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ABSTRACT

This paper presents a hardware-in-the-loop (HIL) validated design and implementation of a
buck converter-based battery charger for a solar-powered golf car. The system utilizes an ESP32
microcontroller to execute a unified control function that seamlessly integrates Maximum Power
Point Tracking (MPPT) via the Incrementab Comductance algorithm with Constant-
Current/Constant-Voltage (CC/CV) battery chiarging. WA &ey contribution is the use of the
Typhoon HIL 402 platform for high-fidelity, real-time simulation, which enabled the validation
of control strategies and firmware beforfe physical“prototyping. This approach significantly
reduced development time and risk. The simplation results demonstrated a high MPPT
efficiency of >98.5 % and a smoeth CC€V.dransition. The subsequent physical prototype
confirmed these results, achieving ayméasured MPPT efficiency of 97.8 % and a peak converter
efficiency of 93.7 %, closelyaligningywith the simulation predictions. The study conclusively
demonstrates the effectiven®ss of the proposed control strategy and the value of a HIL-centric
development flow for pewer electronics systems.

KEYWORDS

Battery charger, DC/DC converter, Photovoltaic cells, Maximum power point tracking, Constant
current /gonstantweltage, Typhoon HIL, Golf car

INTRODUCTION

The integration of renewable energy sources, such as photovoltaic arrays, in energy systems
isqessential for sustainable development [1]. Efficient energy management systems, including
power electronics and precise control algorithms, are critical for optimizing energy conversion.
The DC/DC converters are used in between the PV source and batteries as load to match the
output voltage from the PV to the input voltage of the load. The DC/DC converters may be
buck, boost, or buck-boost converter. Many literature sources use the PV in charging batteries
using buck converter [2-4], boost converters [5-7] or buck-boost converters [8-10]. The DC/DC
converter is employed to maintain the maximum power point despite variations in
environmental conditions by adjusting the duty cycle based on the appropriate MPPT algorithm.
MPPT is crucial for optimizing the efficiency and reliability of PV panels, as the power output
varies with changes in temperature and solar irradiation or load resistance variations.
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This work focuses on a buck DC/DC converter battery charger powered by a PV system for
electric vehicle battery charging according to battery charging requirements. The objective is
to ensure maximum power transfer from the PV system while meeting the charging
requirements of golf car battery pack, optimizing MPPT and battery charging for varying solar
irradiance. A distinctive aspect of this work is the utilization of the Typhoon HIL 402 real-time
emulator within the design workflow. This platform enabled thorough, high-fidelity validation
of the system design and the ESP32 control firmware prior to the construction of a physical
prototype. This HIL-based approach allows for the real-time evaluation of PWM-based control
strategies under a wide range of operating and fault conditions, mitigating hardware risks.
Consequently, it facilitates the identification and resolution of design flaws in the virtual
domain, leading to reduced development time and cost while simultaneously enhancing final
system reliability [11-13].

This leads to real-time evaluation of PWM-based control strategies witheut ‘physical
hardware risks and improve the used microcontroller firmware performancé undeg diverse
operating conditions. Also, the use of will reduce dependency on physicalprotetypes, saving
development costs and time. Using emulation technique validating thefsystem's response to
faults or disturbances in PV generation or battery charging gives system mere reliability. Using
PV as a power source for battery charging contribute to advanced{rengwable energy systems
for sustainable applications. This paper proposes system and strategy. of utilizing a real-time
emulator before implementing the actual system to provide several@advantages, including high-
fidelity testing, improved PV integration efficiency, optimized centroller performance, cost-
effective prototyping, enhanced system reliability, andguppert for green energy initiatives.

The utilization of the Typhoon HIL 402 emulator imthis’workflow is a key differentiator.
It enables thorough, high-fidelity validation ofyth€é system design and control firmware-
developed for the ESP32 microcontroller-long before,the construction of a physical prototype.
This approach allows for the real-time evaluation of PWM-based control strategies under a
wide range of normal and fault conditions without any hardware risks. Consequently, it
significantly reduces development tifie and cost, while simultaneously enhancing final system
reliability by identifying and resolving’design flaws in the virtual domain [11-13].

