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ABSTRACT
Different factors affect solar photovoltaic (PV) systems by decreasing input energy and
reducing the conversion efficiency of the system. One of these factors is the effect of snow
cover on PV panels, a subject lacking sufficient academic research. This thesis reviews
current research for snow removal in solar PV modules and power electronic circuit
topologies used. Additionally, it presents the design, analysis and modelling of a smart
heating system for solar PV electric vehicle (EV) charging applications. The system is
based on a bidirectional buck-boost DC/DC converter that redirects the grid/battery power
into heating of the PV modules thus removing snow cover, as well as providing the function
of MPPT when required to charge the EV battery. A performance evaluation by simulating
and testing the system under various climatic conditions is presented validating the
usefulness of the proposed converter to be used in solar PV systems under extreme winter
conditions.

Keywords: solar PV systems; bidirectional DC-DC converter; bidirectional synchronous
buck converter; snow removal; EV charging.
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𝐺𝑣𝑑 (𝑠)

Transfer function of the input capacitor voltage in relation to the

duty cycle
𝐼𝐿𝑅𝑒𝑓

Inductor reference current

𝐶𝑖𝐿

Inductor current controller

X

State vector

U

Input or control vector

𝐴𝑚 , 𝐵𝑚 , 𝐶𝑚 , 𝐷𝑚 State-space representation matrices
𝑉𝑝𝑣𝑅𝑒𝑓

Solar PV array reference voltage

𝐶𝑣𝑝𝑣

Solar PV array voltage controller

𝐾𝑝

Coefficient of proportional term

𝑇𝑖

Integration time

Chapter 4
S

Solar irradiance

Note: When modelling the proposed converter, the capital letters indicates the DC
values (steady-state), and the superscript symbol (~) denotes the small AC perturbations of
the variables.
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Chapter 1. Introduction
In this chapter, the background to the problem is described, the motivation for the
work is presented, and the objectives and contributions of the thesis are outlined.
1.1 Background
There is a growing concern in the world about climate change and global warming.
Since one of the main causes of global warming is greenhouse gas (GHG) emissions, its
reduction is an indisputable and urgent need. According to a report presented by the
International Energy Agency (IEA), transportation and electricity/heat generation sectors
represent more than 60% of the CO2 emissions as shown in Figure 1.1 [1], [2]. Although
the total energy spent in the transportation sector is used primarily by road, railway, ship
and aviation transport, road transport represents three quarters of the total [3]. The report
also shows that during 2017 in the world, CO2 emissions from fossil fuel combustion, such
as coal and oil approached to 14.5 gigatonnes (Gt) and 11.37 Gt, respectively [2]. In more
recent studies, it has been analyzed that even global consumption fossil fuel will be lower
with high penetration of EV in transportation but the efficacy in long term GHG reduction
will be only when EV policy incorporates maximum uses of renewable energy with carbon
pricing [4].

Figure 1.1. Global CO2 emissions by sector from 1971 to 2017 according to the IEA [2]. Source: IEA (2019) CO2 Emissions from Fuel
Combustion - Highlights. All rights reserved.
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Both conventional electric power and conventional vehicles rely on the combustion of
fossil fuels, which contributes to the emission of CO2 [5], [6]. Therefore, the use of
standalone and grid-connected renewable energy sources, and the use of electric vehicles
(EVs) and plug-in hybrid electric vehicles (PHEVs) are a realistic solution that will reduce
CO2 emissions and dependence on fossil-based sources, promising to be the future of
energy and mobility [5], [7]. This is where the smart grid plays an important role in the
game, making processes more efficient, ensuring optimal system energy management,
reducing costs, increasing reliability, and facilitating the integration of renewable energy
sources such as photovoltaic solar energy, and electric transport [8]–[10]. Over the last 510 years, there has been lots of advancement in technology in various fields, especially the
ones that contribute to a smart grid infrastructure and real-time communication/pricing:
smart meters, advanced information/communication technology [11].
The current trend of renewable energy sources dominating an ever-increasing share of
the world's power grid mix has been increasing steadily over the past year. According to a
report presented by International Renewable Energy Agency (IRENA) [12], by the end of
2019, renewable capacity had increased by 176 gigawatts (GW), compared to the previous
year, to a capacity of 2537 GW. In the same report, it was also stated that in the last 10
years, the global solar photovoltaic capacity has increased from 40.2 GW to 580.1 GW.
There are several influences that have resulted in the continuous integration of solar PV
into EV charging system: rapid growth in global demand for EVs, concerns over the effects
of GHG and a decrease in the price of solar PV modules [13].
Despite the increase in capacity in recent years, there are some challenges in
developing solar systems that have made their implementation slow since their inception.
Some of the limitations of solar PV systems include price (the relation between lifetime
generation cost versus electricity prices), energy storage, efficiency, among others.
According to Ueda et al. [14] the efficiency of solar PV systems can be affected by
meteorological parameters that decrease the input energy such as shading, soiling, snow
covering, mismatch, etc.; or parameters that reduce the conversion efficiency such as
module temperature, losses, equipment efficiency, among others [14].
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Most of these factors have been researched in-depth, such as the effects of shading and
mismatch or the efficiency of the converters used, resulting in an improvement in system
efficiency [15]–[21]. The current converters developed has an efficiency of around 90 %
or higher; however, more research is still required to improve the input energy efficiency
of solar PV cells [22]–[25].
Various authors in the literature [26], [27] specifically described the factors that
influence snowfall losses in solar PV systems. These factors are classified in two
categories, environmental factors and system design factors. The environmental factors
include snow characteristics, snowfall recurrence patterns, ambient and solar module
temperature patterns, irradiation, wind speed and direction, and humidity. On the other
hand, the factors related to the system design include tilt angle of the modules, orientation
(fixed or tracking), tracker rotation parameters, installation type (open rack or building
integrated), and distance of the modules to the ground.
A positive aspect in areas with a high tendency to snowfall is that soiling losses are
reduced in the summer season due to regular precipitations throughout the year [26].
However, the most important negative aspect is that even a partial snow cover on the PV
module can significantly reduce the energy produced by the entire panel; this problem is
critical as one of the main purposes of the electricity used in these areas is to heat buildings
[28], [29].
Many studies have been developed on the effects of snowfall on solar PV systems
since this is one of the main factors affecting the performance of PV systems in cold areas
[21], [26]–[28], [30]–[44].
DNV GL (formerly BEW Engineering) developed an analytical model to estimate
snow loss in PV systems [26], [45]. This model estimated an annual yield loss ranging
between 2% to 5%. On the other hand, Andrews et al. [30] proposed a different approach
to the model by analyzing the snow shedding patterns. This research concluded that the
annual energy losses ranged from 1 to 3.5%. Many more studies have been proposed in the
literature to estimate energy losses in PV systems due to snowfall [26], [27], [29], [31],
[33], [35], [37]–[39], [46] , each using different prediction models, including stochastic
3

and curve fitting models, as well as different input parameters, such as the PV system
parameters, weather factors and the snow properties. However, all studies have shown
different monthly energy loss results ranging from 1 to 90%, largely due to the different
conditions evaluated in each model.
Several active and passive heating systems for snow removal of PV modules have
been proposed in the literature. In Canada, the company Soltek Solar Energy Ltd.,
developed flush mount panels to reduce the snow covering issue on solar modules,
however, there are still problems of icing on the modules [47]. Also, the use of different
self-cleaning surfaces for the solar modules has been commercially developed, such as
hydrophilic and superhydrophobic surfaces, which are made to repel water, forming beads
of water that roll across the surface. There have also been attempts to create icephobic
surface coatings, which repel ice or inhibit ice formation [32], [39], [42], [44], [47].
However, there are no conclusive and effective results related to these materials.
Ross and Usher [47], [48] proposed a heating system that melts snow using reflected
radiation from the ground to heat the back surface of the PV module by using a black
absorbent coating placed on the back of the module mounted alongside with a glass
enclosure, although the results found were negligible. This model is shown in Figure 1.2.

Figure 1.2. Ross and Usher’s snow removal solution [47], [48].

Various patents were developed in Germany, Japan, Norway and Sweden [49]–[52]
all of them using the same active method, but using different type of sensors for the control
system. The proposed system consisted of applying a reverse current to the solar panel
using an external power source in order to heat the solar cells, thus melting the snow. Other
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methods included the use of resistive electrical cables to heat the frame of the photovoltaic
modules that would produce an avalanche effect to remove snow. Several studies using
these methods were found in the literature [51], [53]–[58]. However, although some of the
proposed prototypes have had good results in reducing losses in the system caused by snow
cover, most of these systems have used many sensors, such as photodetectors, temperature
sensors and pyranometers, as well as they have used external voltage sources to produce
the reverse current flow in the PV cells. Additionally, they lack relevant historical data to
draw decisive conclusions.
1.2 Motivation
It is known that the main challenge of solar PV systems used in electric vehicle
charging applications is to deliver efficient, reliable and fast power to the EV battery pack.
As mentioned earlier in Section 1.1, one of the factors that affects solar PV systems is the
snow cover; during winter, when the hours of solar radiation are reduced and snowfall is
very abundant, solar panels can remain covered by snow or ice for weeks or even months,
reducing its productivity to zero [55]. However, unlike other factors, there are not many
effective solutions reported within the academic literature. In fact, only 5 articles were
found in which active solutions were reported to counteract the effect of snow on solar
panels [51], [54], [55], [57], [58].
In [55] Husu et al. proposed a method that involved heating the solar panel using a set
of electrical resistors that are powered by an external voltage source. In addition, it used
two irradiation sensors and a temperature sensor to control the heating of the electrical
resistance. However, this method could be too expensive as it requires many sensors and
an additional voltage source, which would not be cost effective in a system with multiple
solar panels.
On the other hand, a different method was described in the other 4 manuscripts [51],
[54], [57], [58]. In them the use of reverse electric current through the solar PV panel was
used to heat the PV cells. The method used was based on the heating phenomenon of a
forward biased diode that occurs when it begins to conduct current. In this case, when
reverse current flow through the photodiodes of the PV panels, they generate dissipated
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heat that was enough to start melting the snow/ice adhering to their surface, or allow the
snow cover to slide off. However, although the reports showed good results in terms of
effectiveness, important information was lacking in relation to design, control, among
others.
For the reasons mentioned above, a power electronics circuit topology was proposed
that would solve the aforementioned challenges. Therefore, this thesis will focus on the
design, modeling, simulation and testing of an efficient bidirectional DC-DC power
converter to be used in solar PV connected electric vehicle charging applications, including
a snow removal function for solar systems located in places with winter climates.
1.3 Research Objectives
This thesis study mainly focuses on the integration of an EV battery charger system
connected to solar PV with integrated snow removal functionality.
In this regard, the specific objectives of this thesis are the following:
•

To develop an electrical model and design a bidirectional DC/DC conversion system
for PV EV charging applications;

•

To design the power management controller to achieve maximum power (including
MPPT) of the PV system and at the same time manage the heat to melt snow/ice from
the solar PV array using reverse current flow from the PV cell diode when needed;

•

To verify the performance of a solar PV system with integrated snow removal
functionality.

1.4 Contributions
The contributions of this work are:
•

A comprehensive study of EV charger classification and standards, PV systems
characteristics and modeling, and snow removal solutions for solar PV panels.

6

•

Introduction of a solar PV system with integrated snow removal functionality that
prevents the disruption or reduction of electricity production during the winter season
in off-grid or on-grid EV charging systems.

•

An overview of the available power electronics circuit topologies and the selection of
a suitable topology for dual solar/PV-based snow removal and EV charging
functionality based on the required criteria.

•

Introduction of a permanent and simple solution that can be implemented even in
previously installed systems, without requiring the installation of external components,
only the proposed bidirectional dc-dc converter and its control system.

•

Introduction of a system that offers total snow removal on the surface of solar panels
at ambient temperatures above -15 °C, for solar PV panels placed in different
orientations and tilt angles.

•

Reduction of the number of stages used in a solar PV EV charging system, going from
three stages to only two stages.

1.5 Outline of the thesis
This thesis presents in detail the design, modeling, simulation and testing of a
bidirectional DC-DC buck-boost converter to interconnect a solar PV array and an EV
charging system; The presented proposed system provides the maximum power to charge
the EV battery pack and provides a reverse current flow to heat the PV cells to melt the
snow on the surface of the solar panels when needed. The thesis is organized as follows.
Section 2 presents a comprehensive overview regarding EV charging standards, PV system
modelling and the several isolated and non-isolated topologies used to interface PV systems
to the grid or to a storage system. Followed by Section 3, where a detailed design and
modelling of the proposed bidirectional dc-dc converter is described, including the design
of the controller and its simulation results. Additionally, in Section 4, the experimental
results of the snow removal function applied to a commercially available inverter are
described. Finally, Section 5 presents a summary of the main conclusions and possible
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future work that can be developed to improve the efficiency of solar photovoltaic systems
for electric vehicle charging applications in extreme snow conditions.
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Chapter 2. Solar PV Systems for EV Charging Applications
PV-EV charging stations are widely implemented around the world since the boom of
the EV is increasing year by year. More charging stations equals more electric range for
the vehicle. However, in adverse winter climates the charging stations only rely on the
grid or on the energy storage, since the solar panels are cover by snow and can’t produce
energy most of the time. This chapter presents a detailed review of EV charger
classification and standards. It also describes different power architectures for integration
of PV to the grid or to an energy storage. Additionally, this chapter dives into details about
PV systems characteristics and modelling, and snow removal solutions for solar PV panels.
2.1 EV Charging Systems
Electric Vehicles
According to the definition of Bhatti et al. [13], a vehicle that is powered by electrical
means whilst using one or more motors for motion is called an EV. The classification of
EVs encompass: hybrid electric vehicles (HEV), battery electric vehicles (BEV), PHEV
and extended range-electric vehicles (EREV) [5], [59], [60]. BEVs are equipped with a
fully electric drivetrain which is powered by rechargeable batteries. On the other hand,
PHEVs have a hybrid vehicle drivetrain, which uses a combination of an internal
combustion engine (ICE) and electrical power, similar to a HEV, although its rechargeable
battery can be charged by plugging it into an external power supply unlike HEVs [5], [61].
EV chargers can be classified as: on-board or off-board, and conductive or inductive.
Based on the place where the battery charger is installed can be classified as on-board or
off-board. In this way, an on-board battery charger is installed inside the EV, while offboard chargers are placed outside the EV [62], [63]. On the other hand, battery chargers
can be classified as conductive or inductive, depending on the mode of power transfer from
the power source to EV [62]. In this way, power flow between the PV/grid and the EV
battery is delivered using plugs and sockets when utilizing conductive chargers [62], [63].
On the other hand, the transfer of power using resonance via a wireless medium is allowed
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by the inductive chargers [63]. However, this thesis focuses mainly on the conductive offboard EV chargers.
Standards for EV/PHEV Charging
There are different standards available that regulate charging operations for
EVs/PHEVs with many classifications and rules regarding infrastructure, communication,
interface and safety [64], [65]. The standards issued by the Society of Automotive
Engineers (SAE), the International Electrotechnical Commission (IEC), and the
Standardization Administration of China (SAC) are the most used in US, Europe and
China, respectively.
Table 2.1. Summary of EV charging standards [64]–[67]

Type

Interface

Communication

Infrastructure

Safety

Standards

Description

SAE J1772
SAE J1773
GB/T 20234 Part 1 to 2
GB/T 33594
IEC 62196 Part 1 to 3
IEC 62893 Part 1 to 4
IEC 61851 Part 1
GB/T 18487 Part 1
SAE J2293 Part 2
SAE J2836 Part 1 to 6
SAE J2847 Part 2
SAE J1850
SAE J2931 Part 1, 4 and 7
SAE J2953 Part 1 and 2
IEC 61850 Part 90-8
IEC 61980 Part 1 to 3
IEC 61851 Part 24
GB/T 27930
ISO 15118-8
SAE J2894 Part 1 and 2
SAE J2293 Part 1
IEC 61439 Part 5 and 7
IEC 61851 Part 1, 21, 23 and 25
GB/T 18487 Part 1
GB/T 29781
NFPA 70 Art. 625
SAE J1766
SAE J2894-2
IEC 60364-7-722
IEC 62840 Part 2
GB/T 18384 Part 1 and 3
GB/T 37295
ISO 6469-3
ISO 17409

They describe the requirements for plugs, sockets outlets,
vehicle inlets and couplers as well as charging cables for
conductive and inductive electric vehicle charging. Also,
the different charging power levels for AC and DC
charging are described here.

These standards describe the requirements for the
communication network interface, its protocols, network
architecture, interoperability, and security, all between the
charger and the EV. It is important to note that the
communication protocol for the SAE standard is PLC
(Power line carrier) and that used by GB/T and
CHAdeMO is based on the CAN (Controller Area
Network) protocol.

These standards include the requirements for the system
architectures
and
topologies,
electromagnetic
compatibility (EMC), power quality tests, system
architecture of the energy transfer system (ETS),
requirements for the DC EV supply equipment and the
requirements for the assembly of power distribution in
public networks
These standards describe test methods, safety and
protection system requirements for electric vehicle
chargers and battery swap systems. It also includes the
necessary requirements for special installations.
Additionally, SAE J1766 focuses on test methods for
battery systems during crash tests.
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Power levels.
The Society of Automotive Engineers’ (SAE): SAE J1772 standard, is one of the most
accepted standards for EV/PHEV charging power converters [62], [64]. As stated in the
latest revised SAE J1772 standard, two AC charging power levels are designed for onboard chargers, whereas two DC charging power levels are dedicated for off-board
chargers [66], as shown in Table 2.2.
The AC Level 1 charging is defined for slow charging operations and the AC charging
level 2 refers to semi-fast charging. AC Level 1 is intended to be used for single-phase AC
sources in common household circuits or charging stations with power levels that peak at
1.92 kW [61], [64]. However, this study is only focused on DC charging systems.
Table 2.2. SAE J1772 US Standard for EV/PHEV charging power levels [66].

