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3anpononosano Ho8Y cmpykmypy 3apaonoi cmanuii ons
enexmpomooinie, wo po3pobiena na 6asi mpudasnozo mpan-
cpopmamopa ma mpupienesozo akmueH020 HOMUPUKEAopaHm-
HO20 BGUNPAMIAYA 3 KOPEKUIEN KoeiuicHma nomyxicHocmi.

cmanuii, npedcmasnieHo napamempu cxemu 3aMiWeHHs aKy-
MYAAMOpHo20 6i0ciky enexmpomoéins Tesla model S, axy npu-
6edeno 0o oowmiei exeisanenmnoi damapei. Onucano memoo
weuoK020 3apady damapei nOCMItiIHUM CIMPYMOM i NOCMIUHOIO
nanpyeoto CC-CV, npu axomy 3abesneuyemvcs Oiivua Kiio-
Kicmo yuxaie 3apady-pospsady oamapei. Hasedeno mamema-
muuni Popmyau 0N PO3PAXYHKY CKAAO06UX 6MPAm nomyxHc-
nocmi i KK/ 3anpononosanoi cmpyxmypu 3apaonoi cmanuii na
inmepeasi no6Hozo 3apady 6amapei.

IIpeocmasneno cucmemy asmomamuurnozo pezynro6aHHs
cmpymy ma nHanpyeu 3apsoy, SAKY 3ACHOBAHO HA WUPOMHO-
IMNYIbCHIT MOOYAAUTE OpY2020 POOY Mma iHmezparbHOMYy pezy-
asmopi. Ilpedcmaeneno imimauiiny modenv 3anpononosa-
Hoi cmpykmypu 3apaoHoi cmanyii 6 npopamHomy cepedosusi
Matlab/Simulink, a maxosc npusedeno pesyarvmamu modento-
BAMHS: OCUUIOZPAMU BXIOHUX MA BUXIOHUX CMPYMI6 i Hanpye,
Hasedeno Ounamixy podomu pezynsmopa cmpymy 3apsoy.
IInsaxom noninomianvHoi anpoxcumMayii eHepeemuuHux Xapax-
mepucmux IGBT-mo0ynie 0ns po3paxynwxy cmamuunux ma
QUHAMIMHUX 6MPAM 68 CUNIOBUX KTHOUAX AKMUBHOZ0 GUNPSAMIIS-
4a Y10 cmeopeno mMooeb PO3PAX08Yeaa Gmpam.

Hoxazano, wo npu 30invwenni 3navenns cmpymy 3apsoy
6 pestcumi CC pezyavmyroue inmeepanvre snauenns KK/ npo-
uecy 3aps0y 3HUHCYEMbCSL, NPOMe Y MO JHce Uac 30LbUYEMbCS
KoeiyicHm nomyxHcHOCI Ma 3HUNCYEMBCS eMICist BUUUX 2ap-
MoHiK. Buxonano onmumizauiro empam nomysxicnocmi 6 3anpo-
nonosanill cucmemi 3apaoHoi cmanyii 3a napamempamu Mmini-
Mymy cmpymy 3apady ma vacmomu mooyasuii ¢ IIITM.

Buxonanuit ananiz cxknadosux emepeii empam 6 3anpo-
nonosaniii cmpyxmypi niomeepous ii emepeoedexmusnicmo
8 NOPIBHAHHI 3 THIMUMU iICHYOuUMU cmpykmypamu. Ilepesazoto
3anpononosanoi cmpyxmypu € me, wjo 60Ha 3abe3neuye noKpa-
weni noxasnuxu KK/, xoegiyienmy nomysxcrnocmi ma 3nusicen-
M eMicii eumux 2apmonix cmpymy. Ompumani maxi noxkas-
Huku cucmemu: inmezpanvte 3navenns KK/ noenozo npouyecy
3apaody enexmpomooina memodom CC-CV 95.6 %, xoediuicum
nomyscrocmi 0.99, KoeivicHm eapmMoHIMHUX CROMEOPEHb 6Xi0-
Hozo cmpymy 2.5 %

