<]
TUDelft

Delft University of Technology

Design, Control, and Evaluation of a Photovoltaic Snow Removal Strategy Based on a
Bidirectional DC-DC Converter for Photovoltaic—Electric Vehicle Application

Hesham Ashraf Saeed Mohamed Saad Sharaf, Hesham; Bastawrous, H.; Makeen, Peter

DOI
10.3390/en17246468

Publication date
2024

Document Version
Final published version

Published in
Energies

Citation (APA)

Hesham Ashraf Saeed Mohamed Saad Sharaf, H., Bastawrous, H., & Makeen, P. (2024). Design, Control,
and Evaluation of a Photovoltaic Snow Removal Strategy Based on a Bidirectional DC-DC Converter for
Photovoltaic-Electric Vehicle Application. Energies, 17(24), Article 6468.
https://doi.org/10.3390/en17246468

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.3390/en17246468
https://doi.org/10.3390/en17246468

\ energies

Article

Design, Control, and Evaluation of a Photovoltaic Snow
Removal Strategy Based on a Bidirectional DC-DC Converter
for Photovoltaic-Electric Vehicle Application

Salma Elakkad !, Mohamed Hesham !, Hany Ayad Bastawrous >* and Peter Makeen !

Academic Editor: Anastassios M.

Stamatelos

Received: 2 December 2024
Revised: 18 December 2024
Accepted: 20 December 2024
Published: 22 December 2024

Citation: Elakkad, S.; Hesham, M.;
Bastawrous, H.A.; Makeen, P.
Design, Control, and Evaluation of a
Photovoltaic Snow Removal Strategy
Based on a Bidirectional DC-DC
Converter for Photovoltaic-Electric
Vehicle Application. Energies 2024,
17, 6468. https://doi.org/
10.3390/en17246468

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license
(https://creativecommons.org/license

s/by/4.0)).

1 Electrical Engineering Department, Faculty of Engineering, The British University in Egypt (BUE),
Cairo 11837, Egypt; salma.elakkad@bue.edu.eg (S.E.); mohamed195789@bue.edu.eg (M.H.);
peter.makeen@bue.edu.eg (P.M.)

2 Department of Microelectronics, Faculty of Electrical Engineering, Mathematics and Computer Science,
Delft University of Technology (TU Delft), 2628CD Delft, The Netherlands

* Correspondence: h.bastawrous@tudelft.nl

Abstract: A novel self-heating technique is proposed to clear snow from photovoltaic pan-
els as a solution to the issue of winter snow accumulation in photovoltaic (PV) power
plants. This approach aims to address the shortcomings of existing methods. It reduces
PV cell wear, resource loss, and safety risks, without the need for additional devices. A
self-heating current is applied to the solar panel to melt the snow covering its surface,
which is then allowed to slide off the panel due to gravity. The proposed system consists
of a bidirectional DC-DC converter, which removes the snow cover by heating the solar
PV modules using electricity from the grid or electric vehicle (EV) batteries. It also charges
the EV battery pack and/or supplies the DC bus when no EV is plugged into the charging
station. For each mode of operation, a current-controlled system was implemented using
a PI controller and a model predictive controller (MPC). The MPC approach achieved a
faster rise time, shorter settling time, very low current ripples, and high stability for the
proposed system. Specifically, the settling time decreased from 9 ms and 155 ms when
using the PI controller at 20 us and 35 us with the MPC controller for both the buck and
boost modes, respectively.

Keywords: bidirectional converter; buck converter; boost converter; PV cells; electric ve-
hicles

1. Introduction

In recent years, the rapid expansion of renewable energy sources, such as photovol-
taics (PVs), has posed challenges to the efficient operation of power grids. The fluctuations
in renewable energy source (RES) output can be mitigated by integrating energy storage
devices. However, the widespread adoption of energy storage has been hindered by high
costs and safety concerns. With advancements in coordinated electric vehicle (EV) charg-
ing and discharging technologies, EV charging stations are beginning to exhibit function-
alities similar to energy storage systems. Furthermore, as the number of EVs continues to
grow, the scale of EV charging infrastructure is expected to increase substantially as well
[1-3]. Studies have demonstrated the potential of various RESs for global energy con-
sumption, with solar energy being the most promising [4]. However, the impact of solar
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energy on power generation remains limited due to several constraints, including high
costs, energy storage issues, and efficiency challenges [5].

