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ABSTRACT

Fast chargers for electric vehicles are hard to supply in rural areas with a weak or absent grid. This paper
presents the design and simulation of a standalone photovoltaic (PV) DC fast-charging station with battery
storage. The station combines a 60.2 kWp array (5 modules in series, 29 strings), a boost converter with a
tuned perturb-and-observe (P&0O) maximum power point tracking (MPPT) controller, a 220.8 kWh lithium
iron phosphate (LFP) battery energy storage system (BESS) and a two-port 50 kW charger, sized for four
vehicles and 200 kWh per day. The model was corrected for scaling errors, its voltage levels were aligned
with the selected components, and the converter parameters were justified at the rated array power. With a
duty-cycle step of 0.2% every 5 ms the P&O controller settles in 0.28 s and extracts 99.99% of the available
power at standard test conditions and at least 99.97% during steps and ramps of irradiance and temperature.
All simulated voltages, currents and powers stay within the datasheet ratings, the power balance closes to
within 107, and the charging time is 1.5 to 1.6 times the minimum that the 25 kW ports allow. Daily
simulations with variable irradiance, cell temperature and a four-vehicle charging profile give an overall PV-
to-vehicle efficiency of 83 to 86%. The array meets the daily demand on a partly cloudy day with 4.5 peak
sun hours but serves only 74% of it on an overcast day with 3.2 peak sun hours. The results are compared with
published off-grid charging studies.

Keywords: Standalone photovoltaic system, electric vehicle fast charging, battery energy storage, MPPT,
boost converter, MATLAB/Simulink

INTRODUCTION

Transport electrification is moving faster than the grid that is supposed to feed it. Fast chargers draw tens of
kilowatts for each vehicle, and many rural and remote sites have either a weak distribution line or none at all.
A photovoltaic (PV) array paired with a stationary battery is the obvious way to power a charger there: the
array harvests energy during the day, and the battery decouples generation from the moment a vehicle plugs
in (Yap etal., 2022; Atawi et al., 2021). Studies for sites with limited grid access, including rural electrification
in Malaysia, point to solar energy as a practical resource (Borhanazad et al., 2013).

Putting such a station together is more than connecting three boxes. The array must be sized against the daily
energy demand. A DC-DC converter has to hold the array near its maximum power point while the battery
and the chargers pull power from a common DC link. And the whole arrangement has to be modelled well
enough so that the results can be trusted before any hardware is bought. Several authors have analysed or
designed standalone PV-based charging stations, with and without hydrogen or fuel-cell back-up (Grande et
al., 2018; Mehrjerdi, 2019; He & Fathabadi, 2020; Ghotge et al., 2021), but the step-by-step link between
component sizing and the behaviour of a detailed circuit-level simulation is rarely documented.
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This paper describes the design and simulation of a standalone PV-powered DC fast-charging station for off-
grid use. The station combines a 60.2 kWp array, a boost converter with perturb-and-observe (P&0O) maximum
power point tracking (MPPT), a 220.8 kWh LFP battery energy storage system (BESS) and a two-port 50 kW
charger. The contributions are as follows. (i) A documented sizing procedure that links the daily energy
demand to the battery, the array and the converter, with the converter parameters justified at the rated array
power. (ii) A corrected station model in which the scaling of the battery, charger, controller and measurement
blocks is audited and the voltage levels are aligned with the selected components. (iii) A P&O controller tuned
and tested under steps and ramps of irradiance and cell temperature. (iv) A documented validation procedure
of six checks against the component datasheets, a single-diode PV model, a power balance and a time-scale
analysis, together with the overall system efficiency. (v) Simulations with variable irradiance, temperature and
a realistic four-vehicle charging profile, and a daily energy balance showing how the array size depends on
the solar resource. (vi) A comparison with relevant published studies. The remainder of the paper reviews
related work, describes the methodology, presents and discusses the results, and gives conclusions and
recommendations.

LITERATURE REVIEW

Solar-powered electric vehicle charging

Solar-powered charging stations have been surveyed extensively. Yap et al. (2022) reviewed the development
of solar-powered battery electric vehicle charging stations and the open problems in energy management and
grid interaction. In grid-connected stations, a battery and PV generation are used mainly to cut operating cost
and to shave the demand taken from the grid; Yan et al. (2019) optimised the operation of a charging station
with battery storage and PV to reduce cost, and Hussain et al. (2020) sized the battery of a fast-charging station
to ride through power outages. These studies show that storage is what makes a PV-supplied fast charger
workable, but they assume that the station remains tied to a grid.

Standalone and off-grid charging stations

Several designs remove the grid altogether. Atawi et al. (2021) analysed and designed a standalone charging
station supplied by PV energy, and Grande et al. (2018) assessed the energetic, economic and environmental
viability of an off-grid PV-battery station in a case study in Spain. Hydrogen has also been added as a long-
term store: Mehrjerdi (2019) combined an electrolyser, hydrogen storage and a fuel cell with PV, and He and
Fathabadi (2020) used a fuel cell as a supporting source in a standalone plug-in hybrid charging station. Ghotge
et al. (2021) examined off-grid solar charging at long-term parking locations. These works establish the
concept; what they report is mainly system-level performance, sizing and economics, with less detail on the
converter-level behaviour of the charger bus.

