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Abstract: With the development of power electronics and storage systems, the electric vehicles market has grown. So, for this reason
low voltage electric grids are experiencing growth in the number of charging stations. There are several power levels to charge an
electric vehicle with DC or AC voltage. This paper proposes a double three-phase power supply solution for DC charging stations to
charge the vehicle battery and to control active and reactive power flows between two electric feeders using a low voltage UPFC.
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1. Introduction

The EV (Electric Vehicle) has zero emission, it is silent and
it has low maintenance costs. Furthermore, thanks to
electrical motors (synchronous or induction motor) the EV
has better performances than the endothermic engine (diesel
or gasoline engine). The only limitation that electric vehicles
have, is the electric battery, which reduces the maximal
electrical power for electrical motors, reduces the driver
range and increases the vehicle cost. On the market, there are
electric vehicles with fuel-cells that use hydrogen fuel and/or
lithium electric batteries. Nowadays the electric battery
system is more convenient, and it is more efficient than the
hydrogen system so, on the market this is the main
technology for the EV. Thanks to the development of this
type of storage, it is possible to reach a good result in terms
of performances and the electrical vehicles market is now
growing [1]. Hence the charging process and charging
devices play a key role for electrical vehicles. On the market,
there are two main typologies of charging stations; the AC
charging station and the DC charging station [2]. The AC
system uses a battery charger on board of the EV. The DC
system can be charge the EV battery directly and it is easier
to integrate renewable sources. Furthermore, the DC station
is more flexible than the AC station for low voltage electric
grids, because it is possible to use the AFE converter (Active
Front End) to obtain the DC voltage and at the same time to
control the reactive power or the voltage level in the PCC
(Point of Common Coupling) of the charging station [3]. In
this way, it is possible also to charge the EV and to provide
ancillary services for the LV (Low Voltage) grid with a V2G
(Vehicle to Grid) solution or with an auxiliary battery.

However, in the DC charging station with AFE converter
there is no possibility to control active and reactive power
flows between the two LV feeders. This aspect is most
important in low voltage electrical grids, when a power flow
inversion occurs on one of two feeders, due to the distributed
generation or when there is an overload problem on one of
the two feeders. To solve these issues, it is possible to use a
LV-UPFC (Low Voltage Unified Power Flow Controller) to
control active and reactive power flows on the interline link
[4]. In addition, it is possible to achieve the optimal

management of the two feeders to obtain minimal active
power losses.

In this paper, the author proposes a new solution for the DC
charging station with a double three-phase power supply to
charge the EV and at the same time to control the power flow
between the two feeders. These feeders are connected to
independent low voltage grids, so one feeder is connected to
its own transformer and the other is connected to another
transformer. This is possible with a SSSC (Static
Synchronous Series Compensator) converter with a three-
phase series transformer and by an AFE converter in shunt
connection. The active front end thus works as a STATCOM
(Static Compensator) converter. So, this is the LV-UPFC
configuration with a bidirectional DC/DC converter to
charge the EV battery [5]. The power scheme of the
proposed solution is shown in figure 1. With the SSSC,
active and reactive power flows are managed between the
two feeders and thanks to the STATCOM, it is possible to
manage the active power flow between the EV and the LV
grid with a V2G or G2V (Grid to Vehicle) solution.
Furthermore, with the shunt converter it is possible to
exchange reactive power with the electrical grid in the PCC.
The reactive set-point is received from a central distribution
system controller or from a voltage controller that it is able
to maintain a voltage amplitude value in the PCC. This set-
point must be received from a central controller in the same
way as a reactive power set-point. The STATCOM converter
ensures an active power balance for the SSSC thanks to the
voltage control for the DC link capacitor. Therefore, the
SSSC works with a PQ control system and the STATCOM
works with a VpcQ control or with a Vpc|[Vac| control [4]

[6].

