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Abstract— The increase of electric vehicles creates several
challenges to the electric grid, mainly in those with weak power
or off-grid. DC microgrids are becoming more and more
important in the context of renewable energy sources, where
solar PV systems are dominant. In this paper is proposed the
design of a DC system to charge electric vehicles using PV
generation and a battery storage system. A single DC-DC
converter is used to operate the solar PV array with maximum
power point tracking method and controls power flow from PV
to storage battery and to the EV, operating as DC EV charger.
The operation under various loading conditions is discussed.
The performance of the proposed solution was simulated using
MATLAB/Simulink software.

Keywords— EV
management, ESS

charging, PV  production, Energy

I. INTRODUCTION

Environmental and economic issues have motivated
people to reduce energy costs and increase the efforts to
implement clean and renewable energy solutions [1-4].
Electric vehicles (EVs) are gradually playing an increasingly
role in the transportation electrification and becoming
gradually relevant in the climate changes context [5].
However, there are some unresolved issues related to EV
energy storage capability and charging services connected to
the electrical distribution network. However, the intention to
introduce EVs into the market with the aim of achieving
certain environmental targets contrasts with the high
percentage of EV energy needs, still being provided by energy
sources using fossil fuels. On the other hand, the increasing
penetration of EV in the power grid brings new challenges for
both EV users and system operators, namely to the electric
energy distribution networks. While the consumption to
charge an EV is a fraction of the annual national energy
consumption, the installed power exclusively to EV chargers
connected to distribution energy grids will increase
significantly. Due to that, it is necessary to reinforce the
distribution power grid to a value near the maximum
consumption of EV, which represents an investment with low
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value to society. Therefore, it is imperative to develop new
solutions to charge EVs using renewable energy sources
(RES) and at same time deal with power grid constraints (to
meet the power required for the EV charger) [6,7].

Considering that most of the EV can be charged in DC,
this work explores the EV charging infrastructure based on
DC with bidirectional EV chargers, PV production and energy
storage systems. The use of DC avoids the need for AC/DC
conversion and allows the usage of only one power converter,
making the installation more efficient, less costly, and thus
more attractive. In comparison to AC microgrids, DC
microgrids are observed to have higher end-to-end efficiency
for DC loads. In fact, DC-DC power converters are crucial to
provide the integration of RES systems and control algorithms

[8].

The PV is a good solution for renewable energy because it
produces energy in DC, is available, abundant, predictable,
and easy to integrate in off-grid and on-grid systems [3].

Most isolated PV systems based in microgrids tend to be
more effective when integrated with battery energy storage
systems (BESS) to store the energy produced by the
photovoltaic modules during high irradiance periods. This
stored energy can, afterwards, be used to charge EVs. Using
second-life automotive batteries, it promotes circular
economy principles by extending the lifespan of batteries and
reducing waste during the recycling process, especially for
batteries with commercial value [9]. The storage system can
be a solution to maximize the renewable energy usage and
allow the installation of EVs charges in a weak power grid, or
even in off-grid installations [10]. In this case, a proper
dimensioning of BESS is fundamental once if the storage
capacity of the BESS is low and it cannot store all the energy
produced, it will lead to energy waste [11]. At same time, the
maximum output power from the available radiation must be
extracted with the support of maximum power point tracking
(MPPT) control algorithms combined with DC-DC converters
[12]. To mention that the study of the integration and analysis
of these systems in the context of the future DC microgrids is
fundamental [13].
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The rest of the paper is organized as follows: the general
architecture of the proposed system is depicted in section II.
In section III, the components, and details of the overall
system control scheme are evaluated, and in Section IV is
presented the EVs load profile and simulation results.
Ultimately, the paper is concluded in section V.

II. GENERAL ARCHITECTURE

The proposed off-grid system consists of solar PV array, a
classic Buck-Boost bidirectional DC/DC converter and two
lithium-ion battery packs; one serving as low voltage storage
(BESS) and other with high voltage acting as EV battery. To
use a single bidirectional DC-DC converter, the PV panels
present a voltage near the EV battery pack once both will be
connected to the same HV bus, as depicted in
Fig. 1. In this configuration the PV panels cannot directly
charge the EV. The converter tracks the maximum power
point (MPP) of the PV and controls the power flow from PV
to BESS, and from BESS to the EV. The converter acts as
buck to operate the solar PV array at the MPP through the
switching signal produced by the control algorithm discussed
in section IV. The bidirectional converter acts as an interface
between the BESS with 48Vpc on low voltage side, and EV
with 350 Vpc on high voltage side. It controls the charging and
discharging modes of the BESS. During the charging mode,
the bidirectional converter operates as buck converter and
during the discharging mode, it operates as boost converter.
The various battery operation modes and the control algorithm
are depicted in section IV.

HV Bidirectional converter Lv

Convert Charging BESS
(Buck mode)

/ /
|
|
|
|
|
|
|
|
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m
7

VFv Battery charge —
Algorithm lov controller j—
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N AR =
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— (Boost mode) |
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Fig. 1. Overall system.