The novel contributions of this work are threefold:

1. A unified control function that seamlessly integrates Incremental Conductance MPPT
with CCCV battery charging using a single reference voltage equation, eliminating the
need for mode-switching logic.

2. A hardware-in-the-loop (HIL)-centric development workflow using Typhoon HIL
402, enabling high-fidelity validation of control firmware before physical prototyping,
thus reducing development risk and time.

3. Experimental validation on a full-scale 72V golf car battery pack (12 x 6V/260Ah),
demonstrating real-world MPPT efficiency (97.8%) and converter efficiency (93.7%)
with strong correlation to HIL predictions.

To the best of the authors' knowledge, this is the first study to combine these three elements
in a single PV battery charging system for electric vehicle applications.

BATTERY CHARGING SCHEMES

In the literatures, there are two main battery charging schemes: the constant current/constant
voltage (CCCV) scheme and the pulse charging scheme [14-17]. The CCCV scheme reduces
battery damage and improves charging efficiency [18]. As shown in Figure 1, the CCCV scheme
is divided into three modes [15]: trickle charge, constant current, and constant voltage.
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1. In trickle-charge mode, used for deeply discharged batteries, a small constant current
is applied to test the battery's condition. This current, about one-tenth of the full charge,
prevents overheating and safeguards against damaged batteries.

2. Constant Current (CC) Mode: When Vbat<Vcv, the fraction term is negative or zero,
resulting in Vref'= Vmp. The PV panel operates at its maximum power point, delivering
the highest possible charging current.

3. Constant Voltage (CV) Mode: When Vbat>Vcv, the fraction term becomes positive
and increases as the battery charges. This smoothly shifts Vref from Vmp towards Voc,
moving the PV operating point away from the MPP and naturally reducing the charging
current to maintain a constant battery voltage.

For healthy batteries, the charging process involves a constant current mode followed by a
constant voltage mode. During the constant current mode, the PV panel operatesfat its aaximum
power point, delivering a full charging current to the battery while monitoring the ‘battery voltage.
This continues until the battery reaches a predefined value called constant voltagejoperating point
(Vev), equivalent to approximately 70% of battery full capacity. To fully charge the battery, the
constant voltage mode is employed, where the charging current decréases as the battery's state of
charge (SOC) increases, dictated by its voltage condition.
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Figure 1, Constant-current constant-voltage battery charging scheme [15].

SYSTEM DESCRIPTION

The system contains PV panel, DC/DC buck converter, smoothing filter, charging controller,
and the battery, as shown in Figure 2.
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Figure 2, Schematic diagram of the PV battery{harger.
The proposed system consists of the following interconnected subsystems:

o PV Array: 4 parallel strings % 3 series modules (JKM390M-72L). Provides a maximum
power of approximately 3.1 kW at STC. Its output voltage varies with irradiance and
temperature.

e Buck DC/DC Converter: Steps down the PV voltage (typically 87 V at MPP) to the
battery charging voltage (60—78 V). The MOSFET (IXFK120N60) is driven by a 50 kHz
PWM signal from the ESP32.

e Smoothing Filter (L = 100 pH, C = 470 pF): Reduces current ripple to <5% of the
average charging current, protecting the battery from high-frequency stress.

o Battery Pack: 12 series-connected Trojan T-105 6V/260Ah lead-acid batteries (total
72V nominal). Accepts charging current up to 50 A in CC mode.

e ESP32 Microcontroller: Runs the Incremental Conductance MPPT algorithm,
computes Vref from Eq. (1), executes the PI control loop, and generates the PWM signal.

e Voltage/Current Sensors: Resistive dividers for voltage (accuracy £1%) and ACS712
for current (accuracy +1.5%). Signals are filtered with a 1 kHz low-pass anti-aliasing
filter before ADC sampling.

PV PANELS
The'RVpanel is composed of 4 parallel strings, each string composed of 3 series PV modules.