Kntouogi cnosa: axmuenuii Gunpamasd, aKymyasmopha
Oamapes, 3apaona cmanyis eaexmpomoodias, xoediyienm no-
MYKHCHOCMI, MOOENI0BAHHSL

u] =,

Onucano napamempu 3anponoHosanoi cmpyxmypu 3apsaonoi
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According to the international standard TEC-62196,

Every year, electric cars become more popular compared
to cars with internal combustion engines. The development
of electric vehicles (EV) and charging stations is given sig-
nificant attention to by researchers and manufacturers [1, 2].
At the same time, it is a relevant issue to improve the indi-
cators of energy efficiency of charging stations, namely, to
improve efficiency parameters, the indicators of sinusoidal
current consumption, and a power factor.

there are the following types of charging stations:
Mode 1, Mode 2, Mode 3, Mode 4. The regulated parame-
ters of charging stations in line with the standard are given
in Table 1.

Among these, the most powerful type of charging sta-
tion that makes it possible to implement the electric vehicle
fast-charging mode is Mode 4 [3]. Therefore, our research
is aimed at improving the performance indicators of the
Mode 4 charging stations.



Table 1  galvanic isolation of the power sup-

Parameters of charging stations ply with a load. In addition, accor-

T Phase Charge | Current | Charge |Chargingstation| Charging sta- ding to the cited paper, .t}.le pea.k

ype quantity | voltage, V type current, A arrangement tion location value of the convel."ter .efﬁCl.ency 18

N To 250 Home less than 92 %, which is quite low.

Mode 1 To 16 In addition, there are no data on

B To 480 the integrated efficiency value of

Mode 2 1 To 250 To 32 Home a full battery charging process in an
3 To 400 AC Onboard electric car.

1 To 250 To 32 Work [17] reports a study of the

Mode 3 1 To 250 To 70 Private/Public | 1TP-type converter, whose difference

3 To 480 To 63 from the transducer reported in [15]

Mode 4 3 To1,000 | DC To 500 External Public is that instead of a diode bridge the

In addition, at modernization, one of the requirements for
charging stations is the possibility of ensuring a double-sid-
ed transfer of energy, which corresponds to the «vehicle-
grid (V2G)» concept [4, 5].

2. Literature review and problem statement

Publications [6, 7] described the charging stations for
electric vehicles containing two stages of electricity conver-
sion, namely an input AC/DC rectifier and an output DC/DC
converter of direct current (Fig. 1).

In a given topology, input rectifiers used to create a link
of constant voltage. Next, the DC/DC converter enables
the adjustment of voltage and current of each single electric
vehicle charge over a predefined range. In some cases, the
DC/DC converter is also used to ensure the galvanic iso-
lation of an electric vehicle with the grid [8,9]. A common
disadvantage of the examined systems [10, 11] is the concept
of a two-step energy conversion, which prede-
termines the power losses in two converters and,
accordingly, a decrease in the efficiency of the
charging station [12, 13]. Each of the reported
technical solutions has its drawbacks and cannot
be considered a complete solution to the existing
technical issue.

Paper [14] proposed a transducer for the
electric vehicle charging station, whose disad-
vantage is the efficiency value, which reaches
91 % at maximum. In addition, the reported
transducer requires the electromechanic phase
splitting, namely, the nine-phase power system,
which makes the system more expensive and
increases its dimensions.

Work [15] studied the efficiency of a charging
station for electric vehicles on the basis of an
inductive power transfer converter (ITP). The
topology of a given converter is shown in Fig. 2. .
According to the cited work, the converter effi-
ciency depends on many factors and, at certain
intervals of operation, decreases to 45-50 %,
which is quite low. In addition, the cited work ity
lacks data on the integrated efficiency value of "
a full battery charging process in an electric car.