In next paragraph the system overview with main electrical
parameters is presented, and then control systems of the
STATCOM, SSSC and DC/DC converters are explained
using mathematical formulae. Matlab/Simulink software was
used to test the control system and the power scheme of the
proposed solution. Finally, results in terms of current
waveform, active and reactive power are shown in the case
of charging the EV and at the same time active and reactive
power flows are managed between two feeders by SSSC.
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Figure 1: DC Charging station with LV-UPFC configuration
2. System Overview

In the DC charging station proposed, there is an AC/AC
conversion system connected between two feeders, with an
access to the DC link to charge the EV battery by an
integrated DC/DC converter. The AC/AC solution is
composed of the STATCOM converter, the SSSC converter
and the bi-directional chopper, with IGBT + diode
technology [7] where the switching frequency is equal to 10
kHz for all power electronics converters. For AC/DC
converters the 2-level configuration has been used.

The STATCOM is connected to the feeder 1 by a L filter
with an inductance value equal to 5 mH and with a
transformerless solution. In next paragraph, for simplicity,
this converter is designated with the letter a. The control
system of the STATCOM inverter needs AC current, AC
voltage and DC voltage measurements as shown in figure 2
(orange line) to generate PWM signals for IGBTs. Thanks to
the STATCOM, it is possible to manage the reactive power
or the voltage amplitude in the PCC of the feeder 1 and to
assure the power balance between SSSC and DC/DC
converters.

The SSSC converter is connected between the feeder 2 and
the feeder 1 with a L filter with an inductance value equal to
3 mH and with a series transformer. In next paragraph, for
simplicity, this converter is designated with the letter B. The
control system of the SSSC inverter needs AC current, AC
voltage and DC voltage measurements as shown in figure 2
to generate PWM signals for IGBTs. Thanks to the SSSC, it
is possible to manage active and reactive power between the
PCC of the feeder 1 and the PCC of the feeder 2, so it is
possible to exchange active and reactive power between two
independent grids. The active power exchanged between the
SSSC and the interline connection is exchanged between the
STATCOM and the feeder 1 with inverted flow direction.
The DC/DC converter manages the power flow and the
current flow between the EV battery and the DC charging
station. It is a bidirectional chopper, so it is possible to
charge or discharge the battery in G2V or V2G mode. To
control the power battery and the current battery dynamic, it

is necessary to measure the EV battery voltage, the EV
battery current and the DC link voltage.

With the STATCOM VpcQ controller, the active power
exchanged with the feeder 1 is given by (1), where P, is the
active power exchanged between the STATCOM and the
feeder 1, Pp is the active power exchanged between the SSSC
and the interline connection between two feeders, Pgv is the
EV battery power and Pios is equal to active power losses of
the entire system. The load convention for P,, Pg and Pgy has
been used; hence the absorbed power is positive.

Py = l)[3‘|'PEV‘|' Pyoss (1)

In table 1, the main technical parameters of the DC charging
station proposed are shown. The rated power for the EV
charging is equal to 20 kW and for the STATCOM is equal
to 30 kW with a nominal power factor equal to 1. So, in this
way the rated apparent power value is equal to 30 kVA to
have the possibility to manage the STATCOM reactive
power and the SSSC active power. It is important to note that
in the LV-UPFC solution, the SSSC rated active power is
less than the STATCOM rated active power because there is
not a galvanic decoupling between two feeders, so active and
reactive power (between two feeders) are managed by the
integrated UPFC in the charging station and flow in the
interline link and not in the STATCOM or in the SSSC
converter. This means that the SSSC applies a voltage value
by a series transformer in relation to the current required to
obtain the active and reactive power flows desired between
the two feeders. So, the SSSC with the series transformer
emulates a serial impedance in the interline link to allow
control of the active and reactive power flows.
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Figure 2: DC Charging station control system overview