Converters, MPPT and battery charging

A boost converter is the usual interface between a PV array and a higher-voltage DC bus. Design procedures
for it are well documented (Santos et al., 2006; Ayop & Tan, 2018), as are the DC-DC topologies suited to
electric vehicles and fast-charging stations (Chakraborty et al., 2019). The P&O algorithm is the most common
MPPT method because of its simplicity, although it oscillates around the maximum power point and its step
size must be chosen with care (Esram & Chapman, 2007; Femia et al., 2005). On the load side, lithium-ion
batteries are normally charged with a constant-current followed by a constant-voltage stage, and many variants
exist for fast charging (Gao et al., 2019). Simulation of the array itself is usually based on the single-diode
equivalent circuit (Villalva et al., 2009).

Research gap

Few studies combine sizing, circuit-level simulation and an explicit check of the simulated magnitudes against
the datasheets of the chosen components. This matters because circuit models of power converters, batteries
and chargers are easy to mis-scale, and plausible-looking waveform shapes can hide numerically impossible
values. The present work addresses this gap for a standalone PV-BESS—charger station.
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RESEARCH METHODOLOGY

Overview of the procedure

The work followed the flow in Figure 1. After the scope and objectives were fixed, commercial components
were chosen and the battery, the PV array and the converter were sized by hand. The station was then built as
a time-domain model with the corrected parameters of Table 2, and the P&O controller was tuned and tested
under steps and ramps of irradiance and cell temperature. The results were verified with the six checks of
Table 3, and if any check failed, the component values and parameters were revised. Three simulations were
run: (a) a dynamic run of 3.2 s with a 10 ps step for the converter, the MPPT and the DC link; (b) a real-time
charging run of 2.5 h at standard test conditions (STC: irradiance of 1000 W/m? and a cell temperature of 25
°C) with the two 25 kWh vehicle packs of the original test; and (c) daily runs with a 10 s step for clear, partly
cloudy and overcast days with a four-vehicle charging profile. Finally, the results were analysed, the efficiency
was calculated and the findings were compared with published studies.

all pass

Sizing:

Component Corrected model . S Daily profiles,
Scope and " battery, . " MPPT tuning Validation L
e selection [ P (scaling audit, [ [ 2 _ve W efficiency,
objectives (datasheets) PV array, Table 2) and tests checks V1-V6 comparison

converter

T

any check fails: revise component values and parameters

Figure 1: Methodology followed in this study, from the scope definition to the validation checks, efficiency
calculation and comparison.

The architecture of the station is shown in Figure 2. The PV array feeds a boost converter through an input
capacitor. The perturb-and-observe MPPT block reads the array voltage and current and returns the converter
duty cycle. The converter output forms a DC link that is held by the BESS, so the DC-link voltage follows the
battery terminal voltage, from about 396 V at 10% state of charge (SoC) to 441 V at full charge, inside the
320-480 V operating window of the BESS. The BESS and the two charger ports are connected to this link in
parallel, and each port charges a battery pack that stands in for a vehicle. The array voltage at the maximum
power point (313 to 364 V, depending on the cell temperature) is always below the DC-link voltage, so the
boost topology can operate over the whole range.

BESS: 10 x BYD HVM 22.1
220.8 kWh, 409 V nominal
5 serieI;\i azrsr)ayarallel Boost converter DC link
145 modl?]es ——»| 3645V - DClink |—| =~396-441V
60.2 kWp (STC) 50 kHz, L = 100 pH C =470 pF
Charger 1: 25 kW port
pack 400V, 62.5 Ah, 20 % SoC
Charger 2: 25 kW port
MPPT 11
perturb & observe pack 400 V, 62.5 Ah, 30 % SoC
AD = 0.002, Ts = 5 ms

Figure 2: Architecture of the standalone PV-BESS DC fast-charging station.

Page 999 _ .
www.rsisinternational.org


https://rsisinternational.org/journals/ijrias
https://rsisinternational.org/journals/ijrias
http://www.rsisinternational.org/

P INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN APPLIED SCIENCE (IJRIAS)
. ISSN No. 2454-6194 | DOI: 10.51584/IJRIAS [Volume XI Issue X October 2026

~

Components and datasheet values

The components were selected from commercial datasheets (Table 1). The BYD Battery-Box Premium HVM
22.1 uses lithium iron phosphate chemistry. The Siemens VersiCharge Ultra 50 provides 50 kW through two
25 kW ports. The SunPower SPR-415E-WHT-D is a 415 W monocrystalline module. A real vehicle was not
modelled; instead, a battery pack of 400 V and 62.5 Ah (25 kWh) represents the vehicle at each port, with
start SoC values of 20% and 30% for Charger 1 and Charger 2.

Table 1: Datasheet values of the selected components

Component Parameter Value
BESS module (BYD HVM | Usable energy; nominal voltage 22.08 kWh; 409 V
22.1)
Operating range; maximum output current | 320-480 V; 50 A per module
EV charger (VersiCharge | Output; voltage; efficiency 50 kW (2 x 25 kW); up to 500
Ultra 50) V; >92%
PV module (SPR-415E- | Pmax; Vinp; Imp 415 W;729V;5.69 A
WHT-D)
Voc; Ise; efficiency 85.3 V;6.09 A; about 19.2%
Temperature coefficient of Pmax —0.35 %/°C

Battery and PV sizing

The daily energy demand was taken as four vehicles per day at 50 kWh each (Kazem et al., 2013; Shen, 2009):
Egay = Npy Epy =4 X 50 kWh =200 kWh ()

Ten BESS modules provide 10 x 22.08 = 220.8 kWh, which covers this demand. At the nominal voltage of
409 V the capacity of one module, following the battery-sizing relation of Kazem et al. (2013) and Leone et
al. (2022), is

Can = T2 X 1000 @

giving 53.98 Ah per module and 539.8 Ah for the ten. The PV array was arranged as five modules in series,
so that the string voltage at the maximum power point is 5 X 72.9 = 364.5 V, which is below the DC-link
voltage (396 to 441 V) as a boost converter requires, and 29 strings in parallel.

