such a con-
verter, the BESS and SC are discharged and charged, with the current
control system determining the appropriate duty cycles, or d; and dy, of
the switches S; and S,, accordingly. In the follow-up, a thorough small-
signal design is provided for the instance of the boost and buck operating
modes.

3.2. Boost-mode operation

The boost-mode is applied for the discharging procedure of the
storage (battery or supercapacitor). Fig. 11(a) shows the circuit of the
boost-mode operation of the converter, where the direction of the
inductor current is from the lower voltage side to the higher voltage side.
The averaged large signal inductor current, i;, and the DC-bus output
voltage, V4, in a continuous conduction mode (CCM) of operation can be
found using the equations below.

dip 1 dvae 1

o =W (=diva ), — == E((1=di)iL —ia ) (29)
L diode I ! I [V]:"ﬂ !
I l.\. dc de L b
Jr_m; ot < r»—d“ T
Sl
Vi S| c== R Va Vi A& diode = R Vo

Fig. 11. Circuit of the DC-DC bidirectional converter in (a) boost-mode and (b)
buck-mode operation.
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p, p
Vdc
HSC
Hy

Fig. 12. Block diagram of SC controller.
where L is the inductance of the converter, C is the capacitance of the
converter, v, is the input voltage (i.e., battery voltage) and iy is the TL(S) 2Vie 1+ s%
output current of the converter. Thus, the input voltage and the duty Gi(s) = g( 5) = RDIZ 1 +s—L5 + s2€ (38)

RD,~ D

cycle (vp(t), di(t)) can be represented by the sum of their quiescent
values (Vj, D1) and small variations in time (Vj(t) ,31 (t)).

v (t) = Vi + (1), di (1) = Dy + dy (1). (30)
ige(t) = Ly Jr?d(-(t), Vae(t) = Ve + Ve (1), i (1) =1, +?L(t) (€3]

Thus, equations in (29) can be linearized by expanding and sepa-
rating the steady-state terms and small-signal terms.

dip diy (1 ) - ~ . IS
L&%+Zp):MfQWJHW®+m%@*QWﬂ”+M®%m
(32)
dvae | dVa(t ‘ ¢ e - NG
c(g ‘Q”):mmfa»uaum—mmoﬂﬁm+vummo»
(33)
where D; = 1— Ds.
din()
In state space form : |—4—
duge(1)
dt
[jl 1 Vae ~
O “Tlrao1 |z T |[%W
= — + iac(1)
b, 1 Ugc () 0 1L 21(1)
C RC c
34)

The state vector X(t), input vector u(t) and output vector y(t) are
defined by Eq. (35) below.

~ Uy (1) -
g {m,(r)]’ ® [51 8 } 2 [YL(t) } @35
The above vectors in state-space equation form are written as
%(r) = AZR(1) + Bii(1),5(t) = Cx(t) + Dii(r) (36)

The next step is the conversion of the time-domain small signal
model into a frequency-domain (s-domain) small-signal model. Taking

Laplace transforms (with zero initial conditions) in Eq. (36), yields:
%(s) = (sI —A)"'Bii(s),5(s) = C (sI — A)"'Bii(s) (37)

The last step is to export the small-signal transfer functions of the
boost converter.

3.3. Buck-mode operation

The buck-mode is operated for the charging process of the storage.
Fig. 11(b) presents the circuit of the buck-mode converter. In contrast to
the boost-mode operation, the inductor current flows from the higher
voltage side to the lower voltage side [58]. The averaged large signal
inductor current, i;, and the output battery voltage, v, are calculated by
Eq. (39), respectively, and describe the buck-mode operation in a CCM

of the converter.
dVb o 1 ( Vb)
dar  c\'"""R)’

di, 1
Thus, equations in (39) can be linearized by expanding and sepa-

i —— 39
d L (39)
rating the steady-state terms and small-signal terms.

(Vdch - Vb)-,

dip dif(t)\ ~
L(E—&- p ) =(VaeDy — vy )+ ( Ve da(2) (40)
+ D2 Vact) = V(1) + Puc(1) da (1))
dv, dv,(t \% . t
c(dvt’+ V[’h()> = (1L7%>+<1L(t)fwlg)) (41)
In state space form : |—%
dv,;l(z)
o 11 Dy Val,..
_ L |:/1\L(t):| + T L |:‘/)\dc(t):| (42)
[N I C0) A | P
C RC

The state vector X(t), input vector 4(t) and output vector y(t) are
defined by Eq. (43)

0= i - [ 5o ]

As before, the last step is to determine the required small signal
transfer function of the buck converter using Laplace transforms. The
above vectors in state-space equation form are written as

(43)

1+ sRC
1+ sk+s2LC

Vi
Gi(s) = =—

2(5) "~ RD, “9

10
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Fig. 13. Bode plot of current control loop of SC.

3.4. Design of controllers and stability analysis

As per [63], the storing and discharging functions of a dc-dc bidi-
rectional converter have similar converter transfer functions; hence, a
unified controller is acceptable. The unified controller concept implies
that both switches are operated in a complementary manner by a unique
controller. The boost configuration is chosen in this study for such
purpose of building the control strategy.