Table 1: DC Charging station technical parameters

Volume 6 Issue 5, May 2017

wWww.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: ART20173045

DOI: 10.21275/ART20173045

Parameter Value
Grid 1 rated AC Voltage feeder 1 [V] 400
Grid 2 rated AC Voltage feeder 2 [V] 400
Grids rated frequency [Hz] 50
STATCOM switching frequency [kHz] 10
SSSC switching frequency [kHz] 10
DC/DC switching frequency [kHz] 10
DC link capacitor [uF] 1000
DC link voltage [V] 650
Rated active power [kW] 30
Nominal power factor [p.u.] 1
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EV charger rated power [kW] 20
EV battery DC Voltage range [V] 200-500

3. Mathematical Formulation
3.1. STATCOM Converter

Figure 3 shows the plant for the STATCOM converter,
where the one phase representation for the positive sequence
of the three-phase system is used. The power converter is
schematised with a voltage source in accordance with the
average model for the VSC (Voltage Source Converter). In
the STATCOM scheme, there is an ohmic-inductive
impedance for the converter filter, where Lsa is the inductive
component of the filter and R is the ohmic component of
the filter. While Ly and Ry are inductive and ohmic
components of the Thevenin equivalent model applied in the
PCC and e; is the voltage of the feeder 1 in no-load
condition. The voltage of the power electronics converter is
indicated as vaq, it is equal to the average value of PWM
phase voltage, and iq is the converter current.

Lel Rgl Lfa Rfa

el || ) ( ) [va

Figure 3: Plant for the STATCOM converter

Applying the Kirchhoff’s voltage law to the plant for the
STATCOM shown in figure 3, (2) is obtained for the
positive sequence. For the three-phase system (4) is used,
where V%, is the STATCOM phase voltages’ vector, 1%, is
the line currents’ vector and E;,_ is the no load phase
voltages’ vector of the Thevenin model in the PCC point.
The components of these vectors are shown in (3).

. di
Va = (R + Rg1)ia + (La + Lg1) 5 + €1 2)
vy ig €1,
abe = Vh abc = iy Elabc = |€1p (3)
ve i 1.

N 5 >a
e = (Rra + Ry1)I%e + (Lya + Lgy) =225

+Ey . (4)

To obtain direct and quadrature components in the rotating
frame, the Park matrix T shown in (5) is used, with the angle
of the synchronous rotating frame 9,, calculated by PLL [8]
using the VOC technique (Voltage Orientated Control) [9].

( cos(94q)  coOS (ﬁdq - gn) cos (ﬁdq + %n)
T=2| —sin(94q) —sin(9aq—27) —sin(Vaq +3m) | (5)

1 1 1

2 2 2

The direct and the inverse Park transformation is expressed
by (6) for currents and voltages to obtain direct, quadrature
and homopolar components and vice versa.

Xq Xa Xq Xq
Xg| =T |%p Xp| =T |xq (6)
Xo Xc Xc Xo

In this work, the homopolar component is neglected for
currents and voltages, for the STATCOM and for the SSSC
because these converters work in balanced conditions. (7) is
obtained thanks to (6), where Vg, is the STATCOM phase
voltages’ vector in dq frame, 5, is the line currents’ vector in
dq frame and E; 4q 18 the no load phase voltages’ vector in dq
frame. Using R, equal to the total resistance of the plant and
L, equal to the total inductance of the plant by (8), the plant
equation (9) is obtained applying the Kirchhoff’s voltage law
in the rotating frame. Thanks to (9) the PI current controller
for direct and quadrature components has been designed.

— vg - lg — eld
Véxq = vf‘lx It‘ixq = ig Eldq = elq (7)
Ra = Rfa + Rgl La = LfO( + Lgl (8)
arg

Vig = Raldq + La—* + jwaqlalfg + Ergy 9

To obtain the direct current reference i (10) is used, where
V;c is the set-point for the DC link voltage, v, is the DC link
voltage measured and k,°¢ and K¢ are respectively the
proportional gain and the integrator gain of the voltage PI
controller. To obtain the quadrature current reference i2” (11)
is used where Q* is the reactive set-point received from the
central controller. Thanks to (10) it is possible to obtain (1)
at steady state.