The open-circuit voltage of the array 1s 426.5 V at STC and about 439 V at a cell temperature of 15 °C, which
stays below the 480 V upper limit of the BESS window. The array power at STC, from the series—parallel
array relation used for standalone sizing by Shen (2009) and Leone et al. (2022), is which gives 5 x 29 x 72.9
% 5.69 = 60.2 kW from 145 modules covering about 299 m?.

Parray = Ns Np Vmp ]mp (3)

Boost converter design

The converter has to step the array voltage (364.5 V at the maximum power point) up to the DC-link voltage
at a switching frequency of 50 kHz. The design point is the rated array power of 60.2 kW at the upper end of
the BESS voltage range (432 V, about 97% SoC), which gives the largest duty cycle at the rated current. The
duty cycle, inductance and output capacitance follow from the standard continuous-conduction relations
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Vin
D=1- v, (4)
Vin D
L= fow AL )
1, D
C= AV, (6)

where Vin and V, are the input and output voltages, fsw the switching frequency, AlL the inductor current ripple,
I, the output current and AV, the output voltage ripple (taken as 1% of 432 V, or 4.3 V). At the design point
D =0.156, the input current is 165 A and the output current is 139 A; over the cell-temperature and SoC range
met in the daily runs the duty cycle varies between 0.12 and 0.29. The inductor was selected for a ripple not
above 10% of the rated input current (16.5 A), which requires at least 69 pH. An inductance of 100 uH was
adopted, which gives a ripple of 11.4 A (6.9%) at the design point and 9.0 A at a DC-link voltage of 416 V,
and keeps the inductor in continuous conduction down to about 3.5% of the rated power (an irradiance of
about 35 W/m?).

The output capacitance for a 1% ripple is at least 101 puF; 470 uF was adopted, which keeps the output-voltage
ripple below 1 V and leaves margin for load steps. An input capacitor of 1 mF holds the array-voltage ripple
below 0.1 V. The initial design had used an input current of 5 A and an output current of 539.8 A (the battery
at 1C) in these equations, which do not correspond to the rated operation of the converter, and has therefore
been replaced. The resulting values are summarised in Table 4. Equation (4) follows Pradhan and Panda
(2018), Equation (5) follows Pradhan and Panda (2018) and Chandra Mouli et al. (2017), and Equation (6)
follows Hashim et al. (2018).

Perturb-and-observe MPPT

The P&O algorithm perturbs the converter duty cycle by a small step, observes the change in array power and
keeps the direction of the step if the power rose, or reverses it if the power fell. The step AD and the sampling
period Ts were tuned by simulation (Table 5). AD was varied from 0.05% to 1% and T from 2.5 to 10 ms, and
the settings were compared on the settling time from a start duty cycle of 0.25, the peak-to-peak oscillation of
the array voltage and the tracking efficiency under the irradiance and temperature profile of Figure 4. The
adopted values are AD = 0.2% and Ts = 5 ms. The duty command is compared with a triangular carrier at 50
kHz to generate the gate signal of the converter switch; in the averaged model the duty command is applied
directly.

Proposed simulation model

The earlier version of the model returned currents and powers thousands of times above the component ratings
and charging that ran two orders of magnitude faster than the 25 kW ports allow. The model was therefore
corrected through a scaling audit in which every block was checked for units and gains. All signals are
expressed in ST units (V, A, W, s). The battery capacity is entered in ampere-hours and converted to coulombs
with a factor of 3600 in the state-of-charge integrator. The charger power command is limited to the port rating
and the pack current to 1C, and the measurement blocks have unit gain. The voltage levels are set from the
datasheets: the DC link follows the BESS terminal voltage (396—441 V, inside the 320-480 V window), and
the pack voltage (340—400 V) stays below the 500 V limit of the chargers. The corrected station is a time-
domain model with an averaged boost converter (inductor and capacitor states with conduction, diode and
switching losses), the single-diode array of Equation (7), an open-circuit-voltage-plus-resistance model for
the BESS and the vehicle packs, and constant-power charger ports with a constant-current stage up to 80%
SoC and a tapering constant-voltage stage above it. Table 2 lists the parameters. The array voltage, current
and power are obtained from the single-diode model with the cell temperature Tc = Ta + (NOCT — 20)G/800,
where G is the irradiance, Ta the ambient temperature (25 to 32 °C over the day) and NOCT = 45 °C. Three
synthetic days were used: a clear day (6.2 peak sun hours), a partly cloudy day (4.5 peak sun hours) and an
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overcast day (3.2 peak sun hours), the last two with passing clouds. Four vehicles arrive at 07:30, 10:30, 14:00
and 18:30, each charging a 62.5 kWh pack from 20% to full (about 50 kWh) on one of the two ports. The PV
supplies the chargers first, any surplus charges the BESS and any deficit is drawn from the BESS between
100% and 10% SoC. If the BESS is full the PV is curtailed, and if it is at 10% the chargers are limited to the
available PV power. Each day was repeated for eight days from a BESS SoC of 50%, and the last day is
reported.