Type
AC Charging
(On-board chargers)
DC Charging
(Off-board chargers)

Level

Supplied Voltage Range (V)

Level 1

120 VAC (1-phase)

Level 2
Level 1
Level 2

208 – 240 VAC
(1-phase or 3-phase)
50 - 600 VDC
50 - 1000 VDC

Maximum
Current (A)
up to 12
up to 16

Output Power
Level (kW)
up to 1.44
up to 1.92

up to 80

up to 19.2

up to 80
up to 400

up to 48
up to 400

The DC charging systems are installed at fixed locations and are built with dedicated
wiring [61]. In addition, this charging systems are known as fast charging systems since
they can handle higher power levels, charging the electric vehicles in less time compared
with the level 1 AC chargers. Although each EV battery pack require an specific power
level supply, modern DC charging stations have implemented a system that identify the
voltage level of the battery pack and adjust to that [61].
Depending on the flow of the power allowed by the charger, two types of charging
systems can be found: unidirectional or bidirectional [68]. Then, when the power only
flows in one direction from the grid/PV into the battery, is called unidirectional. On the
other hand, when the power also flows from the battery to the grid, is it called bidirectional,
under the concept of vehicle-to-grid (V2G) as mentioned in [68], [69].
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EV Battery Pack
In terms of the EV battery, first, it is important to differentiate all the terms when
talking about batteries, such as battery cell, module and a pack. In general, EV batteries are
made up of each of these terms mentioned. Thus, a pack is made up of cluster of modules
and all these modules have a group of hundreds of battery cells inside it connected in series
and parallel to achieve the desired voltage and capacity [70]. Additionally, the final battery
pack must include a battery management system (BMS) that will control/protect the battery
from overheating, overcharging, or any other damage. It is good to mention that the EV
battery pack is designed to meet the requirements of the motors and other equipment that
the vehicle uses, however, all vehicles have different types of battery packs as they differ
from their manufacturer, requirements of vehicle voltage and capacity, chemistry of the
battery cells, among others [71].
Table 2.3 shows some of the characteristics for various EV models, however for the
purpose of this thesis, we are going to focus on the nominal battery voltages. The values
on the table below suggest that a range between 320V to 400V represents a reasonable
assumption for the voltage of the battery to be used for the design of the proposed converter.
Table 2.3. EV Models battery and charger specifications [5], [72], [73].

EV 2021
Models

Battery
capacity
(kWh)

Battery
Supplier

Number of
cells

Nominal
Voltage
(V)

DC
Charging
Interface

Audi e-tron

95

LG Chem

432 cells in 36
modules

396

Type 2*

BMW i3

42.2

Samsung
SDI

-

353

Type 2*

Chevrolet Bolt

66

LG Chem

288 cells of
3.75 volts

350

Type 1*

Chevrolet Spark
EV (2016)

18.4

LG Chem

192 cells

400

Type 1*

Fiat 500 electric

42

Lithium-ion
(Li-ion)

Samsung/
Bosch

192 cells

364

Type 2*

Hyundai IONIQ
EV

38.3

Lithium-ion
polymer (Li-Po)

LG Chem

-

319.4

Type 2*

Hyundai
KONA EV

39.2 and
64

Lithium-ion
polymer (Li-Po)

LG Chem

294 cells in 5
modules

319 and
356

Type 2*

Battery
Chemistry
Lithium-ion
(Li-ion)
Lithium-ion
(Li-ion)
Lithium-ion
(Li-ion)
Lithium-ion
(Li-ion)
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Jaguar I-Pace S

90

Lithium-ion
(Li-ion)

Kia Soul EV
(2020)

39.2 and
64

Lithium-ion
polymer (Li-Po)

Mercedes-Benz
EQC

80

Lithium-ion
(Li-ion)

Nissan Leaf SV

40

Lithium-ion
(Li-ion)

LG Chem
SK
Innovatio
n
LG Chem
and
Deutsche
ACCUM
OTIVE
AESC

Type 1
and Type
2*
Type 1
and Type
2*

432 cells in 36
modules

388

-

327 and
356

384 cells in 6
modules
230 Ah

405

Type 2*

192 cells in 24
modules

360

Type 4*

Tesla
charging
inlet
Tesla
Tesla S Long
Lithium-ion
Panasonic
7104 cells in
100
350
charging
Range
(Li-ion)
/ Tesla
16 modules
inlet
Tesla
Tesla X Long
Lithium-ion
Panasonic
8256 cells in
100
350
charging
Range
(Li-ion)
/ Tesla
16 modules
inlet
Tesla
Lithium-ion
Tesla Y
75
LG Chem
4416 cells
350
charging
(Li-ion)
inlet
Type 1
Volkswagen eLithium-ion
Samsung
264 cells in 27
35.8
323
and Type
Golf SE (2020)
(Li-ion)
SDI
modules
2*
* Type 1: IEC 62196-3 CC (CCS1); Type 2: IEC 62196-3 FF (CCS2); Type 4: IEC 62196-3 AA (CHAdeMO)
Tesla 3
Standard

54

Lithium-ion
(Li-ion)

Panasonic
/ Tesla

2976 cells in 4
modules

360

Additionally, another factor to consider when using batteries is their charging method.
There are 3 different battery charging methods, including constant voltage CV, constant
current CC and the combination of both CC-CV. In all cases, the BMS is in charge of this
process, protecting the battery from overload or full discharge and maintaining its life cycle
[65].
2.2 PV Systems
Solar PV Panel
When studying how to integrate PV systems into the grid or to a standalone system,
first, it is very important to understand how a solar PV panel works. A solar PV panel is
composed of an array of many photovoltaic (PV) cells connected in series and parallel.
These photovoltaic cells are generally made up of layers of p and n silicon, however there
are many other different materials that are being investigated in order to provide higher
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efficiencies. The inner field between the positive and negative layers produces a potential
difference when the sun rays ionize the atoms of the silicon. A stronger irradiance can
produce a higher interaction between the atoms, producing a higher potential difference
[74].
Figure 2.1 shows the current-voltage (I-V) and power-voltage (P-V) curve
characteristics of a PV module. There are two important parameters of a PV module,
named: short-circuit current (ISC), which is the current that flows through the solar cells
when its voltage is zero; and open-circuit voltage (VOC), which is the maximum voltage a
solar cell can provide when the current is zero. The power drawn from a solar module is a
product of the PV module voltage and current setpoints. As can be seen in Figure 2.1, the
power-voltage (P-V) characteristic curve of a PV module has a single point of maximum
power (MPP) corresponding to a specific current (IMPP) and voltage (VMPP) under a level
of constant irradiance [75]. Then, one of the main purposes of a DC-DC converter used on
a PV system is to achieve the MPP of the PV array.

Figure 2.1. I–V and P–V curve characteristics of a PV module [22].

There are several models reported in the literature, which present the electrical
characteristics of a solar PV panel [76], [77]. These models generally obtain the
characteristic curves of the solar PV panel like the example shown above, through a
modeling based on an equivalent electrical circuit or a set of mathematical equations.
The most common models of a solar PV module found in the literature are the single
diode model and the two-diode model, however, the latter is more precise and presents an
I-V characteristic curve that is closer to the real behavior of a PV panel [76]. The drawback
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of this model is that it is much more complex and requires a greater computational effort
than the single diode model. The single diode model is shown in Figure 2.2. The electrical
energy produced by the PV panel is represented by a photo-current 𝐼𝑝ℎ , which is
proportional to the solar irradiance [76], [77]. The series resistance 𝑅𝑠 included in the
model represents the internal resistance of the PV panel, while the shunt resistance 𝑅𝑠ℎ
represents the leakage current.

Figure 2.2. Single diode model of solar PV module [76], [77].

The output current of the PV module can be represented by the following equation:
𝑉𝑑
𝑅𝑠ℎ

(2.1)

− 1)

(2.2)

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑑 −
Where the diode current 𝐼𝑑 is:

𝐼𝑑 = 𝐼0

𝑉𝑑
𝑘𝑇
𝐴
(e 𝑞

And photo-current 𝐼𝑝ℎ is equal to:
𝐼𝑝ℎ = (𝐼𝑠𝑐 + 𝐾1 (𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑟𝑒𝑓 ))𝜆
The terms in the above equations are defined as follows:
𝑉𝑑 : diode voltage;
𝐼0 : PV cell saturation current;
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(2.3)

𝑘𝑇/𝑞: thermal voltage of the PV cell; where 𝑘 is the Boltzmann constant (1.38 ∙
10–23 𝐽/°𝐾), T is the temperature of PV cell in °𝐾 units, and 𝑞 is the electron charge (1.6 ∙
10–19 𝐶);
𝐴: p-n junction ideality factor of the diode;
𝐼𝑠𝑐 : short-circuit current of the PV cell at standard test condition (STC) i.e.
1000 𝑊/𝑚2 𝑎𝑛𝑑 25 °𝐶;
𝐾1 : PV cell temperature coefficient of short-circuit current;
𝑇𝑐𝑒𝑙𝑙 𝑎𝑛𝑑 𝑇𝑟𝑒𝑓 : PV cell operating and reference temperature;
𝜆: solar irradiance in 𝑊/𝑚2 .
According to [77], [78], the non-linear model shown in Figure 2.2 can be simplified
by neglecting the effects of both resistances 𝑅𝑠ℎ and 𝑅𝑠 . Additionally, by neglecting the
ground-leakage and small diode currents under zero-terminal voltage, and since 𝐼𝑝ℎ ≫ 𝐼0 ,
it is concluded that 𝐼𝑠𝑐 ≅ 𝐼𝑝ℎ . Hence, the equivalent circuit of a single diode model can be
simplified as shown in Figure 2.3, where, the diode current 𝐼𝑑 is represented by 𝐴𝑒 𝐵∗ 𝑉𝑝𝑣 .
In this expression, A is the reverse saturation current of the PV panel, B is the inverse of
the thermal voltage of the PV panel, and 𝑉𝑝𝑣 is the output voltage of the PV panel.

Figure 2.3. Simplified equivalent circuit of a single diode solar PV model [77], [78].

Then the equation of the simplified non-linear model can be expressed as:
𝐼𝑝𝑣 = 𝐼𝑠𝑐 − 𝐴𝑒 𝐵∗ 𝑉𝑝𝑣
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(2.4)

This model is very useful for electrical simulation purposes and can be applied for a
solar PV array too; however, its complexity is high when it is used for control system
analysis and design. For this reason, a linear modeling approach will be used for the
analysis and design of control systems.
There are several linear models reported in the literature that represent the behaviour
of the PV panel near to the MPP [74], [77], [79], [80]. One of these is the Norton equivalent
model which has a response close to that of the non-linear model for voltages below 𝑉𝑀𝑃𝑃 .
Figure 2.4 depicts the Norton model.

Figure 2.4. Norton equivalent model of PV panel [74].

As it can be seen from the above figure, this model includes the short-circuit current
𝐼𝑠𝑐 , which is proportional to the irradiance. This allows the PV system to be analyzed under
different irradiance disturbances [74].
The equivalent resistance of the Norton model 𝑅𝑝𝑣 can be expressed as follows:
𝑅𝑝𝑣 =

𝑉𝑀𝑃𝑃
𝐼𝑠𝑐 − 𝐼𝑀𝑃𝑃

(2.5)

Figure 2.5 shows the PV panel model comparison of the I-V and P-V characteristic
curves for the single diode simplified model and the Norton equivalent model.
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(a)

(b)
Figure 2.5. PV panel model comparison of the I-V and P-V characteristic curves. (a) I-V characteristic curve; (b) P-V characteristic
curve [74].

PV Systems Architectures
It is also important to understand the different categories of structures generally used
to connect the PV source to the load. These types of structures are known as centralized,
string structure and module architectures.
The centralized structure aims at connecting all the PV modules of a PV array to a
single converter, which depending on the system needs, can be a DC-DC converter or a
DC-AC inverter, as shown in Figure 2.6(a). The main advantages of using this structure
are the low-cost installations and the simplicity of control as discussed in the literature [81].
However, the main drawback of this structure is the high variation of the output power due
to the mismatch conditions of the series-connected PV modules. Mismatch conditions are
generally caused by partial shading or dust accumulation in the PV modules, or in other
18

cases due to silicon impurities or aging of the solar panels. Therefore, when these mismatch
conditions arise, a decrease in system efficiency is expected since the system cannot extract
the maximum power from the PV array [75]. Some of the most used inverter topologies
when using this type of structure are low-frequency transformers and 3-phase full bridge
using IGBTs [82].
On the other hand, string and module structures for PV systems were designed and
developed to extract the maximum energy from the system [75], [83]. Figure 2.6(b) shows
the string system architecture. As it can be seen from the figure, PV modules are seriesconnected and grouped in different strings. Unlike the centralized structure, each PV string
has its own DC-DC converter or AC-DC inverter that uses a maximum power point
tracking (MPPT) controller to extract the MPP of each string. This type of structure aims
to increase the efficiency of the system when mismatch conditions appear compared to the
centralized structure, although the power losses remain significant within the same strings
[75]. To further improve the MPP tracking efficiency of the solar PV system under
mismatched conditions, the use of integrated module inverter structures has been proposed
in the literature. In this structure, each PV module has its own power converter with an
MPPT controller, as shown in Figure 2.6(c). The main benefit of using this structure is the
improvement on the MPP tracking efficiency for each PV module. Thus, decreasing the
power losses produced by mismatch conditions. However, the use of this type of structure
increases costs since a power converter is required for each photovoltaic module used [83],
[84].

(a)

(b)

(c)

Figure 2.6. Conventional PV structures. (a) Centralized structure; (b) String structure; (c) Module structure [83].

As described in the literature, in order to achieve high DC bus voltages in PV-grid tied
systems, a PV module series-connection is usually used, allowing to supply power to both;
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the AC grid and battery storage devices at a high efficiency, in this case to the EV battery
charger [75], [85]. However, as discussed above, one of the main challenges to solve on
the PV stage is the mismatch conditions that affect the power provided by the PV array.
MPPT Algorithms
A very important consideration when designing solar energy systems is its efficiency.
Since the power efficiency of solar energy systems depends on environmental factors such
as irradiance, temperature or partial shading conditions, it is vital to implement a maximum
power point tracker (MPPT) [86].
MPPT search algorithms are widely studied in the literature. Its main objective is to
maximize the energy delivered by a solar PV panel or array. The search for maximum
power point tracking (MPPT) is achieved by changing the duty cycle value of the power
converter, which will depend on the disturbance in the input variables sensed such as PV
voltage/current, PV panel temperature, and solar irradiance. As a result, there will be a
change in the voltage or current of the solar PV panel/array, and as a consequence, a change
in the power output [87]. The controller of the PV system is the one that most influences
the overall performance of the system [88]. This controller not only makes the system work
at the maximum power point (MPP) but also permanently tracks it when unpredictable
changes appear in the environmental variables (irradiance and temperature), which are the
main variables that produce some of the previously mentioned challenges. For this reason,
the use of tracking algorithms or optimization methods to obtain the MPPT is very
important in PV systems, and has been widely studied and compared in the literature [81],
[86], [88]–[96].
The problem considered by MPPT techniques is to automatically find the voltage 𝑉𝑀𝑃𝑃
or current 𝐼𝑀𝑃𝑃 at which a PV array should operate to obtain the maximum output power
𝑃𝑀𝑃𝑃 under a given temperature and irradiance. Most techniques respond to changes in
both irradiance and temperature, but some are specifically more useful if temperature is
approximately constant.
The numerous existing MPPT methods are classified as parametric-based or heuristicbased methods [88]. The parametric-based methods use a parametric model and measure
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the parameters of the PV module directly or indirectly, while the heuristic-based methods
measure the electric variables to determine whether the system is at the MPP [88]. A list
of the major characteristics of the most known and used MPPT algorithms can be found in
[86].
On the mentioned list can be found the conventional methods such as the Perturb and
observe (P&O), incremental conductance (INC), fractional open circuit voltage (FOCV),
fractional short circuit current (FSCC) and slide control mode (SCM). These methods are
characterized by its simplicity and relatively easy implementation [86].
With so many MPPT techniques available for use in PV systems, it may not be obvious
how to choose which one best suit your application needs. Based on the characteristics of
the MPPT techniques, the main aspects to consider selecting the best control technique to
use are the complexity of the implementation, the sensors that are required for the
implementation, the multiple local maxima and the cost of the implementation of the
controller. Based on those aspects, the MPPT technique selected for this study was the
P&O technique, which according to [86], [92], it is a method that do not require very
complexity on its implementation, only requires the voltage and the current measurements
on the PV array as input parameters for the algorithm, and it can be implemented digitally.
Recently, many MPPT techniques have been developed and improved continuously,
Perturb and Observe method is widely applied in the MPPT controllers due to its simplicity
and easy implementation. The P&O MPPT algorithm is based on the disturbance of the
output voltage V(k) of the PV panel and the corresponding output power P(k), which is
compared with the previous perturbing cycle P(k-1). If the power increases, keep the next
voltage change in the same direction as the previous change. Otherwise, change the voltage
in the opposite direction as the previous one, when the stable condition is reached the
algorithm oscillates around the peak power point. Figure 2.7 shows the flowchart of the
P&O MPPT method.
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Figure 2.7. Flowchart of the P&O MPPT method [86], [92].