1% = Ky (Vpe — Vo) + K/PC [(Vge — Vpo)dt  (10)

(2 = - (11)

2%1d

In (12), I5* is equal to the currents’ error vector in the
rotating frame and 0% is the de-coupling matrix. The
pulsation mqq is calculated by PLL. Then with (13) is defined
the C}* matrix for proportional gains of the currents’ loop PI
and ¢/* matrix for integrator gains of the currents’ loop PI.
Finally, in (14) the matrix equation to implement the
currents’ controller for direct and quadrature components is
shown (U is the identity matrix). The outputs of this
controller are STATCOM phase voltages in the rotating
frame. These voltages are used to obtain PWM gate signals
to send to the IGBTSs of the PWM converter [10].

e A P R ) I
lq — lq wqua 0
1
cle = (807 0 e kit 0 (13)
p 0 Kéa 13 0 K[Ia
Vi = ChIse + ¢l [ Iade + 0°I5, + UE,,  (14)
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Figure 4 shows the STATCOM control system schematic
representation with Vpc/Q controller and direct and inverse
Park transformations for line currents and phase voltages.
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Figure 4: STATCOM Control system

The STATCOM Vpc/Q controller is shown in figure 5,
where schematic representations for (10) and (11) and the
schematic representation for (14) are shown.

Figure 5: STATCOM Control loops

STATCOM control parameters are listed in table 2, where
the proportional gain and the integrator gain for the inner
currents’ control loop and for the Vpc voltage’s control loop
are shown with La and Ra values.

Table 2: STATCOM Control parameters

Parameter Value
Current controller proportional gain Kp [V/A] 20.00
Current controller integrator gain Ki [V/A] 666.67
Total inductance La [mH] 6.00
Total resistance Ra [Q2] 0.20
DC Voltage controller proportional gain Kp [A/V] 2.00
DC Voltage controller integrator gain Ki [A/V] 6.67

3.2. SSSC Converter

In figure 6 the plant for the SSSC converter is shown, where
the one phase representation for the positive sequence of the
three-phase system is used. The power converter is
schematised with a voltage source in accordance with the
average model for the VSC. In the SSSC scheme, there is an
ohmic-inductive impedance for the converter filter, where L
is the inductive component of the filter and Ry is the ohmic
component of the filter. The quantity v1 is the voltage of the
feeder 1 and v2 is the voltage of the feeder 2. The output
voltage of the power electronics converter is indicated as vg.
It is equal to the average value of PWM phase voltage and ig
is the current converter.

VB[

e L —b—
2 Lfp Rfp

Figure 6: Plant for the SSSC converter

Applying the Kirchhoff’s voltage law to the plant for the
SSSC shown in figure 6, (15) for the positive sequence is
obtained. For the three-phase system (17) is used, where V%
is the SSSC phase voltages’ vector, 1%, is the converter
currents’ vector, V;,,  is the phase voltages of the feeder 1
vector and V_Z’abf is the phase voltages of the feeder 2 vector.

The components of these vectors are shown in (16).

) di

Vg = Reglg + Leg —2 + v, — vy (15)

Vabc = vbﬁ Iabc = if Vlabc = Zlb Vzabc = zzb (16)
vcﬁ if te Ze

PO R 41, ey 17

abe = Replape T Lsp dt T Vaane = Viane (17)

To obtain direct and quadrature components in the rotating
frame the Park matrix T (5) is used, with the angle 9,, equal
to the STATCOM synchronous rotating frame angle. (18) is
obtained applying (6), where I_/;ﬁ is the SSSC phase voltages’
vector in dq frame, qu is the converter currents’ vector in dq
frame, V,,, is the phase voltages of the feeder 1 vector in dq
frame and V,,, is the phase voltages of the feeder 2 vector in
dq frame. (19) is obtained applying the Kirchhoff’s voltage
law in the rotating frame. Thanks to (19) the PI current
controller for direct and quadrature components has been
designed.