PV®Array Specifications and Characteristics

To achieve the battery pack requirements, the PV array is characterized by the following
parameters:

e Open-Circuit Voltage: 110 V
e Short-Circuit Current: 33 A
o Number of series modules 3,
e Number of parallel strings 4
e MPP Voltage: 87 V

e MPP Current: 32 A

Figure 3 shows the PV module I-V and P-V characteristics at standard test conditions.
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Figure 3, PV modulescharacteristics.
BUCK DC/DC CONVERTER

A buck DC/DC converter is a stepedownyyoltage regulator that reduces input voltage
(Vdc) to a lower output voltage (Vo)fwhile maintaining high efficiency. It consists of a
MOSFET transistor switch and fast’diode, The switch toggles at high frequency, creating a
pulsed voltage applied to the inductor. The inductor filters the converter output current,
providing a charging current fulfil the'gharging requirments. The output of the converter is the
charging voltage of the batteryaas’shewn in Figure 2.

Buck Converter Desigh
The buck convetter i1§,designed for the following specifications:

e Max. Imput¥Voltage: 111 V (the open circuit voltage (Voc) of the PV array)

o Switching Frequency: 50 kHz (determined based on ESP32 PWM generation
capability,and efficiency considerations)

o  ‘Maxecurrent: SOA

SmoothingFilter

Smoothing filter (typically an L filter) plays a crucial role in reducing voltage and
current ripples at the output. The inductor in the filter limits the rate of current change, ensuring
a smooth, continuous current to the battery. This helps protect the battery from high-frequency
ripple currents, improving its charging efficiency and lifespan. Additionally, the filter supports
steady voltage regulation for efficient energy transfer from the PV array. The designed inductor
has an inductance of 100 pH with a maximum allowable current of 50A.

Battery Specifications

The system uses a series-connected battery pack for golf car consists of 12 batteries
each battery of nominal voltage of 6 V with capacity of 260 Ah. The battery discharge curve
is shown in Figure 4.
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Battery Discharge Curve
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Figure 4, Battery discharge curve.
Charging Controller

The controller design consists of twoyfunctién; the maximum power point (MPP)
control function and the voltage controldVC) fungtion. The MPP control function is used to
extract the available maximum power,of PV panel by adjusting this value to the voltage control

function as shown in Figure 5.

V_pv
V_mp

V_bat

o

N
L]
Vpvi

N V_pv

V_mp
NI pv
MPP

Ipv1 V_bat1

Figure 5, the controller function design

THE MAXIMUM POWER POINT TRACKING CONTROLLER

Many MPP tracking methods have been developed and implemented in the literatures.
In this paper it is proposed to use the incremental conductance methods for the MPPT
controller. The incremental conductance [19] is based on the fact that the slope of the PV array
power curve is zero at the MPP, positive on the left of the MPP, and negative on the right of
the MPP as shown in Figure 6. The PV current and voltage are the input signals of the

incremental conductance method.
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Figure 6, MPPT functional block didgram

The Voltage Control Function

The core of the charging strategy is a voltdge control function that dynamically
generates the reference voltage (Vref) for the converter, ensuring proper CC/CV operation.
This function is defined as:

Vmp if Vbat < ch
Vre f = Eq. 5
VOC _Vm .
Vmp + (W_VZJ) y (Vbat N ch) if ch < Vbat < Vmax
where
Vinp: MEPRT voltage, (tracked by the Incremental Conductance algorithm),
Vet Openfcircuit voltage of the PV array,
Vet Battery constant voltage, setpoint (78 V),
Vidax Battery maximum voltage,
V! PV operating voltage.

Equation (5) determines the reference value, which establishes the PV panel's operating
point:*When the battery voltage is below Vev, the PV panel operates at its maximum power
point, charging the battery until the voltage reaches Vcv. At this stage, the reference value rises,
causing the PV panel to operate outside its maximum power point. As depicted in Fig. 6, the
reference value transitions from Vmp to Voc as the battery voltage increases from Vev to Vmax,
ensuring compliance with the CCCV charging scheme. The Vmp is identified using the
incremental conductance MPPT method. Figure 7shows the voltage controller block diagram.

The proposed controller uses a single voltage control loop that regulates the output voltage
of the buck converter. The input variables are Vpv, Ipv, and Vbat. The controller generates a
PWM signal to adjust the duty cycle. The reference voltage Vrefis dynamically computed
using Eq. (1) above. A standard digital PI controller is employed with gains tuned via Typhoon
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HIL simulations: Kp = 0.05 and Ki = 10. The sampling frequency is 20 kHz, matching the
PWM switching frequency (50 kHz with a 2.5:1 ratio for stability). The PI gains were validated
under step changes in irradiance and battery voltage to ensure no oscillations or overshoot.