In the P&O method, the voltage is being increased or decreased with a fixed step size
in the direction of reaching the MPP. The process is repeated periodically until the MPP is
reached. At steady state, the operating point oscillates around the MPP. An optimized P&O
algorithm was proposed by [87], by reducing the perturbation size of the duty cycle to
reduce the oscillations of the array operating point around the MPP; additionally they
proposed an optimized solution based on the tuning of the P&O algorithm according to the
converter’s dynamics.
2.3 Power Electronics Circuit Topologies
In this section are presented several topologies of isolated/non-isolated DC-DC
converters and AC-DC inverters to interface the PV, the grid and the EVs/PHEVs, all of
them classified depending on the stage where they can be used: PV stage, AC grid stage or
charger stage for the EV. Several DC-DC and AC-DC converter topologies and their
applications are discussed in [13], [22], [61], [64], [71], [85], [97]–[115].
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Solar PV-EV Charging System
In this section it is presented the typical structure for a solar PV/grid-tied EV charging
system, however this can also be applied for an off-grid system just by changing the type
of converter used. The most important features and characteristics that the power electronic
converters must provide are addressed. Additionally, the operation modes of the system
are explained.
A typical block diagram for an off-board PV/grid-tied charging system for EV/PHEV
is shown in Figure 2.8. The structure is interfaced through three power converters; in the
PV stage, there is a DC-DC converter with MPPT, which is used to step up the voltage
supplied by the PV array and at the same time provide the maximum power to the common
DC bus; a bidirectional AC-DC inverter, which is part of the AC grid stage, aims to control
the power factor and the current injected into the grid, and regulate the DC voltage to adapt
to that required by the common DC bus [97]; and a bidirectional DC-DC converter, which
belongs to the charger stage, serves as an interface for the EV/PHEV, controlling the DC
charging current. All of these components are connected to the common DC bus, which
has a voltage range from 200 to 600 VDC, according to the SAE J1772 standard reviewed
on Section 2.1 [13]. There is also required in the system a central controller to establish the
power flow and activation of the power converters based on different constraints e.g.
minimum charging cost, maximum profit, among others [13], [116]–[118].

Figure 2.8. Overall PV/grid-tied off-board EV charging system structure [13], [83].
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The use of a bidirectional inverter in the AC grid stage, as shown in Figure 2.8, will
allow the transfer of excess power from the PV array to the AC grid throughout the sunny
hours of the day. Additional, in the system showed, the flow of power from the EV battery
to the grid (V2G) can be allowed. During low solar irradiation the battery can draw energy
from the grid. In order to facilitate the inverter and rectification modes of operation in the
PV/grid-tied charging system, a bidirectional inverter is used [98], [119]–[121].
To interconnect all the stages, the power converters must guarantee some
characteristics to suit the system; For example, according to the grid needs, the power
converters must provide a high power factor, with zero distortion and galvanic isolation to
protect both, the grid and the EV [104]. As stated in the literature, this galvanic isolation
can be implemented on the front-end of the AC-DC inverter through a low-frequency
transformer. Another option to implement the isolation can be using an isolated DC-DC
power converter at the charger stage by using a high frequency transformer [97], [104].
Furthermore, at the charging stage, a power converter is required to control the
charging power of the EV battery, so that the battery life can be maximized. It is also worth
noting that the converters selected for this application must have high efficiency since high
power is transferred to and from the common DC bus. [104].
Unidirectional DC-DC Converters
On the PV stage, it is required a unidirectional DC-DC converter capable of extracting
the maximum power from each solar module in a PV array and at the same time
maintaining the voltage at the output of the converter, which is connected to the DC bus of
the system. However, this thesis seeks to implement a system that extracts the maximum
power from the solar panel and at the same time seeks to melt the snow on the solar panels
in the winter season to increase the efficiency of the system; therefore, it is necessary to
use a bidirectional DC-DC converter in this case.
During high temperatures and low levels of irradiation, the PV endures its main issues
with performance, significantly reducing the power provided by the PV array [85]. When
using non-isolated or transformerless converters, the use of series-connected PV modules
is necessary to achieve the required voltage of the DC bus. However, as discussed in
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Section 2.2.2, these mismatch conditions become more problematic when series-connected
PV modules are used. Many solutions are reported in the literature with the aim of
addressing this problem.
As reported by Esram and Chapman [81], several maximum power point tracking
(MPPT) techniques have been developed and implemented. The methods most used are
perturb and observe, incremental conductance, fuzzy logic control and hill climbing;
however, this last-mentioned technique is the most preferred, since it reduces oscillation in
steady state, providing better tracking efficiency. On the other hand, methods such as
artificial neural network or fuzzy logic control are more flexible when handling module
mismatch or partial shading conditions according to [13], [89].
The most used power converters for the PV stage are the standard non-isolated, boost
and buck–boost topologies. Although, there is also reported the use of Cuk and SingleEnded Primary Inductor Converter (SEPIC) in the literature [13], [22], [99].
To acquire a higher output voltage, the input voltage magnitude must be stepped up
accordingly as shown in Figure 2.9(a) by the DC-DC boost converter [22]. On the other
hand, the magnitude of the input voltage can either be lower or higher than the output
voltage magnitude when speak of the buck-boost topology, as indicated in Figure 2.9(b).
This converter is developed using a boost and buck basic topologies cascade connected.
The Cuk converter is shown in Figure 2.9(c); its work mimics the buck-boost converter.
The common terminal of the input voltage is employed with reverse polarity so that the
Cuk converter can step up or down input voltage. The SEPIC shown in Figure 2.9(d), also
has the same features of a buck-boost converter: possesses a non-inverting output polarity
and step up & down the input voltage [22].
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(a)

(b)

(c)

(d)

Figure 2.9. Schematic diagram of non-isolated DC-DC converters. (a) Boost converter; (b) Buck-Boost converter; (c) Cuk Converter;
(d) Single-ended primary-inductor converter (SEPIC) [22], [122].

Table 2.4 describes the main advantages, disadvantages and applications of the
aforementioned converters used in the PV stage.
Table 2.4. Comparison of non-isolated DC-DC converters for the PV stage.

Ref.

[22],
[99],
[115]

[22],
[99]

[22],
[99]

DC-DC
Topology

Boost
Converter

Buck-Boost
Converter

Cuk
Converter

Advantages

Disadvantages

Applications

• The reverse current is
blocked by the freewheeling diode
• It is remarkably the most
effective topology at any
price
• Less ripple on output side
• Cheaper filter components
• It has output non-inverted
polarity
• This converter can operate
in any operating region of
the PV module (from ISC to
VOC)
• It is the only topology
capable of tracking load
resistance
• It is able to track the
modules’ MPP at varying
conditions of irradiance,
temperature and load

• MPP cannot be tracked under
low irradiation conditions
• It has a non-operational region
• It cannot achieve values near
the modules’ VOC

• Not suitable for
high variability
environmental
conditions
• Low input voltage
• High output
voltage required

• There are many harmonic
components in the input
current
• It has a high input voltage
ripple
• It has substantial noise issues
• It is more complex and
expensive
• It has a high current and
voltage stress on the switch
• Cost is inversely proportional
to efficiency
• Lower efficiency than the
boost converter
• The switch drive is floated
• It has output inverted polarity
• High number of passive
components
• It has high electrical stresses
on the devices
• The switch drive is floated

• Used for charging
systems

• This converter can operate
in any operating region of
the PV module (from ISC to
VOC)
• Prevent large harmonics at
the input
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• Low voltage DC
supply for electric
vehicles

[22],
[99]

SEPIC
Converter

• It is more reliable and less
noisy than other topologies
due to the inductors at the
input and output
• It has output non-inverted
polarity
• The switch drive is
grounded, simplifying the
gate-drive circuitry
• Less ripple on input side
due to the continuous input
current
• This converter can operate
in any operating region of
the PV module (from ISC to
VOC)

• It has output inverted polarity

• More ripple on output side
• Medium efficiency
• Most expensive than the other
topologies
• High number of passive
components

• Low power
charger systems

Bidirectional DC-DC Converters
The main purpose of a DC-DC converter is to regulate the output voltage and current
on the common DC bus to suit the current required to charge the battery [13]. Several
topologies are discussed on the literature [13], [61], [97], [98]. These topologies are
classified into isolated and non-isolated DC-DC converters. However, isolated converters
are more preferred than non-isolated types because of the high gain and galvanic isolation
[13].
A) Non-Isolated Charger Topologies
The following are the non-isolated bidirectional converter topologies that will be
analyzed:
•
•
•
•
•
•

Bidirectional buck - boost converter with coupled inductors (Figure 2.10(a))
Zero-Voltage-Switching (ZVS) interleaved half-bridge (HB) converter (Figure
2.10(b))
HB converter with resonant circuit (Figure 2.10(c))
Zero-Voltage-Transition (ZVT) interleaved converter with resonant circuit
(Figure 2.10(d))
ZVS HB converter with coupled inductors (Figure 2.10(e))
3-Phase interleaved buck converter (Figure 2.10(f))
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.10. Schematic diagram of non-isolated bidirectional DC-DC converters. (a) Bidirectional buck - boost converter with coupled
inductors; (b) ZVS interleaved HB converter; (c) HB converter with resonant circuit; (d) ZVT interleaved converter with resonant
circuit; (e) ZVS HB converter with coupled inductors; (f) 3-phase interleaved buck converter [13], [97], [106], [107], [123]–
[128].

Table 2.5 presents a comparison of the main characteristics of the aforementioned nonisolated bidirectional DC-DC converters used in the EV charger stage.
Table 2.5. Comparison of non-isolated bidirectional DC-DC converter topologies.

Ref.

[13], [98],
[106], [123],
[124]

Charger
Topologies

Bidirectional
Converter with
Coupled Inductors

Advantages

Disadvantages

Applications

• Step down/up functions
• It does not require an extra
filter circuit since the coupled
inductor acts as a filter
• A smoother control is offered
by the coupled inductor
• It has an efficiency of 95%
when operating at rated
power despite not having
ZVS and Zero Current
Switching (ZCS)
• Least expensive than other
topologies

• Faces the right half
plane zero effect
within the output
voltage to duty
cycle in continuous
conduction mode
(CCM)
• The dynamic
performance of the
converter is limited
• Require a floating
drive since the
switch is not near
ground

• Low power solar PV
charger
• Solar PV power
supply
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[98], [104],
[107]

[13], [98],
[125]

[13], [98],
[126]

[13], [98],
[127]

[97], [128],
[129]

ZVS Interleaved
HB Converter

HB Converter
with Resonant
Circuit

ZVT Interleaved
Converter with
Resonant Circuit

ZVS HB
Converter with
Coupled Inductors

3-Phase
Interleaved Buck
Converter

• The use of the snubber
capacitor allows to achieve
the soft switching turn off at
negative voltage instead of
zero
• Turn on soft switching is
achieved using a
complementary gate signal
control
• The input ripple current is
reduced
• The inductor size is reduced
due to the use of the
interleaved technique
• High voltage gain
• Can handle high power in
charge and discharge mode
• Using the auxiliary resonant
circuit, the ZVS and ZCS are
implemented
• Reduced voltage stress on the
switches

• The input ripple current is
reduced by using the
interleaving technique
• High voltage gain
• Low switch current and
voltage stresses
• The reverse recovery effects
can be minimized since the
rectifier diodes realize ZCS
condition
• For heavy loads, by selecting
a ZVS mode, it is obtained a
high efficiency
• For light loads, by selecting a
hard-switching mode, it is
also obtained a high
efficiency
• Efficiency is improved by
using separate inductors
• The current is shared between
the multi-phase modules

• It is the most
expensive among
the other topologies
discussed

• High power low
ripple power supply
• Portable
programable power
supply

• It has a reduced
output voltage due
to the equivalent
series resistance
(ESR) drop of the
active and passive
devices
• The operation of
couple inductors
produce a
considerable input
current ripple
• There are not
drawbacks
mentioned on the
literature of the
proposed topology

• Low cost battery
continuous duty
charging application
• Uninterruptable
power supply
• Not suitable for high
power applications

• At light conditions
the efficiency
decrease
• When the load
decrease, the
recycled energy
increases
• The number of
phases is inversely
proportional to the
inductor size
• In phase current, it
has a high total
harmonic distortion
(THD)

• Medium power
constant load DC
power supply

• Low ripple
programable power
supply
• Robust closed loop
control

• High power DC
drive
• Fast DC charger
• Applications with
isolated front lowfrequency
transformers

B) Isolated Charger Topologies
The following are the isolated bidirectional DC-DC converter topologies that will be
discussed:
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•
•
•
•
•

ZVS Dual Active Bridge (DAB) Converter (Figure 2.11 (a))
Phase-Shift Full-bridge (FB) Converter (Figure 2.11 (b))
FB LLC Resonant Converter (Figure 2.11 (c))
ZVS FB Converter with Capacitive Output Filter (Figure 2.11 (d))
Interleaved Flyback Converters (Figure 2.11 (e))

(a)

(b)

(c)

(d)

(e)
Figure 2.11. Schematic diagram of isolated bidirectional DC-DC topologies. (a) ZVS DAB Converter; (b) Phase-Shift FB Converter;
(c) FB LLC Resonant Converter; (d) ZVS FB Converter with Capacitive Output Filter; (e) 4 Interleaved Flyback Convert [13],
[98], [104], [108], [130]–[132].

Table 2.6 describes a comparison of the main characteristics of the above mentioned
isolated bidirectional DC-DC converters common used in the EV charger stage.
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Table 2.6. Comparison of isolated bidirectional DC-DC converter topologies.

Ref.

[13], [98],
[130]

[97], [104],
[133], [134]

Charger
Topologies
ZVS DAB
Converter

Phase-Shift
FB
Converter

[61], [97],
[131], [135]–
[137]

FB LLC
Resonant
Converter

[61], [132]

ZVS FB
Converter
with
Capacitive
Output
Filter

[108]

4
Interleaved
Flyback
Converter

Advantages
• By using snubbers capacitors,
ZVS mode can only be achieved
for specific conditions
• It has low switching losses
• Primary switches require softswitching
• Simple control
• The freewheeling interval possess
high current flow
• Achieve higher efficiency that
conventional FB topologies
• The PWM control reduce
switching losses and current stress
on devices

• It can achieve high efficiency in a
full range of ZVS for primary
switches, in high voltage
operations and at the resonant
frequency
• No reverse recovery current in
addition to an absent oscillation
voltage across the rectifier diodes
• The output voltage is able to be
regulated during the hold-up time
• The diode rectifier ringing is
minimized inherently on the
current fed topologies with
capacitive output filter
• At ZVS mode can achieve high
efficiency (approx. 95.7%)
• For bidirectional operation, the
antiparallel diodes and MOSFETs
are used on both sides of the
transformer
• As a result of the two MOSFETs
connected in parallel on the
secondary side, there was a
reduction in conduction losses
• Provides isolation as required by
the EV charging standards
• Use less switches than the DAB
and resonant converter topologies
• In both charging and V2G
operation a quasi-resonance (QR)
mode is operated
• Cause a reduction in turn-on
losses resulting from low-voltage
switching (LVS) or ZVS
• Turn-off losses approach zero,
because resonant capacitors
absorb turn-off energy
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Disadvantages

Applications

• Higher switching
frequencies cause
high turn-off losses
• ZCS mode is not
enabled
• High voltage stress
on the rectifier
bridge
• Hard switching
losses and the loss
of guarantee with
ZVT operation are
consequences of
PHEV current
requirements
dropping below
minimum critical
output current value
• The transformer and
filter designs are
complex
• When the battery
voltage is low, its
operation is less
efficient

• High voltage
applications
• High level of
reliability
required
• High power
and high
frequency
applications

• Has reverse
recovery losses in
the secondary
rectifier diodes
• Has high voltage
ringing
• It is more expensive
than other
topologies due to the
transformer used
• The topology is
more robust

• High power
applications

• Energy
conversion
systems
• Power supply
• PV applications

• Suitable for
low power
applications,
however the
research made
by [108]
concluded that
when using SiC
devices in a QR
mode, high
efficiency at
high powers
can be
achieved

Single-Stage Conversion (Z-Source Inverter)
Single-phase Z-source inverter has been discussed in the literature [71], [110], [112].
The schematic of the Z-Source inverter is shown in Figure 2.12. One of the main
advantages of the Z-converter is the double modulation capability, in addition to that while
regulating the charge of the EV battery, it can simultaneously shape the grid current [71].

Figure 2.12. Schematic diagram of a Z-source Inverter (ZSI) for PV/grid-tied system [112].

A single-phase modified Z-source inverter (ZSI) topology was proposed by Singh
[112]. According to Singh in his proposed topology, the capacitor voltages vary between
twice the minimum battery voltage up to twice the fully charged battery voltage when
battery voltages vary between 200 – 500 V. The converter operates between D0min to Dmax
for vpvmax to vpvmin respectively. The proposed cascaded configuration system has the
following advantages [112]:
•

Single point of fault is avoided.

•

ZSI has a packed structure due to the decreased number of stages.

•

Galvanic isolation is feasible between the charger side and the PV and Grid.

•

Presents an opening to step up the charging power levels by adding such
converters.