B B
=B vd B ld — _ vld — _ vzd
qu - 175 qu - l-g Vldq - V14 Vqu - V2, (18)

2 —_—

Vﬁ—Rfﬁ+Ld1—gq+' Ll +V, -V, (19
dq = "plaqg T hp =g TIWaqlplag T Vaqq ldq (19)

To obtain the direct current reference if” and the quadrature
current reference if* (20) is used, where P* is the set-point of
the active power between two feeders and Q¥ is the set-point
of the reactive power between two feeders.

21 (T Do )|P 20)
lg* 3v1d2+v1q2 vlq V14 Q*

In 21), 755 is equal to the currents’ error vector in the
rotating frame and 0f is the de-coupling matrix. The
pulsation mqq is calculated by PLL and it is equal to the
STATCOM control pulsation. Then with (22) is defined the
¢,f matrix for proportional gains of the currents’ loop PI and
¢/* matrix for integrator gains of the currents’ loop PL

Volume 6 Issue 5, May 2017

www.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: ART20173045

DOI: 10.21275/ART20173045

287



International Journal of Science and Research (IJSR)
ISSN (Online): 2319-7064
Index Copernicus Value (2015): 78.96 | Impact Factor (2015): 6.391

Finally, in (23) the matrix equation to implement the
currents’ controller for direct and quadrature components is
shown (U is the identity matrix). The outputs of this
controller are SSSC phase voltages in the rotating frame.
These voltages are used to obtain PWM gate signals to send
to the IGBTs of the PWM converter.

B _ B

A ﬁ:( 0 _wquﬁ) Q1)
dq lf _lg (quL[; 0

IB I
oo _ (K0 e _ k/* o0 ’
p I7:3 R 1B (22)
0 K, 0 K,

i

—)ﬁ _ Iﬁ-> ﬁ Iﬁ = ﬁ ->ﬁ — —_—
Vig = Cp Laq + €7 [ Lgqdt + 0PIy, + U(Vpy, — Vi) (23)
Figure 7 shows the SSSC control system schematic
representation with the P/Q controller and direct and inverse

Park transformations for line currents and phase voltages for
both feeders.
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Figure 7: SSSC Control system

The SSSC P/Q controller is shown in figure 8, where the
schematic representation for (20) and (23) is shown.

I

et 4
d 18
CP

e 1d™ ig*
P g Calculator

i}

7

ldg

Figure 8: SSSC Control loops
SSSC control parameters are listed in table 3, where the
proportional gain and the integrator gain for the inner

currents’ control loop are shown with Lg and Rp values.

Table 3: SSSC Control parameters

Parameter Value
Current controller proportional gain Kp [V/A] 10.00
Current controller integrator gain Ki [V/A] 333.33
Inductance Lp [mH] 3.00
Resistance Rp [Q] 0.10

3.3. DC/DC Converter

In figure 9, the plant for the DC/DC converter is shown,
where the electric car battery is represented by Thevenin
model. Euy is equal to no load condition voltage and Ry is
the resistance to represent the power losses in the battery and
in the connection cables between the EV and the DC
charging station. The DC/DC power converter is schematised
with a DC voltage source with an ohmic-inductive-capacitive
impedance for the converter filter, where Lt is the inductive
component of the filter, Rr is the ohmic component of the
filter and Cr is the filter capacitor. Vgy is the DC/DC average
voltage output applied to the LC filter and it is obtained from
the EV power control. In table 4, the plant parameters are
summarised.