N
=
Vpv
s 2
o > L e
Sum Gain Integrator Duty
Figure 7, The Voltage Controller block diagram.
The Typhoon HIL 402

The Typhoon HIL 402 is a state-of-the-art real-time simulation platform designed for
hardware-in-the-loop (HIL) testing of power electronics, microgtids, and renewable energy
systems [2]. It offers ultra-low latency, seamless integfationjjand a user-friendly environment,
enabling precise emulation of complex systems likefconverters, inverters, and control systems.
Its ability to simulate high-fidelity models in_feal#time“fhakes it invaluable for validating
control algorithms and hardware designs befote physical deployment. The HIL 402 facilitates
(Figure 8) safer, cost-effective testing of grid-tied systems, renewables, and battery storage
solutions.

Figure 8, Typhoon HIL testing solution [2].

Figure 8 shows the detailed signal flow between the Typhoon HIL 402 and the ESP32
controller. The HIL emulates the PV array, buck converter, and battery pack in real time.
Analog outputs from the HIL (representing Vpv, Ipv, and Vbat) are connected to the ESP32
ADC inputs. The ESP32 computes the MPPT and voltage control algorithms, then generates a
PWM signal. This PWM signal is fed back to a digital input of the HIL, which drives the buck
converter's MOSFET model. The HIL also provides a real-time visualization interface for
monitoring. This closed-loop configuration allows safe and repeatable testing under extreme
conditions (e.g., sudden irradiance drop, battery overvoltage) without damaging physical
hardware.

Journal of Sustainable Development of Natural Resources Management 8
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System Modeling in HIL Environment

The PV array was modeled using the single-diode five-parameter model is shown in Equation
6:

V+IRS) 1] V+IRg

I = I, — I [exp( Eq. 6

Parameters were extracted from the Jinko Solar JKM390M-72L module datasheet:
Iph=9.84, 10 = 1.2x10-104, n=1.3, Rs = 0.25Q, Rp = 500Q.

The battery was modeled as a controlled voltage source dependent on SoC, with internal
resistance Rint = 0.02Q, based on the Trojan T-105 datasheet.

Sampling and Latency: The ESP32 reads Vpv, Ipv, Vbat at 20 kHz (50 ps sampling period).
The control law computation takes 15 ps, and PWM update occurs every 20 us. Total loop
latency is approximately 65 us, which is negligible compared to the converter's 20 ms time
constant. This latency was included in the HIL model to ensure fidelity.

Simulation in Typhoon HIL

The entire system is modelled and testedgin Typheen HIL 402 as shown in Figure 9.
The PV array, buck converter, and battery chaggingprofiles are emulated in real time, allowing
validation of hardware design and control strategies before physical prototyping. The ESP32
microcontroller provides PWM signals to'the HIldevice to drive the converter, ensuring:

e Accurate MPPT control for optimal power transfer.
e Seamless CC/CV chargingimode transitions.

Vbat

Vpv Iov

D

D Charge Controller

sC 3
A enable,fA\ N+ &= ouT+ w Q
\ZJ N 2/
I_pv1 I_pv - L1 L
// + + —
Photovottaic Panell (=) vpy 97 (o4 B Z + .
C) F’< x Vbat <>— Battery1 :_—_O

SoC

—
Buck2

Figure 9, The entire system model in Typhoon HIL 402 plat form.

REAL TIME SIMULATION RESULTS

It is important to clarify that the reported MPPT efficiency (>98.5%) is evaluated only
during the Constant Current (CC) mode, when the system is intentionally operating at the
maximum power point. During the Constant Voltage (CV) mode, the control function
deliberately shifts the PV operating point away from the MPP to reduce charging current and
protect the battery. Therefore, MPPT efficiency is not defined during CV mode, as the system
is not attempting to track maximum power.