•

Any battery voltage levels can be charged by changing the charger side of the
converter between voltage sharing or current sharing.
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2.4 Snow Removal Functionality for Solar PV Panels
As it was mentioned before in Section 1.1, many studies have been developed on the
effects of snowfall on solar PV systems since this is one of the main factors affecting the
performance of PV systems in cold areas [21], [26]–[28], [30]–[44].
Powers et al. [26] developed a research that consisted in the installation of three pairs
of PV modules with tilt angles of 0°, 24°, and 39°, fixed south-facing, installed in Truckee,
California. To identify the energy loss in the system, one of each pair of PV modules was
kept clear of snow manually. The analyzed data showed an average monthly snow depth
of 5 m, however, a high variability per month and per year of up to 300% was observed.
The study concluded that the energy loss during the months of November to May (20092010) was 42%, 33% and 25% for the tilt angles of 0°, 24° and 39°, respectively. Besides,
annual energy losses of around 18%, 15% and 12% were estimated for the three cases
mentioned above.
Pawluk et al. [39] presented a summary of different studies developed in various cities
around the world. The monitored facilities had PV modules oriented at different tilt angles
ranging from 0° to 90°. From the results it can be concluded that the annual energy loss
depends on many factors, such as the annual depth of snowfall, the tilt angle of the PV
module, the snow slide obstructions around the module and, in general, climatic factors,
like wind and temperature of the location. For example, a study carried out in Calumet,
Michigan and in Boulder, Colorado with installations of PV modules oriented to the same
tilt angle (15°) presented completely different results. While at Calumet the annual snow
depth was 5.3 m, at Boulder it was only 0.89 m. In this way, the annual energy losses
presented in both places were 34% and 6%, respectively.
Regarding the methods used for snow removal in solar PV systems, various active and
passive solutions were found in the literature [42], [47], [51], [53], [56]–[58], [138], [139].
They included:
•

Hydrophilic and superhydrophobic surfaces

•

Black absorbent coatings on the solar PV panel
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•

Mechanical removing methods

•

Mobile robots

•

Resistive electrical cables placed behind the solar PV panel

•

Reverse current using external power sources

Weiss and Weiss [51] proposed two different circuit models for a current-controlled
heating solution. One of the proposed circuits included a boost converter transformed into
a synchronous buck converter to allow reverse current flow in the direction of the solar PV
panel, with an additional external switch to control an electrical resistance that will heat
the aluminum frame of the solar PV panel. The second proposed circuit included the boost
converter that will allow to extract the MPPT of the solar PV panel and will feed a battery
and again the external switch that controls a foil resistor for heating the aluminium frame
of the PV panel. Both circuits are connected to a battery which will provide the current
required for the system to heat the solar PV panel. However, a final prototype of these
proposed circuits was not provided, nor was it discussed in detail.
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Chapter 3. Bidirectional Buck-Boost DC-DC Converter with Snow
Removal Functionality
This chapter proposes a bidirectional DC-DC converter capable of extracting the maximum
power point (MPPT) of a solar PV array to charge a battery pack. The proposed system, in
addition to allowing a current flow direct to the battery, is also designed to provide a reverse
current flow to heat the solar cells of the solar PV array. This function will allow snow melt
in severe winter conditions, thus improving the annual efficiency of any off-grid or grid
connected PV-EV charger system.
3.1 Proposed System
The most common structure of a solar PV system for electric vehicle charging applications
is depicted in Figure 3.1. However, for our purpose the unidirectional DC-DC converter
connected between the solar PV array and the DC bus was replaced by a bidirectional DCDC converter. Figure 3.1(a) show a grid-connected system; the system is integrated by a
solar PV array and an EV battery pack connected through a bidirectional DC-DC converter
to the DC bus, which feeds a bidirectional DC-AC converter for grid-connected operation.
On the other hand, an off-grid system is shown in Figure 3.1(b). The solar PV array feeds
a battery energy storage through another bidirectional DC-DC converter instead of the
bidirectional DC-AC converter shown in Figure 3.1(a).

(a)

(b)

Figure 3.1. Solar PV system architecture for EV charging with snow removal functionality. (a) grid-connected system; (b) off-grid
system.

35

The main focus of this thesis is the modeling, analysis and design of the bidirectional
DC-DC converter with MPPT (highlighted in blue in Figure 3.1 (a) and (b)), which will
allow the power transfer to charge the EV battery pack and a reverse flow of current to
produce heat on the solar cells that will melt the snow over the solar panels in winter time.
3.2 System Design Considerations
There are several design considerations that must be assumed in the design process.
The following are the most important factors to consider:
1. Maximum power capacity of the system: It is very important to determine the
nominal power of the solar PV array according to the need of the system and the space
available to place the solar PV array. In addition to the size of the solar PV array, it is also
important to define the conversion efficiency of the solar panels to be used. At the same
time, the nominal power of the battery pack to be charged and discharged must be
considered.
2. Maximum capacity of the battery: There are some other parameters to consider
such as the maximum open circuit voltage of the battery pack under a full charge condition
and the maximum capacity of the battery pack which is determined by the maximum safe
current level in which the battery is charged and discharged at. The maximum C-rating of
the battery is directly proportional with its capacity.
3. Power conversion system topology: This factor is really important as it determines
the capabilities of the system. For the proposed application, a topology is required that
allows power flow in both directions, along with other conditions that will be described in
the following sections.
4. Safety requirement and other conditions: Last but not least is the protection
capability of the system and safety requirements. One of the limitations when connecting
solar PV panels is that the maximum voltage cannot reach 600 VDC, according to the
manufacturer’s specifications. Also, since batteries are being used in the system, it is
important to use the proper protection gears to avoid any damage or explosion of the energy
storage devices. They must be protected against over currents or short circuits and over
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voltages or under voltage. Likewise, it is important to protect all devices from overheating,
such as solar panels, which lose efficiency due to high temperatures or in the case of the
energy storage devices [71], [140].
3.2.1

Photovoltaic Design Considerations

Determining the design considerations for the solar PV array is very important, since
it will allow us to know what is the nominal power that would be available for the EV
charging station. It is imperative to consider the following factors, when defining the solar
array characteristics:
•

The area available;

•

The size and efficiency of the solar panels.

To define the first factor, the laws/standards that regulate the maximum space of a
parking space will be considered to calculate the available area of a solar powered charging
station. According to the Zoning By-law 569-2013 of the City of Toronto, that includes the
Parking Space regulations, the minimum dimensions of a parking space are 5.6 m (length)
by 2.6 m (width) and the maximum dimensions for a parking space are 6.0 m (length) by
3.2 m (width) in Ontario [141]. For this study, the maximum dimensions of the parking
space will be considered to calculate how many solar PV panels will be used, nevertheless,
to obtain a greater capacity it is recommended to use a much larger area.
However, before continuing to calculate that, it is necessary to consider the second
factor, the size and efficiency of the solar panels. In this study, there will be used Trina
solar panels, model TSM-245-PA05 (245 W). These solar panels were provided by the
company “Upstartz Energy Ltd.”, who participated as a sponsor in this study. The
characteristics of the solar PV panel are shown in Table 3.1.
Although there are solar panels on the market with up to 22.6% efficiency [142] that
could increase the capacity of the installation, these solar panels will be used to proof the
concept.
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Table 3.1. Solar panel characteristics [143].

Solar PV Panel Model
Solar Cells Type
Peak Power (PMAX)
Power Output Tolerance
Open Circuit Voltage (VOC)
Short Circuit Current (ISC)
Maximum Power Voltage (VMPP)
Maximum Power Current (IMPP)
Temperature Coefficient of PMAX
Temperature Coefficient of VOC
Temperature Coefficient of ISC
Solar PV Panel Efficiency (ηm)
Solar PV Panel dimensions

Trina Solar TSM-245-PA05
Multicrystalline
245 Wp
+/- 3%
37.5 V
8.68 A
30.2 V
8.13 A
-0.43 %/°C
-0.32 %/°C
0.047 %/°C
15%
1650 × 992 × 35mm

* Values at Standard Test Conditions STC (Air Mass AM1.5, irradiance 1000W/m², Cell Temperature 25°C).

In fact, if the Maxeon Gen III monocrystalline solar cells which have an efficiency of
22.6% are considered, using a solar irradiance level of 1000 W/m2, the maximum available
power that the solar array will provide will be about:
𝑃𝑃𝑉 = 1000 𝑊/𝑚2 ∗ 19 𝑚2 ∗ 22.6% = 4.29 𝑘𝑊
It is important to mention that the maximum power shown in the above table will be
provided by the solar PV panels only under good weather conditions and during a limited
time of the day.
Now, using the maximum dimensions for a parking space (6.0 m by 3.2 m), which is
an approximate area of 19 m2, the maximum number of solar PV panels to use can be
calculated (in the case this is the only area available). There were made two analysis for
placing the solar PV panels on the charging station. The solar PV panels can be tilted 40 ̊
with a south orientation, to allow greater efficiency. On the first case, when placing the
solar PV panels in a vertical position (the smaller side is placed on the bottom), it will allow
the use of 6 solar PV panels as shown in Figure 3.2 (a). On the other hand, when placing
the solar PV panels in a horizontal position (the longer side is placed on the bottom), the
use of 9 solar PV panels would be allowed as shown in Figure 3.2 (b).
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(a)

(b)

Figure 3.2. Solar array design. (a) 6 solar panels in vertical position; (b) 9 solar panels in horizontal position.

The following table shows the characteristics of the two solar array options. For both
cases, a single string of solar panels connected in series was considered.
Table 3.2. Characteristics of the two solar array options.

Area
Peak power
Voltage at MPP (series-connected)
Current at MPP (series-connected)

Solar Array of 6 Panels
9.82 m2
1.47 kW
181.2 V
8.13 A

Solar Array of 9 Panels
14.73 m2
2.2 kW
271.8 V
8.13 A

The characteristic current-voltage I-V and power-voltage P-V curves of the solar panel
selected for different irradiance levels are presented in Figure 3.3 (a) and (b) respectively.
The irradiance for each condition shown goes from 0 kW/m2 to 1 kW/m2. The maximum
power point (MPP) for each irradiance is shown in Figure 3.3 (b) denoted by a circle. In
the figure below, it can be seen that at an irradiance of 1 kW/m2, the MPP is found at 245.53
W, with a voltage at the maximum power of 30.2 V and a current at the maximum power
of 8.13 A.
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(a)

(b)
Figure 3.3. Characteristic Curves of PV module TSM-245-PA05. (a) Solar panel I-V curve; (b) Solar panel P-V curve.

However, the system proposed is compound of an array of 9 solar PV panels connected
in series. Therefore, the MPP of the array is higher, keeping a constant current with an
increased voltage at the maximum power. The I-V and P-V characteristic curves of the
solar PV array for different irradiance levels are presented in Figure 3.4 (a) and (b)
respectively. As before, the irradiance for each condition shown goes from 0 kW/m2 to 1
kW/m2. In this case, it can be seen that at an irradiance of 1 kW/m2, the MPP is found at
2209.73 W, with a voltage at the MPP of 271.8 V and a current at the MPP of 8.13 A.
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(a)

(b)
Figure 3.4. Characteristic curves of PV array of 9 TSM-245-PA05 solar PV modules series connected. (a) Solar PV array I-V curve; (b)
Solar PV array P-V curve.

Using the main specifications of the solar panel mentioned above, the PV array can be
modeled as explained in Section 2.2.1. The values for the equation of the simplified single
diode model were identified by using the curve fitting tool of MATLAB. Then, the nonlinear model of the PV array can be expressed as [77], [78]:
𝐼𝑝𝑣 = 8.68 − 6.076 ∙ 10−6 𝑒 0.04199∙ 𝑉𝑝𝑣

(3.1)

However, as mentioned above, this model can only be used for electrical simulation
purposes and not for control design. Therefore, a Norton equivalent circuit was calculated
when the PV solar array is under standard conditions (irradiance equal to 1000 W/m 2 and
ambient temperature equal to 25℃), obtaining the equivalent resistance 𝑅𝑝𝑣 as a result:
𝑅𝑝𝑣 =

271.8
𝛺 = 494.1818 𝛺
8.68 − 8.13

(3.2)

A comparison between the non-linear model and the linear model (Norton equivalent)
of a solar PV array at its MPP under standard conditions is shown in Figure 3.5. The single41

diode simplified model is represented by the red line and the Norton model is represented
by the blue line.

(a)

(b)
Figure 3.5. Comparison of I-V and P-V characteristic curves for the non-linear and linear models of the solar PV array calculated. (a) IV Characteristic curve; (b) P-V characteristic curve.

From the previous figure, it can be concluded that the Norton model is a very accurate
representation of the non-linear model at the MPP and very close for values lower than the
MPP. Therefore, this model can be used for simulation and control design purposes.
3.2.2

Proposed Power Conversion Topology

As mentioned above, a power conversion topology is required that can be used in EV
charging applications connected to solar PV panels. Moreover, it must be capable of
extracting the maximum power point from a solar PV array to charge a battery pack as
needed.
At the same time, the power conversion system must be able to provide a flow of
energy in the opposite direction to provide reverse current into the solar PV array when
needed. This will generate heat to melt the snow when the solar panels are covered with
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snow in the winter time, aiming to improve the efficiency of the system. The power
conversion system will be fed by discharging a backup battery pack via a bidirectional DCDC converter in an off-grid system or via the power grid through a bidirectional DC-AC
converter on a grid-connected system. Therefore, the converter topology used must have a
bidirectional function.
Additionally, the power conversion system topology must be capable of handling
voltage variations at the input and output of the system within a specified range. This due
to the variable insolation obtained during the day, causing the voltage of the solar PV array
to not be constant. In the same way, since the output is connected to a battery pack, the
output voltage will also vary continuously. However, the input voltage will never exceed
the output voltage. This means that the power conversion system must works as a boost
converter in one direction and as a buck converter in the opposite direction.
Based on all the characteristics mentioned above, a controlled bidirectional buck-boost
DC-DC converter, also known as bidirectional half-bridge converter (BHBC) or
synchronous buck converter (SBC) has been chosen to be used for this application. A nonisolated topology was chosen because it is cheaper than the isolated topologies, and have
less components. A part from that, the SBC has the advantage of keeping the same
electrical reference for the input and output ports [144]. However, its main drawbacks are
the pulsating current in the higher voltage port and the lack of insulation [144]. In Figure
3.6 it is shown the overall structure of the solar PV system with snow removal functionality
for off-grid and grid-connected EV charger applications.

43

(a)

(b)
Figure 3.6. Overall structure of the solar PV system with snow removal functionality for off-grid and grid-connected EV charger
applications. (a) grid-connected; (b) off-grid.

In order to proof the concept of functionality of the proposed bidirectional converter,
it will be assumed that the voltage at the dc bus where the EV battery pack is connected,
will be regulated by either the bidirectional AC-DC converter in the case of the gridconnected system; or by the bidirectional DC-DC converter that interconnects the battery
pack and the main battery in the case of the off-grid system. Hence, the main battery/grid
will serve as a power source to supply the reverse current flow necessary to heat the solar
cells of the solar PV array, performing the snow removal functionality of the system.
For this application, the system is only composed of 2 stages, unlike the 3 stages used
by the most common systems like the one shown in Figure 3.1. In this case, the
bidirectional DC-DC converter connecting the EV battery pack to the DC bus was
combined together with the unidirectional DC-DC converter with MPPT used for the solar
PV array. In this way, the converter proposed will fulfill the functions of extracting the
maximum power point, charging the battery, and additionally regulating the appropriate
current level required for the solar PV array to melt the snow when necessary.
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Although both systems showed above, i.e. grid-connected and off-grid, are composed
of two bidirectional converters, this thesis only focuses on the analysis, design and
modeling of the proposed bidirectional buck-boost DC-DC converter.
3.3 Analysis and Operation of the System
In the following sections, the modes of operation of the proposed converter and an
example of an off-grid application will be explained in more detail.
3.3.1

Modes of Operation of the System

Figure 3.7 shows a block diagram of an off-grid PV solar EV charging system, which
will be used as an example to analyze the operating modes of the entire system.

Figure 3.7. Block diagram of the off-grid solar PV EV charging system.

This application has 4 modes of operation that are shown in the Figure 3.8. Modes of
operation include EV battery charging via solar PV array as shown in Figure 3.8 (a); EV
battery charging via main battery as depicted in Figure 3.8 (c); power transfer from solar
PV array to main battery as shown in Figure 3.8 (b); and snow removal function via reverse
current flow towards the solar PV array as shown in Figure 3.8 (d).
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(a)

(b)

(c)

(d)

Figure 3.8. Modes of operation of the system. (a) Solar PV array to EV battery pack (charging EV battery); (b) Solar PV array to Main
battery (charging energy storage); (c) Main battery to EV battery pack (charging EV battery); (d) Main battery to Solar PV array
(reverse current flow).

This thesis will focus only on the modes of operation (a) and (d) described in Figure
3.8, since these are the ones that describe the operation of the proposed converter.
Therefore, the main results of this thesis will include:
•

Extracting maximum power point from the solar PV array to charge the EV
battery pack;

•

Providing reverse current flow to the solar PV array to heat the solar cells and
as a result melt the snow covering the solar panels.

Since the literature covers many methods and topologies used to charge a battery using
another backup battery, this will not be included in the thesis. Therefore, only the
mathematical modelling of the proposed bidirectional converter will be included.
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3.3.2

Modes of Operation of the Proposed Bidirectional DC-DC Converter

Figure 3.9 depicts the circuit diagram of the bidirectional buck-boost DC-DC
converter. This converter interfaces the solar PV array and the EV battery pack. Depending
on the operating scenario, two modes of operation can be set: boost and buck mode. The
converter operates with two controllable switches (S1, S2); the operation of the two switches
is complementary, meaning that when one is ON the other must be OFF. Depending on the
maximum duty cycle, it will operate in boost mode when switch S1 is triggered, while buck
mode will operate when switch S2 is triggered. An inductor L1 at the input provides a nonpulsating current and can have a direct power transfer from source to load (EV battery
pack). It is important to consider preventing the simultaneous conduction of both switches.
The controller must ensure that both switches are not turned on simultaneously as this
would place a very small parasitic resistance between the input and ground and destructive
currents could flow through the switches. It must be ensured that there is a dead time in
which both switches are off [145]. The bidirectional buck-boost DC-DC converter has three
equivalent circuits for each mode of operation [146]. These will be explained below.