While SC has quicker charge/discharge cycles than batteries, these PI
control strategies are optimised depending upon that SC output power
stage. To eliminate harmonics, the current control loop spectrum or
bandwidth (BW) of SC is restricted to fSTW, wherein fsw seems to be the
frequency of the switching. To redirect the quick changing transitory
towards SC, the BESS current loop BW or spectrum is kept lower than by
the SC of the current BW, is about fls—‘g. For steady performance, the
converting BW has kept considerably lower than that of the SC’s right-
side half-axis zero frequencies. The right-side half axis zero frequency
was computed using

(1-D,)’R

2L 4%

fRHPZ =

Because the voltage circle is slower than even the current circle, the
BW of the voltage circle is kept lower than even the BW within the
current circle of SC. This study considers a switching frequency of 10
kHz.

3.4.1. The current control circle of the SC designed

The schematic diagram of such an SC controller is shown in Fig. 12.
The voltage control circle generates SC reference signal, i.e. (Iyf). The
current control circle is fed reference current. The controller-to-inductor
transfer process is as follows:

Ise Vdc Cs +2 %

be (46)
d,, LCq +I;R“+(1 _Dsc)

Gi_s =

2

Which Ysc and Esc represent slight fluctuations in the SC converter’s
the SC a current, duty level, respectively.

The transfer function of such current control circle compensator is
defined by

ki_SC

Gyis =K, sc +T (47)

The open-circle transfer function about the current controlled circle
is defined by
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Fig. 15. Block diagram of current controller of battery.

Gor_s = Gpi_scGia_scHye- (48)

Table 3 shows the nominal specifications of such an SC bidirectional
DC-DC converter under consideration for experimental research. Fig. 13
illustrates the Bode curve of its transfer function of the open-loop and
these nominal specifications. The SISO application in Matlab simulation
is used to develop and fine-tune the control settings. The computed
parameters are as follows: kp - = 0.34 and Ki_sc = 2021.

3.4.2. The voltage control circle of the HESS was designed
The Current of the inductor to output level voltage transfer function
has been seen below.

_Ypc _ R(l DSC)(I R(I*l;sa)zs)

G iy — ~
T 2 + RCs

(49

In which ic and v, are slight changes in the SC dc-dc converter’s
current of the input and output voltage. The transfer function of such
voltage control circle compensator is defined by

ki_y
N

Giv=K, v+ (50)

The open-circle transfer function about the voltage-controlled circle
is defined by

Go_v = Gpi,GeiscGhivHy. (51)
where
.sc G, i, Gi LS
G, = Le _ _ Gpiscbiasc (52)
die 1+ Gpisc.Gigsc-Hse

Fig. 14 illustrates the Bode curve of its transfer function of the open-
loop and these with and without compensation. The PI controller
method is designed to accomplish a PM of 60 among 3 krad/s. The
corresponding parameters seem to be Kp,;, = 1.62 and K;y = 674. PI
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Fig. 17. Conventional PI control diagram.

controller is designed to achieve a PM of 60° at 3 krad/s.

3.4.3. Design of current control loop of battery
Fig. 15 represents a schematic of such a current control scheme. The
control system to inductor of the transfer function has been seen below.

ibatt _ Vdccs + 2%
dyar Ly Cs + 285 + (1 — Dyury)*

(53)

Gid.hzm =

In which iy, and &bm represent slight fluctuations in the SC con-
verter’s the SC current, duty level, respectively.

The transfer function of such current control circle compensator is
defined by

ki,ban

Gpi,burr = Kp.barr + (54)

The open-circle transfer function about the current controlled circle
is defined by

Gol,ba// = Gpi./,(,,, G[d_banH batt - (55)

Fig. 16 illustrates the Bode curve of its transfer function of the open-
loop and these nominal specifications.

The PI controller method is designed to accomplish a PM of 60
among 6.28 krad/s. The corresponding parameter seem to be K}, pqr =
0.22 and Ki pqy = 800.

4. Conventional control strategy

The control strategy maintains DC link voltage (V) at a reference
value (Vgerer). In this case, fluctuations in load power (Ppqq), and gen-
eration of (Ppy) are reflected on Vy; the voltage error is passed through
PI controller of battery to maintain voltage. Adjust for load power (Pyq)
is provided by HESS. The overall power (Py;) is split into high-
frequency potions and low-frequency portions; lower frequencies part
is provided to BESS converter as (Pbamf); meanwhile, the high fre-
quencies part is provided to SC as (Pyef).

BESS and/or SC provide imbalance in generation and load require-
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Fig. 18. BESS and SC respond to increased load requirements.

ment (APj,q4) at any moment in time using the controller (Fig. 17), as
indicated in Eq. (56).

APy = APy, — APppuq = Ppan + Pye (56)
where Py, represents the amount of power provided by BESS, and P,
denotes power provided by SC. As a result, the factor of (APgg) is
constituted of high-frequency element fulfilled by SC and also the lower
frequency element attained by BESS. The need for a low pass filter en-
ables a low-frequency element, which seems to be the deficit reference
power, to be obtained using the equation provided by (57).