Table 2: Parameters of the simulation model

Block Parameters Source

PV array 5 series x 29 parallel SPR-415E modules; single diode, n = 1.0, Ny = | Table 1; fitted
128; Rs=10.367 Q, R¢n =512 Q (per module, at STC); Pmax coefficient | to datasheet
—0.35%/°C

PV derating 0.95 (soiling, mismatch, DC cables), daily runs only; NOCT =45 °C | Assumed

Boost L =100 pH, Ci» =1 mF, C4c =470 pF, fsw =50 kHz Table 4

converter

Converter RL =8 mQ, Rason = 15 mQ, V¢= 1.5 V, switching time 200 ns Assumed (SiC

losses devices)

MPPT P&O, AD =0.002, Ts = 5 ms, 0.05 <D <0.5; tracking factor 0.995 in | Table 5
daily runs

BESS 539.8 Ah; open-circuit voltage 360 V (0%), 396 V (10%), 409 V | Table I;
(50%), 440 V (100%); R = 12.8 mQ; coulombic efficiency 0.99; SoC | assumed OCV
window 10-100%; 500 A limit curve

Chargers 2 x 25 kW from the DC link; efficiency 92%; constant power to 80% | Table 1;
SoC, then taper to 12% assumed taper

Vehicle packs | Real-time run: 400 V, 62.5 Ah (25 kWh), 62.5 A limit (1C); daily runs: | Table 1;
62.5 kWh. Pack voltage 340 + 60-SoC V assumed

Verification and validation procedure

The simulated values were judged with the six independent checks of Table 3. First, the scaling of every block
was audited (V1). Second, a single-diode model of the array was fitted to the module datasheet and used as
the reference for the PV operating point (V4),

I= ]ph - ]O [exp(?;\ﬁ‘) - 1] - V;_fi‘\ (7

where Iph 1s the photocurrent, Io the diode saturation current, Rs and Rgn the series and shunt resistances, n the
ideality factor, Ns = 128 the number of cells per module and V: the thermal voltage (Villalva et al., 2009;
Toledo et al., 2018; Batzelis, 2019). The parameters were obtained so that the model passes through the
datasheet short-circuit, open-circuit and maximum power points, and the array curve was built for five
modules in series and 29 strings in parallel. Third, the simulated peak values were compared with the ratings
of the corresponding components (V2). Fourth, the speed of the simulated charging was compared with the
time that the 25 kW ports would need, through the time-compression ratio (V5), which applies the constant-
current charging-energy relation used in EV charging studies (Li et al., 2020; Elma, 2020)

_ ASoC Epac‘k
) Lrated = P (8)

where ASoC is the SoC change of the pack, Epack its energy, 1| the charger efficiency (0.92) and Ppore =25 kW.
A physically possible simulation has k < 1. Finally, the daily energy yield of the array was estimated for a
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range of solar resource values from the peak-sun-hour and performance-ratio method (Shiva Kumar &
Sudhakar, 2015; Ayompe et al., 2011)

E,. =P, HPR ©)

with Ppk the array peak power, H the peak sun hours and PR a performance ratio. The performance ratio was
not available from the datasheets and was assumed to lie between 0.70 and 0.80 in this estimate; the
simulations give it directly. The power balance (V3) was checked on the dynamic run through the residual,
which is the power-balance form used for PV-battery EV charging stations (Garcia-Trivifio et al., 2016; Prem
et al., 2020)

f(PPV — Ploss — Pen — Pbat)dt — AE;
“r= (10)
Py, dt

where Ppy is the array power, Pioss the converter loss (conduction, diode and switching), Pcn the charger power,
Pyat the battery terminal power and AEs the change of the energy stored in the capacitors and the inductor. The
tracking efficiency of the MPPT was defined, as in Ishaque et al. (2014) and Martinez Lopez et al. (2022), as

P, dt

NmpPr = (11)
P dt

where Pupp is the maximum power available at the instantaneous irradiance and cell temperature. The overall
efficiency of the station (V6) was defined, following the efficiency accounting of Kymakis et al. (2009) and
Dai et al. (2019), as

Eueh
12
Empp - E(‘Mrl - AEBESS ( )

Nsys =

where Even s the energy delivered to the vehicle packs, Empp the energy available from the array at its maximum
power point, Ecur the energy curtailed when the BESS is full and AEggss the change in the energy stored in
the BESS. In the daily runs every loss is accounted for separately, and the account must close to within 1%.

Table 3: Validation procedure and acceptance criteria

Check | Description Acceptance criterion Equation / table
V1 Scaling and unit audit of every block | Parameters equal the datasheet or Table 2 | Table 2
values; SI units
V2 Simulated peak voltages, currents and | Ratio to the rating < 1.00 Table 6
powers against component ratings
V3 Power balance of the dynamic run ler| < 1% Equation (10)
V4 Operating point against the single- | P >99% of Pupp; V within 2% of Vinpp Equations  (7),
diode maximum power point (11)
V5 Charging time against the 25 kW port | k <1 Equation (8)
limit
Vo6 Daily energy account and overall | Residual < 1%; nsys not above the product | Equation  (12);
efficiency of the stage efficiencies Table 7
RESULTS AND DISCUSSION

Sizing results

Table 4 collects the main design calculations. The sizing logic is self-consistent. The BESS capacity exceeds
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the daily demand by about 10%; with the 10% SoC reserve and the 92% charger efficiency holds about 180
kWh for the vehicles, so the station could run for roughly nine tenths of a day without any generation. The
array peak power matches the energy demand when about 4.5 peak sun hours are available (see the daily
energy balance below).