Figure 3.9. Modes of operation of the proposed converter (boost + buck).

a) Boost Operation Mode
In this mode of operation, the input voltage is always lower than the output voltage.
This mode of operation will allow the power transfer from the solar PV array to charge the
EV battery pack or if there is no EV battery pack connected to the system, it will allow the
charging of the main battery, which acts as a backup energy storage as shown in Figure 3.8
(a) and (b).
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Figure 3.10 depicts the three equivalent circuits when the converter is operating in
Boost mode. The states are described as: ON time, when switch S1 is closed; DEAD time,
when both switches S1 and S2 are open; and OFF time when switch S1 is open.
Figure 3.10 (a) shows the equivalent circuit of the converter during the ON time state,
when switch S1 is closed. Since the two switches are complementary, switch S2 located on
the high-voltage side is open. During the ON state, the inductor L1 is storing energy,
therefore its current increases positively.
As it was mentioned before, both S1 and S2 switches cannot operate at the same time;
therefore, it was included a state when both switches are open to allow the transition to the
OFF state of switch S1 and ON state of switch S2. The equivalent circuit for this state is
shown in Figure 3.10 (b). When both switches S1 and S2 are not conducting, the internal
diode DS2 of the MOSFET S2 goes into operation transferring power from the source to
the load, which in this case is the EV battery pack. However, diode DS1 is in the off state
since it is reverse biased. The current flowing through the inductor L1 starts falling causing
a back electromotive force (EMF) inducing a voltage across the inductor L1 in the opposite
polarity to keep the current flowing. This energy stored is released towards the load [140].
This state of operation happens twice, when the switches are transitioning between ON
state to the OFF state and vice versa.
Figure 3.10 (c) illustrates the equivalent circuit of the OFF-time state, when switch S1
is open. Switch S2 is closed allowing a direct power transfer from the solar PV array to the
EV battery pack. During this state inductor L1 continues releasing its stored energy towards
the load. Once the inductor has provided half of its stored energy to the load and the
capacitor, the voltage in the load begins to drop and the stored energy in capacitor C2
begins to be released. In this way the current keeps flowing through the load until the ON
period starts again.
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(a)

(b)

(c)
Figure 3.10. Converter operating in Boost mode. (a) Switch S1 during ON time (0 ≤ 𝑡 ≤ 𝐷𝑇); (b) Switch S1 and S2 during DEAD time
(𝐷𝑇 ≤ 𝑡 ≤ 𝑇𝑑𝑒𝑎𝑑 ); (c) Switch S1 during OFF time (𝑇𝑑𝑒𝑎𝑑 ≤ 𝑡 ≤ (1 − 𝐷)𝑇 − 𝑇𝑑𝑒𝑎𝑑 ).

b) Buck Operation Mode
In this mode of operation, the input voltage (EV battery pack side / DC bus) is always
higher than the output voltage (solar PV array side). This mode of operation will allow the
power transfer from the DC bus, where the EV battery pack and the main battery is
connected through a DC-DC converter, to provide a reverse current flow towards the solar
PV array that will produce heat in the solar cells to melt the snow in the winter season as
shown in Figure 3.8 (d).
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(a)

(b)

(c)
Figure 3.11. Converter operating in Buck mode. (a) Switch S2 during ON time (0 ≤ 𝑡 ≤ 𝐷𝑇); (b) Switch S1 and S2 during DEAD time
(𝐷𝑇 ≤ 𝑡 ≤ 𝑇𝑑𝑒𝑎𝑑 ); (c) Switch S2 during OFF time (𝑇𝑑𝑒𝑎𝑑 ≤ 𝑡 ≤ (1 − 𝐷)𝑇 − 𝑇𝑑𝑒𝑎𝑑 ).

Figure 3.11 depicts the three equivalent circuits when the converter is operating in
Buck mode. The states are described as: ON time, when switch S2 is closed; DEAD time,
when both switches S1 and S2 are open; and OFF time when switch S2 is open.
During ON time switch S2 is closed and switch S1 is open as shown in Figure 3.11
(a). The power provided by the main battery to the DC bus, now is supplying power to the
load, which in this case is the solar PV array. In this scenario there is direct power transfer
from the source to the load. Initially, the energy is being stored by the inductor L1, limiting
the current flow towards the load. However, the voltage in the capacitor and the load starts
rising gradually.
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During the DEAD time, both switches S1 and S2 are open. In this state, the internal
diode DS1 of the MOSFET S1 comes into operation conducting current to the inductor L1.
However, due to the sudden change in current, the current in the inductor will start to fall.
A back EMF is produced across the inductor, inducing a voltage in the opposite direction,
to try to keep the current flow. Again, as in boost mode, the DEAD state is repeated twice,
when the switches are transitioned between on and off.
In the OFF interval, switch S1 is closed and switch S2 continues open. The current
flows through the channel of the MOSFET S1 towards the inductor L1 and the load. The
inductor continues releasing its energy stored to the load. Once the inductor has released
half of its stored energy to the load and the capacitor, the voltage in the load begins to drop
and the stored energy in capacitor C1 begins to be released. Then, the current keeps flowing
through the load until the ON period starts again.
Figure 3.12 shows the ideal waveforms of a bidirectional buck-boost converter or also
known as synchronous buck converter operating in CCM in boost mode. The plot shows
the signals during a period T, including the ON time and OFF time. As it can be seen in
Figure 3.12, DEAD time (𝑇𝑑𝑒𝑎𝑑 ) intervals are included to avoid accidental turning on of
both switches S1 and S2. Therefore, this state applies when both switches are transitioning
from one state (ON) to the other (OFF). When developing a final prototype this has to be
taken into consideration. However, for the simulations the dead time will not be considered.
The parameters shown in Figure 3.12 are as follows:
•

𝑉𝐺𝑆1 and 𝑉𝐺𝑆2 : Gate control signal of the MOSFET’s S1 and S2. When 𝑉𝐺𝑆1 is on,
𝑉𝐺𝑆2 is zero and vice versa;

•

𝑖𝐿 : Current of the inductor;

•

𝑣𝐿 : Voltage of the inductor;

•

𝑖𝑆1 and 𝑖𝑆2 : Current of the switches S1 and S2 respectively;

•

𝑉𝐷𝑆1 and 𝑉𝐷𝑆2: Voltage of the internal diodes of the switches S1 and S2
respectively;

•

𝑖𝐶 : Current of the capacitor;

•

𝑣2 : Output voltage or voltage at the load.
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Figure 3.12. Waveforms of the bidirectional buck-boost converter operating under boost mode in steady state [146].
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3.4 Design of Bidirectional DC/DC Converter
The following section provides detailed descriptions on the components design of the
proposed bidirectional buck-boost converter that guarantee operation in any mode of
operation. However, before going into details, the following assumptions will be
considered during the analysis:
•

All the components are considered ideal; ON period forward voltage drops and
equivalent series resistance (ESR) of the components are neglected.

•

The selection of the inductor (L1) is such that the converter always operates in
continuous conduction mode (CCM).

•

The output voltage ripple is negligible.

•

In steady state operation, both the integral of Volts-sec through an inductor, as
well as the integral of Amp-sec through a capacitor, during one cycle will be
equal to zero.

Figure 3.13 depicts the framework of the bidirectional buck-boost DC-DC converter
proposed for the snow removal and charging application.

Figure 3.13. Framework of the bidirectional buck-boost DC-DC converter.

The following parameters are required to calculate the components of the proposed
converter:
•

PV panel string peak power: 2.2 kW

•

PV panel voltage range: 225 to 320 VDC (considering 17% of losses due to
heating of the solar panels at 65 °C and change in the irradiance)
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•

Nominal battery voltage range: 320 to 400 VDC

•

Maximum output current: 5.5 A

Using the equations given by [147], [148] when the DC-DC converter works in the boost
CCM the components can be designed as follows:
Duty cycle for minimum input voltage, where the efficiency estimated of the converter
is 95%:
𝐷 =1−

𝑉1(𝑚𝑖𝑛) 𝜂
225 𝑥 0.95
= 1−
= 0.4656
𝑉2
400

(3.3)

Inductor ripple current estimation, considering the inductor ripple current as 20% of
output current
𝛥𝐼𝐿 =

(0.2𝐼2(𝑀𝑎𝑥) )𝑉2 (0.2 𝑥 5.5)400
=
𝐴 = 1.955 𝐴
𝑉1
225

(3.4)

Then, the inductor calculation will be as follows, assuming a frequency of 30 kHz:
𝐿=

𝑉1 (𝑉2 − 𝑉1 )
225(400 − 225)
=
𝐻 = 1677.91 𝜇𝐻
𝛥𝐼𝐿 𝑓𝑠 𝑉2
1.955 𝑥 30𝑥103 𝑥 400

(3.5)

A higher inductance was selected to keep the current ripple in the range. The value
selected is 2100 𝜇𝐻.
Then, the minimum output capacitance estimating an output voltage variation of 1%
was calculated:
𝐶2 =

𝐼2(𝑀𝑎𝑥) 𝐷
5.5 𝑥 0.4656
=
𝐹 = 21.34 𝜇𝐹
(0.01 𝑥 400) (30𝑥103 )
𝛥𝑉2 𝑓𝑠

(3.6)

A higher capacitance was selected to keep the voltage ripple in the range. The value
selected is 27 𝜇𝐹.
Using the equations given by [147], [149], when the DC-DC converter works in the
Buck CCM, the maximum duty cycle with an estimated efficiency of 95% can be expressed
as:
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𝐷=

𝑉1
320
=
= 0.8421
𝑉2 𝜂 400 𝑥 0.95

(3.7)

Then, the minimum input capacitance estimating an input voltage variation of 1%, in
the buck CCM is calculated:
𝐶1 =

𝑉2 𝐷(1 − 𝐷)
2

8𝑓𝑠 𝐿𝛥𝑉1

=

400 𝑥 0.8421(1 − 0.8421)
𝐹 = 1.56 𝜇𝐹
8(30𝑥103 )2 (2.1𝑥10−3 )(0.01 𝑥 225)

(3.8)

A higher capacitance was selected to keep the voltage ripple in the range. The value
selected is 2 𝜇𝐹. A summary with the parameter values is shown in Table 3.3.
Table 3.3. Parameters of the system.

Parameter
Input Voltage Range (𝑉1𝑀𝑖𝑛 − 𝑉1𝑀𝑎𝑥 )
PV Voltage at MPP (𝑉1 )
Output Voltage (𝑉2 )
Maximum Input Current (𝐼1(𝑀𝑎𝑥) )
Maximum Output Current (𝐼2(𝑀𝑎𝑥) )
Power Rating
Efficiency (𝜂)
Inductance (L)
Output Capacitance (𝐶2 )
Input Capacitance (𝐶1 )
Switching Frequency (𝑓𝑠 )
Output and Input Voltage Variation

Value
225 – 320 V
271.8 V
400 V
8.13 A
5.5 A
2.2 kW
95%
2100 𝜇𝐻
27 𝜇𝐹
2 𝜇𝐹
30 kHz
1%

3.5 Mathematical Modelling
The following section provides in-depth descriptions regarding the mathematical
modelling of the proposed bidirectional buck-boost converter operating under boost and
buck mode.
Buck Operation Mode
In this mode of operation, the converter is regulating the solar PV array (input port).
It is assumed that an additional converter as the one shown in Figure 3.7, is regulating the
voltage of the EV battery pack and at the same time supplying the required power to be
transferred to the solar PV array in order to heat the PV cells. Figure 3.14 depicts the
converter circuit operating in buck mode, where the solar PV array is represented by a load
𝑅𝑃𝑉 and the dc bus/EV battery pack is represented by a voltage source 𝑉𝑏𝑢𝑠 . Capacitance
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C2 is not included in the circuit because it has no dynamic effect when the output port has
a regulated voltage. The mathematical modelling was found by using the methodology
applied by Dr. Ramos-Paja in [78], [150].

Figure 3.14. Circuit diagram of the bidirectional buck-boost DC-DC converter operating in buck mode.

Applying the state-space averaging method, the following model is obtained:
𝐿

𝑑𝑖𝐿 (𝑡)
= 𝑣𝑏𝑢𝑠 (1 − 𝐷) − 𝑖𝐿 𝛼 − 𝑣𝐶1 𝛽
𝑑𝑡
𝑑𝑣𝐶1 (𝑡)
𝐶1
= 𝑖𝐿 𝑅𝑃𝑉 𝛾 − 𝑣𝐶1 𝛾
𝑑𝑡

(3.9)
(3.10)

Where:
𝛼 = 𝑅𝐿 +

𝑅𝑃𝑉 𝑅𝐶1
𝑅𝐶1
1
; 𝛽 =1−
;𝛾=
𝑅𝑃𝑉 + 𝑅𝐶1
𝑅𝑃𝑉 + 𝑅𝐶1
𝑅𝑃𝑉 + 𝑅𝐶1

(3.11)

This average system can be used to obtain the equilibrium points in steady state. To
obtain the steady state currents and voltages, the left-hand side on equations (3.9) and
(3.10) must be replaced with zero:
0 = 𝑉𝑏𝑢𝑠 (1 − 𝐷) − 𝐼𝐿 𝛼 − 𝑉𝐶1 𝛽

(3.12)

0 = 𝐼𝐿 𝑅𝑃𝑉 𝛾 − 𝑉𝐶1 𝛾

(3.13)

Since the current through the capacitor C1 is equal to zero, in steady state 𝐼𝐿 is equal
to:
𝐼𝐿 = 𝐼𝑃𝑉
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(3.14)

Replacing equation (3.14) into equation (3.13), 𝑉𝐶1 will be found:
𝑉𝐶1 = 𝐼𝑃𝑉 𝑅𝑃𝑉

(3.15)

Replacing equations (3.14) and (3.15) into (3.12), D can be expressed as follows:
𝑅𝑃𝑉 + 𝑅𝐿
𝐷 = 1 − 𝐼𝑃𝑉 (
)
𝑉𝑏𝑢𝑠

(3.16)

Applying the averaging small-signal dynamic modelling, the following linearized
converter model is obtained, where the capital letters indicates the DC values (steady-state),
and the superscript symbol (~) denotes the small AC perturbations of the variables of (3.9)
and (3.10) around the equilibrium points [151], [152]:
𝐿

̃ 𝐿 (𝑡)
𝑑𝑖
=𝑉
̃𝑏𝑢𝑠 (1 − 𝐷) − 𝑖̃𝐿 𝛼 − 𝑣̃𝐶1 𝛽 − 𝑑̃ 𝑣𝑏𝑢𝑠
⏟𝑏𝑢𝑠 (1 − 𝐷) − 𝐼𝐿 𝛼 − 𝑉𝐶1 𝛽 + 𝑣
⏟
𝑑𝑡
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑝𝑜𝑖𝑛𝑡

−

𝐿𝑖𝑛𝑒𝑎𝑟

(3.17)

𝑑𝑣𝐶1 (𝑡)
= 𝐼⏟
̃𝐶1 𝛾
𝐿 𝑅𝑃𝑉 𝛾 − 𝑉𝐶1 𝛾 + 𝑖̃⏟
𝐿 𝑅𝑃𝑉 𝛾 − 𝑣
𝑑𝑡

(3.18)

𝑣
̃𝑏𝑢𝑠 𝑑̃
⏟
𝑁𝑜𝑛−𝑙𝑖𝑛𝑒𝑎𝑟

𝐶1

𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑝𝑜𝑖𝑛𝑡

𝐿𝑖𝑛𝑒𝑎𝑟

In the above equations, it can be identified three components of the model: the
equilibrium point which contain the DC terms; the linear dynamic component which
include the first order AC terms; and the non-linear dynamic component which include
second order AC terms [151].
By applying the Laplace transform to the linear part of equations (3.17) and (3.18) it
is obtained the following equation:
𝐿𝑠 𝐼𝐿 (𝑠) = (1 − 𝐷)𝑉𝑏𝑢𝑠 (𝑠) − 𝛼𝐼𝐿 (𝑠) − 𝛽𝑉𝐶1 (𝑠) − 𝑉𝑏𝑢𝑠 𝐷(𝑠)
.
{
𝐶1 𝑠𝑉𝐶1 (𝑠) = 𝑅𝑃𝑉 𝛾𝐼𝐿 (𝑠) − 𝛾𝑉𝐶1 (𝑠)

(3.19)

By modeling the dynamic behavior of the system, the following equations are
obtained:
(1 − 𝐷)(𝐶1 𝑠 + 𝛾)
−𝑉𝑏𝑢𝑠 (𝐶1 𝑠 + 𝛾)
𝐷(𝑠)
+
𝑉𝑏𝑢𝑠 (𝑠)
𝐿𝐶1
𝐿𝐶1
𝐼𝐿 (𝑠) =
(𝐿𝛾 + 𝐶1 𝛼)
𝑅 𝛾𝛽
𝑠2 +
𝑠 + 𝑃𝑉
𝐿𝐶1
𝐿𝐶1
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(3.20)