AP :fLPF(APd[[f) (57)

where fipr signifies the low-pass filter’s transfer function. A charge/
discharge time limit is provided for BESS’s reference power [44], which
is given by:

Pparer = fror(AP") (58)

The SC’s function is to provide uncompensated required power from
BESS. As a result, SC’s reference power value becomes:

P.scn'f = Pmm[ - Pbaszf (59)

The reference value (Psmf) is compared with the actual value (P),
and thus the standard error is passed to the PI controller, which produces
the duty cycle Dy, towards the PWM control signaling of SC converter
switches (SWsand SWs).

Fig. 18 displays the graph of Py, + Py, response while separating the
high frequency and low-frequency component changes in (APjyq). The
region under each curve, i.e., the Py + Py, curve, represents the amount
of energy delivered by SC & BESS respectively, the energy released by
BESS is calculated as

t 1
Epi = / P},,,“dt = / Vballlballdt
0 0

where Vpar, Ipaw, and Ppg; denote BESS voltage, current, and power.
Based on energy levels, the SoC in the battery rises, falls, or remains
unchanged. The battery’s bank % of SoC is expressed as [64].

1
%SoC = (1 7§/Iba,,dt> *100

Here, Q is the battery capacity. When I, is positive, it represents
battery discharging, while negative represents battery charging. Because
energy as well as SoC;, are factors of .., BESS SoC may be shown in the
form of energy.

(60)

(61)

S()C = f(Ebutt) (62)

As a result, SoC is determined by the amount of energy stored in/
discharged from the BESS, and the battery’s power flow is performed to
match the specific power requirement.
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5. Proposed control strategy

In this approach, during the transient interval, the power path of
BESS is fully dependent on PI variables, the error supplied to the PI
controller, and LPF. The power path is non-linear generally as shown in
Fig. 18. To explain the influence of power curve on BESS, we assume that
the maximum discharge rate specified by the designer is (4,,,,) and the
BESS response to changes in load requirement is linear instead of
nonlinear.

Fig. 19 displays three different power curves adopted by BESS to
fulfill the change in (APdiff) load requirement. Curve-1, in Fig. 19(a),
delivers the load requirement at zero a discharge rate of till t,, then it
drains at the discharging rate (yi,,,); curve-2 is designed to deliver the
load requirement at a linear rate = (APgy/T). Similarly, curve-3
initially delivers the load requirements at a higher discharge rate
(Mmax)> and then delivers the load at zero flow rates after fulfilling the
necessary load requirements. From the curves, curve-2 provides the
lowest discharge rate while fulfilling the load requirements. Here, curve-
1 and curve-3 discharge at maximum rate. So, all non-linear power
curves are produced by using PI controller between curve-1 and curve-3
under load demand (APgy) and settling time (T). Fig. 19(b) shows the
energy supplied by the battery under these power curves. It explains
that, for a given load requirement and settling time, the power provided
by these curves is provided in the order listed: curve — 1 < curve — 2 <
curve — 3. curve-3 discharges at a higher energy rate than other two
curves, which is undesirable. However, curve-2 produces higher energy
with a lower discharge flow rate, while curve-1 provides lower energy
with a higher discharge rate. As a result, a trade-off scenario should
occur between both the discharge flow rate as well as energy discharged.
As a function, curves 1 and 2 are taken into account to develop the
energy management operating strategy to optimize battery energy
management strategy with a fixed time duration (Fig. 20).

5.1. Energy management strategy (EMS)

The basic requirement of optimal battery management is a compo-
nent of disturbance to BESS and disturbance to SC. Using Meta-heuristic
Jaya algorithm with fixed time SC operation an optimal BESS system has
been developed to provide reference to traditional PI controller. To
develop the proposed battery energy management system, it is assumed
that:

The BESS system’s maximum allowable charge/discharge ratio is

Hmax-

Vv dcref Protal
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e The positive direction shows that BESS is being discharged, while the
negative orientation shows that BESS is being charged.

e The SC maintains a balance between load requirement and BESS
power, Py (t) = APgys(t) — Ppax(t),

e The standard powers are accurately tracked by power converter.

e During the operating condition, the SC’s SoC maintains within
limitations.

The EMS generated using the Meta-heuristic Jaya algorithm with a
fixed flow rate limit is as shown in Fig. 21 by adding a new power curve
as an opt-curve, with a flexible flow rate limit (¢, and p,), within curve-
1 and curve-2.

Curve-1’s power is defined as follows:

0, for0 <t <1,

Pl (t) N {”max (T - tl‘)’ fOI‘[M <t<T (63)

where, T denotes the settling time, and
AP, i

=T——2 (64)
.umax

curve-2’s functionality is defined as

Po(t) = pyt 65)

where

_ APy
Hiin = T (66)

For any change load condition, BESS operation is used to study the
battery and SC operation. The same can be extended for load decrease.
Curve-1 performs the AEC pathway with a fixed flow rate limit of y,,,,.,
curve-2 takes the AC pathway with a fixed flow rate limit of y;;,, while
opt-curve employs the AFC pathway with a fixed flow rate limit of y; and
U,. The fixed flow rate limits y; and u, are defined as follows:

bmz(t)

ﬂl_T

(67)

Portrait-1:PTR o,
Portrait-2:PR -~
Portrait-opt:PUR ad

APy ———>
c
4

Fig. 21. Proposed method rate-limit control for the BESS.
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Fig. 20. A Diagram of a proposed control method.
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Fig. 22. Proposed system for energy management.