> YN Y A ‘\/\\/A\/ A\ /\V/‘ \
Lt Re Rbat

Ebat
Ef == o i

&

Figure 9: Plant for the DC/DC converter

Table 4: DC/DC Plant parameters

Parameter Value
Battery voltage Epat [V] 300
Battery resistance Ryat [Q] 0.3
DC/DC output filter inductance Lf[mH] 5
DC/DC output filter resistance Rr [Q] 0.1
DC/DC output filter capacitor Cr [uF] 50

Applying the Kirchhoff’s voltage law to the EV plant shown
in figure 9, (24) is obtained. For simplicity, the capacitor
effect has been neglected, because this component does not
influence the design of the current’s controller for the EV
battery. The capacitor is used only to obtain a little ripple in
the output voltage.

. di
Vey = (Rf + Rbat)lEV + Lf % + Epar

(24)
The DC/DC control has two loops: the outer loop to control
the bi-directional power to charge/discharge the EV battery
and the inner loop to control the EV battery current dynamic.
So, to obtain the reference for the current’s control loop (26)
is used, where i;, is the current reference for the inner loop,
KPE is the proportional gain of the power PI controller and
KPE is the integrator gain of the power PI controller. The
power error is equal to efV and it is calculated with (25),
where P;, is the power set-point for the EV battery from the
central control system and P is the instantancous EV
battery power measured.

EEV = Pgy — Py (25)

igy = K;Evefv + KPEV [elVdt (26)
So, thanks to (27) the current error for the current PI is
obtained, where iy, is the instantanecous EV battery current
measured.
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With (28) the modulation index m is obtained for PWM,
where k/F and K/ is the proportional gain and the integrator
gain respectively for the PI current’s controller. Finally, the
output voltage v,, is given by (29).

er’ =gy — gy 27)

m =KV ef’ + K/™ [ efVdt + 2 (28)
DC

Vgy = mVpc (29)

In figure 10 the scheme of the DC/DC control system is
shown, where the power controller receives the power set-
point Pz, from the central control and thanks to EV voltage
battery and EV current battery measurements, it is able to set
the modulation index m to obtain PWM signals to send to the
IGBTs of the bidirectional chopper.
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Figure10: DC/DC Control system

The DC/DC power controller is shown in figure 11, where
the schematic representation for (26) and (28) is shown.

Figure 11: DC/DC Control loops

DC/DC control parameters are summarised in table 5, where
the proportional gain and the integrator gain for the inner
current’s control loop are shown, and table 5 lists the
proportional gain and the integrator gain for the power’s
control loop.

Table 5: DC/DC Control parameters

Parameter Value
Current controller proportional gain Kp [p.u./A] 0.01
Current controller integrator gain Ki [p.u./A] 1
Power controller proportional gain Kp [A/W] 0.001
Power controller integrator gain Ki [A/W] 0.1

4. Simulation Results

To test the DC charging station, two study cases have been
considered. In the first one, there is a simulation of a
congestion emergency in the grid 2 where the DC charging
station charges the EV with 10 kW and there are two loads,
one for each feeder; the DC charging station is able to supply
the load in the grid 2 avoiding the protection intervention. In
the second case the DC charging station charges the EV with
5 kW and in the grid 2 there is an inversion of the power
flow due to the solar generation, so to use the excess power,
the DC charging station charges the EV with 15 kW using 10
kW from the grid 2 and 5 kW from the grid 1.

4.1. Case 1

In this case, the DC charging station charges the EV with 10
kW and the grid 1 supplies in initial condition the EV and the
load 1 with 5 kW and 2 kVAr. Instead grid 2 supplies the
load 2 with 10 kW and 5 kVAr, and active and reactive
power flows between two feeders are equal to zero. A
congestion emergency occurs at 0.3 s where the grid 2 is not
able to supply the load 2, and so thanks to the device
proposed, it is possible to supply the load 2 using the grid 1.
Thus it is possible to avoid the protection intervention and to
assure the normal service in the grid 2. In figure 12, the
power scheme used is shown and in table 6, the case 1
technical parameters are summarised.