In high-latitude regions during the winter, ice and snow accumulation on solar pan-
els can severely reduce energy efficiency if not promptly removed or melted. Thick layers
of snow can freeze on the surface of PV panels, preventing direct exposure to sunlight.
This can lead to no energy production for long periods until the temperature rises enough
to naturally melt the snow, reducing electrical generation by 90% to 100% during the win-
ter season.

To address this issue, many researchers have proposed both passive and active solu-
tions over the decades [5-7]. Soltek Solar Energy Ltd. [8] constructed a passive solution
using flush-mounted panels that help reduce the accumulation of ice on solar modules.
However, this solution was unable to eliminate the problem entirely. In 1995, another pas-
sive heating system was proposed by Ross and Usher [9], which used a black foil to absorb
radiation reflected from the snow-covered ground. This heat was transferred to the back
surface of the PV module, but the results were not promising. Several studies have also
proposed active solutions. Research from 2003 to 2014 showed that the pn junction char-
acteristics of the diode in the PV cell could be used to function both as a power source and
a load [10-12]. This was implemented by Jianan et al. in their study, which modeled the
PV solar cell as a resistive load when covered by snow, due to the lack of irradiance and
sun exposure [13]. A system using the internal pn junction characteristics of PV cells to
melt snow was investigated in [14]. The results showed a temperature rise of 16.5 Kelvin,
producing a current of 2.2 A in an air environment without snow. A thin metal foil heater
was added to address the issue of the solar panel aluminum frame preventing the snow
from sliding off the panels. This led to a heating time of approximately 15 min, at which
point the snow began to slide off the PV modules. However, these experiments were con-
ducted with manually placed snow and did not test real-world snow conditions. In 2020,
Chenyue Yan et al. explained how a current with exponential dependence could be estab-
lished within the device upon the application of a specific positive potential difference to
the PV cell [15]. During this process, the PV cell behaves as a load in the circuit. Heat is
produced within the semiconductor region of the PV module, which can be used to melt
the snow and cause it to slide down the panel naturally by gravity. The results showed
that it took 91.1 min (of which 20.1 min were mainly for heating) to melt a 4 cm thick snow
layer. Interestingly, this time decreased for thicker layers of snow, such that it took 65.2
min (of which 11.9 min were for heating) to remove an 8 cm thick snow layer. These ex-
periments demonstrate the feasibility of this method at middle to high latitudes. In [16],
the authors explored snow removal by generating reverse currents through PV cells. The
study focused on the influence of various parameters, such as tilt angle, solar irradiance,
ambient temperature, and wind speed. The findings also verified that using reverse cur-
rent through PV cells is more energy-efficient than conventional heaters.

Bidirectional DC-DC converters are employed in RESs, smart grids, and EV charging
stations. In the vehicle-to-grid (V2G) architecture, these converters charge EVs from the
power grid and feed the energy stored in EV batteries back to the grid when necessary.
Therefore, bidirectional DC-DC converters with low cost, high efficiency, and high relia-
bility are crucial components for EV charging stations. The applications and controllers of
bidirectional power converters extend beyond just EVs, as mentioned in [17-21]. Since the
DC-DC converter is an integral part of the PV system, improving its performance is of
high importance. Multiple controllers have been studied to optimize DC-DC converter
performance for various applications. In [22], the authors focused on the proportional—-
integral (PI) controller for DC-DC converters. In [23], a comparison of PID controller tun-
ing methods for DC-DC converters was investigated. An interesting study proposed in
[24] used model predictive control (MPC) for maximum power point tracking (MPPT) and
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voltage regulation of DC-DC converters in solar PV systems, concluding that this ap-
proach offers fast response and low output ripples.

While the aforementioned studies highlight the potential of reverse current-based
snow removal and the investigation of controllers for DC-DC converters, a critical re-
search gap remains in comprehensively investigating the influence of these controllers
and their parameters on the process of mode control for melting accumulated snow on PV
panels.

In this work, a controlled bidirectional DC-DC buck-boost converter is used to facil-
itate direct current flow to a battery pack for charging an EV, while also enabling reverse
current flow to heat the PV cells and melt snow accumulated on the panels during the
cold winter season. The system utilizes power from the EV battery pack for this process.
Additionally, various case studies are proposed and investigated while implementing dif-
ferent controllers. The system’s behavior in both buck and boost modes is analyzed using
a PI controller implemented in MATLAB/Simulink R2022a to study transient effects. Fur-
thermore, the discrete transfer function is controlled in both modes to obtain more effec-
tive results using both the MPC and PI controllers, as discussed in the following subsec-
tions. The proposed hierarchical controller based on MPC demonstrates robustness, reli-
ability, and efficient dynamic response, as will be introduced in the following sections.