Hy = P%Z(I) (68)

Pye(t) = APy () = Pran (1), (69

h=T-t, (70)
The span of such rate limitations is given as

0 <y <y, 71)

Hiin < My < gy (72)

opt-curve provides the following power:

Pop () = {Z;EtT)y— fn), ?2;?1 <<tt§§t]T 73)
The energy saved by certain curve-1 is given by:

E, = Areaof AEBC = % (T — 1,) AP 74
The energy saved by certain curve-2 is:

E, = Areaof AABC = %TAP,;W (75)
Likewise, the energy saved by opt-curves is:

E,, = AreaofABCFA (76)

= Areaof AADF + FDBGF + AFGC (77)

= Eopit + Eopr + Egpi3 (78)

I N 79)

2 2 24,
Eya = goPuc = ool = 5;2 (80)
Eopiz = P = ity = PoanPse (81)

2

The proposed control strategy is aimed to satisfy the three optimum
requirements listed below

e During a transitory period, the BESS is stored/discharged (Eopt) is
optimised.

e The maximum discharge/charge rate (u,) has been optimised.

e The period (t;) during which the battery discharges/charges at its
maximum flow rate (u,) is optimised.
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The optimum point as presented in Fig. 21 is ‘F’, Epy, is obtained
using the proposed Meta-heuristic minimization of Jaya algorithm given
below.

5.2. Jaya algorithm

Let f(x) be the objective function to determine the values of x; €
{41, Ho, Ppar, Psc} that minimize the value of power [66]. The population
size of 10 (i.e. candidate solutions), for each variable x ¢
{41, Ho, Ppast, Psc } is initialized as shown in flow chart Fig. 23.

P2 P? PyonPye
minf (x) = |52 4 82)
2u (i) 2uy(0)  pa(i)
Subjected to the conditions provided below:
Py + Py = APdijf (83)
P i P\'C
Zhat | s _p (84)
H Hy
AP,
0<y <—4 (85)
T
APy
S S (86)

The initial population of the variables is randomly generated within
their respective upper and lower limits, and correspondingly the
objective function is computed for each population candidate f(x;). As it
is a minimization function, the lowest value of f(x) is considered the best
solution, and the highest value of f(x) is considered the worst solution.
Let the best candidate obtains the best value of f(x) (i.e. f(X)pes) in the
entire candidate solutions and the worst candidate obtains the worst
value of f(x) (i.e. f(xX)worst) in the entire candidate solutions as per the
following Eq. (35).

The variables within the limit having the lowest objective values at
the end of the iteration are maintained and these values become the
input for the next iteration.

5.3. Analysis of energy management strategy (EMS)

An EMS scheme has been proposed to efficiently utilize sources (PV,
BESS, and SC) for supplying the load demand, improve longevity of
BESS, reduce transients and ensure battery within the limits while
regulating DC-link voltage at nominal value, Here, a rule-based
controller scheme is implemented for EMS by considering PV power,
Py, load (Pjeqq), SC, and battery SoC level. The proposed system for EMS
is shown in Fig. 22.

In all operating conditions, Spv represents PV MPPT status that is fed
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Fig. 23. Flow chart for Jaya algorithm.

Rewd £, FyandSoC,, SoC, |

$0C,,, < SOCha/17m|n Yes

Negative change
in power

Positive change in power
H |
€s No,
se = s

]
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Fig. 25. Simulation results of increase in load demand: (a) Conventional method, (b) Proposed method with T = 1 s, (c¢) Proposed method with T = 2's, (d) Proposed

method with T = 3 s.

to the PV local controller (S, = 1), which represents MPPT operation.
(Sp‘, = 0) represents the derating operation. Under normal conditions,
the PV is typically operated at MPP, extracting the maximum available
power. The SC charge/discharge time constant (T) is selected by the
operator, which decides the operational time of SC during the transient
period.

Based on the variation in power generation and load demand, the DC
nanogrid operation can be broadly classified into two different modes of
operation, (1) Positive change in power (APdiff > 0). (2) Negative
change in power (APgy < 0) as shown in Fig. 24.
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5.4. For negative change in power (APgg < 0)

This occurs mainly if generation falls (APpy < 0) or load increases
(APyyqq > 0). Under this condition, the system operation can be classified
into four operating modes as shown in Fig. 24.

Mode 1 - (SoCpqrr < S0Cpay,;,),(S0Csc < S0Ci,,,): In this condition, the
SC and battery SoC are in minimal condition mode. In this condition, PV
is running in MPPT mode and the minimum SoC of battery and SC is
insufficient to meet the load requirement. Under this condition, the load
is shedd depending on generation.