Feeder 1 P Q Feeder 2
GRID 1 400Vac 50 Hz = & 400Vac 50 Hz

© L
Q] (TP

STATCOM  DC Link I:sc

AC 550}"_3(: ocC

C L AC
DC,
Pev
" %_ESOOVUC

oo
Figure 12: Scheme to test the DC charging station Case 1

GRID 2
S

LOAD 2

Table 6: Case 1 parameters

Parameter Value
Load 1 active power [kW] 5
Load 1 reactive power [kVAr] 2
Load 2 active power [kW] 10
Load 2 reactive power [kKVAr] 5
EV charge power [kW] 10
EV battery voltage [V] 300

In figure 13 all active and reactive power of the system are
shown. The EV battery power is equal to 10 kW for all
simulation time, and it is kept constant thanks to the DC/DC
control system. The grid 1 supplies the load 1 in initial
condition and the EV, thanks to the STATCOM converter,
with the active power equal to 15 kW and the reactive power
equal to 2 kVAr. The STATCOM works with a power factor
equal to 1. The grid 2 supplies only the load 2 in initial
condition, with the active power equal to 10 kW and the
reactive power equal to 5 kVAr. At time equals 0.3 s, the
SSSC converter thanks to the interline series link, to avoid
the contingence emergency in grid 2, exchanges active and

Volume 6 Issue 5, May 2017

wWww.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: ART20173045

DOI: 10.21275/ART20173045

289



International Journal of Science and Research (IJSR)
ISSN (Online): 2319-7064
Index Copernicus Value (2015): 78.96 | Impact Factor (2015): 6.391

reactive power between the feeder 1 and the feeder 2, so
now, the grid 1 supplies the load 1, the load 2 and the EV
battery with 25 kW as active power and 7 kVAr as reactive
power, while as shown in figure 13 active and reactive power
supplied by grid 2 are equal to zero.

Aetive anet Reacttue Fener

ctise and Reactive Foueer (1]

04z 05 055 05

Figure 13: Active and Reactive Power Case 1

In figure 14, the PCC voltages of the feeder 1 are shown and
figure 15 shows the PCC voltages of the feeder 2. It is
possible to see a small decrease in PCC voltages in the
feeder 1 at time equals 0.3 s due to the increment of active
and reactive power supplied by grid 1, while in the PCC of
the feeder 2 it is possible to see a small increase in voltage
amplitudes at time equals 0.3 s due to the decrement of
active and reactive power supplied by grid 2.
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Figure 14: PCC Phase Voltages Feeder 1 Case 1
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Figure 15: PCC Phase Voltages Feeder 2 Case 1

In figure 16, line currents of the grid 1 are shown and figure
17 shows line currents of the grid 2. It is possible to see the
increment of line currents of the grid 1 at time equals 0.3 s
due to the increment of active and reactive power supplied
by grid 1, while in the grid 2 it is possible to see the
decrement of line currents at time equals 0.3 s, due to the
decrement of active and reactive power supplied by grid 2.
Furthermore, in figure 18, interline currents between two
feeders are shown, where before the time equals 0.3 s
interline currents are equal to zero, after time equals 0.3 s
thanks to SSSC, interline currents are not zero and they
depend on active and reactive power exchanged between two

feeders. Finally, in figure 19, the EV battery voltage and the
EV battery current are shown.

Figure 17: Line Currents Grid 2 Case 1
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Figure 18: Interline Currents Case 1
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Figure 19: EV Battery Voltage and Current Case 1
4.2. Case 2

In this case, in initial condition the DC charging station
charges the EV with 5 kW and the grid 1 supplies the load 1
with 5 kW and 2 kV Ar. Instead the grid 2 receives the active
power from the solar inverter with a power flow inversion
equal to 10 kW. To use green power in a better way, and to
avoid the flow inversion on the grid 2, the SSSC is used to
exchange the active power flow between two feeders at time
equals 0.3 s, in such way that green power is used to supply
EV avoiding the flow inversion and reducing the charge cost.
So, the EV charge power is increased to 15 kW to use green
power. In figure 20, the power scheme used is shown and in
table 7, the case 2 technical parameters are summarised.
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Figure 20: Scheme to test the DC charging station Case 2