−𝑉𝑏𝑢𝑠 𝑅𝑃𝑉 𝛾
𝑅 𝛾(1 − 𝐷)
𝐷(𝑠) + 𝑃𝑉 𝐿𝐶
𝑉𝑏𝑢𝑠 (𝑠)
𝐿𝐶1
1
𝑉𝐶1 (𝑠) =
(𝐿𝛾 + 𝐶1 𝛼)
𝑅𝑃𝑉 𝛾𝛽
𝑠2 +
𝑠
+
𝐿𝐶1
𝐿𝐶1

(3.21)

Omitting the disturbances in (3.20) and (3.21) the following transfer functions are
obtained for the dynamic variables of the converter in relation to the duty cycle:
𝐼𝐿 (𝑠)
𝐺𝑖𝑑 (𝑠) =
=
𝐷(𝑠)

−𝑉𝑏𝑢𝑠 (𝐶1 𝑠 + 𝛾)
𝐿𝐶1
(𝐿𝛾 + 𝐶1 𝛼)
𝑅 𝛾𝛽
𝑠2 +
𝑠 + 𝑃𝑉
𝐿𝐶1
𝐿𝐶1

𝑉𝐶1 (𝑠)
𝐺𝑣𝑑 (𝑠) =
=
𝐷(𝑠)

−𝑉𝑏𝑢𝑠 𝑅𝑃𝑉 𝛾
𝐿𝐶1
(𝐿𝛾 + 𝐶1 𝛼)
𝑅 𝛾𝛽
𝑠2 +
𝑠 + 𝑃𝑉
𝐿𝐶1
𝐿𝐶1

(3.22)

(3.23)

As it can be noted in equation (3.22) 𝐺𝑖𝑑 = 𝐼𝐿 (𝑠)⁄𝐷(𝑠) has a negative sign and the
transfer function shows a non-minimum phase nature, produced by a zero located in the
right-half-plane. The control objective in this mode of operation is to enforce 𝑖𝐿 = 𝐼𝐿𝑅𝑒𝑓 .
Therefore, to accomplish this, the proposed controller must have a negative sign. The
controller 𝐶𝑖𝐿 selected is a PI compensator with a single negative feedback loop structure.
By replacing all the values in the equilibrium point, the transfer function of 𝐺𝑖𝑑 is obtained
as follows:
𝐺𝑖𝑑 (𝑠) =

−1.905𝑥105 𝑠 − 2.846𝑥109
𝑠 2 + 1.529𝑥104 𝑠 + 2.428𝑥108

(3.24)

The open loop step response of 𝐺𝑖𝑑 transfer function for a duty cycle perturbance from
0.6937 to 0.7437 is depicted in Figure 3.15. As it can be seen, the second order transfer
function has an underdamped response with a settling time of 0.48 ms. The response is
stable and presents an overshoot of 32.27% with a negative peak of 15.5.
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Figure 3.15. Open loop step response of IL (s) for a duty cycle perturbance of 0.05 (from 0.6937 to 0.7437).

Additionally, an AC analysis was performed using the AC sweep tool of PSIM. Both,
the model and the circuit were analysed by injecting a small AC excitation signal as
perturbation into the system input signal and the frequency responses of both were
compared. The comparison of the frequency responses of the mathematical model and the
circuital model for inductor current 𝐼𝐿 (𝑠) and input capacitor voltage 𝑉𝐶1 (𝑠) are shown in
Figure 3.16.

Figure 3.16. Comparison of the frequency responses of linear model and PSIM circuit in buck mode for inductor current 𝐼𝐿 (𝑠) and input
capacitor voltage 𝑉𝐶1 (𝑠). Red and orange circles: mathematical model results. Blue and pink line: circuital simulation results.
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The frequency responses of the circuital model simulated in PSIM compared with the
analytical small-signal model exhibits a satisfactory agreement for 𝑖𝐿 and 𝑉𝐶1 variables up
to 12kHz. According to these results it can be concluded that the adopted model accurately
describes the system dynamics; therefore, it is suitable for control purposes.
Finally, the circuital model was simulated and evaluated at the equilibrium point. The
duty cycle calculated for this mode was equal to 0.6937, according to equation (3.16). The
circuit diagram is depicted in Figure 3.17 and its simulation results are shown in Figure
3.18. The simulation results satisfy the steady state calculations made before where the
inductor current was regulated at 8.13 A and the PV voltage at MPP was 271.8 V.

Figure 3.17. Circuit diagram operating in buck mode for open loop current control.

Figure 3.18. Simulation results of the circuit operating in buck mode for open loop current control.
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Boost Operation Mode
In this mode of operation, the converter is fed by the solar PV array and has the
function of regulating the maximum power point (MPP) provided by the solar PV array.
Figure 3.19 depicts the converter equivalent circuit for the boost operation mode, where
the EV battery pack connected at the dc bus is represented by a voltage source 𝑉𝑏𝑢𝑠 and the
solar PV array is represented by the Norton equivalent model analyzed before. Again,
capacitance C2 is not included for the same reason stated in the buck mode. The
mathematical modelling was found by using the methodology applied by Dr. Ramos-Paja
in [78], [150].

Figure 3.19. Circuit diagram of the bidirectional buck-boost DC-DC converter operating in boost mode.

Applying the state-space averaging method, the following model is obtained:
𝐿

𝑑𝑖𝐿 (𝑡)
= −𝑣𝑏𝑢𝑠 (1 − 𝐷) − 𝑖𝐿 𝛼 + 𝑣𝐶1 𝛽 + 𝑖𝑠𝑐 𝑅𝑃𝑉 𝑅𝐶1 𝛾
𝑑𝑡
𝑑𝑣𝐶1 (𝑡)
𝐶1
= 𝑖𝑐1 = −𝑖𝐿 𝑅𝑃𝑉 𝛾 − 𝑣𝐶1 𝛾 + 𝑖𝑠𝑐 𝑅𝑃𝑉 𝛾
𝑑𝑡

(3.25)
(3.26)

Where 𝛼, 𝛽 𝑎𝑛𝑑 𝛾 are as stated before in equation (3.11).
This average system can be used to obtain the equilibrium points in steady state. To
obtain the steady state currents and voltages, the left-hand side on equations (3.25) and
(3.26) must be replaced with zero:
0 = −𝑉𝑏𝑢𝑠 (1 − 𝐷) − 𝐼𝐿 𝛼 + 𝑉𝐶1 𝛽 + 𝐼𝑠𝑐 𝑅𝑃𝑉 𝑅𝐶1 𝛾

(3.27)

0 = −𝐼𝐿 𝑅𝑃𝑉 𝛾 − 𝑉𝐶1 𝛾 + 𝐼𝑠𝑐 𝑅𝑃𝑉 𝛾

(3.28)
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From the circuit it can be deduced that in steady state the inductor current 𝐼𝐿 is equal
to:
𝐼𝐿 = 𝐼𝑃𝑉 = 𝐼𝑀𝑃𝑃

(3.29)

Also, it can be deduced that the input capacitor voltage 𝑉𝐶1 is equal to:
𝑉𝐶1 = 𝑉𝑃𝑉 = 𝑉𝑀𝑃𝑃

(3.30)

Replacing equations (3.29) and (3.30) into (3.28) and (3.27), D can be expressed as
follows:
𝐷 = 1−

𝑉𝑀𝑃𝑃 − 𝐼𝑀𝑃𝑃 𝑅𝐿
𝑉𝑏𝑢𝑠

(3.31)

By replacing the parameters mentioned before (𝑉𝑀𝑃𝑃 = 271.8, 𝐼𝑀𝑃𝑃 = 8.13) into
equations (3.29) to (3.31), the following steady state operating point were obtained: 𝐼𝐿 =
8.13, 𝑉𝐶1 =271.8 and D = 0.3347.
Applying the averaging small-signal dynamic modelling, the following linearized
converter model is obtained, where the capital letters indicates the DC values (steady-state),
and the superscript symbol (~) denotes the small AC perturbations of the variables of (3.32)
and (3.33) around the equilibrium points [151], [152]:
𝐿

̃𝐿 (𝑡)
𝑑𝑖
𝑑𝑡

= −⏟
𝑉𝑏𝑢𝑠 (1 − 𝐷) − 𝐼𝐿 𝛼 + 𝑉𝐶1 𝛽 + 𝐼𝑠𝑐 𝑅𝑃𝑉 𝑅𝐶1 𝛾 +
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑝𝑜𝑖𝑛𝑡

−𝑣̃𝑏𝑢𝑠 (1 − 𝐷) − 𝑖̃𝐿 𝛼 + 𝑣̃𝐶1 𝛽 + 𝑖̃𝑠𝑐 𝑅𝑃𝑉 𝑅𝐶1 𝛾 + 𝑑̃ 𝑣𝑏𝑢𝑠 +
⏟
𝐿𝑖𝑛𝑒𝑎𝑟

𝐶1

𝑣
̃𝑏𝑢𝑠 𝑑̃
⏟

(3.32)

𝑁𝑜𝑛−𝑙𝑖𝑛𝑒𝑎𝑟

𝑑𝑣𝐶1 (𝑡)
=⏟
−𝐼𝐿 𝑅𝑃𝑉 𝛾 − 𝑉𝐶1 𝛾 + 𝐼𝑠𝑐 𝑅𝑃𝑉 𝛾 − ⏟
𝑖̃𝐿 𝑅𝑃𝑉 𝛾 − 𝑣̃𝐶1 𝛾 + 𝑖̃𝑠𝑐 𝑅𝑃𝑉 𝛾
𝑑𝑡
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑝𝑜𝑖𝑛𝑡

(3.33)

𝐿𝑖𝑛𝑒𝑎𝑟

By applying the Laplace transform to the linear part of equations (3.32) and (3.33) it
is obtained the following equation:
𝐿𝑠 𝐼𝐿 (𝑠) = −(1 − 𝐷)𝑉𝑏𝑢𝑠 (𝑠) − 𝛼𝐼𝐿 (𝑠) + 𝛽𝑉𝐶1 (𝑠) + 𝑅𝑃𝑉 𝑅𝐶1 𝛾𝐼𝑠𝑐 (𝑠)
+𝑉𝑏𝑢𝑠 𝐷(𝑠)
{

𝐶1 𝑠𝑉𝐶1 (𝑠) = −𝑅𝑃𝑉 𝛾𝐼𝐿 (𝑠) − 𝛾𝑉𝐶1 (𝑠) + 𝑅𝑃𝑉 𝛾𝐼𝑠𝑐 (𝑠)
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(3.34)

The state space system is now characterized by the following vectors:
𝑑
𝑖𝐿
𝑋 = [ ]; 𝑈 = [ 𝑖𝑠𝑐 ]
𝑣𝐶1
𝑣𝑏𝑢𝑠

(3.35)

As well as, by the Jacobian matrices given as follows:
𝛼

𝐴𝑚 = [

−𝐿
−

𝑅𝑃𝑉 𝛾
𝐶1

𝛽

𝑉𝑏𝑢𝑠

𝑅𝑃𝑉 𝑅𝐶1 𝛾

𝐿

𝐿

𝐿

0

0

𝛾 ];

𝐵𝑚 = [

−𝐶

1

−

1−𝐷

𝐿
𝑅𝑃𝑉 𝛾

]

(3.36)

𝐶1

The system output defined is the PV voltage 𝑉𝑃𝑉 which is expressed as follows:
𝑉𝑃𝑉 = 𝑣𝐶1 + 𝑖𝑐1 𝑅𝐶1 𝛼

(3.37)

By replacing equation (3.26) into (3.37), matrices 𝐶𝑚 and 𝐷𝑚 where defined:
𝐶𝑚 = [−𝑅𝑃𝑉 𝑅𝐶1 𝛾

𝛽]; 𝐷𝑚 = [0 0 𝑅𝑃𝑉 𝑅𝐶1 𝛾]

(3.38)

To validate the proposed model, the transfer function between the duty cycle and the PV
voltage 𝐺𝑣𝑑 (𝑠) = 𝑉𝑝𝑣 (𝑠)⁄𝐷(𝑠) was calculated using MATLAB by replacing all the values
in equilibrium point on the mathematical model found:
𝐺𝑣𝑑 (𝑠) =

𝑉𝑝𝑣 (𝑠)
−6666s − 9.523𝑥1010
= 2
𝐷(𝑠)
𝑠 + 1362𝑠 + 2.384𝑥108

(3.39)

As it can be noted in equation (3.43), 𝐺𝑣𝑑 has the same characteristics as the transfer
function found in the buck mode analysis. The control objective in this mode of operation
is to enforce 𝑣𝑝𝑣 = 𝑉𝑝𝑣𝑅𝑒𝑓 . Therefore, to accomplish this, the proposed controller must
have a negative sign. The controller 𝐶𝑣𝑝𝑣 selected is a PI compensator with a single
feedback loop structure.
Then, the open loop step response of the 𝐺𝑣𝑑 transfer function for a duty cycle
perturbance from 0.3347 to 0.3847 is depicted in Figure 3.20. As can be seen, the transient
response of the second order transfer function has an underdamped response with a high
damping ratio which settles at 5.7 ms. Although, the response presents an overshoot of
87%, and then it stabilizes at -400 V.
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Figure 3.20. Open loop step response of 𝑉𝑝𝑣 (𝑠) for a duty cycle perturbance of 0.05 (from 0.3347 to 0.3847).

Furthermore, an AC analysis was performed using the AC sweep tool of PSIM as in
the previous analysis for the buck mode. The comparison of the frequency responses of the
mathematical model and the circuital model for solar PV array voltage 𝑉𝑝𝑣 (𝑠) are shown
in Figure 3.21.

Figure 3.21. Comparison of the frequency responses of Norton model and PSIM circuit in boost mode for PV voltage 𝑉𝑝𝑣 . Red circles:
mathematical model results. Blue line: circuital simulation results.

From the previous figure it can be concluded that the small-signal analytical model
accurately describes the dynamics of the system operating in boost mode up to
approximately 12 kHz for the variable 𝑉𝑝𝑣 ; therefore, it is suitable for control purposes.
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Finally, the circuital model for both, the non-linearized model and the linear model
were simulated and evaluated at the equilibrium point. The duty cycle calculated for both
models were equal to 0.3347 as mentioned before. The circuit diagram for the single-diode
simplified model is depicted in Figure 3.22 and its simulation results are shown in Figure
3.23. On the other hand, the circuit diagram for the resistance linearized model (Norton
Model) is depicted in Figure 3.24 and its simulation results are shown in Figure 3.25.

Figure 3.22. Circuit diagram of the non-linearized model operating in boost mode for open loop voltage control.

Figure 3.23. Simulation results for the non-linearized circuital model operating in boost mode for open loop voltage control.
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Figure 3.24. Circuit diagram of the linearized model operating in boost mode for open loop voltage control.

Figure 3.25. Simulation results for the linearized circuital model operating in boost mode for open loop voltage control.

As it can be noted, both models accurately satisfy the dynamics of the system. It can
be seen in Figure 3.23 and Figure 3.25 that the inductor current was regulated at 8.13 A
and the PV voltage was 271.8 V in both cases.
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3.6 Control Design
In this section, the controller design will be explained in detail. The control technique
used for the proposed converter topology is based on the pulse width modulation (PWM)
by operating with a constant switching frequency [144]. A traditional proportional integral
(PI) controller is designed for both modes of operation, i.e. boost mode and buck mode.
However, for the buck operation mode, a current controller for inductor current 𝐼𝐿 (𝑠) is
designed, and for the boost operation mode, a voltage controller for PV voltage 𝑉𝑝𝑣 (𝑠) to
optimize a perturb and observe (P&O) MPPT is designed [78], [87].
Buck Operation Mode
In this mode of operation, a PI current controller with a single negative feedback loop
structure was designed to regulate the inductor current 𝐼𝐿 (𝑠) by using a reference value
defined. In this case, it is regulated to the rated current at the MPP of the solar PV array.
The block diagram of the current controller is shown in Figure 3.26.

Figure 3.26. Block diagram of the current controller for the proposed converter operating in Buck mode.

The PI controller was tuned using the MATLAB SISO tool by adding a real zero and
integrator to meet the desired dynamic behavior of the system. The PI controller was
required to have a negative sign to compensate for the negative sign of the 𝐺𝑖𝑑 (𝑠) transfer
function. A damping ratio equal to or higher to 0.707 was defined, as well as a crossover
frequency of 12 kHz with a gain margin of -3 dB according to the AC sweep results
analyzed before and a settling time of less than 1 s. Satisfying the aforementioned design
parameters as shown in Figure 3.27, the controller coefficients defined in equation (3.41)
were obtained.
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Figure 3.27. Tuning PI current controller for 𝐼𝐿 (𝑠) using MATLAB SISO tool.

The equation of the compensator to control the current 𝐼𝐿 is:
𝐶𝑖𝐿 = 𝐾𝑝 (1 +

1
)
𝑇𝑖 𝑠

(3.40)

Where:
𝐾𝑝 = −0.2753 ; 𝑇𝑖 = 4.5351𝑥10−5

(3.41)

Boost Operation Mode
In the boost operation mode, a PI voltage controller with a single negative feedback
loop structure was designed to regulate the PV voltage 𝑉𝑃𝑉 (𝑠) using a reference value
defined by a P&O MPPT [87]. Therefore, in the boost mode, the converter provides the
maximum power to the load, keeping a constant voltage at the input. The block diagram of
the voltage controller with MPPT is shown in Figure 3.28.
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Figure 3.28. Block diagram of the voltage controller with MPPT for the proposed converter operating in Boost mode.