For the converter, the duty cycle of 0.156 agrees with the initial value. The inductance and capacitance of the
initial design were calculated at an input current of only 5 A and an output current of 539.8 A, which do not
correspond to the rated operation. At the rated 60.2 kW the input current is 165 A and the output current 139
A, which require at least 69 uH (10% ripple; 23 uH for 30%) and 101 pF. The adopted 100 uH and 470 pF
meet these limits with margin, and give an inductor ripple of 11.4 A and an output ripple below 1 V, as justified
in the converter design subsection.

Table 4: Design values of the station and recomputed converter components

Item Initial design Minimum at 60.2 kW | Adopted

BESS energy 220.8 kWh (10 modules) | — 220.8 kWh

PV array 5 x 29 modules, 60.2 kW | — 5 x 29 modules, 60.2 kW

Duty cycle D 0.16 (0.13-0.20) 0.156 0.156 at 432 V; 0.12-0.29 in
operation

Inductance L 777.6 pH (AIL=1.5 A) 69 pH (10% ripple) 100 uH (AIL=11.4 A)

Output capacitance | 401.7 puF (I =539.8 A) 101 puF (1o =139 A) 470 pF

Input capacitance — — I mF

Switching frequency | 50 kHz — 50 kHz

Minimum values use Equations (4) to (6) with Vin=364.5V, V, =432V and 1% output-voltage ripple, at the
rated array power of 60.2 kW (input current 165 A, output current 139 A). The inductor ripple limit is 10% of
the rated input current.

Simulated PV and DC-link behaviour

The array and the DC link were first simulated at STC from a start duty cycle of 0.25. The P&O controller
drives the array voltage to 364.2 V within 0.28 s, against a maximum-power-point voltage of 364.4 V from
the single-diode model (Figure 3a), and the array delivers 60.14 kW, which is 99.995% of the 60.15 kW
available, with a peak-to-peak voltage oscillation of 2.6 V. The operating points at 800 W/m? and 40 °C and
at 600 W/m? and 35 °C also fall on the maxima of their curves (Figure 3b). The array voltage and current stay
below the open-circuit voltage (426.4 V) and the short-circuit current (176.6 A) of the array; the largest values
are 377 V and 172.8 A.

(a) STC (1000 W/m?, 25 °C) (b) Variable irradiance and temperature
200 r 70 70 7
— 1000 W/m?, 25 °C
175 4 | = 80O W/m?, 40 °C
60 60 600 W/m?, 35 °C
e 4 M Simulated operating point
150 050
< 1254 z 3
g F40 o E’ 40
=5 100 Oz
z 30 2 5304
E 75 £ E
- 20 - 20
50 =—— v
—_— v
254 O Dpeheet MPP 10 10 |
B Aimulated (P&O) \
0 f T T T T 0 0 f T T T T
0 100 200 300 400 0 100 200 300 400
Array voltage (V) Array voltage (V)

Figure 3: Single-diode I-V and P-V curves of the 5 x 29 array. (a) STC, with the datasheet maximum power
point (circle) and the simulated operating point (square). (b) P—V curves for three irradiance and temperature
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conditions with the simulated operating points of the P&O controller.

Figure 4 shows the response to steps and ramps of irradiance and cell temperature, with the chargers connected
at 0.5 s (50 kW) and one port disconnected at 2.4 s. The array voltage follows the maximum-power-point
voltage as it falls from 364 V to about 342 V, with an oscillation of 2.5 to 4.5 V peak to peak that is typical of
P&O, and the array power follows the available power (Figures 4a and 4b). The duty cycle moves from 0.13
at STC to 0.18 at 600—800 W/m? (Figure 4c). The DC-link voltage stays between 412.9 V and 415.9 V, the
terminal voltage of the BESS at 80% SoC plus the resistive drop, and the BESS current stays between —83 A
and +145 A (Figure 4d). The inductor current peaks at 184 A for about 2 ms at start-up, 111% of the rated
input current of 165 A, and at 172 A afterwards, so the inductor and the switch should be rated for at least 200
A.

(a) PV voltage (b) PV power
400 r 1400
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—— Simulated PV pawer

1200
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Figure 4: Dynamic response of the station to the irradiance and cell-temperature profile: (a) array voltage, (b)
array power with the irradiance profile, (¢) duty cycle, (d) DC-link voltage and BESS current.

MPPT tuning

Table 5 shows how the step AD affects the tracking at a sampling period of 5 ms. Larger steps converge faster,
but the steady-state oscillation grows in proportion and the tracking loss grows with it; with AD = 1% the
oscillation is 12.8 V peak to peak and the voltage does not stay within 2% of the maximum power point, and
with AD = 0.05% the controller has not converged after 1 s. A step of 0.2% settles in 0.28 s with an oscillation
of 2.6 V and tracks at 99.99% at STC and 99.95% over the steps and ramps. The input network of the converter
responds to a duty-cycle step with a rise time of about 0.5 ms, so a sampling period of 5 ms leaves a margin
of ten times. A period of 2.5 ms gives almost the same tracking (99.95%, settling in 0.16 s) with less margin,
and 10 ms doubles the settling time to 0.59 s and lowers the dynamic tracking efficiency to 99.80%. The initial
range of 0.5% to 2% is therefore too coarse for this array. The trade-off between step size and oscillation is
the one described for P&O by Esram and Chapman (2007) and Femia et al. (2005).