Table 7: Case 2 parameters

Parameter Value
Load 1 active power [kW] 5
Load 1 reactive power [kVAr] 2
Solar inverter output power [kW] 10
EV charge power (using SSSC) [kW] 15
EV battery voltage [V] 300

Figure 21 shows all active and reactive power of the system.
The EV battery charge power is equal to 5 kW, when the
power is supplied only by grid 1 and it is equal to 15 kW
when, thanks to the SSSC, the EV battery is supplied by both
feeders at time equals 0.3 s; 5 kW from the grid 1 and 10 kW
from the solar generator connected on the feeder 2. The grid
1 in initial condition supplies the load 1 and the EV thanks to
the STATCOM converter, with the active power equal to 10
kW and the reactive power equal to 2 kVAr. In the grid 2
there is a power flow inversion in initial condition with the
active power equal to -10 kW due to the solar generator and
in this case, there are not any loads. At time equals 0.3 s, the
SSSC converter, thanks to the interline series link, to avoid
the active power flow inversion in the grid 2 and to use green
solar power in the better way, exchanges only the active
power between the feeder 1 and the feeder 2, so the grid 1
supplies the load 1 and the EV battery with 10 kW as active
power and 2 kVAr as reactive power (same values before
SSSC operation), while as shown in figure 21, active and
reactive power supplied by grid 2 are equal to zero. In this
way thanks to the DC charging station proposed in this
paper, the active power flow inversion in the grid 2 has been
avoided and green solar power has been used to optimise the
charge time of the EV.
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Figure 21: Active and Reactive Power Case 2

In figure 22 PCC voltages of the feeder 1 are shown and
figure 23 shows the PCC voltages of the feeder 2. In this
case both phase voltage amplitudes are practically constant
for the whole simulation time. In figure 24, the line currents
of the grid 1 are shown and in figure 25, the line currents of

the grid 2 are shown. It is interesting to see that the currents
in the grid 1 do not change at steady state because the grid 1
supplies the same active and reactive power. But in the
transient time, at 0.3 s, the currents decrease because the
active power dynamic by SSSC from the feeder 2 is faster
than the EV battery power dynamic that increases from 5 kW
to 15 kW. Instead, in the grid 2 it is possible to see the
decrement of line currents at time equals 0.3 s due to the
SSSC operation that moves green solar power towards the
feeder 1 to charge the EV. Furthermore, in figure 26 interline
currents between two feeders are shown, where before the
time equals 0.3 s, interline currents are equal to zero, but
after time equals 0.3 s interline currents are not zero and they
depend on the active power exchanged. Finally, in figure 27
the EV battery voltage and the EV battery current are shown;
it is possible to see the increment of voltage and current at
time equals 0.3 s to use green solar power.
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Figure 22: PCC Phase Voltages Feeder 1 Case2
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Figure 23: PCC Phase Voltages Feeder 2 Case2
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Figure 25: Line Currents Grid 2 Case2
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Figure 27: EV Battery Voltage and Current Case 2
S. Conclusion

This paper proposes a new DC charging station, where
thanks to the SSSC converter, it is possible to obtain a low
voltage UPFC integrated in an all-in-one solution. In this
way, it is possible to charge or discharge the EV in G2V or
V2G mode and it is possible to control the reactive power or
the voltage level in the PCC thanks to the STATCOM
converter. But with the SSSC converter, it is possible also to
exchange active and reactive power between two feeders to
solve some typical problems in LV grids. With
Matlab/Simulink, STATCOM, SSSC and DC/DC converters
have been modelled and two study cases have been
simulated to test SSSC converter operations during the EV
battery charging and to see the effects on low voltage
distribution  grids. Simulation results confirm the
mathematical formulation validity for all operations. In the
future, it will be possible to build this device and to install it
in some grids with an active power flow inversion or with
congestion problems in one of the two feeders.
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