Paper [16] studied the efficiency of a charg-
ing station of electric vehicles based on a con-
verter, which consists of a rectifier and a parallel
three-channel buck-boost converter (Fig. 3). The
disadvantage of this topology is the lack of

-
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fully manageable power transistors
are used.

According to the study, the converter efficiency, when
using power transistors based on silicon carbide (SiC) and
gallium arsenide (GaN), is in the range from 83 to 98 %.
It is worth noting that the SiC- and GaN-based transistors are
considerably more expensive than classic MOSFET or IGBT
transistors. In addition, the cited work lacks data on the inte-
grated efficiency value of a full battery charging process.
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Paper [18] reports a study into the half-bridge ITP-
type converter, shown in Fig. 4. According to the study, the
converter efficiency was determined using an experimental
sample with a power of 900 W and reached 92 % to 95.6 %,
which is a high enough indicator. However, when charging an
electric car with a power of 900 W, the charging process can
last more than 90 hours; there are no data on the efficiency of
a given converter when implementing a greater power.

Table 2 gives the characteristics of external charging
stations [19].

to undertake a study aimed at improving the energy efficien-
cy of charging stations for electric vehicles based on an active
three-level rectifier with the power factor correction.

3. The aim and objectives of the study

The aim of this study is to improve the energy indicators of
an electric vehicle charging station by using a three-level active
rectifier that operates under a power factor correction mode.

To accomplish the aim, the following

. 1 T T tasks have been set:
e ' & I & % ; — to introduce the proposed topology of
B = o T T - L =) jb . .
Grid T ' a charging station based on a three-phase
(o) ' 1 T T & L | transformer and a three-level active rectifier

, .[ 4 | l i = Bl - with the power factor correction;

: e r o i — to outline a procedure for determining
v, v, e e P 1" the integrated efficiency value of a charging

t Dle—1 . t § process in the represented system of a charg-

piLl P, e - _J ing station for electric vehicles, taking into

T Charging | PWM PWM consideration the parameters of a power

* © : i 'y : .

g Fetr— CPICV | g A [ Cument | &V2G 4 [Voltage Constant grid, the transformer, the converter power
}_ 1‘_ A Controller]™ 7= Controller "%k Controller ‘ Freq. & Duty switches, and the parameters of an electric
Va1V, ‘o i) 0 V. o car’s battery pack compartment;

' ) ) ] ) ) — to build a simulation model of the pro-
Fig. 4. An electric v.ehlcle charging station based posed charging station in the MATLAB/
on the half-bridge ITP-type converter Simulink programming environment;
— to investigate energy indicators, name-
Table 2 o
. . . ly power losses, as well as indicators of elec-
Characteristics of external charging stations . .. .
tric energy quality in the developed simu-
Manufacturer ABB Tritium Tesla Su- | EVTEC espres- | lation model of a charging station based on
and model Terra 53 Veefil-RT per-charger so&charge a three-level active rectifier.
Rated
power, kW 50 50 135 150
Charge CCSType1 |CCS Types1and?2 Super- SAE Combo 1 4. The propo.sed top‘ology
standard CHAde MO 1.0| CHAde MO 1.0 charger CHAde MO 1.0 of a charging station
P ..480 VA
voltage 480VAC | VS0 VAC 1200..480 VAC | 400 VAC£10 % We have proposed the concept of an ex-
Direet . ternal direct-current charging station based
1rect curren . c e .
output volt- 2500__,5500 200...500 50410 170..500 on an active three-phase .rectlﬁ'er (AR) w1t:‘t}
age, V 0...500 50...500 the power factor correction (Fig. 5). In this
. case, the active rectifier performs the func-
Output direct 120 125 330 300 tion of control over the output voltage and
current, A R .. .
charge current, while the galvanic isolation
Efficiency, % 93 >92 92 93 is enabled by an input transformer.
) [ Grde(l)kV | Charging station ~ Battery

The data in the table show that the | ! . . .
efficiency of charging stations does not ex- | : [ dvn [ vrs [(&vro
ceed 93 %. | i VD1 | ¥D3 | VD5

In addition to the general shortcomings | i I s N 2
in the examined works, it should be noted | i [_&vr2|[ &vre [ £yTI0

. . . . | |
that efficiency was estimated in them at the 1, 4l
constant value of the charge current while ! _ .

