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ABSTRACT

Increasing the number of electrical vehicles determine an increasing of electrical vehicle chargers
number too. The best situation is reach when the zero emission vehicles are charged with electrical
energy produced by solar panels or another green energy. This paper presents a solar electric vehicle
charger system with energy storage capabilities. The system should be considered as a combination of
three systems: solar energy production system, energy storage system and electric vehicle charger
system. One of the novelty of the system is that for energy storage is used a 2nd life Nissan Leaf electric
vehicle battery. The paper gives information about, simulation and measurement of the annual solar
energy production of the system, measurements results of the currents, voltages and powers of the
system, and a distribution of the maximum daily energy production.
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1. INTRODUCTION

At the end of October 2021 in Hungary the number of Electric Vehicles (EV) was around of
40,545 [1]. In conformity with The Hungarian Energy and Public Utility Regulatory Au-
thority at the end of second quarter of 2021 the number of public EV chargers in Hungary
was 1,627. During this period time from this chargers 2,248 MWh energy was used for EV
charging. The used energy amount was with 68.2% higher than the charged energy in second
quarter of 2020 and with 22.6% higher than the charged energy in first quarter of 2021 [2].
The above data show a rapidly increasing of the EV number and the EV chargers number,
which determine an increasing of the energy consumption too. In August 2021 the electrical
energy production in Hungary was 2,905 GWh. This energy production was with 9% higher
that the energy production in August 2020. From energy source point of view, the renewable
energy was 22.4%. In case of renewable energy production, 68.8% of it was given by the solar
energy [3]. It is important to know that in Hungary the capacity of photovoltaic systems on
second quarter of 2021 was 2,621 MW. From solar energy production point of view, the
capacity of small household size solar power plants was 944MW and the rest of 1,677MW
capacity was represented by big size solar power plants [4]. On February 1, 2022 at 10:06 the
measured energy production of Paks nuclear power plant was: 2,043MW [5]. According to
International Renewable ENergy Agency (IRENA) report on 2030 the global installed ca-
pacity of solar systems will be increased by six times compare to 2018, and in 2050 that will
reach 8,519 GW [6]. One of the biggest advantages of the solar systems is that the energy
produced by it is a green energy, and the carbon footprint is reduced. Unfortunately, the
increasing of the number and the capacities of the PhotoVoltaic (PV) systems determine
some problems for the Distribution Network Operators (DNOs) as pass over the upper limit
of voltage, voltage unbalances, fluctuations, and thermal overloads. This kind of technical
challenges is determinate by increasing of amount of power generated by solar systems [7].
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For example, a combination of higher solar energy pro-
duction and a lower level consumption from power grid
point of view could cause reverse power flow [8]. The rise of
voltage should be determined by reverse flow of power.
Voltage rises on Low-Voltage (LV) power supply line
determine a limitation of higher number of solar systems
connection to the LV grids.

2. EFFECT OF REACTIVE POWER
COMPENSATION AND SOLAR ENERGY ON
LOW VOLTAGE POWER SUPPLY LINE

In Fig. 1 a simple LV circuit is presented. The power con-
sumption of the single consumer is PL and QL. The
connection of the consumer to the distribution power supply
line is done through a line with Rþ jX impedance. To the
same connection point as the consumer is connected a PV
system with QPV reactive power and PPV active power.

ΔV ¼ V1 � V2 ¼ I*$ðRþ jXÞ; (1)

where,

I* ¼
�ðPL � PPVÞ þ jðQL � QPVÞ

V2

�
*

: (2)

If I* is substituted to Eq. (1)

ΔV ¼ PL � PPVð Þ þ j QL � QPVð Þ
V2

� �
*

$ðRþ jXÞ; (3)

ΔV ¼ ðPL � PPVÞRþ ðQL � QPVÞX
V2

þ j
ðPL � PPVÞX � ðQL � QPVÞR

V2
: (4)

The ΔV from imaginary and real part could be written as
in Eq. (5) as

ΔV ¼ ΔVd þ jΔVq; (5)

where,

ΔVd ¼ ðPL � PPVÞRþ ðQL � QPVÞX
V2

;

ΔVq ¼ ðPL � PPVÞX � ðQL � QPVÞR
V2

:

(6)

The magnitude of V1 can be calculated as

V1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV2 þ ΔVdÞ2 þ ΔV2

q

q
: (7)

The (X/R) reactance-to-resistance of LV circuit is lower
that means ðΔVq ≈ 0Þ;V2 should be written in a new form:

V2 ¼ V1 � ΔVd : (8)

If V2 is substituted by V1 the ΔVd can be written as

ΔVd ≈
ðPL � PPVÞRþ ðQL � QPVÞX

V1
: (9)

At the common coupling point, the voltage V2 should
have the next form:

V2 ≈V1 � ðPL � PPVÞRþ ðQL � QPVÞX
V1

: (10)

When the energy requirement is higher than the supplied
energy, the voltage drops on the power line as in Eq. (10).
When the generated solar energy exceeds demand, then the
voltage is increasing. The voltage at the Point of Common
Coupling (PCC), is given by Eq. (11),

V2 ≈V1 þ ðPPV � PLÞRþ ðQPV � QLÞX
V1

: (11)

This situation becomes a problem when the voltage limits
is reach by the voltage growing due to increasing of number
of PV systems (PPV � PL). Eqs (10) and (11), show that the
reactive power produced by PV inverter and the situation of
the consumer influence the PCC voltage. If the PCC voltage
reaches the lower limit voltage, then the PV inverter should
start to produce reactive power to increase the voltage. If the
voltage at the PCC reaches the upper voltage limit, then PV
inverter should stop to produce the reactive power and start
to consume it to reduce the voltage.

3. SOLAR SYSTEM WITH ENERGY STORAGE
AND ELECTRIC VEHICLE CHARGING
CAPABILITIES

The solar system and electric vehicle charging with energy
storage capability from Óbuda University contains: 24 glass-
glass solar panels, a solar inverter, a charger/inverter which
supply the Battery Management System (BMS) role too, two
EV chargers and used Li-Ion Nissan Leaf batteries.

3.1. Solar panels

The efficiency of a typical commercial PV module is about
13–20% [9]. For construction of this system the used solar
panel is SoliTek glass-glass, mono-crystalline 320W solar
panels. The total solar panels capacity is 7680W.

3.2. Solar inverter

The solar inverter is an 8.2 kW Fronius Symo inverter. The
highest amount of produced power was around of 7 kW for
short time. In general, the best energy production for longer
time is around of 6.5 kW. The reason why the power
of the solar inverter has to be higher than the power of the
solar panels is that the inverter has to produce not only
active power but reactive power too. The production of
the reactive power should not decrease the production of theFig. 1. Example of a simple LV power supply line
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active power, in case of maximum solar energy production.
In Figs 2 and 3 the diagrams of input DC voltage and cur-
rent and the output AC voltage of solar inverter are pre-
sented. The differences between two figures are that in first
figure is presented the measurement results of a sunny day.
The total energy production in Sept. 9, 2021 was 45.38 kWh.
The diagram of DC current is quite the same with diagram
of the AC current and power output of the inverter. This
diagram form is typically for a sunny day. In both cases the
level of the DC voltage decreases with increasing of the DC
current. The output AC voltage is around of 235 V.

3.3. Battery management system

The role of Battery Management System (BMS) is done by a
Victron charger/inverter. Another role of it is to intercon-
nect the solar system, EV chargers, batteries and the power
supply network. The connection to the internet gives the
possibility to use the online Victron Remote Management
(VRM) portal. Through the portal not only the momentary
information regarding the system should be known, but the

historically information too. In Fig. 4 the momentary in-
formation of the system through VRM is presented.

The status of the system is as follows: the solar system
produces 1,135W, 939W is fed in the power system, 68W is
used by the EV chargers, which are in standby mode, because
no EV on chargers, 75W is used for charging the batteries.

3.4. Electric vehicle charger

The system contains two Wallbox EV chargers. In Fig. 5 the
all energy supplied to the EV charging and the charging time
is presented. The 124.97 kWh energy means 53.65 kg CO2

saved.
Figure 6 shows a nighttime status of the system after a

typical day. The PV system operated normally, the energy
was fed in the grid into the network. Midday a car arrived

Fig. 2. The diagrams of input, output of voltage and current in a
sunny day

Fig. 3. The diagrams of input, output of voltage and current in a
cloudy day

Fig. 4. Momentary status of the system, feed into the grid

Fig. 5. The energy supplied by the EV chargers

Fig. 6. Day after an EV charge
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for charging so the whole PV production þ grid source þ
the battery supplied the energy for the car charging.

3.5. Storage batteries

The batteries are used batteries from Nissan Leaf first gen-
eration car. This is an important fact because the reduced
storage capacity of the batteries is not enough for EV, but for
energy storage (electro-chemical storage) in a solar system is
acceptable [10].

4. MEASUREMENT RESULTS

4.1. Energy production of the system

It is well known that the solar energy is not a constant en-
ergy source. In this case the nominal capacity of the system
is 7.68 kW. The energy production of the solar system pre-
sented in this paper was simulated with help of Photovoltaic
Geographical Information System (PVGIS) program. In
Fig. 7 the result of the simulation and the measured solar
energy production is presented. In general, the simulated
and the measured energy production are quite equal. Some
differences should appear, because of weather from that
month.