2. Proposed System
2.1. Overall System Construction

The proposed bidirectional DC-DC converter is illustrated in Figure 1a. It has two
different modes: the buck mode and the boost mode. The buck mode is responsible for
charging the EV from the PV system, while the boost mode generates a reverse current to
heat the solar panels using energy from the EV battery pack. Both the buck and boost
converters are designed to regulate the current and voltage to ensure the safety of both
the PV system and the EV battery.

The boost mode is activated whenever there is snow or freezing rain, and the PV
system requires a reverse current to heat the cells, either from the EV or the DC bus, as
shown in the flowchart in Figure 1b. The buck mode is activated when power is generated
by the PV system and is used to charge the EV or supply the DC bus, as indicated in the
flowchart in Figure 1b.

Thus, if the EV is connected to the charging station and the PV system’s power
reaches 1 kW, the buck mode will successfully charge the EV battery. In contrast, if the
following four conditions are met, (1) the PV output power falls below the predetermined
threshold (1 kW); (2) it is snowing; (3) the EV battery’s state of charge (SOC) is greater
than 45%; and (4) the EV owner agrees to engage in the operation, the boost mode can be
used to heat the PV solar panels.
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Figure 1. (a) The proposed bidirectional converter. (b) Flowchart of the operational modes.

It is assumed that the power of the PV system is 26.113 kW, with a short-circuit cur-
rent (SCC) of 35.82 A and an open-circuit voltage (OCV) of 729 V, where SunPower panels
of the SPR-435NE-WHT-D model were used in the MATLAB/Simulink simulation. The
array consists of 10 series modules and 6 parallel strings, and the I-V and P-V characteris-
tics of the PV array are illustrated in Figure 2a.

The constant current constant voltage (CC-CV) charging protocol is the traditional
method for EV battery charging. In comparison to the CC-CV approach, researchers are
exploring methods to shorten charging times and reduce battery degradation. The battery
is charged using a multi-stage application of various currents under the multi-stage charg-
ing protocol, extending its lifespan without causing deterioration. For multi-stage con-
stant current charging of EV batteries, numerous algorithms and methods have been de-
veloped to shorten charging times, minimize energy loss, and improve charging effi-
ciency, as shown in our previous work [25,26], and as depicted in Figure 2b. Hence, the
main parameter to consider when charging the EV battery is the charging current, which
is the backbone of our proposed controller. The parameters utilized in the proposed sys-
tem are shown in Table 1.
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Figure 2. (a) I-V and P-V characteristics of the PV array. (b) The charging current stage changes
whenever the battery voltage reaches the cut-off value in different charging protocols.

Table 1. The parameters of the proposed system.

Parameter

Value
PV Nominal Voltage (V) 729V
EV Nominal Voltage (V) 360 V
Maximum Input Current (11 (Max)) 35.82 A
Nominal EV Discharging Current (A) 65.2174 A
EV Rated Capacity 150 Ah
EV SOC 45%
Power Rating 26.113 kW
Efficiency (1) 95%
Inductance (L) 13 mH
EV Capacitance (C,) 20 puF
PV Capacitance (C;) 1 mF
Switching Frequency (f;) 30 kHz
Output and Input Voltage Variations 1%

2.2. Design of the Proposed Bidirectional DC-DC Converter

2.2.1. Mode 1: Boost Mode Mathematical Model

The boost operational mode circuit is presented in Figure 3. The solar PV panel is
represented by a load denoted as (R ,,,,) where its calculation process is explained in detail
in this section. The EV battery pack is represented by a voltage source denoted as (Vpys)-
The capacitance denoted as (C,) can be neglected since it imposes no dynamic effect

when there is a regulated voltage at the output port (Vs is constant). The methodology
used to obtain the mathematical modeling was adopted from [27].
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Figure 3. Boost mode operation circuit in the proposed bidirectional system.