The PI controller was tuned using the MATLAB SISO tool by adding a real zero and
integrator to meet the desired dynamic behavior of the system. The PI controller was
required to have a negative sign to compensate for the negative sign of the 𝐺𝑣𝑑 (𝑠) transfer
function. A damping ratio equal to or higher to 0.707 was defined, as well as a crossover
frequency of 12 kHz at a magnitude of -3 dB according to the AC sweep results analyzed
before and a settling time of less than 1 s. However, it was not possible to comply with the
damping ratio design requirement, giving as a result a high underdamped response.
Nevertheless, the other aforementioned design parameters were satisfied as shown in
Figure 3.29, obtaining the controller coefficients defined in equation (3.43).

Figure 3.29. Tuning PI voltage controller for 𝑉𝑝𝑣 (𝑠) using MATLAB SISO tool.

69

The equation of the compensator to control the voltage 𝑉𝑝𝑣 is:
𝐶𝑣𝑝𝑣 = 𝐾𝑝 (1 +

1
)
𝑇𝑖 𝑠

(3.42)

Where:
𝐾𝑝 = −0.025015 ; 𝑇𝑖 = 7.5758𝑥10−4

(3.43)

Impact of Parasitics on the Controller
As it is known all capacitors contain parasitic elements that can affect the performance
of the circuit. A non-ideal capacitance is composed of an equivalent series resistance
(ESR), and an effective series inductance (ESL). It is very important to ensure that the
voltage ripple does not exceed the maximum rating of the capacitor as it can cause
instability in the controller. This may be due to high internal ESR of the capacitor, which
also causes excessive heating due to power dissipation.
On the other hand, to provide good high-frequency performance, it is necessary to
bypass electrolytic capacitors by using film or ceramic capacitors, due to high ESL of the
capacitor. Otherwise, ringing in the output voltage can be expected.
Power Management
A power management system will control the two separate buck and boost mode
controllers through a power management command [153] as shown in Figure 3.30. A
switch connected between both modes of operation will be operated according to the
control algorithm flowchart shown in Figure 3.31.
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Figure 3.30. Circuit diagram of the power management control.

In the control algorithm flowchart, it can be noted that only when the EV battery pack
is connected to the system and the power provided by the solar PV array is higher than
1000 W, then, the EV battery pack will be fed by the solar PV array (boost operation mode).
Otherwise, a main storage or the grid will feed the solar PV array through a second
bidirectional converter as shown before in Figure 3.6. However, when an EV battery pack
is not connected to the system and the weather conditions meet the parameters (temperature
below zero / snowing / freezing rain), then the buck mode will go into operation. If the
weather conditions are not met, the solar PV array will feed the main battery or the grid,
depending on the system configuration.
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Figure 3.31. Control algorithm flowchart.

3.7 Simulation Results
This section shows the simulation results for the different operating modes of the
proposed converter control.
3.7.1

Buck Operation Mode

The controller designed for the buck operation mode was simulated using the PSIM
software. For control and simulation purposes the PV solar array was assumed as a load
resistance. The circuit diagram is shown in Figure 3.32. The performance of the control
was evaluated in terms of its capacity to reject perturbances in the inductor current
reference, the bus voltage and the load.
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Figure 3.32. Circuit diagram for current controller for the proposed converter in buck mode.

The validation test applied in this mode of operation consisted of forcing the steady
state of the converter by regulating the inductor current 𝐼𝐿 and therefore the PV current 𝐼𝑝𝑣
to 8.13 A with a PV voltage 𝑉𝑝𝑣 of 271.8 V. Then, at 6ms a negative step was applied to
the inductor current reference to validate the robustness of the system, changing from 8.13
to 7.13 A. After that, it was applied a disturbance in the bus voltage 𝑉𝑏𝑢𝑠 , where the EV
battery pack is connected, at 10 ms setting a change of 5 V, from 400 to 405 V. Finally, a
change on the load was set at 14 ms, decreasing the load from 33.43 Ω to 30.47 Ω.
Figure 3.33 shows the simulated waveforms for all the cases aforementioned. The first
waveform shows the inductor current 𝐼𝐿 , the solar PV array current 𝐼𝑃𝑉 and the control
reference current 𝐼𝐿𝑟𝑒𝑓 . The second waveform depicts the PV array voltage 𝑉𝑃𝑉 , while the
third waveform shows the bus voltage 𝑉𝑏𝑢𝑠 . Finally, the last waveform shows the duty
cycle applied to the controller.
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Figure 3.33. Performance analysis for different perturbances of the buck operating mode.

Figure 3.34 shows a close-up of the transient response for the different perturbations
applied to the proposed converter. As can be seen, the proposed control accurately rejected
all disturbances, showing a settling time below 0.1 ms with little noticeable deviation
voltage. In all cases, the current was regulated uniformly to the set reference point which
was 7.13 A, despite the applied disturbances.

(a)

(b)

(c)
Figure 3.34. Zoom in of the simulated waveforms during validation test of the current controller for the proposed converter in buck
mode. (a) Disturbance in inductor current reference; (b) Disturbance in the bus voltage; (c) Disturbance in the load.
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3.7.2

Boost Operating Mode

In the boost operating mode, there were simulated two configurations using the PSIM
software; first, the voltage controller applied to the proposed converter was simulated to
observe the response of the system. Second, the P&O MPPT with the voltage controller
applied to the proposed converter to validate the close-loop behaviour of the system under
different irradiance conditions.
On the first case, the voltage controller designed to control the PV array voltage Vpv
was simulated using the parameters calculated before. Figure 3.35 shows the circuit
diagram of the DC-DC converter proposed with the voltage controller. In this case, the
converter is simulated using the non-linear model (single-diode model).

Figure 3.35. Circuit diagram for voltage controller applied to the non-linear model PV array for the proposed converter in boost mode.

To validate the response of the voltage controller in close-loop, the system was forced
to operate at the equilibrium point using the steady state parameters. Therefore, from 2-6
ms, the proposed converter was operating on the steady state by setting a duty cycle of
0.3347 and a reference voltage of 271.8 V; then, a perturbance in the reference voltage was
introduced by setting a negative step reducing the voltage to 270.8 V at 6 ms; after that a
perturbance in the output voltage 𝑉𝑏𝑢𝑠 was set changing the output voltage from 400 to 405
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V at 10 ms; finally, a negative step was introduced in the short-circuit current 𝐼𝑠𝑐 which
simulate the change of irradiance in the non-linear model; the short-circuit current was
reduced from 8.68 to 8.18A at 14 ms. The simulated waveforms are shown in Figure 3.36.

Figure 3.36. Simulated waveforms during validation test of the voltage controller for the proposed converter in boost mode.

In the above waveforms, the transient response is characterized by an underdamped
ringing of the input voltage 𝑉𝑃𝑉 when there are sharp changes in irradiance as it can be seen
at 14 ms. Due to this response, it is desirable that when the irradiance decreases to a certain
point, in our case when the PV array produces less than half of the power produced at the
MPP (1000 W), then, an energy storage system or grid must provide the required energy
to charge the EV battery pack, as showed before in the control algorithm flowchart in
Figure 3.31. In the other cases, when disturbances were applied in the voltage reference
and in the output voltage, the control successfully rejected these disturbances with little
noticeable voltage deviations as it can be seen in the third waveform for 𝑉𝑃𝑉 and 𝑉𝑟𝑒𝑓 in
Figure 3.36.
Then, the P&O MPPT connected to the voltage controller was simulated. Figure 3.37
shows the circuit diagram for the final boost mode controller. For this simulation, it was
used a PSIM PV model using the parameters given in Table 3.1. The behaviour of the
system was evaluated by changing the irradiance conditions of the solar PV array,
maintaining a constant temperature.
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Figure 3.37. Circuit diagram for MPPT with voltage controller for proposed converter in boost mode.

The profile of irradiation used to validate the operation of the proposed converter in
boost mode was set to force a steady state at the maximum power point of the converter,
by starting with an irradiance of 1000 W/m2 for time 2-6 ms; after that the irradiance was
changed by introducing negative steps of 4 ms resulting the following values: 900 W/m2
for time 6-10 ms, 800 W/m2 for time 10-14 ms, 400 W/m2 for time 14-18 ms and finally a
positive step, resulting on a irradiance of 1000 W/m2 for time 18-20 ms. Temperature is
kept constant at 25 ºC throughout the simulation. The profile of irradiation is depicted in
the S waveform shown in Figure 3.39.
Figure 3.38 shows the simulation results that validates the response of the proposed
converter in steady state. The P&O MPPT developed is a digital control that looks for the
MPP by changing the voltage reference every 0.35 ms. The control increases or decreases
the voltage in steps of 250 mV depending on the measured power of the PV array and when
the stable condition is reached the algorithm oscillates around the peak power point as it
can be seen in the first waveform of the solar PV voltage (Vpv) and in the third waveform
of the solar PV power (Vpv*Ipv) in Figure 3.38.
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Figure 3.38. Simulated waveforms during validation test of the P&O MPPT with voltage controller for an irradiance of 1000 W/m2 for
the proposed converter in boost mode.

Figure 3.39. Simulated waveforms during validation test of the P&O MPPT with voltage controller for different irradiances for the
proposed converter in boost mode.
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Figure 3.40 shows a zoom in of the transient response simulation results for small
changes in irradiance. The first set of waveforms shows the transient response for a
negative step change of 100 W/m2 (from 1000 to 900 W/m2) in the irradiance. The
waveforms show a rejection of the perturbation with a voltage deviation below 6.58 V
(2.42%) and a settling time of about 0.17 ms to recover to steady state. The second set of
waveforms shows a similar transient response. It was applied again a negative step change
of 100 W/m2 (from 900 to 800 W/m2) in the irradiance. In this case, the waveforms show
a rejection of the perturbance producing a voltage deviation below 6.94 V (2.55%) and a
settling time of about 0.17 ms to recover to steady state. It can be noted that when the power
of the PV array is close to the MPP, the control rejects the perturbances producing a smaller
overshoot peak voltage than when the PV array power is getting away of the MPP.

Figure 3.40. Zoom in of the simulated waveforms during validation test of the P&O MPPT with voltage controller for small changes in
irradiance for the proposed converter in boost mode.
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Figure 3.41 shows a zoom in of the transient response simulation results for sharp
changes in irradiance. In the first case, at 14 ms, there was an abrupt decrease of 400 W/m2
(from 800 to 400 W/m2) in the irradiance, the proposed control rejected this perturbation
producing a voltage deviation below 14.7% (39.55 V) and showed a settling time of about
0.73 ms to recover the steady state. In the second case, at 18 ms, when there was a sharp
increase in the irradiance of 600 W/m2 (from 400 to 1000 W/m2), the proposed control
again rejected the perturbance with voltage deviations below 31.71 V (11.7%) and showed
a faster settling time of about 0.26 ms to recover the steady state.

Figure 3.41. Zoom in of the simulated waveforms during validation test of the P&O MPPT with voltage controller for sharp changes in
irradiance for the proposed converter in boost mode.

It is worth mentioning that the system transient response for abrupt increase in
irradiance disturbances shows faster recovery and lower overshoot peak voltage when it is
getting close to the maximum power point of the PV array than when the system is exposed
to abrupt decrease in irradiance, moving away from the maximum power point.
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3.8 Summary
This chapter presented a detailed description of the design and modelling of a solar
PV array and the proposed bidirectional DC-DC buck-boost converter with snow removal
functionality to be used in EV charging applications. The design of the controller for the
two modes of operation (buck and boost) of the proposed converter was presented, as well
as the flowchart of the control algorithm that will be operated by the power management
system through a power management command.
The design and simulations satisfactorily evidenced the fulfillment of the functions of
the proposed converter: providing a regulated current in direction to the solar PV array that
will produce heat in the PV cells to melt the snow cover from the solar panels; and
providing maximum power to charge the EV battery pack.
The proposed control provided a robust dynamic response to different disturbances in
both modes of operation, as demonstrated by the simulations.
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Chapter 4. Experimental Results for Snow Removal Functionality
This chapter describes the implementation of the snow removal functionality in a
commercially available power conversion system (PCS). First, the equipment used and the
methodology implemented for the test are described. After that, the experimental results
are shown followed by discussions. It is worth mentioning that the tests were performed in
one of the climatic chambers of the ACE facilities at Ontario Tech University and all the
equipment was provided by the company “Upstartz Energy Ltd.”, who participated as a
sponsor in this study.
4.1 Experimental Setup and Equipment
The experimental setup developed for validation of the snow removal functionality
was implemented in a commercially available power conversion system that was connected
to the solar PV array and was fed by the grid. The block diagram of the experimental setup
is shown in Figure 4.1. The system also included an external fused circuit protection on the
DC port for safety purposes. The solar PV array consisted of 6 solar PV panels connected
in series with different orientations and tilt angles.

Figure 4.1. Experimental setup block diagram.

The entire installation of the system was developed by personnel from the ACE
facilities and by members of the “Upstarz Energy Ltd” company, following the
requirements of the manufacturer's guide. In addition, the communication gateway/control
management implementation was developed by Sherif Abdelsamad, a member of the
“Upstartz Energy Ltd.” company. A Raspberry Pi board was used as the system controller
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to configure, control and monitor the PCS in real time connected via ethernet through the
Modbus TCP interface of the PCS.
Solar PV Panels
As it was mentioned before in Chapter 3, there were used Trina Solar PV panels, model
TSM-245-PA05 (245 W) for the experimental tests. The characteristics of the solar PV
panel were shown in Table 3.1. The voltage and current at MPP of the panel are 30.2 V
and 8.13 A, respectively, and the open circuit voltage and short circuit current were 37.5 V
and 8.68 A, respectively.
The structure to support each solar PV panel was designed for different inclinations
and orientations. The panels were positioned in a horizontal and vertical orientation as
shown in Figure 4.2, to identify if there were any difference when producing heat on the
solar PV cells.

(a)

(b)

Figure 4.2. Orientation of the solar PV panels for the test validation. (a) Vertical orientation; (b) Horizontal orientation.

The 6 solar PV panels were mounted at tilt angles of 10, 30 and 50 degrees (two panels
at each angle); each pair of panels was installed in a horizontal and vertical orientation as
mentioned above. All the solar PV panels were connected in series to the PCS to test the
snow removal functionality applied to the system. Figure 4.3 shows the setup of the solar
PV array for the validation test. At the bottom there can be seem the solar PV panels placed
in a horizontal position, while the three solar panels in the back are placed in a vertical
position. From left to right they are placed at 50, 30- and 10-degrees tilted angle. The solar
PV array had a total voltage and current at MPP of 181.2 V and 8.13 A, respectively as
mentioned in Table 3.2.
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Figure 4.3. Solar PV array setup for validation test.

Power Conversion System
The power conversion system used was the Stabiliti 30 kW Multiport 30C from Ideal
Power. This power conversion system has three ports, two of them DC ports to connect a
battery and a solar PV array, and one AC port to be connected to the utility grid. It also
offers a full galvanic isolation between the AC and DC ports. The specifications of the
power conversion system are shown in Table 4.1 and the equipment is shown in Figure 4.4.
Table 4.1. Technical specifications of the Stabiliti 30kW Multiport 30C PCS [154].

AC PORT:
Wiring Configuration
Maximum AC Power
Nominal AC Current
Maximum AC Current
Nominal Output Voltage
Output Voltage Range
Nominal Output Frequency
Nominal Power Factor
Peak Efficiency
Current Harmonics
DC PORTS:
Maximum DC Power
Maximum DC Current
Absolute Max Voltage (Voc)
Operating Voltage Range
Full Power Voltage Range
Integrated DC Filter Yes:
Wiring Configurations
Ground-Fault Detector Interrupter protection
Available Control Methods

Utility grid
3 wire delta
29.99 kW
37 A
44 A
480 Vac
422 Vac to 528 Vac
60 Hz
> 0.99 at rated output power
95.5%
< 5% THD
Battery or PV
30 kW
60 A
1000 Vdc
100 Vdc to 1000 Vdc
500 Vdc to 1000 Vdc
Differential Choke
Grounded Monopolar / Grounded Bipolar / Floating
1 A: fused
IDLE, NET, POWER, CURRENT, MPPT
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Figure 4.4. Stabiliti 30kW Multiport 30C Power Conversion System.

4.2 Experimental Test Results and Discussion
4.2.1

Test Description and Methodology

The test was performed in one of the climatic chambers of the ACE facility at Ontario
Tech University. The test was set for an ambient temperature of -20 C with a 1 cm snow
depth over 6 solar panels. The test consisted of 3 pairs of horizontally and vertically
oriented solar PV panels with tilt angles of 10°, 30° and 50°, respectively. The test was run
for 4 hours (240 min) to identify the performance of the snow removal functionality applied
to a commercially available power conversion system.
The test was conducted in one of the climatic chambers at the ACE facility at Ontario
Tech University. This chamber is completely insulated from the exterior. The climatic
conditions of the chamber were set as follows: at an ambient temperature of -20 C, with
100% humidity, without irradiance, or wind. In the chamber, snow was produced until the
6 solar panels were covered with a snow depth of 1 cm. The solar array configuration
consisted of 3 pairs of solar PV panels oriented horizontally and vertically with tilt angles
of 10°, 30° and 50°, respectively.
The test was conducted for 4 hours (240 min) to identify the performance of snow
removal functionality applied to a commercially available power conversion system.
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During the entire test, the temperature, voltage and current of the solar panels were
measured approximately every 6 minutes.
The PCS was configured in such a way that it supplied a current of 8 A to the array of
solar panels for the first 2 hours of the validation test. Selecting a higher current may
produce a faster melting process, however there may be a risk of damaging the solar panels.
To avoid damage to the solar panels, it was decided to use the value of current at MPP
under standard test conditions provided by the manufacturer. After the first 2 hours of the
test, the current was increased to 10 A (25% above the rated current at MPP) to see what
the effect was in terms of temperature with respect to time.
4.2.2

Experimental Results

Figure 4.5 shows the initial conditions of the solar PV array. As it was mentioned
before, each solar panel had a snow cover of 1cm. The voltage measured in the solar PV
array was constant throughout the test. The measured value was 259 V and the measured
voltage on each solar panel was approximately 43 V.