. — . - : . ——f — L,
the integrated efﬁcu;ncy value of a chargmg Rooha Bl 4z J (%, Fa i ~Upen
system over the full interval of charging was o e s e s
not assessed. | Voltage source Line 1| Transformer  Line 2 “:T VT3 |“-|- VT7 :-;—_1.-_ VTl

Thus, the above review allows us to con- | 610k | 6(10)kV/0.2kV vDp2 | vp4 | ¥pe | —C2

. . I I = L2
clude that it is a relevant task to further | ! I 7 1
improve the energy efficiency of charging | : [ gvra [ fvrs [ vz
stations for electric vehicles. Also of impor- | :

tance is to determine the integrated efficien-
cy value of a full battery charging process in
an electric car. Given this, it seems expedient

R A Active rectifier

Fig. 5. A charging station system for electric vehicles with
a single-stage energy conversion



The advantages of the proposed charging station with
AR include:

— the high power ratio, close to unity;

— the low total harmonic distortion coefficient of current
consumption (THD<5 %);

— the higher efficiency relative to the two-stage charging
stations of the AC/DC- DC/DC type;

— a capacity to provide bilateral energy transfer.

4. 1. Parameters of the proposed charging station

A power grid’s characteristics are determined by the
parameters of a three-phase power substation transfor-
mer of the TMN4000/35/6 type, whose phase resistance is
Rp4=1.4 Ohm [20, 21]. The line 1 parameters are determined
by the distance between the traction substation and the
converting transformer, which is accepted equal to 1 km.
An aluminum three-wire cable, used in line 1, has
a phase resistance magnitude of R{4=0.8 Ohm/km,
and its cross-section is selected based on current
and is 35 mm?.

A converting transformer of the SPZ-1000/

u,V
LA
u

max

In this case, the module voltage is summed up with the
voltages of the groups and is equal to 25.2 V. The modules
are then connected sequentially in a battery. In total, the
battery contains 16 modules (96 groups in total). In this
case, the voltage of all modules is summed up and is 400 V.
We also calculated the equivalent resistance of the battery
pack; based on that the average resistance of one recharge-
able battery Rycp=37 mOhm is equivalent to the battery
resistance Rp,=27 mOhm.

4. 3. A battery charging algorithm

When implementing a fast battery charge, a significant
role belongs to the method (algorithm), which would be used
to charge the battery. The most popular method of battery
charging is a Constant Current—Constant Voltage (CV-CV)
method (Fig. 7) [30, 31].

10UZ 6(10)/0.2kV series has a nominal po- 4
wer of 0.878 MW and a short-circuit loss of T
8 kW [22, 23]. The total equivalent resistance of
its phase Ryy is 1.73 mOhm. The line 2 parame-
ters are determined by the distance between the
converting transformer 71 and the active rectifi-
er, which is taken equal to 50 m. In this case, the

Uyin

0.1i

max

cross-section of a copper cable is 350 mm?, the
phase resistance magnitude is Ryq=2.5 mOhm.
The inductance value of the input valves of the
active rectifier is 0.2 mH.

We selected, for the active rectifiers, the switches of the
CM600DX-13T type made by Mitsubishi Electric with the
parameters of a collector current I,=600 A and the voltage of
a collector-emitter Ucp=650V, the capacity of each output
capacitor equals 20 mF. The system of the automated control
over the current and voltage of the battery is implemented
on the basis of an integrated controller with the subsequent
PWM formation of an input current shape [24, 25].