A. Photovoltaic system

Two resistances equivalent circuit model of a solar PV
module is represented in Fig. 2 [14,15]. Where R; is the series
resistance due to the metal contact with the semiconductors
and semiconductor layers. The power loss near the edge of the
solar cell and due to leakage current through p-n junction is
represented by equivalent shunt resistance R,. These power
losses are distributed across the PV module and are
represented as lumped resistance for circuit analysis.
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Fig. 2. Equivalent circuit model of practical PV module [12,13].

The nonlinear I-V characteristics of a PV module are
defined by the mathematical expressions (1) to (3):

(q(VD +IRS))
[D = [0 e akT _1 (1)
Vpy + Ipy R
p = LS e
Rp
IGZID+IP+IPV (3)

Where, Ip is the diode current; Vpis the diode voltage; Iy is
the diode saturation current; « is an idealistic factor (nearly
1.0); g is the elementary charge of the electron = 1.6 x 107°C;
k is the Boltzmann constant = 1.3806 x 1072J.K™'; T is the
temperature in Kelvin. The PV array performance depends on
irradiance and temperature variations. When PV array is
exposed to higher irradiance, it generates a higher amount of
photocurrent /g. At a constant temperature, maximum power
is extracted from a PV module when it is exposed to maximum
irradiance (1kW/m?). If irradiance decreases then the
maximum point shifts to a lower value, if temperature
increases then the maximum power point (MPP) shifts
downwards.

The characteristics of the PV modules Apollo Solar
Energy ASEC230G6S considered in this work, at Standard
Test Conditions, (STC) are given in Table I.

TABLE L PARAMETERS OF SOLAR PV MODULE AT STC
Parameters Values

Rated output power 230 W
Open-circuit voltage Voc 36.75V
Short-circuit current Isc 8.46 A
Voltage at maximum power Vypp 29.19V
Current at maximum power lypp 7.88 A
Number of cells 60
Temperature coefficient of Vo -0.3397 %/deg.C
Temperature coefficient of Isc -0.0423 %/deg.C

Fig. 3 illustrates the I-V curve and P-V curve showing the
irradiance variation effect.
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Fig. 3. I-V and P-V characteristics in function of irradiance.

B. PV Array Design

The PV array configuration depends on the available solar
irradiation, the energy demand to charge the BESS/VE, and
DC bus voltage. Considering the hourly average irradiance
values measured in ISEL’s campus between 1/1/2020 and
30/9/2021, (639 days), in Fig. 4 are shown the worst, the best
and average case of solar irradiance.

800 T T

— Best
— Worst
- - Average

~

=]

S
T

Irradiation [W/m?]
N @ oa a @
8 g &8 g 2
g 8 8 8 8

=)
=)
T

o
I

)
o
N
153

Time [h]

Fig. 4. Maximum, minimum and average hourly irradiance.

This dimensioning is limited by the equipment available
in the laboratory. In this work the available BESS has,
approximately, 70% of the EV storage capacity (given by the
Opel Ampera 16 kWh battery pack), so the PV system was
defined in function of BESS capacity (11 kWh). On the other
hand, as the HV bus is shared by EV battery and PV array, a
configuration with a string of 12 modules in series was chosen,
as depicted in table II. At same time, it is concluded that a
rated power of 2760 W is enough to charge the BESS
considering the irradiance average scenario.
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TABLE 1L ‘VALUES FOR 12 MODULES IN SERIES OF THE SOLAR PV
MODULE APOLLO SOLAR ENERGY ASEC230G6S AT STC

Parameters Values
Rated output power 2760 W
Open-circuit voltage Voc 441V
Short-circuit current Isc 8.46 A
Voltage at maximum power Vpp 350.28 V
Current at maximum power Iypp 7.88 A

C. DC System Configuration

To increase batteries lifespan, they should not be charged
or discharged beyond a particular state-of-charge (SOC)
condition. When the battery operates within these SOC limits,
the state of health of the battery is extended. Mathematically,
the battery SOC is the ratio between available energy storage
capacity and its maximum available capacity, eq. (4). For a Li-
ion battery with depth of discharge as 60%, the lower limit of
SOC can be set as 20% and the upper limit can be set as 80%,
which is usually considered for practical systems [16,17].

Available Capacity (Ah)

SO0C|%] =
[%] Maximum Available Capacity (Ah)

“4)

The battery is supposed to be selected accordingly to its
application. As mentioned in introduction, a second-life
battery is proposed to BESS and though its state of health
could not be the same as the original, however it can reach the
SOC levels proposed for this study. For energy management
systems, batteries with higher depth of discharge are preferred
as they are designed to provide lower amount of current for a
longer period. Li-ion battery has been selected for the
microgrid because it has a highly efficient deep cycle battery
i.e., it has a high discharge value depth (nearly 70%).

The main system components characteristics are described
in Table III.