Mode 2 - (SoCpqrr < S0Cpayt,;,),(S0Csc > SoCs,..): In this mode battery,
SoC is the minimum mode, and SC SoC level is more than the minimum
condition, so PV and SC discharge as per load requirement, and the
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battery is in floating mode.

Mode 3 - (SoCpqyt > S0Cpa,,;,)>(S0Csc < S0Cs,.): In this mode, the
battery SoC is greater than the minimum, but SC SoC is minimum. Under
this condition, PV, and battery can supply the load needed as the load
varies, and SC is in floating mode.

Mode 4 - (S0Cpqayt > S0Cpayt,,;,);(S0Csc > SoCy,,.): In this mode, the SC
and battery SoC; are greater than the minimal value; under this situa-
tion, the PV, battery, and SC provide the load demand as per Egs. (22)
and (26).

5.5. For positive change in power (APgg > 0)

This condition arises if there is increase in PV output power,
(APpy > 0), or when the load demand decreases, (AP, < 0). Based on

19

SC and battery SoC level, in the proposed EMS strategies, the system
operation can be classified into four operating modes as shown in
Fig. 24.

Mode 5 - (S0Cpqayt < S0Cpa,,,, ),(S0Csc < SoCy,...): When the battery is
under light load and SC SoC is in maximal mode, As a result, the PV is
running in derating mode, which is equivalent to load demand, while the
battery and SC are in floating mode.

Mode 6 - (S0Cpqyt < S0Cpayt,,,, )(S0Csc > SoCy,,,. ): In this situation, the
battery SoC is in maximum mode and SC SoC is in minimum mode; thus,
the PV operates in MPPT mode to charge SC to the maximum SoC level
and meet the demand; the battery remains in floating mode.

Mode 7 - (SoCpqe > S0Chat,, )>(S0Csc < SoCs,..): In this condition, the
battery SoC is in minimal condition while SC SoC is in maximum con-
dition. Under light loads, the PV can run in MPPT mode to charge the
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Fig. 29. Experimental setup for HESS.

battery and fulfill the load requirement; in this scenario, the SC con-
tinues in floating mode.

Mode 8 - (S0Cpqtt > S0Chat,,,, ),(S0Csc > SoCy,,. ): In this situation, the
battery and SC SoC are in minimal mode under light load conditions, and
the PV is operating in MPPT mode to meet the load requirement and
charge the battery and SC according to Egs. (22) and (26).

6. Discussion of simulation outcomes

The efficacy of the proposed EMS was evaluated by simulating the
DC nano grid system as shown in Fig. 1 in MATLAB/Simulink. The
specifications of the PV systems, BESS, and SC, along with their
respective converter and control parameters used in simulation studies,
are detailed in Table 3. The PV generates a maximum output power (Pp,
= 205W), and BESS is controlled using the cascaded control loop
method to regulate DC link voltage. In this, the inner current controller
is tuned using the pole-zero placement approach and the outer voltage
controller is tuned using the symmetrical optimal method. The upper
and lower limits for SoC of BESS and SC are assumed to be S0Cpq = 80%
and SoCpin = 20%. The EMS is designed to operate BESS and SC within
the limits of SoC. Further, for all test scenarios, the resistive loads are
considered across the DC link. The local controller of BESS is designed to
maintain the DC link voltage at a reference nominal value of Vdc,s
=100V, and thus to manage the charge/discharge period of BESS using
EMS. The outcomes of the proposed method analysis, established using
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three major test scenarios, are discussed in this part.

e Case 1: Energy management under the load demand increases
Apdlff < 0.

e Case 2: Energy management under the load demand decreases
Apdlff > 0.

e Case 3: Energy management when PV is in derating mode.

6.1. Case 1: energy management under the load demand increases
( APdlff < 0)

HESS using the traditional voltage control technique for a sudden
change in load demand is considered as shown in Fig. 25(i). In this
scenario, PV is operated in MPPT mode and any changes in load demand
are met by BESS and SC. The SC acts for a short period to reduce the
effect of transient discharge on the battery. In this case study, four
scenarios were considered as shown in Fig. 25. In all these scenarios,
initially, PV generation is operating at MPPT extracting power of,
(205W), with a total connected load of 200W. The SoC;, of BESS and SC
are considered to be 50.0575 and 51.425, respectively, and are in
floating mode as Pgir — Pioss ~ 0. At 2s, the load is increased to (620W),
and BESS and SCs start discharging to meet the load that suffers a
shortfall by PV generation. In Fig. 25(a), with the conventional
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Fig. 30. Experimental results of increase in load demand: conventional method (scenario 1).

approach, the SC was able to take the sudden load transients. However,
this approach could not limit the battery discharge to an optimal rate
and led to sudden discharge beyond the maximum discharge rate. This
might cause overheating of the battery and diminish the battery life
span. To improve BESS’s discharge rates, the proposed EMS with
optimal rate limit strategy discussed in Section 5.1 was applied, whose
responsibility for different operating time constants of SC is shown in
Fig. 25(b)-(d).