Based on the boost converter representation shown in Figure 3, the EV battery current
can be considered equivalent to the inductor current, as described in Equation (1). Addi-
tionally, the PV voltage and duty cycle of the proposed converter are represented by Equa-
tions (2) and (3), respectively. The mathematical model begins with the application of the
state-space averaging method, from which three components of the model are derived, as
shown in Equation (4). These components, discussed in detail in [27], are the equilibrium
point, the linear dynamic component, and the nonlinear dynamic component. Therefore,
the dynamic variables of the converter, in relation to the duty cycle, are obtained as shown

in Equation (7).
IL = IEV! (1)
VCl = IEV.REVr (2)
Ry + R

D=1_IEV(M>’ 5

Vey

di, (t) |
— Ver - B] = [dVpy] = [Veyd],
dVe, (t) .
Cl ;11: Z[ILREVy]_[VCIy]+[lLREV]/]_[VC1y], (5)
Rey - Req
¢ ’ REV + RCl
Req
=1-—2 6
ﬁ REV + RC1 ( )
1
Y=5""F—
Rgy + Ry
P ARGENY
_I(s) _ LC

Gid—Boost(S’) =26 52+%1 Ri‘gl/'ﬁ ) (7)

It is clear from the derived expressions in Equation (7) that the negative sign is due
to the presence of a zero located on the right side of the plane. Finally, after deriving the
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final expression for the boost mode, a controller is used to regulate the inductor current.
All the parameter values in Equation (7) are taken from Table 1.

2.2.2. Mode 2: Buck Mode Mathematical Model

The buck operational mode circuit is presented in Figure 4. The solar PV panel is
represented by the Norton equivalent model, as mentioned in [27], where the equivalent
PV resistance is assumed to be 395.64 (). The EV battery pack is represented by a voltage
source denoted as (V). Similarly, the capacitance (C,) could be neglected as it imposes
no dynamic effect when there is a regulated voltage at the output port.

The methodology used to obtain the mathematical modeling was adopted from [28],
where the system was expressed as a third-order system with the following equation:

) (@-s+D-[(B-s+1) - Vpy —7l

Ca = = W s+R)@ s+ DB st D+ DRp(a st D+ RyB s+ D)’

a=Cy Rgy
B =Cpy - Rpy , 9)
Yy =D I, Rpy
The desired general formula for the buck mode controller, which also uses a control-
ler to regulate the PV voltage, is now acquired. For a two-voltage-source system, the main
transfer function can be represented in Equations (10) and (11), as investigated in [28].

_ D - Vpy = Vpc-pus

I, = , 10
L R, + Rgy (10)
’l\L VPV
Gig-puck(s) = 5 = m, (11)
L EV
<]
lpv IL + Vbus 2
— & LR
t 82
Ise RP"§ e sy c2==

grid

Bidrectional
DC-AC Inverter

DC-DC Connverter

Bidrectional _,—Al_EVBanery

Figure 4. Buck mode operation circuit in the proposed bidirectional system.

2.2.3. Bidirectional DC-DC Converter Control System

After concluding the transfer function of the bidirectional DC-DC converter in both
buck and boost modes, the equations were discretized using MATLAB. Then, different
controllers were investigated to find the optimal dynamic behavior of the bidirectional
converter.

The main proposed schematic diagram is presented in Figure 5. Figure 5a represents
the boost mode, where the goal is to supply the PV with a specific reverse current to melt
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IPVN-[ +

the snow on the panel. Figure 5b represents the buck mode, where the charging current
for the EV is the main goal of the controller.

According to the literature, the PI controller is commonly used in bidirectional power
converters. MATLAB/Simulink will automatically tune and generate the parameters that
achieve the targeted behavior as per the controller’s coefficients in Equation (12):

Controllerp;(z) = P+ 1T, ﬁ, (12)

where P and I are the proportional and integral coefficients, respectively, and T; is the
discrete sampling time, considered to be 5 pis.

One of the Al-based controllers used in other systems is the model predictive control
(MPC), which can predict the future behavior of the system over a defined time range.
Based on these predictions, the controller computes the best control parameters to meet
the task objectives. It is worth noting that the MPC controller is used in various applica-
tions to sustain the stability and reliability of DC microgrids, as investigated in [29,30].

D(s) D(s)

Ipy-Reverse IEVref +

b

II:‘V—(.‘harging

—

Gid—Boost (S) Gid—Buck (3)

(@) (b)

Figure 5. A schematic diagram of the proposed bidirectional system in both (a) boost and (b) buck

modes.

3. Results and Discussion
3.1. Mode 1: Buck Mode Converter

The first mode is the buck mode converter, where the main goal is to charge the EV
battery with a predetermined current, according to the EV battery specifications. The
charging protocol depends entirely on the charging current, as shown in [25,26,31]. Con-
trolling the charging current with minimal ripples and transient time is ensured, as shown
in Figure 6a, where the settling time reached 4.17 ms and the peak-to-peak current ripple
was 0.4621 A. The impact of the charging current on the EV battery is shown in Figure 6b.
The input voltage and current of the PV panel are presented in Figure 7a. Additionally,
different controllers, represented by the MPC and conventional PI, were implemented to
achieve the optimal dynamic performance, as shown in Figure 7b. The parameters of the
PI controller are 0.00987 and 0.01577, respectively, where the PI controller is optimized
using MATLAB/Simulink auto-tuning based on the transfer function of the buck con-
verter. The MPC controller implemented in this paper ensured a significant reduction in
the transient response time of the system. This improvement is quantified by the observed
settling time of 20.254 us required to reach the desired steady-state value.