4. 2. The equivalent model of a battery pack

This paper examines the charge of the equivalent model of
the battery compartment in the Tesla S electric vehicle, which
contains 7,104 batteries by Panasonic NCR-18650b with
a total capacity of 85 kWh [26, 27]. The battery connection
circuit in the electric vehicle Tesla Model S is shown in Fig. 6.

In the battery compartment, individual batteries of the
NCR-18650b type are connected in parallel into groups of
74 pes. [28, 29]. With a parallel connection, the voltage of the
group is equal to the sum of voltages of each element (4.2 V),

CC Mode CV Mode [,s

Fig. 7. Charging mode based on a CC-CV method

The main idea of the method is that the battery is charged
with the constant maximum current (,y), which is determined
by a battery manufacturer to a certain cutoff voltage (#yay),
then it is charged at this voltage as long as the current con-
sumption is reduced to about 0.1 or less, thereby ensuring
a full charge. It should be noted that when switching from a CC
mode to a CV mode (this occurs at about 80 % of the battery
charge) the charging speed is significantly reduced [32, 33].

5. Calculation of the efficiency and losses
of a charging station system

This paper estimated the efficiency of the proposed
charging station, shown in Fig. 5. The efficiency was estima-
ted based on the total energy of losses and usable power ob-
tained by a battery over the full charging interval [34]. The
efficiency is calculated from the following expression [35]:

the capacity of the group is equal to the sum of the capacities n= %’ (1)
of the elements (250 A-h). Next, six groups are connected Epu+AEy
sequentially into a module.

where Ejyq is the usable energy transmitted to
‘r -~ Baterypack | abattery over the charge duration; AFs is the to-
| :— __________ Module 1 _' "Module 2 :’]\,foamg ]_67‘ I tal energy of losses in the considered micro-grid
: : Group | Group 2 Group 6 | : H system.
: i GB74, .|.|. _I'_ ‘ ‘ L I i AE,=E +E, +E; +E, ,+
: i ?3%21:: ::j ::l | i ii +Ep+E g+ Eqp+E,, (2)
i e el s o (R d

where Eg is the energy of losses in a source of
6(10) kV; Epq is the energy of losses in line 1;



Eryis the energy of losses in a transformer; Ej is the energy
of losses in line 2; Ep is the energy of losses in input induc-
tances; E4r is the energy of losses in the switches of an active
rectifier; Ecg is the energy of losses in output capacitors;
Epae is the energy of losses in a battery.

The usable energy transmitted to the load:

Ty

ELoad = J’ (uLoad ! iLoad)' dt’
0

where T, is the full battery EV charge duration; uy,, is the
instantaneous value of the output voltage fed to the lithium-
ion battery compartment (when charging, the range varies
from 340 to 420 V); ij,qq is the instantaneous value of the load
current (a battery charge), which, during charging, varies
from 15 to 400 A.

The losses in a source of 6(10) kV, in line 1, in the trans-
former T1, in line 2, and in a battery are calculated from the
following formula [36]:

Ty
e=1e
0

(3)

(4)

‘ Control system, parameter setting

where u,, is the drop in voltage on a reverse diode; iy is the
reverse diode current.

Dynamic losses in reverse diodes are determined from the
following expression [41]:

h

(1)

Evpgw = I m (7/1
0

where E,,, is the reverse diode recovery energy.

Data on E,,(i.), Eoff(ic) and Eyoc(ic), uee(ic), uf(ard(ivd) are
borrowed from a datasheet to the CM600DX-13T module.