Month with the biggest difference in simulated and
measured energy production was May. In Fig. 8 is presented
the measured daily energy production of May and June

2021. The measurement results show that in May was a
changeable weather, with a lot of cloudy days.

The energy production was very unpredictable for that
month. In the sunniest day the maximum energy production
was 52.6 kWh. In the lowest energy production day, the total
energy amount was 9.91 kWh. The total simulated energy
production for May was 1,186.8 kWh, and the measured
energy production was 1,014.72 kWh. Compare to May,
June was a quite stable month, where the measured energy
production was higher that the simulated one. The variation
of the energy production was much lower compare to May.
The maximum daily energy production was 49. 11 kWh and
minimum 33.55 kWh. From minimum energy production
point of view in June it was three times higher than in May.
The total simulated energy production for June was 1,188.1
kWh, and the measured energy production was 1,294 kWh.
The difference between the total simulated and the measured
energy was 210.55 kWh that is less than 3% of total
measured energy production which was 7,556.85 kWh.

It is well known that the PV systems fed energy in power
network systems only if the grid voltage is within specified
limits. Peaks of energy production should determine the
voltage to reach the upper limit. Reaching of the upper or
lower voltage determine a switch down of the solar inverter.
In case of Fronius inverter it is switch off at 260 and 180 V.

The voltage stability can be influenced by monitoring the
reactive and effective power transmission to the grid. One
solution is to reduce the active power generation, but that
determine a reduction of the electrical energy supplied to the
power supply network [11–15]. Another solution is to
manage the reactive power [16–25]. Managing of the reac-
tive power can cause the level of the voltage to rise and to
fall. This regulation of the voltage levels can be solved by
using of the inverters with smart capabilities.

There are listed some reactive power controls technics:

� Fixed power factor control;
� Scheduled power factor control;
� Power factor control as a function of injected active

power;
� Voltage-dependent reactive power control (volt-var

control).

In case of solar inverter presented in this paper the volt-
var control method are used for reactive power output
management. In Fig. 9 the measurement results of active
power P (W), reactive power Q (var), apparent power S (VA)
and the power factor cos φ in a sunny day is presented.

Because the power factor is 1, the active power is equal
with apparent power. This is the reason why in Fig. 9 only
the three wave forms, but four vertical axis (S, P, Q, cos φ)
should be seen. The total energy production was 28.97 kWh.
The diagram of the reactive power follows the diagrams of
active and apparent power. The amount of produced reac-
tive power is 1% of amount of active power. That is meaning
in this case the amount of reactive, was around of 290 var.

In Fig. 10 the measurement results for a rainy day is
presented. In this case when the energy production is very
low, the power factor is lower than 1, and the inverter start

Fig. 7. Comparison between simulated and measured solar energy
production

Fig. 8. Distribution of energy production for May and June 2021
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to consume the reactive power. The total energy production
for that day was 2.31 kWh.

In Fig. 11 a simulation of voltage drop, which should
appear due the reactive power injected by a solar system on a
power system line is presented. For the simulation was used
a typically 3 phase power supply line, 95 mm2 3 core
aluminum, r 5 0.397Ω km�1, x 5 0.0762Ω km�1. The
injected powers by solar system is P 5 6,696W, Q 5 65.83
var and the current I 5 9.57 A.

In Fig. 11 it can be seen that at the end of the line the
voltage drop should be 1.6 V. If on this power supply line
only 20 solar systems with 7 kW capacity are connected,
then the voltage drop should be 32 V at the end of line. This

kind of problem appear on streets from villages and cities
where the most of buildings are family houses where are
solar systems installed.

Figure 12 presents the measurement results of daily peak
power production from middle of May 2021 till middle of
March 2022. Between May and October the daily peak po-
wer production is between 6 and 7 kW and the dispersion, is
not so significant. Start with end of October the daily peak
power decrease and the dispersion become more significant.

5. CONCLUSION

This paper presents an electric vehicle charging system
where the energy for charging is coming from multiple
sources: as solar panels, storage batteries, and power supply
network. The measurements on the system give information
about output voltage and current of the solar panels, and the
output voltage of the inverter in a sunny and cloudy day too.
There is presented a comparison of the simulated and
measured solar energy production also. The results of the
simulation and measurements are quite same. Bigger dif-
ferences are coming if the weather in a month is different
compare to typical weather in that month, rainier and
cloudy days, which determine less energy production.

Measurement results about active ad reactive powers and
the dependence between them are presented too. In a sunny
day the reactive power consumption of the solar inverter is
on a low level. This consumption appears in the morning
and in the evening when the energy produced by the solar
panels is in a low quantity. In a rainy day, the consumption
of the reactive power is higher, because the energy produced
by the solar panels is lower for longer time. At the end of
the paper a distribution of the maximum daily energy pro-
duction is presented too. Between October and March,
the energy production decreasing and the dispersion of the
maximum energy production is more significant.
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