Table 5: Effect of the P&O step on the tracking (Ts = 5 ms)

AD (%) | Settling time | Voltage oscillation | Tracking at | Tracking, steps
(s) V p-p) STC (%) and ramps (%)
0.05 >1 — 98.41 99.96
0.10 0.56 1.3 99.99 99.77
0.20 0.28 2.6 99.99 99.95
0.50 0.13 6.4 99.96 99.96
1.00 not within £2% | 12.8 99.90 99.89
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Settling is the time to reach and stay within 2% of the maximum-power-point voltage from D = 0.25. Dynamic
tracking is the ratio of the energy extracted to the energy available over 1.0-3.2 s of the profile in Figure 4.
The adopted setting is in bold.

Battery and charger behaviour

In the real-time STC run (Figure 5) the BESS starts at 80% SoC and the two 25 kWh packs at 20% and 30%.
Both chargers draw their limit from the DC link (25 kW, 23 kW delivered to the pack) until the packs reach
80% SoC, and then taper in the constant-voltage stage; the charger current is limited to 62.5 A (1C) at the start
and by the 25 kW port afterwards.

Charger 2 is full after 1.21 h and Charger 1 after 1.33 h. The BESS SoC rises from 80% because the 59.0 kW
of PV power exceeds the 50 kW taken by the chargers, and rises faster as the chargers taper, reaching 100%
at about 1.5 h.

The SoC curves are monotonic and the charging stops when the packs are full, as expected for a controlled
charging process, and the current and power fall as the SoC approaches 100%, in line with the tapering stage
of a constant-current constant-voltage profile (Gao et al., 2019).

(a) Energy storage system (b) Chargers
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Figure 5: State of charge of (a) the BESS and (b) the two vehicle packs in the real-time run at STC.
Consistency with the datasheet ratings and the power balance

Table 6 compares the peak values of the corrected simulation with the datasheet limits (check V2). All ratios
are at or below 1.00. The BESS current peaks at 145 A, against 500 A (ten modules at 50 A), and its power at
60 kW, against about 205 kW. Each charger draws at most 25 kW from the DC link and delivers 23 kW to the
pack at 62.5 A and up to 400 V, which is the 25 kW port rating, the 1C current of the pack and 80% of the
500 V limit.

The BESS voltage reaches 441 V at full charge, against 480 V. The power balance (check V3) closes with a
residual of 5.4 x 1077 (0.00005%) over the dynamic run, against the 1% criterion.

At STC (Figure 6a) the 59.0 kW of PV power supplies the 50 kW of the chargers and the remaining 9 kW
charges the BESS; as the chargers taper the BESS absorbs up to 59 kW, and once it is full the PV is curtailed.
The PV power is therefore above the load whenever the BESS SoC rises, and the power flows close, in contrast
with the earlier results.
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Table 6: Simulated peak values compared with datasheet or design limits

Quantity Simulated peak | Reference limit Ratio
PV voltage 377V 426.4 V (open circuit at STC) | 0.88
PV current 172.8 A 176.6 A (short circuit) 0.98
PV power 60.15 kW 60.15 kW (MPP at STC) 1.00
DC-link voltage 4413V 480 V (BESS maximum) 0.92
DC-link power 50.0 kW 50 kW (chargers) 1.00
BESS current 145 A 500 A (10 x50 A) 0.29
BESS power 60 kW 205 kW 0.29
Charger voltage 400 V 500 V (maximum) 0.80
Charger current 62.5 A 62.5 A (1C of the pack) 1.00
Charger power 25.0 kW per port | 25 kW per port 1.00
Time-compression ratio k | 0.66 and 0.63 1 (port limit) 0.66

Ratio is the simulated value divided by the reference limit; all values are at or below 1.00. BESS and charger
values are from the real-time STC run and the dynamic run. The PV values are from the dynamic run.
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Figure 6: (a) Power flows in the real-time STC run: PV power delivered to the DC link, charger input power
and BESS charging power. (b) Simulated peak power of the array, DC link, chargers and BESS compared
with their ratings.

Time-scale check

The SoC curves give a second check (V5). A 25 kWh pack going from 20% to 100% takes 20 kWh; at the 25
kW port limit and 92% efficiency (23 kW delivered) this needs at least 3130 s, and Charger 2 (30% to 100%,
17.5 kWh) needs at least 2739 s. In the corrected simulation the charging takes 4779 s and 4373 s, because of
the constant-voltage taper above 80% SoC, so the time-compression ratio of Equation (8) is k = 0.66 and 0.63,
both below 1, whereas the earlier simulation gave about 120 to 160. Figure 7 shows that both curves stay to
the right of the lines for the fastest charging that the ports allow.
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Figure 7: Simulated charging of the two vehicle packs compared with the fastest charging allowed by the 25
kW ports (dotted lines, 92% efficiency).