6. A simulation model of the proposed charging station

To experimentally test the theoretical assumptions, we
built a model of the proposed charging station in the MATLAB
programming environment (Fig. 8).

where i is the instantaneous current value in
the section of the calculated circle; R is the

|
Continuous THD }—- n

instantaneous resistance value in the section & L= 7
of the calculated circle. Uin >—» Volt S —>| R o [ ——

The selected switches for the active rec- Tin > = [PF] flor] > j 30C} }:I_l
tifier were an IGBT-module, the type of — —
CM600DX-13T. The total losses in an IGBT- — = ]
module consist of the dynamic and static Vabc—-{\_ Uin | —‘ I.I: RS
losses in an IGBT-transistor and a reverse r tabe| -+ » Tin | RM?’ il
diode, calculated from the following expres- i R
sions [37, 38]: 1| p\i’ 1!qurhT_B — B a-<A ap a A l a=— 'Ai

% | L
Eluxx.]GBT = Eluss.VT + Elu&s‘.VD; (5) ¢ .—‘ ! ! f
-C % ..
E\vr = Evrpe + Evp sws (6) :
Evp = Evp.pe + Evp sw» )

where Eyrpc is the energy of static losses in

IGBT-transistors; Eyrsyw is the energy of dy- e
namic losses in IGBT-transistors; Eyp pcis the ;'?ﬁ
energy of static losses in parallel diodes; Eyp sy is =5
the energy of dynamic losses in parallel diodes. [azj\"l [02]
Ty 1 EEe
Evppe = | (i.-u,)dt, 8 =t 3 | &
VT.DC _([(0 ce) ® J g}i
where i, is the collector current; ue(i,) is the —
voltage between a collector and an emitter, @ |[h3]
which depends on the collector current magni- S _‘[L
tude. Dynamic losses in IGBT-transistors are -|'\Q ‘_E| j --f !
determined from the following expression [39]: 1 § i T_
Ty -
Eprsw= j [Eon( oj/ ]dt ) = ey M
0 —f =
where E,,,(I;) is the energy dissipated in a tran- Em
sistor when switching, which depends on the =
magnitude of a collector’s current; EgA(L) is [Voutl ) RS
the energy that dissipates in a transistor at l‘“j:
disabling, which depends on the collector’s l 'J|L
current magnitude. =S0C (%],

Static losses in reverse diodes are deter-
mined from the following expression [40]:

(10)

T
Eyppe = J. (u fwd szd)
0

-
<Current (A)>

<Voltage (V)‘>

Fig. 8. A MATLAB-model of the micro-grid system of the charging station

for electric vehicles



The method for solving differential equations ODE15S
(Runge-Kutta method) was applied in simulation modeling,
with the permissible relative modeling error of 0.01 %.

The automated control system (ACS) for the active
rectifier was built on the basis of an integrated regulator
with the subsequent pulse-width modulation [42, 43]. The
designed ACS ensures the predefined dynamics of change in
the charging voltage and current under the CC-CV modes.

The advantage of a pulse-width modulation method
over hysteresis is the possibility of reducing the switching
frequency of AR switches; it predetermines the reduction
of dynamic losses in the switches and an increase in effi-
ciency [44, 45]. The proposed structural diagram of the AR
control system with a pulse-width modulation is shown in
Fig. 9, where I, Ly, Uy, Ugye are the currents and voltages of
battery charging, received in the feedback and in a job signal
unit, respectively.

In the system of automatic regulation of voltage and
current of a charge of the battery in the CC-CV mode the
integrated regulator is realized. A special feature of the
developed controller is that various integrated coefficients
are used for setting the current and voltage modes, which
improves the dynamics of control in comparison to when
the CC and CV modes apply the same coefficient (Fig. 10).