Energies 2024, 17, 6468 9 of 13

<80C (%)>

; . ; ; ; 45025
__...-l-l"'""'—.
.26 ! ! | <Current (AJ> | 45.02
Reference 45015 —-______...--"'"
28 | | i 4501 / ___‘,.--l""-
45,005 =
v —
45 <50C (%> H
-30
<Current (A4)>
0.4621 A
.32 ! i
.30
.34 ! - 5
4 4002 4004 4006 o ——
% Time (seconds) . [—Gwrenii]
<\oltage (V)=
t - 3804
380.2
389 - —
i 388.8 ,/
; - ¢ . ¥ 888 <Voltage (V)=
2 25 3 35 - 45 5 884 : it
Time (seconds) 25 3 35 4 45 5

Time (seconds)
(@) (b)
Figure 6. Output results from the buck mode converter: (a) the charging current refers to the refer-

ence current and (b) EV battery SOC, current, and voltage while charging.
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Figure 7. Output results from the buck mode converter: (a) the PV current, voltage, irradiance, and

temperature and (b) a comparison between the conventional PI controller and MPC controller.
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3.2. Mode 2: Boost Mode Converter

The second mode is the boost mode converter, where the main goal is to heat the PV
panel to remove the snow. Controlling the PV’s reverse heating current with minimal rip-
ples and transient time, while also controlling the EV discharging current according to the
EV battery specifications, is ensured, as shown in Figure 8a. The settling time ranged from
800 ms to 125 ms while varying the reference current from 5 A to 7 A, with peak-to-peak
current ripples of 0.021 A. The state of charge (SOC) of the EV battery during discharging
is shown in Figure 8b. Different controllers, represented by the conventional PI controller
and MPC controller, were implemented to achieve the optimal dynamic performance, as
shown in Figure 9. The parameters of the PI controller are 0.002834 and 0.061532, respec-
tively, where the PI controller is optimized using MATLAB/Simulink auto-tuning based
on the transfer function of the boost converter. The MPC controller implemented in this
paper ensured a significant reduction in the transient response time of the system. This
improvement is quantified by the observed settling time of 35.421 us required to reach the
desired steady-state value.

Current (A)
— P\/ current
-3H Reference
800 ms
4}
=50C (%)=
0.021A aa6— T T T : -
A 4 |
444
-5
44.2
-55
44
-6
438
65 1251ms ‘ , , I I |
ol 25 3 35 4 45 5
-7 Time (seconds)
-7.5
- 4.05 41 415
2 25 3 35 4
Time (seconds)
(a) (b)

Figure 8. Output results from the boost mode converter: (a) the reverse heating current refers to the
discharging reference current and (b) EV battery SOC while discharging.
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Figure 9. Comparison between the conventional PI controller and the Al-based MPC controller.

4. Conclusions

This paper introduces a novel snow removal approach to enhance the power gener-
ation efficiency of photovoltaic (PV) systems in snowy regions while charging EV batter-
ies. This study systematically and comprehensively examines the feasibility, performance,
and advantages of the proposed snow removal strategy. The goal is to explore the poten-
tial of snow removal strategies for large-scale practical applications, especially during EV
battery charging. Various strategies are implemented in this paper under different scenar-
ios to account for all possibilities. Additionally, different controllers are employed to
achieve optimal transient behavior during both charging and discharging of the EV bat-
tery. Conventional PI and Al-based MPC controllers are implemented and compared. The
MPC controller ensures shorter rise and settling times, lower current ripples, and greater
robustness for the proposed system. It achieves a remarkable 99% reduction in settling
time compared to the conventional PI controller, across both the buck and boost operating
modes of the converter. The proposed hierarchical MPC-based controller demonstrates
robustness, reliability, and efficient dynamic response, as will be discussed in the follow-
ing sections. In future work, artificial intelligence-based controllers could be implemented
in these subsystems and compared with the proposed controller under various environ-
mental conditions, such as uneven snow distribution and varying tilt angles of the PV
systems. Experimental studies could also assess the impact of charging and discharging
protocols on EV battery lifespan. Additionally, future research could focus on system cost
analysis, forecasting, and optimization.
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