Journal of Sustainable Development of Natural Resources Management 9



Hassanin, M., Atia, Y., et al. Year 2026
Design and Implementation of a Buck ... Volume 2, Issue 3, 1010772

The real-time simulation provided quantitative validation of the system's performance. Under
standard test conditions (1000 W/m?, 25°C) and a battery SoC of 60%, the MPPT controller
successfully maintained the PV array operating at 86.8 V and 31.7 A, corresponding to an
extracted power of approximately 2750 W. The MPPT tracking efficiency was calculated to be
consistently above 98.5% across various irradiance levels. Furthermore, the transition from
Constant Current (CC) to Constant Voltage (CV) mode was observed to be smooth and automatic,
occurring when the battery voltage reached the predefined "V _cv' threshold of 78 V, with no
observed overshoot or instability in the charging current. Figure 10 - Figure 13 show the real time
simulation results at a battery state of charge (SoC) of 60%. As shown in the Figure, the PV panel
is working at its MPP (at 1000 W/m? , T=25 C0) and the battery is charging with the maximum
allowable current. The battery voltage is lower than V_cv value.

The constant-voltage setpoint Vev = 78V corresponds to approximately 70% of the battery
pack's full capacity. This value is derived from the discharge curve shown in Figure 4 for the
Trojan T-105 6V/260Ah lead-acid battery used in this study. According to the manufacturer's
datasheet, a rested open-circuit voltage of 6.5 V per cell (i.e., 78 V for 12 cells in series)
indicates a state of charge of 70—-75%. This setpoint ensures a safe transition from bulk charging

(CC) to absorption charging (CV) without overcharging.

Table 1, Experimental Conditions

Parameter Value
Solar irradiance 1000 Wy/m? (STC)
Panel temperature 25°@+ 2°C
Initial battery SoC 60%
Ambient temperature 25°C
Cooling Natural convection
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Figure 10, shows the system operating at 60% SoC and 1000 W/m?2. The PV array is at its MPP
(86.8V, 31.7A, =2750 W). The battery voltage is 72 V, well below Vev=78V, so the system remains
in CC mode. The charging current is steady at 38 A, which is the maximum allowable for this battery

pack. The MPPT algorithm maintains a tracking efficiency above 98.5% under these steady
conditions.
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Figure 11, illustrates the dynamic response to a step-change in irradiance from 1000 to 500 W/m? at t
= 0.5 s. The PV power drops from 2750 W to approximately 1350 W. The Incremental Conductance
algorithm successfully re-tracks the new MPP within 0.2 seconds (40 PWM cycles). The battery
charging current decreases proportionally, but the voltage remains stable with no undershoot or
overshoot. This demonstrates the robustness of the MPPT controller under rapidly changing

environmental conditions?
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Figure 12, presents the system in CV mode at 90% SOC. The battery voltage has reached 78 V,
triggering the transition. The control function now increases Vref above Vmp (to 95 V), shifting the
PV operating point away from the MPP. As a result, the charging current begins to taper from 38 A to
15 A, while the battery voltage remains constant at 78 V. This behaviour matches the ideal CCCV
profile and confirms the correct implementation of Eq. (5).
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Figure 13, presents a composite view of key system parameters during a full charge cycle. The upper
subplot shows PV power, which remains near MPP during CC mode (first 40 minutes) and then
declines during CV mode. The middle subplot shows battery voltage rising linearly during CC and
flattening during CV. The lower subplot shows charging current, which is constant at 38 A until Vbat
reaches 78 V, then exponentially decays. The transition is smooth with no observable oscillation. The
total simulated charging time from 60% to 95% SoC is approximately 75 minutes, which aligns with
theoretical predictions.

REAL-TIME HARDWARE IMPLEMENTATION

The physical prototype'sy petformance closely mirrored the simulation results.
Experimental measurements reeerdéd™a peak converter efficiency of 93.7% at full load, which
was within 1.2% of the HIL simulation prediction. The MPPT algorithm, running on the ESP32,
demonstrated a real-werld tfacking efficiency of 97.8%. Waveforms captured during the CC-CV
transition (see Figure 14, Figure 15) confirm the smooth handoff between modes, with the charging
current beginning itsytaper exactly as the battery voltage reached the constant voltage setpoint,
thus validating the effectiveness of the proposed control function.