TABLE IIL. COMPONENTS ADOPTED TO THE PROPOSED STUDY
Component Parameters Values

Max Output Power 2.2kW
Low Voltage Side 38-59 V

Bidirectional Converter | Rated Current LV S50A
High Voltage Side 280-400 V
Rated Current HV 7A
Capacity 240 Ah

BESS Rated Voltage 36V -52.V
Rated Energy Output 11 kWh
Capacity 45 Ah

L
Rated Energy Output 16 kWh

III. CONTROL ALGORITHMS

A. Maximum Power Point Tracking Algorithm

Incremental conductance (IC) algorithm is one of the most
popular and researched MPPT algorithms along with perturb
observe algorithm [18-20]. In the IC algorithm, the PV curve
slope is computed and the point where the slope is zero is
identified as the maximum power point of the PV array. IC
MPPT algorithm is governed by equations (5) to (7):
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Therefore, (5) can be written as (6), which implies (7).
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Tracking speed and output fluctuations depends on the
chosen step size. For a large step size, MPP tracking speed is
higher, but the controller oscillates around the maximum
power point (MPP) whereas for a small step size, the MPP
tracking speed drops, but the fluctuations are very reduced.
Fig. 5 shows an overview of the Incremental Conductance

MPPT algorithm.

Measure PV
array voltage V(k)
and current I(k)

v

AV(K)=V(K)-V(k-1)
Bi(k)=I(k)-I(k-1)

Increase
Duty ratio

Increase Decrease
Duty ratio Duty ratio

L

Update History
V(k-1)=V(k) -
1(k-1)=1(k)

Decrease

Mo EiEng: Duty ratio

No Change

Fig. 5. Conventional incremental conductance MPPT algorithm.

In Figs. 6 to 8 the voltage, current and power resulting
from the MPPT algorithm to the average irradiance are shown.
The current and the power follow explicitly the irradiance
while the voltage is adapted to each value of irradiance to
obtain the maximum power.

B. Power flow control

As shown in Fig. 1 the system is composed by only one
DC-DC converter, so the solar PV does not directly charge the
EV. The BESS is charged in function of the PV resource
following the MPPT. The power flow from BESS to EV
batteries is based on CHAdeMO protocol. The EV charging
current is constant, limited by the converter power, up to reach
the rated voltage.

IV. SIMULATION MODELS AND RESULTS

To analyse the energy flow between different components
it was necessary to develop a simulation model through
software Matlab/Simulink, as depicted in Fig 9.
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Fig. 8. PV power for the average scenario.

The developed model simulates a long-term behaviour of
a battery charging/discharging using a pair of controlled
current sources, one for each direction of power flow
(charging and discharging), as a simplified representation of a
bidirectional DC-DC converter. The current source values are
adjusted based on the converter's efficiency, batteries
voltages, and the desired charging or discharging current. This
approach allows the omission of the switching dynamics of
the power electronic devices in the DC-DC converter, which
enables the use of a personal computer to simulate a 24-hour
period.

The first case study shows the results from energy transfer
between the PV system and the BESS considering the best, the
worst and average hourly irradiance values. The initial SOC
of BESS was defined as 20%. The current evolution for 24
hours is depicted in Fig.10. While the evolution of the SOC is
shown in Fig. 11. It was considered the charging current as
negative while the discharge as positive.
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Analysing Fig. 10 and 11, it is clear the relation between 0 5 20
the SOC and the current. When the SOC reach 80% the Time [h]

charging stops. In the best case it takes approximately 6.5  fig 11.SOC evolution during the BESS charging
hours, while in the average case it takes almost 8 hours. In the
worst case the irradiation was so low that only increase the
SOC approximately in 3.5%. In Fig. 12 the BESS voltages are
depicted showing its increment during the charging period.
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The second simulation result is dedicated to showing the =
energy transfer between the BESS and the EV, which is
considered as a constant load and equal to the converter rated
power. In Fig. 13 the current transference between BESS and
EV is shown. As the initial SOC for the BESS is the same for
best and average scenario, the results will be the same. The
relation between current is proportional to the voltages in each
battery pack and consider a converter an efficiency of 98%.

Voltage [V]
(4]
o

As the BESS has only 70% of the EV battery capacity and ) s 10 15 20
discharged from 80% up to 20% the energy transferred was Time [h]
6.6 kWh.

Fig. 12. Voltage evolution during the BESS charging
The time evolution shown in Fig. 14, represents the
charging of EV through the BESS, where it can be observed
that only a maximum of 40% of the total energy absorbed by
the EV is transferred. In the worst-case scenario, the available
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Fig. 14. SOC evolution of BESS and EV.

V. CONCLUSION

This paper proposed the design and simulation of a DC
system to charge electric vehicles using PV generation and a
battery storage system isolated from the grid. The PV array
design and the battery sizing were discussed considering 2
scenarios. The first scenario shows the results from energy
transfer between the PV system and the BESS considering the
best, the worst and average hourly irradiance values, and the
second scenario shows the energy transfer between the BESS
and the EV, where the EV is considered as a constant load and
equal to the converter rated power.

An MPPT algorithm was here detailed and presented to get
the maximum power available in the solar irradiance. The
performances for a 24-hour profile of solar irradiance and EV
load were shown.

From these preliminary studies is possible to infer that the
PV power must be determined carefully to decrease the risk of
lack of stored energy that makes it impossible fully charge the
EV. Future works must address this issue.
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