The basic MATLAB models of IGBT-transistors
and power diodes do not take into consideration

module CM600DX-13T). The approximation results are
given in the following expressions:

E, (1 ) =6.230414-107° i+

+7.992571096-107° -i_ +1.495824769248; (12)
E,,(i,)=39.857-10"i’ —55.3643-10° - i’ +
+71.5372107 i +2.97379; (13)
E, (i,,)=39.776-10"-i’, —94.602431-10° 3% +
+81.874-107i ,+1.2314; (14)
u,(i)=0.8639-i’ —2.1104-i"+

+2.363-i +0.5114; (15)
sy (i,,)=1.2433-i%, - 3.0339- i’ +

+2.9754-i,,+0.5624. (16)

We verified the results of calculating losses in IGBT-mo-
dules, obtained in MATLAB modeling, using the software
MelcoSim 5.1 made by Mitsubishi Electric. Error in the
calculation is 2...3 %.

dynamic power losses [46]. In addition, the volt-am- Jou i

pere characteristics of transistors in MATLAB are .

represented by a linear function, which causes a rather Regulator Ef o

large error in the simulation of static losses. More de- of output T

tails about the simulation of static and dynamic losses | voltage and 'E‘_

in the power switches of converters when using the —|fecuperation ]

methods of approximation of energy characteristics of mode N | . VT

transistors are given in ref. [47]. To obtain higher ac- U, =0 3 A [k + Ll Leyerm

curacy, we built a model of the counter that takesinto ~ — | e e R oy vl I sl T_" VT2

consideration all losses in the IGBT-transistors and re- — VT4

verse diodes in the CM600DX-13T module (Fig. 11). U, = Fijter 2 Al g 5 =T =VT5
It should be noted that the specified topology of 50 Hz o T+ 4—— [ i O

a charging station converter could also be used with L:I—: ?;g

alternative power sources, such as solar panels with U, v Aj o Fe—¥To

power storages [48]. T () — --"-f-H- + Ll Lee
The simulation of losses in the IGBT-modules - £ T +—=¥T10

involved the polynomial approximation of graphic = VT2

dependences E,,(ic), Eof(ic) andi Eyec(iva), Uee(ic),
Ufed(iva), which are given in datasheet (the IGBT

Whatl >

Fig. 9. ACS of the voltage and current of battery charge
in a three-phase AR with PWM
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Fig. 10. A model of the ACS of voltage and current of battery charge in a three-phase AR with PWM
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7. Investigating energy indicators of the proposed
charging station by simulation

The simulation results, namely the oscillographs of the
input current and the input voltage of an active rectifier, are
shown in Fig. 12.
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Fig. 12. Oscillographs of the input current and voltage
of an active rectifier

The charging process, namely the dynamics of change in
the output voltage and current of battery charge, as well as
the SOC magnitude of the battery over the entire charging
interval, is shown in Fig. 13.

Fig. 11. A MATLAB model of the loss counter in IGBT-modules
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Fig. 13. Charging station operation oscillograms: a — output
current and setting current (CC); b — output voltage and
setting voltage (CV); ¢ — battery charge level




The result of modeling is the derived values of the effi-
ciency parameters and the components of the energy of losses
within the system sections (Table 3).

Table 3
Distribution of losses in the system of a charging station
Components of energy of Energy of losses, W-s
losses Sowr=10kHz | fpya=20 kHz
In a source, Eg 1,768 1,761
In line 1, Ery 1,013 1,009
In a transformer, E7y 3,313 3,299
In line 2, Epy 2,664 2,653
In AR input inductors, E; g 3,206 3,192
In AR switches, Eqp 7,000 7,913
In output capacitors, Ecg 468 464
In a battery, Ep, 6,753 6,743
Total losses, AEs 26,185 27,034

Table 4 gives the values of efficiency, the power factor,
and the coefficient of harmonic distortions in a charg-
ing station system at different charge currents and the
frequency of PWM.