Similar to the conventional approach scenario (Fig. 25(a)), a sudden
increase in load demand was considered for all other three scenarios, to
demonstrate the efficacy of the proposed approach. Under comparable
test conditions, the performance of the proposed control method when
applied to the system with SC operational time constant being 1s, 2s, and
3s is shown in Fig. 25(b), (c), and (d), respectively. In these scenarios,
the energy released by BESS is more than the energy released by tradi-
tional voltage control approach. As a result, BESS quickly exceeds the
SoC limit in traditional technique, as shown in Fig. 25(i), Although, in all
these scenarios, the initial SoC is 50.0575, based on the selected oper-
ating time constant of the SC, the slope of the discharge varies and the
SoC at the end of 10s is different as seen in Fig. 25(a)(iv), (b)(iv), (c)(iv),
(d)(iv). With the conventional approach, the battery has seen a larger
discharge for a value of SoC = 50.0428 (Fig. 25(a)(iv)), whereas with
the proposed approach and with an SC time constant of T = 3s, the
battery SoC is smaller and discharged to a value of 50.046 (Fig. 25(d)
(iv)).
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6.2. Case 2: energy management under the load demand decreases
(APdlff > 0)

The HESS using traditional voltage control techniques for sudden
decrease in load demand is considered, as shown in Fig. 26(i). To start
with, four scenarios were considered, as shown in Fig. 26. In this case,
PV was initially operating in MPPT power mode (P,, = 205W) to satisfy
the load requirement (Pj,qq = 200W). The SoC; of BESS and SC were
considered to be at 50.16278 and 52.0875, respectively, and in floating
mode as Pgir — Pjoss = 0. When the load was lowered to (100W) att = 2s,
BESS and SCs begin to charge to compensate for surplus PV generation.
In Fig. 26(i), the conventional approach allowed the SC to absorb rapid
load transients; however, this approach did not limit the battery charge
to an optimal rate, resulting in a sudden charge that exceeded maximum
charge rate. This may have an effect on the battery’s durability and
shorten its life cycle. The proposed EMS with an optimum rate limit
technique stated in Section 4 is used to minimize BESS charge rates, and
its response for varied operating time constants of SC is shown in Fig. 26
(b)-(d).

In all three scenarios, a sudden fall in load demand is considered, as
in the traditional method scenario (Fig. 26(a)), to show the efficacy of
the proposed approach. The performance of the proposed control
approach when applied to system with SC operating time constants of 1
s, 2 s, and 3 s is shown in Fig. 26(b), (c) and (d), respectively, under
comparable test conditions. In such cases, the energy absorbed by BESS
is slower than the energy absorbed by the traditional voltage control
approach. As a result, in the traditional technique, BESS rapidly reaches
the SoC limit, as seen in Fig. 26(iv), Although, in all these scenarios, the
initial SoC is 50.1617, based on the selected operating time constant of
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Fig. 31. Experimental results of increase in load demand: Proposed method with T = 1 s (scenario 2).

the SC, the slope of the charge is varied and the SoC at the end of 10s is
different as seen in Fig. 26(a)(iv), (b)(iv), (c)(iv), (d)(iv). With
conventional.

approach, the battery has seen larger charge attaining a value of SoC
= 50.1658 (Fig. 26(a)(iv)), while with the proposed approach and with
SC time constant of T = 3 s, the battery SoC is smaller charged to a value
of 50.1638 (Fig. 26(d)(iv)).

6.3. Case 3: energy management when PV is derating mode

As shown in Fig. 27(d), the SC and battery SoC approach the upper
limits (SoCbm < SoCbanm), (SoCsc < SoC,,.). Under these conditions,
the proposed EMS method is evaluated for varied load conditions. The
DC standalone system initial load is Pj,.q = 205W, SC, and the battery
SoC is at 80%. Under this condition, to avoid deep charging of the bat-
teries, the proposed EMS sends a S, = 1 signal from EMS to PV local
control, which causes PV to operate in load follower mode to avoid
further charging of the battery. Att = 2s, the load demand is lowered to
100W, causing the battery, and SC to charge till SoC < SoCpqx. When the
proposed EMS detects that BESS SoC has reached its maximum capacity,
it sends Off-MPPT signal S,, = 2 to PV controller, allowing the PV to
operate in a derated mode with an output power of Py, = Pjyqq, shown in
Fig. 27(c). At t = 6s, the load demand increases again to 205W. As
SoC < 80%, the PV runs as MPPT to match the load demand. The battery
and SC were in floating mode under these circumstances, as indicated in
Fig. 27(d).