Operation under variable irradiance, temperature and charging profiles

Figure 8 shows the last of eight repeated days for the clear, partly cloudy and overcast conditions, with the
irradiance and cell temperature on the left and the PV, charger and BESS behaviour on the right. The peak PV
power on the clear day is only about 49 kW because the cell temperature reaches 63 °C, which lowers the
output by about 13% and, with the 5% derating, leaves it well below the 60.2 kWp rating. On the partly cloudy
day the PV power changes between near zero and 49 kW within minutes, and the BESS absorbs the changes;
its SoC varies between 49% and about 92% and ends the day at 67%, still rising by about 5 kWh per day. On
the overcast day the PV supplies only 161 kWh, the BESS sits at its 10% limit, the chargers follow the PV
power and only 74% of the demand is served. The DC-link voltage stays between 396 V and 441 V, while the
BESS current and power stay below 111 A and 47 kW.
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Figure 8: Daily operation for a clear, partly cloudy and overcast day: irradiance and cell temperature (left);
PV power at the maximum power point, charger power and BESS SoC (right).

Table 7 gives the energy account of the three days and the overall efficiency of Equation (12) (check V6). The
account closes to better than 0.01 kWh. The overall PV-to-vehicle efficiency is 84.6% on the partly cloudy
day, 82.6% on the clear day and 85.8% on the overcast day, and it stays below the product of the stage
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efficiencies (0.95 derating x 0.995 tracking % 0.986 boost % 0.92 charger = 85.7%, before BESS losses). The
charger efficiency of 92% is the largest loss (7.2% of the PV energy on the partly cloudy day), followed by
the assumed array derating (5.0%), the boost converter (1.3%) and the BESS (1.1%). The boost converter
itself has an efficiency of 98.6% at rated power and 99.0% at 20% of it. On the clear day 27% of the available

PV energy is curtailed because the BESS is full.

Table 7: Daily energy account and efficiency of the 60.2 kWp station

Quantity Clear Partly cloudy Overcast
Peak sun hours 6.2 4.5 3.2

PV energy at the maximum power point | 332.5 240.8 172.6
(kWh)

Array derating, 5% (kWh) 16.6 12.0 8.6
MPPT tracking loss (kWh) 1.6 1.1 0.8
Boost converter loss (kWh) 4.6 3.1 2.0

PV energy curtailed (kWh) 90.5 0.0 0.0
Charger losses (kWh) 17.4 17.4 12.9
BESS losses (kWh) 2.0 2.6 0.1
Change of BESS stored energy (kWh) | 0.1 4.8 0.0
Energy delivered to vehicles (kWh) | 199.8 199.8 148.2
Demand served (%) 100 100 74
Overall efficiency nsys (%) 82.6 84.6 85.8
Energy-account residual (kWh) <0.01 <0.01 <0.01
BESS SoC: minimum / end of day (%) | 63 /76 49 /67 10/ 10
Peak BESS current (A) / power (kW) 111/47 110/45 111/45
DC-link voltage range (V) 411441 408423 396-397

Daily energy balance

Table 8 and Figure 9 give the daily balance as a function of the peak sun hours. The simulated runs use the
partly cloudy shape scaled to each value and the same four-vehicle profile, and are compared with Equation
(9). The simulated performance ratio is 0.83 (PV energy at the DC link divided by PpxH), higher than the 0.75
assumed in Equation (9) because the array spends much of the day at a cell temperature well below the midday
value. Because the chargers lose 8% of the energy, the vehicles need about 217 kWh at the DC link for the
200 kWh delivered. With the 60.2 kWp array the demand is met in the periodic state at 4.5 peak sun hours or
more; at 4.0 and 3.5 hours the station serves 91% and 80% of it. The array needed to serve the full demand
throughout a ten-day repetition ranges from 46 kWp at 5.5 hours to 73 kWp at 3.5 hours. The 60.2 kWp design
is therefore well matched to a site with about 4.5 peak sun hours and marginal elsewhere. The 220.8 kWh
BESS bridges the night and short spells of low irradiance, but it cannot cover a prolonged deficit, as the
overcast day shows. The solar resource at the actual site should be taken from measured data before the array
is fixed.
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Figure 9: Daily PV energy of the 60.2 kWp array as a function of peak sun hours: Equation (9) for three
performance ratios and the simulated energy at the DC link, compared with the 200 kWh delivered demand
and the 217 kWh needed at the DC link.

Table 8: Daily energy balance of the 60.2 kWp array as a function of the peak sun hours

Peak sun | Equation  (9), | Simulated PV | Delivered to | Demand Array needed
hours PR = 0.75 | energy at DC link | vehicles served (%) | (kWp)
(kWh/day) (kWh/day) (kWh/day)

3.5 158 175 160 80 73

4.0 180 200 182 91 64

4.5 203 224 200 100 57

5.0 226 250 200 100 51

5.5 248 274 200 100 46

Simulated values are for the eighth repeated day; the PV energy at the DC link includes the energy curtailed
when the BESS is full. Array needed is the size at which the full demand is served throughout ten repeated
days from a BESS SoC of 50%. Equation (9) uses 60.15 kWp.