Table 4
Energy parameters of the charging station
froquency | rentander | cien. | CharEng | Pover |y, o
kHz aCCmode, A| ¢y, % 7
150 (0.6C) 95.6 6.55 0.985 11.8
200 (0.8C) 94.8 5.18 0.987 9.8
5 250 (1C) 93.9 4.38 0.989 7.2
300 (1.2C) 93.1 3.84 0.991 6.0
350 (1.4C) 92.2 3.47 0.992 5.1
400 (1.6C) 91.4 3.2 0.992 4.5
150 (0.6C) 95.4 6.55 0.987 6.1
200 (0.8C) 94.5 5.19 0.99 4.6
0 250 (1C) 93.7 4.38 0.991 3.7
300 (1.2C) 92.9 3.85 0.992 3.1
350 (1.4C) 92.1 3.48 0.992 2.7
400 (1.6C) 91.3 3.2 0.993 2.5

Our research shows that the efficiency of the proposed
structure of the charging station is quite high. There is
a clearly noticeable dynamics indicating that the higher the
charge current, the less the efficiency.

8. Discussion of results of studying the proposed
charging station system

The structure of a charging station based on an active
three-level rectifier has been suggested in this paper. The
proposed technical solution makes it possible to control
the charge current and voltage; relative to known technical
solutions for charging stations, it provides for the improve-
ments in the efficiency, the power factor, and total harmonic

distortion coefficient of charging stations for electric vehi-
cles (Table 4). The efficiency of the charging station, taking
into consideration the losses of power in the battery of an elec-
tric vehicle at a charge current of 150 A, is 95.6 %, the power
factor (PF) of the charging station is in the range of 98.5 %
to 99.3 %; total harmonic distortion coefficient lies in the
range from 2.5 % to 11.8 %. Such results are explained by the
fact that the proposed charging station executes the charging
of electric vehicles by a single-stage conversion of electricity
with an active three-phase three-level four-quadrant rectifier,
which also enables the power factor correction mode.

We have given a procedure for determining the integra-
ted efficiency value of a full charging process in the reported
system of a charging station for electric vehicles, taking into
consideration the parameters of a power grid, transformer,
power switches of the converter, and the parameters of
a battery compartment in an electric vehicle. A special fea-
ture of the study is a rather precise determination of static
and dynamic losses in the power IGBT modules of an active
rectifier in a charging station, which was performed using the
polynomial approximation of energy characteristics E,,(i.),
Eoff(ic) and Erec(ivd), uoe(ic)v ufmd(ivd) - equations (12) to (16)
Thus, the calculation of loss takes into consideration the pe-
culiarities of the applied modulation algorithm, as well as all
transient processes at charging.

We have given the developed simulation model of the
charging station and the results of modeling, which con-
firmed the high energy indexes of the proposed system.

The limitation of the current study is that the designed
simulation model works adequately only under operating
modes while under emergency regimes, when the voltage and
current values exceed the rated values, the model could prove
inadequate.

The disadvantages of the study are the lack of stability
analysis of the automated control system.

In further studies, it would be advisable to conduct phy-
sical experiments.

9. Conclusions

1. We have proposed the structure of a charging station
for electric vehicles consisting of an input transformer,
a three-level active rectifier, and a load (the equivalent mo-
del of a lithium-ion battery pack in the electric vehicle Tesla
Model S), which ensures, relative to known technical solu-
tions for charging stations, the improvements in efficiency,
power factor, and total harmonic distortion coefficient. The
results obtained are explained by that the proposed charging
station implements a one-stage conversion of electricity in an
active rectifier with the power factor correction.

2. The procedure has been given and the efficiency of the
charging process in the considered system has been calcu-
lated. At different parameters of the charge current and the
switching frequency, the charging station efficiency, taking
into consideration the losses of power in the electric vehicle
battery, lies between 91.3 % and 95.6 %.

3. The MATLAB 2017b programming environment has
been used to build a simulation model of the proposed
charging station. Our study into the energy performance of
the charging station based on a three-level active rectifier has
shown that the power factor of the charging station lies in the
range from 98.5 % to 99.3 %. Total harmonic distortion coef-
ficient in the process of charging is between 2.5 % and 11.8 %.
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