According to Fig. 28(b)., the BESS SoC is currently close to its
maximum SoCp,. Under various load settings, the proposed EMS’s
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effectiveness is evaluated for all these circumstances. According to
Fig. 28’s initial load on the DC side, Pj,,q = 198W, the BESS SoC is at 80
%. (a) The suggested EMS delivers a S,, = 0 signal to the PV local
control when the BESS SoC reaches its maximum level to prevent deep
recharging of the BESSs. This causes the PV to function in load following
mode and prevents more BESS charging. The total demand Pjy,q as in DC
grid increases to 350 W at period t = 4.8 s (Fig. 28(a)). The SoC drops
below its maximum limit when the load requirement rises and the BESS
begins to discharge. Based on these findings, the suggested EMS gives
the PV controllers the PV MPPT on command (S, =1) and allows
MPPT performance as seen in Fig. 28(b). Nevertheless, because the load
Pioad = 350 W exceeds the PV MPP output (P,, = 310,), SC delivers the
transitory power and BESS continuing to drain by meeting the demand
for the insufficient load. The load requirement drops to 198 W at t = 9.8
s, causing the BESS to discharge until till SoC < SoC,,,x. The suggested
EMS transmits the off-MPPT command to the PV controller whenever
the BESS SoC exceeds its maximum limit, causing the PV to run in
derated state with the output situation P, = Pjo,q as illustrated in Fig. 28
(b). The load requirement rises once more at t = 19 s to 200 W as
SoC > 80%; the PV keep running during off-MPPT PV output equivalent
to load requirement. In this cycle, the BESS was run in floating state as
indicated in Fig. 28, with the supercapacitor supplying the transient load
requirement.

7. Experimental study

Fig. 29 shows an experimental model of a HESS system, which in-
cludes a programming PV emulator, BESS, super-capacitor, boost, and
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Fig. 32. Experimental results of increase in load demand: Proposed method with T = 2 s (scenario 3).

bi-directional converters. The proposed EMS controller is realized using
a real-time controller, dSPACE 1104. In this experiment, the PV array is
emulated using programming PV emulators, while the 12V, 120Ah lead-
acid battery with a bi-directional converter is used as BESS system. A
Maxwell super-capacitor (BMODO0058) of capacitance 58F,16V is used
in HESS system. The detailed specification of all components used in the
hardware prototype is tabulated in Table 3. The controller in dSPACE is
designed to control the voltage across dc link using a cascaded voltage
and current controller. The reference to current controller was obtained
using optimization technique used in the EMS controller developed in
dSPACE. The hardware prototype developed was used to validate
practical feasibility of the proposed EMS under different conditions.

7.1. Case 1: energy management under the load demand increases
( APdiff <0)

In this case, the efficacy of the proposed EMS is validated for
increased load demand conditions (Figs. 31, 32, and 33). The proposed
approach is compared against the traditional voltage controller devel-
oped in [45]. Under this case study, four scenarios were considered.

Scenario 1 - HESS system operation with conventional voltage
controller (Fig. 30)

Scenario 2 - HESS system operation with proposed EMS for SC time
constant T = 1s (Fig. 31)

Scenario 3 - HESS system operation with the proposed EMS for SC
time constant T = 2s (Fig. 32) and

Scenario 4 - HESS system operation with the proposed EMS for SC
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time constant T = 3s (Fig. 33)

In all four scenarios, load demand is larger than PV generation, EMS
sends signal MPPT operation command to PV and supplies powerP,, =
222W. At nearly 2s, the load is increased to 280W. As the Py, falls short
of the load demand, BESS and SCs begin to discharge power to fulfill to
meet the load demand while maintaining the DC link voltage at 48V. The
results of the traditional voltage controller (scenariol) are shown in
Fig. 30, as well as the results of the proposed method, various settling
periods of 1s (scenario2), 2s (scenario3), and 3s (scenario4), are shown
in Figs. 31, 32, and 33. The results indicate that in scenario 1, BESS is
nearly at the maximum permissible discharge limit; however, in sce-
narios 2-4, the discharge levels are reduced, as shown in Figs. 31, 32,
and 33. Comparing all scenarios, the traditional approach has shown the
highest battery discharge rate while the proposed approach with T = 3s
has displayed low discharge rate. Moreover, the energy released by BESS
is lower with the proposed control scheme compared to a traditional
voltage controller. From Figs. 31, 32, and 33, the SoC of BESS for Sce-
nario 1 is lower than its SoC; for Scenarios 2, 3, and 4, showing that
comparatively higher energy is released.

7.2. Case 2: energy management under the load demand decreases
( APdi_ff >0)

In this case, the efficacy of the proposed EMS is validated for
decreased load demand condition Fig. 34, The proposed method is
evaluated with the conventional voltage controller described in [36]. In
this test case, four scenarios were considered.
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Fig. 33. Experimental results of increase in load demand: Proposed method with T = 3 s (scenario 4).

Scenario 1 - HESS system operation with conventional voltage
controller Fig. 34(a)

Scenario 2 - HESS system operation with proposed EMS for SC time
constant T = 1 s Fig. 34(b)

Scenario 3 - HESS system operation with the proposed EMS for SC
time constant T = 2 s Fig. 34(c) and

Scenario 4 - HESS system operation with the proposed EMS for SC
time constant T = 3 s Fig. 34(d)

In all four scenarios, load demand is considered lower than PV
generation. As a result, surplus energy is supplied to BESS and SC while
maintaining power balance and DC grid voltage at 48 V. In this case, in
all scenarios, initially, the PV system supplies MPP power of P, = 222W
and supplying load around Py, = 220W up to 2 s. At t = 2s, the load is
reduced to 162W, as P,, is more than the load demand, the surplus
energy is immediately fed to SC while maintaining the DC link voltage at
48V. The energy stored in SC is slowly transferred to BESS, and excess
power from PV is taken by the battery after T seconds of post distur-
bance. With traditional voltage controller, as observed in Fig. 34(a), the
response time of SC and BESS is quick and they are charged with faster
charge rate limit within a short duration of time (scenariol). The results
of the proposed controller with different settling periods of 1s (sce-
nario2), 2s (scenario3), and 3s (scenario4) are shown in Fig. 34(b)—(d). It
indicates that the proposed control BESS charges at a slower charging
rate than traditional voltage controller method.
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8. Comparative studies