After suceessful HIL-based validation, the system is implemented in the laboratory with:

% Real PV panels as the input source.

o A custom-designed buck converter built with MOSFET switch, fast diode, inductor,
and capacitors.

e ESP32 microcontroller programmed for MPPT and PWM signal generation.

The real hardware implementation is tested under similar conditions to validate system
performance. Metrics such as:

e PV power utilization efficiency.
o Battery charging time.
e Dynamic response to irradiance variations.

The results show close correlation with the simulation results, demonstrating the robustness
of the design.

Journal of Sustainable Development of Natural Resources Management 12
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Figure 15, The voltage and state of charge for golf cart powered by pv panels.

EXPERIMENTAL VALIDATION AND HIL-TO-HARDWARE CORRELATION
Following the successful HIL validation, a physical prototype was constructed and
tested under conditions similar to the simulation. The experimental results showed a strong
correlation with the HIL predictions, confirming the fidelity of the model and the effectiveness
of the design workflow.
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e  MPPT Performance: The Incremental Conductance algorithm achieved a measured
tracking efficiency of 97.8% in hardware, compared to the >98.5% predicted in
simulation.

e Converter Efficiency: The buck converter demonstrated a peak efficiency
0f 93.7% at full load, which was within 1.2% of the efficiency calculated in the HIL
environment.

e CC-CV Transition: Oscilloscope measurements of the charging current and battery
voltage (Figure 15) confirmed a smooth and stable transition from CC to CV mode,
with no observable overshoot or instability, exactly as predicted in the real-time
simulation.

o Efficiency Measurement Methodology: The converter efficiency was measured
using a Yokogawa WT3000 precision power analyzer (0.1% accuracy). Input
power (Pin) was measured at the PV side (voltage across and current into the buck
converter), and output power (Pout) was measured at the battery terminals. Efficiency
was calculated as n=Pout/Pinx100%#=Pout/Pinx100%. The peak efficiency of
93.7% was recorded at the following operating point:

e Vin=287.0V,lin=31.74 — Pin =2758W,

o Vout =725V, lout =35.74 — Pout = 2587W,

o Switching frequency: 50 kHz, ambient temperature: 25°C.
Measurements were repeated three times with less than 0.5% variation.

The close agreement between the simuldted sand measured performance metrics
underscores the accuracy of the Typhoon HIL"model*and validates its use as a powerful tool
for de-risking the development of powerelectroniés systems.

CONCLUSION

This paper presented the design, HIL-based validation, and experimental
implementation of a buck converter battery charger for a PV-powered golf car. The following
specific results were achieved:

e The proposed unified control function successfully integrated Incremental Conductance
MPPT with CCCV charging. The reference voltage Vref transitions smoothly from Vmp
to Voc as the battery voltage increases from Vev (78V) to Vmax (84V).

e In real-time HIL simulation (Typhoon HIL 402), the MPPT tracking efficiency
exceeded 98.5% during CC mode under standard test conditions (1000 W/m?, 25°C, 60%
initial SoC). The system responded to a step change in irradiance (1000 — 500 W/m?)
within 0.2 seconds without instability.

o The physical prototype achieved an MPPT efficiency of 97.8% and a peak converter
efficiency of 93.7% at full load (P_out = 2587 W). Both values are within 1.2% of the
HIL simulation predictions, validating the fidelity of the HIL model.

e The transition from CC to CV mode was observed to be smooth and automatic, with no
overshoot or oscillation in charging current, exactly as predicted by the real-time
simulation.
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e The HIL-centric development workflow reduced prototyping iterations by approximately
40% and eliminated the risk of hardware damage during controller tuning.

These results conclusively demonstrate that the proposed control strategy is effective,
and that Typhoon HIL 402 is a valuable tool for de-risking power electronics development.
Future work will focus on lithium-ion battery compatibility, partial-shading MPPT algorithms
(e.g., fuzzy logic), and bidirectional V2G functionality."

Future work will focus on implementing more advanced MPPT algorithms (e.g., based
on fuzzy logic) for improved performance under partial shading, adapting the control function
for Lithium-Ion battery chemistries, and exploring bidirectional power flow to enable vehicle-
to-grid (V2G) functionalities.
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