Figure 4.5. Initial condition of the solar panels.

The initial current supplied to the solar PV array was equal to the rated current of the
solar panels (8 A), however the current measured was 7.5 A during the first two hours of
the test. This current caused the photodiodes in the solar panels to dissipate heat, increasing
the temperature in the solar panels. In Figure 4.6, it can be seen the first test results after
30 minutes, showing that the solar panels are melting the snow at different rates. For
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example, you can see that the two solar panels with a 10° tilt angle are heating up faster
than the others, however, the one that is oriented horizontally is the one that has been faster
than all of them.

Figure 4.6. Experimental results after 30 minutes of running the test.

After 2 hours of running the tests, it was identified that none of the solar panels
completely melted the snow on its surface, so the current was increased to 10 A to increase
the speed of the snow melting process. The results after 2 hours of running the tests can be
seen on Figure 4.7. In the figure it can be seen that the solar panels placed in a horizontal
position had better results than their pairs in a vertical position. They have less snow on
their surfaces. Another observation is that at a lower angle of inclination, better results are
also obtained for removing snow.

Figure 4.7. Experimental results after 2 hours of running the test.

Based on the results, it is necessary to identify the current required to heat the solar
panels to a temperature above 0°C based on the tilt angle of the solar panels and the ambient
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temperature, so that it will melt the snow faster and prevent that snow converts into ice as
seen on some of the solar panels. This effect can be observed in Figure 4.8.

Figure 4.8. Ice effect over the solar panels.

Figure 4.9. depicts the experimental results obtained from the snow removal test
during the first 2 hours. In Figure 4.9 (a) it can be observed the results of all the solar panels
combined. As noted in the photo of the solar panels shown in Figure 4.7, the solar panel
that heated up the most was the horizontally oriented 10° tilt panel, achieving temperatures
close to 0 °C. Worst case scenarios evidenced were from the vertical solar panels of 30°
and 50° tilt angle, which increased its temperature to approximately -10 °C only.

Figure 4.9. Experimental results of the test during the first 2 hours. (a) all the cases; (b) 10° tilt angle solar panels; (c) 30° tilt angle solar
panels; (d) 50° tilt angle solar panels (all the measures are not continuous on time).
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In Figure 4.9 (b), (c) and (d), it can be seen that solar panels that were placed in a
horizontal orientation have a higher temperature than their pairs placed in a vertical
orientation.
Using the measured data, a first-order heating model was calculated for each of the
cases, obtaining the fitted curves shown in Figure 4.10 and the temperature rise for each
case shown in Table 4.2, which confirms the conclusions discussed above.

Figure 4.10. Experimental results versus fitted curves for each case during the first 2 hours.
Table 4.2. Temperature rise calculated based on the first-order temperature model obtained from the data.

Case
10° tilt angle – horizontal orientation
10° tilt angle – vertical orientation
30° tilt angle – horizontal orientation
30° tilt angle – vertical orientation
50° tilt angle – horizontal orientation
50° tilt angle – vertical orientation

Initial
Temperature
-25°C
-25°C
-25°C
-25°C
-25°C
-25°C
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Settling
Temperature
-1.977°C
-5.204°C
-4.435°C
-8.774°C
-6.116°C
-8.8°C

Temperature
Rise
23.03°C
19.8°C
20.55°C
16.23°C
18.82°C
16.2°C

From the table above, it can be concluded that although the snow removal system can
be applied to any solar panel placed in any orientation or angle of inclination, it would be
ideal if the solar PV panel was placed in a horizontal orientation so that the snow melts
faster, since higher temperatures are reached.
Considering the results obtained from the test and the results of the calculated model
shown in Figure 4.10, it can be inferred that at higher ambient temperatures the snow
removal system can act faster. If the ambient temperature were -10 °C or higher, the snow
melting process would be much more effective and faster, allowing the snow to melt in less
than 20 minutes for most of the cases when the surface is cover by 1 cm of snow. Also, for
the system to be most efficient, the proper current for a given ambient temperature, depth
of snow to melt and different irradiances must be calculated.
After the first 2 hours of the test, the current supplied to the solar PV array was
increased to 10 A for a further 2 hours. The current measured was in the range of 9.8 to
10.5 A during the last 2 hours of the test. However, the voltage measured on the solar PV
array was a constant 265 V and approximately 44 V on each solar panel.
The final result of the snow removal test performed on the solar PV panels is shown
in Figure 4.11. As seem in Figure 4.11, the snow did not completely melt in all cases; this
due to the fact that although the surface temperature of the solar panel was higher than the
ambient temperature, it did not exceed 0 °C, at which point the solid state of the water
changes to a liquid.

Figure 4.11. Final result of the snow removal test performed for 4 hours on a solar PV array.
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In the case of the 10° tilt angle horizontal oriented solar panel, the snow melted almost
completely, however, a layer of ice was created at the bottom of the panel surface. The
same effect occurred in the other two horizontally oriented modules but over the entire
surface of the panel.
The data measured when increased the current to 10 A is depicted in Figure 4.12.
There it can be noticed the same behaviour as it was discussed before in Figure 4.9. The
horizontal oriented solar panels have a higher temperature rise than their vertical oriented
pairs.

Figure 4.12. Experimental results for each case when current set to 10 A after 2 hours running the test. (a) all the cases; (b) 10° tilt angle
solar panels; (c) 30° tilt angle solar panels; (d) 50° tilt angle solar panels (all the measures are not continuous on time).

All the experimental results of the test carried out for 4 hours are shown in Figure 4.13.
It is worth mentioning that the results shown in Figure 4.13 from 0 to 120 minutes represent
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the temperature data obtained on the surface of the solar panels when the reverse current
flow was set to 8 A. After 120 minutes, the data depicted corresponds to the temperature
obtained when the current was increased to 10 A.
When the current was increased, the temperature in the solar panels surface increased
by a couple of degrees in all cases; however, the maximum temperature reached did not
exceed 0 °C, which caused ice to form on the surface of the solar panels as it was discussed
before. The temperature difference between the results obtained when the current was set
to 8 A and 10 A was calculated using the average temperature after the first 60 minutes of
the test, when the temperature settled. The results are shown in Table 4.3.

Figure 4.13. Experimental results of the complete test versus fitted curves for each case scenario.

From Table 4.3, it can be identified that the temperature increased for all the cases
when increasing the current supplied to the solar PV panels. In this case, there was no clear
trend in the results depending on the tilt angle of the vertically oriented solar panels.
However, for horizontally oriented solar panels, it was clear that the greater the tilt angle,
the greater the temperature rise.
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Table 4.3. Temperature difference when increasing the current supplied to the PV panels from 8 A to 10 A.

Last 2 hrs of
test (10 A)
First 2 hrs of
test (8 A)
Temperature
Difference

10°
HORIZ
ORIEN

10°
VERT
ORIEN

30°
HORIZ
ORIEN

30°
VERT
ORIEN

50°
HORIZ
ORIEN

50°
VERT
ORIEN

-2.78°C

-4.97°C

-4.15°C

-7.18°C

-4.09°C

-7.23°C

-2.91°C

-6.00°C

-5.06°C

-9.25°C

-6.50°C

-9.12°C

0.13°C

1.03°C

0.91°C

2.07°C

2.41°C

1.89°C

Finally, it was not clear why the solar panels that had a horizontal orientation had a
faster snow melting process than those that had a vertical orientation. However, one
hypothesis could be that since a greater surface area of the solar PV panels was closer to
the ground, this could have caused the temperature dissipated by the solar cells to remain
in this area, decreasing heat losses. It should be noted that the chamber is completely
insulated, so there was no other source of heat in the room other than the solar PV panels.
4.3 Summary
In this chapter it was discussed the hardware implementation of the snow removal
functionality in a commercially available power conversion system. All the equipment used
for the test was described, as well as the methodology and description of the experimental
test performed. Afterwards, experimental data was presented and analyzed which indicated
that for better results in terms of the speed of the snow melting process, it was better to
install the solar PV panels in a horizontal orientation and with low tilt angles. From the
results, it was also concluded that solar PV panels with a horizontal orientation placed at
the same tilt angle had a higher surface temperature than their pairs in a vertical orientation.
Additionally, the data results in terms of temperature rise on the surface of the solar
PV panels suggested that if the ambient temperature is 15 °C higher than the initial
temperature of the solar panels (-25 °C), the time required to melt the snow could decrease
from 2 hours to less than one hour, since the settling temperature would reach values above
0 °C.
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Finally, an effect of ice formation was noted on the surfaces of the solar PV panels
because, although the temperature on the surface of the solar panels was higher than
ambient temperature, it did not reach values above 0 °C.
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Chapter 5. Conclusions and Future Work
5.1 Conclusions
In this thesis, the design, modeling and simulation of a bidirectional DC-DC power
converter with snow removal functionality in winter climates to be used in electric vehicle
charging applications connected to solar PV systems is presented. In addition, the
experimental results obtained using the control algorithm applied to a commercially
available energy conversion system for snow removal in a solar PV array are described.
Initially, Chapter 1 presented a general introduction on the importance of solar energy
in reducing global CO2 emissions as well as its available global capacity over the last years.
The role played by the rise of electric vehicles and the rapid growth of their demand in the
world was also discussed. The effects of snow cover on solar PV systems and a summary
of active and passive solutions that have been researched and developed were also
presented.
Chapter 2 presented a detailed description of the classification of electric vehicle
chargers and the most widely used standards worldwide for power levels, interface,
communication, infrastructure and safety in electric vehicle charging applications. The
terminology used to describe EV battery packs was discussed and the characteristics for
various EV models was presented, suggesting that a range between 320 V to 400 V
represented a reasonable assumption for the voltage of the battery to be used for the design
of the proposed converter. A complete analysis of the characteristics and modeling of solar
PV panels using the single diode model and the Norton equivalent model was also
presented. Several MPPT algorithms were discussed and it was suggested to use the perturb
and observe algorithm due to its simplicity in its implementation and cost-effectiveness.
Later, a comprehensive study on power electronic topologies used in grid-connected
and off-grid solar photovoltaic systems for electric vehicle charger applications was
provided. The different circuit topologies for DC-DC and AC-DC converters used in each
stage were described including its advantages and disadvantages. Then, a detailed review
of the effects of snow on solar PV systems was presented, as well as different active and
95

passive solutions found in the academic literature to remove snow cover on solar PV
systems located in places with extreme winter conditions. However, it was evidenced that
there are no electrical solutions analyzed in detail and in depth in the academic literature.
Therefore, a bidirectional DC-DC buck-boost converter or also called synchronous buck
converter was proposed to meet these needs in electric vehicle charging applications.
Chapter 3 described in detail the design, modelling and control of the proposed
bidirectional DC-DC buck-boost converter. A linearized and non-linearized electrical
model of the solar PV array was calculated by using the methodology proposed by Dr.
Carlos Ramos-Paja in [78]. Then, the different components of the proposed converter were
calculated and analyzed for control purposes. A PI current controller (buck operation
mode) was designed in order to control the current to be provided to the solar PV array
when the heating system is required. Additionally, a PI voltage controller and an perturb
and observe MPPT (boost operation mode) were designed to extract the maximum power
from the solar PV array to be supplied to the EV battery pack for charging.
The design and simulations evidenced satisfactorily the fulfillment of the two modes
of operation of the proposed converter: providing a regulated current in direction to the
solar PV array that will produce heat in the PV cells to melt the snow cover from the solar
panels; and providing maximum power to charge the EV battery pack. It was identified that
the proposed control provides a robust dynamic response to different disturbances in both
modes of operation, as demonstrated by the simulations.
Finally, Chapter 4 described the implementation of the snow removal functionality in
a commercially available power conversion system (PCS) and the experimental results
obtained. The experimental setup developed for validation of the snow removal
functionality was implemented in a commercially available power conversion system that
was connected to a solar PV array and was fed by the grid. The solar PV array consisted of
3 pairs of solar PV panels connected in series with different orientations (horizontal and
vertical) and tilt angles (10°, 30° and 50°). The test was performed in a climatic chamber
at an ambient temperature of -20 °C, although the temperature measured by an IR thermal

96

camera reported -25 °C. In addition, the solar PV panels were covered with 1 cm of snow
for validation tests.
The results obtained showed that for better results in terms of the speed of the snow
melting process, it was better to install the solar PV panels in a horizontal orientation and
with low tilt angles. From the results, it was also concluded that solar PV panels with a
horizontal orientation had a higher surface temperature than their pairs placed at the same
tilt angle in a vertical orientation for a snow cover of 1 cm.
It was concluded that the current supplied to the solar PV panels throughout the test
was not enough to cause the photodiodes to dissipate the heat necessary to completely melt
the snow, since in none of the cases, the temperature exceeded 0 °C. An effect of ice
formation was noted on the surfaces of the solar PV panels because, although the
temperature on the surface of the solar panels was higher than ambient temperature, it did
not reach values above 0 °C. This suggested the need to perform a study on what would be
the necessary current to increase the temperature on the surface of solar PV panels above
0 °C for different ambient temperatures and amounts of snow, and even for different
irradiances.
Additionally, the data results in terms of temperature rise on the surface of the solar
PV panels suggested that if the ambient temperature is 15 °C higher than the initial
temperature of the solar panels (-25 °C), the time required to melt the snow could decrease
from 2 hours to less than one hour, since the settling temperature would reach values above
0 °C, which suggest that possibly all the snow would melt.
The implementation of the current control algorithm in a commercially available PCS
suggested that this could be an effective solution for snow removal in existing solar PV
systems without requiring the installation of external equipment or expensive components,
unlike other solutions found such as mobile robot cleaners, reverse current using external
voltage sources, or even resistive layers to be placed on the surface of solar panels.
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5.2 Future Work
Suggestions for future work are summarized here:
•

Effects of reverse current on the life cycle of solar PV panels. Although in this
thesis a bidirectional converter was proposed to provide reverse current that would
take advantage of the heat dissipation of the PV cells to melt the snow cover on
the surface of solar PV panels, and the experimental results showed that it is a
feasible solution, the main disadvantage of this proposal is the adverse effects that
this may have on the life cycle of solar PV panels. However, there is no study in
the academic literature that describes what the short, medium- and long-term
effects of solar panels are. For this reason, it is essential that this be carried out in
the future to identify if this proposal is viable.

•

Series and parallel configuration of the solar PV array. The test was
implemented using series-connected solar panels, however, it would be interesting
to see what the result would be when connecting the solar panels in a series-parallel
configuration again using different orientations and tilt angles.

•

Current required to melt snow on the surface of solar PV panels for ambient
temperatures starting from -20 °C to 0 °C, for different depths of snow and
irradiance. According to the results obtained for the test performed under an
ambient temperature of -20 °C, it was suggested that at higher temperatures the
snow cover on the surface of the solar PV panels could melt faster, however, to
design a more efficient system, it is necessary to know what the specific current is
to melt a certain amount of snow on the solar panels at a specific ambient
temperature. This will prevent energy loss. In addition, if the analysis includes the
irradiance variation, this will guarantee a more accurate result.

•

What is the percentage of efficiency when implementing this system in a solar
PV system? It is essential to identify what the efficiency gain is during the winter
months for a solar PV system using the proposed converter for snow removal
functionality.
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•

Correlations in transport phenomena to evaluate why horizontally oriented
solar panels are more efficient at melting snow than their pairs placed at the
same tilt angle in a vertically oriented position. It is important to identify if the
same result can be obtained for larger amounts of snow, different solar PV panels
or even different climatic conditions (temperature, wind, solar irradiance), since
many factors must be taken into consideration.
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Appendices
Appendix A
A.1 P&O MPPT control code for PSIM
The code was extracted from [78] and the parameters T, dV and V, were modified
according to the proposed system.

#include <Stdlib.h>
#include <String.h>
#include <math.h>
#include <Psim.h>
// PLACE GLOBAL VARIABLES OR USER FUNCTIONS HERE...
float T;
static float t_mppt;
static float P_old;
float P;
static float V;
static float S;
float dV;
/////////////////////////////////////////////////////////////////////
// FUNCTION: SimulationStep
// This function runs at every time step.
//double t: (read only) time
//double delt: (read only) time step as in Simulation control
//double *in: (read only) zero based array of input values. in[0] is the first node, in[1]
second input...
//double *out: (write only) zero based array of output values. out[0] is the first node,
out[1] second output...
//int *pnError: (write only) assign *pnError = 1; if there is an error and set the error
message in szErrorMsg
// strcpy(szErrorMsg, "Error message here...");
// DO NOT CHANGE THE NAME OR PARAMETERS OF THIS FUNCTION
void SimulationStep(
double t, double delt, double *in, double *out,
int *pnError, char * szErrorMsg,
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void ** reserved_UserData, int reserved_ThreadIndex, void *
reserved_AppPtr)
{
// ENTER YOUR CODE HERE...
T=0.35e-3;
dV=250e-3;
P=in[0]*in[1];
if (t<=delt)
{
t_mppt=0;
P_old=0;
S=1;
V=271.8;
}
t_mppt=t_mppt+delt;
if (t_mppt>=T)
{
if(P<P_old)
{
S = S*(-1);
}
V = V+S*dV;
P_old = P;
t_mppt=0;
}
out[0]=V;
}
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