In the current research, the EMS control in MATLAB was configured
with three input signals to the PV, BESS, and SC. The efficacy of the
proposed EMS is evaluated by comparing against the existing ap-
proaches developed in [15], [65], [66], [67], and [68], their comparison
is Table 2. The Strategy I, II, III, IV, and V are taken from [15], [65],
[66], [67], and [68] respectively. The isolated with PV, BESS, SC and
load power under two different operating conditions with decrease,
increase in load demand are considered for direct comparative analysis
presented.

9. Conclusion

In this paper, an energy management system for DC standalone has
been proposed to optimize the charge/discharge rates of the battery
with SC. A Jaya-based optimization algorithm was used to optimally
calculate the charge/discharge rate constants of HESS for a given desired
operational charge and discharge time constant and load/PV generation
variation. Further, to improve the longevity of BESS, the EMS was
designed to avoid deep charging and discharging. As compared to
traditional methodologies, the proposed strategy has flexible charge and
discharge time constants, which enabled additional flexibility to limit
the charge/discharge rates of BESS. The effectiveness of the proposed
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Table 2

Comparison of the proposed method against strategies [15], [65], [66], [67], and [68].

Load

Strategy-I [15]
conditions

Strategy-II [65]

Strategy-III [66]

Strategy-IV [67]

Strategy-V [68]

Proposed EMS

Load demand
is
increased/
decreased

The PV system operated
in MPPT mode and was
not designed to have a
derating mode.

Under low load, the
battery might be
overcharged beyond
acceptable limits.
Supercapacitor is not
considered for transitory
fluctuations.

The PV system operated
in MPPT mode and was
not designed to have a
derating mode.

The battery is not
utilized in this article.

Supercapacitor is not
considered for transitory
fluctuations.

The PV system operated
in MPPT mode and was
not designed to have a
derating mode.

Under low load, the
battery might be
overcharged beyond
acceptable limits.
Supercapacitor is not
considered for transitory
fluctuations.

PV is not mentioned in
this work.

Under low load, the
battery might be
overcharged beyond
acceptable limits.
Supercapacitor is not
considered for
transitory fluctuations.

The PV was not
mentioned.

Under low load, the
battery might be
overcharged beyond
acceptable limits.
Supercapacitor is not
considered for
transitory fluctuations.

Depending on the
needs, the PV
system ran in MPPT
or derated mode.
Derating PV keeps
the battery SoC at
its highest capacity.

SC is utilized to
sustain unexpected
load fluctuations.

EMS was validated through both simulation studies and by developing
the hardware prototype. Three distinct charge/discharge time constants,
1, 2, and 3 s, were considered and assessed for the proposed optimal EMS
strategy by comparing against the conventional approach. Further, two
extreme conditions where BESS and SC’s SoC are at or near maximum
and minimum limits are simulated to evaluate the system’s perfor-
mance. The proposed EMS could successfully derate PV generation,
especially under light load (no-load) conditions when
BESS SoC > SoCpay. Similarly, optional load shedding was used when
SoC < SoCpin to avoid deep discharge. In the proposed EMS, the DC
voltage of the standalone is maintained constant by the HESS system,
which also enables instantaneous power balance. The results are
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compared with the conventional control method, and it is observed that
energy charge/discharge rates by the battery are optimised during the
transient period compared to the conventional scheme. This work may
be expanded to provide smoother running with less oscillation.
Furthermore, the interconnection of the various sources can minimize
stress and increase the charge/discharge rate of the battery.

Ethical approval

Not applicable.
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Table 3

System parameters.
Parameters name Simulation Experimental

parameters parameters

Specification for solar PV at STC (1000 W/m?2, 25 °C)
Power at MPP (W) 54.69 70.2
Voltage at MPP (V) 16.88 31.2
Current at MPP (A) 3.24 2.25
Voltage at Vo (V) 21.1 39.36
Current at Ig. (A) 3.6 2.5
No of cells 48 96
Each cell voltage (V) 0.44 0.41
Specifications of super-capacitor
Rated capacitance (farads) 99 58
Number of series capacitors 1 1
Number of parallel capacitors 50 50
Initial voltage (V) 50 16
Operating temp (Celsius) 25 +65
Capacitor (Cyc) 200 pF 500 pF
Inductor (Lg.) 4 mH,0.001 x 8.5 mH

Specification of BESS
Battery choice

Rating in Ampere hour
Nominal voltage
Charging rate
Capacitor (Cpart)
Inductor (Lpat)

Lead-acid battery
120 Ah

12V

C/10

2000 pF

4.8 mH, 0.001x

Lead-acid battery
120 Ah

12V

C/10

500 pF

7.2 mH
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