Comparison with published studies

Table 9 compares the present work with the most relevant standalone studies cited in this paper. Atawi et al.
(2021) designed and simulated a 120 W standalone station with a lead-acid battery, boost, buck and
bidirectional converters and P&O MPPT, and confirmed the design on a hardware prototype; their transient
results are DC-bus settling times of 0.2 to 0.5 s when the PV is connected or disconnected. The present station
is about 500 times larger in array power and operates at a 400 V-class DC link; its P&O controller settles in
0.28 s and the DC-link voltage changes by less than 3 V, but it has no hardware verification. Grande et al.
(2018) and Mehrjerdi (2019) assess viability and cost at the energy level, with HOMER and with a stochastic
optimisation that includes hydrogen and diesel back-up, and do not model the converters; the present work
adds the converter and charger level, the datasheet checks and the efficiency. He and Fathabadi (2020) replace
the battery with a fuel cell and an electrolyser and use an adaptive-step MPPT; the fixed small step used here
converges in 0.28 s, and an adaptive step could shorten this without increasing the oscillation. Ghotge et al.
(2021) simulate a full year and find that inadequate charging is rare but more frequent in low-irradiance winter
months; the present overcast day, with 74% of the demand served at 3.2 peak sun hours, shows the same

Page 1010 _ .
www.rsisinternational.org


https://rsisinternational.org/journals/ijrias
https://rsisinternational.org/journals/ijrias
http://www.rsisinternational.org/

P INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN APPLIED SCIENCE (IJRIAS)
. ISSN No. 2454-6194 | DOI: 10.51584/IJRIAS [Volume XI Issue X October 2026

~

sensitivity to low-irradiance periods, and a year of measured data would be needed to quantify it for this
station. We did not find an overall PV-to-vehicle efficiency defined in the same way in these studies, so the
83-86% obtained here (Table 7) is a reference value for 400 V-class standalone stations rather than a figure
that can be compared directly. Grid-connected studies (Yan et al., 2019; Hussain et al., 2020) do not address

the standalone case.

Table 9: Comparison with published standalone charging-station studies

Study Scale and configuration | Method Main finding and comparison with
this work
Atawi et al. | 120 W PV, 65 Ah lead- | Simulink simulation | DC-bus settling 0.2—0.5 s. This work:
(2021) acid battery, boost, buck | and hardware | 60.2 kWp, 220.8 kWh LFP, 400 V
and bidirectional | prototype class; settling 0.28 s; no hardware
converters; P&O
Grande et al. | Off-grid PV-BESS for | HOMER; energetic, | Technically and economically viable.
(2018) EV charging, Madrid data | economic and | This work adds converter-level
environmental behaviour and datasheet checks
analysis
Mehrjerdi PV with electrolyser, | Stochastic cost | Cost-focused; no converter model.
(2019) hydrogen storage, fuel cell | optimisation This work gives the electrical
and diesel back-up behaviour and efficiency
He and | PV with  fuel cell, | Adaptive-step Battery replaced by hydrogen. This
Fathabadi electrolyser and hydrogen | MPPT; experiments | work uses a BESS and a tuned fixed-
(2020) tanks instead of a battery step P&O
Ghotge et al. | Off-grid solar charging at | One-year simulation, | Shortfalls cluster in low-irradiance
(2021) long-term parking three allocation | months. This work: 74% of demand
strategies served on an overcast day
Limitations

Several limits apply. The irradiance, temperature and vehicle-arrival profiles are synthetic, so the results show
how the station responds rather than how it will perform at a particular site; measured data and a stochastic
arrival pattern are needed. The converter is modelled by its averaged equations and fixed loss parameters
(Table 2), so switching ripple, thermal behaviour and controller noise are not included, and the converter
losses, the 5% array derating and the NOCT are assumptions. The BESS and the vehicle packs use a voltage-
source-plus-resistance model without ageing or temperature effects, and the charger efficiency is a constant
92%. The PV analysis relies on a fitted single-diode model with an assumed 128 cells per module and an
ideality factor of 1.0, whose fit matches the datasheet to within 0.1% on maximum power and whose
temperature coefficient was calibrated to —0.35%/°C. The station has not been verified on hardware.

CONCLUSION AND RECOMMENDATIONS

This study designed and simulated a standalone PV-powered DC fast-charging station with battery storage,
corrected the scaling of the model and checked the results against datasheets and first-principles models. The
sizing is coherent: a 60.2 kWp array of 145 modules, a 220.8 kWh BESS and a 50 kW two-port charger meet
a 200 kWh daily demand when about 4.5 peak sun hours are available. The boost converter was designed at
the rated array power (100 uH, 470 uF, 50 kHz), and the P&O controller with AD = 0.2% and Ts = 5 ms
converges in 0.28 s and tracks at 99.97% to 99.99% under steps and ramps of irradiance and temperature. All
simulated voltages, currents and powers are within the datasheet ratings, the power balance closes to 1076, and
the charging is 1.5 to 1.6 times slower than the fastest that the 25 kW ports allow, as the constant-voltage taper
requires. With variable irradiance, cell temperature and a four-vehicle profile, the PV-to-vehicle efficiency is
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83 to 86%, limited mainly by the 92% charger efficiency. The array covers the demand on a partly cloudy day
with 4.5 peak sun hours, but on an overcast day with 3.2 peak sun hours only 74% is served, and a 60.2 kWp
array is marginal below 4.5 hours; about 64 kWp would be needed at 4.0 hours.

Several steps would extend the work. Real irradiance and temperature profiles and a stochastic vehicle arrival
pattern should replace the synthetic ones, and an energy-management strategy that decides when the BESS
charges and discharges, and which limits the charger power when the BESS is low, should be built on top of
the corrected model. An adaptive-step MPPT and partial-shading conditions should be tested. Hardware-in-
the-loop tests, vehicle-to-grid operation and an economic analysis are natural later steps.
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