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ABSTRACT The assessment of the parameters of the power section of the converter as part of an autonomous PV plant installation
with a rated power of 5000 W, designed to supply consumers with single-phase sinusoidal voltage of 220 V 50 Hz using a
transformerless circuit is provided. The structure of the proposed PV plant differs from traditional structures. In the proposed
structure, the DC voltage converter is connected with its input to the series connection of solar panels and performs the function of
maximizing the output power and its output is connected to the DC link — the battery. The voltage-source inverter with sin pulse-
width modulation is also connected to thislink, its output voltage is the supply voltage of consumers. The minimum battery voltage is
dlightly higher than the output voltage amplitude of the DC/AC inverter. In this structure, unlike common systems with a 48V battery,
there is no need for a separate bidirectional DC/DC converter with the functions of ensuring the coordination of the battery voltages
and the internal DC voltage link (about 400 V, from which the voltage-source inverter is powered) and ensuring the charge —
discharge of the battery with a set power from half the nominal power and above. The absence of a separate DC/DC converter
simplifies the system and allows to significantly increase its efficiency in the battery load power supply mode. In the article evaluates
the parameters of the PV plant of the proposed structure: the required number of serial solar panels with a nominal power of 500 W
is determined, the use of a step-down DC-DC converter circuit is justified, its PWM frequency (25 kHz) is selected and the
capacitance of the input storage capacitor is estimated. For the switches of the DC-DC converter, it is proposed to use modern field-
effect transistors with an insulated gate and Schottky diodes based on silicon carbide (SC); the types of semiconductor devices are
selected and the power loss estimate in them (about 12 W) is provided. The required number of series-connected accumulator battery
cells is determined. For the DC/AC inverter using the bridge circuit, the MOSFET type and the PWM frequency of 25 kHz are
selected. The use of a three-level (unipolar) PWM algorithmis proposed, which allows doubling the output current ripple frequency.
Estimates of power losses in the DC/AC inverter switches are provided: about 50 W. It is proposed to use a sendust ring core for the
output filter choke, the choke parameters are determined, including an estimate of power losses: about 7 W. An estimate of the
efficiency of an autonomous PV plant is provided: in the solar panel power mode 98.3% versus 97.6% for the analog and 98.8%
when powered by an accumulator battery versus 94% for the analog, which corresponds to a reduction in power losses of 1.4 — 5
times.

Keywords: autonomous PV plant; solar panels;, DC/DC converter; accumulator batteries; DC/AC voltage inverter; sin PWM;
insulated gate field effect transistors; silicon carbide; power loss; sendust.
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AHOTALIA [Jacmbcs oyinka napamempie cuiogoi 4acmunu nepemeoposaid y ckiadi asmoHoMHOI COHAYHOT pomoenekmpuiHoi
yemanosku 3 Hominanbholo nomyscnicmio 5000 Bm, npusnavenoi Ons dHCUSTEHHA CHONCUBAUIE OOHOMAZHOIO CUHYCOIOANBHOIO
nanpyeoro 220 B 50 I'y 3a 6e3-mpancgopmamopHoio cxemoro. Cmpykmypa @omoenekmpuyHoi YCmaHo8Kuy, ujo nponoHyEmscs,
BIOPI3HAEMbCA 610 MPAOUYILIHUX CIMPYKMYP THUM, WO, WO Nepemseopiosay NOCMIUHOL Hanpyau, aKuil c60im 6x000M nid 'eOHanuti 0o
NOCHI006HO20 3 €OHAHHSL COHAUHUX NaHenell I 30IUCHIOE QYHKYII0 MaKkcumizayii guxioHoi nomyscHocmi, c80iM 8UX000M ni0 €OHaHUll
00 JIaGHKU NOCMIUHO020 CMpymMy — aKymyasimopHoi 6amapei. [lo yiei oic nanku nio €OHAHO ABMOHOMHUL [HEEPMOP HANpYeUu 3
WUPOMHO-IMNYILCHOIO MOOYIAYIEIO 3a CUHYCOIOANbHUM 3AKOHOM, U020 GUXIOHA HANpY2d € HANPY20l0 JHCUBNEHHS CNOMCUSAYIS.
Minimanvna nanpyea akymynsmopa oewo suwa 3a amniimyoy euxionoi Hanpyeu iHeepmopa Hanpyeu. Y maxii cmpykmypi, Ha
GIOMIHY 8I0 PO3NOBCIOONCEHUX CcucmemM 3 aKyMyJIsamopnoio bamapeeio Hanpyeoro 48B, nema wneobxionocmi y okpemomy
060CNPAMOBAHOMY Nepemeopiogaui nocmitinoi nanpyeu 3 @Qyuxkyiamu 3a0e3nevenns Y3200JCeHHA Hanpye akKymyiamopa i
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8HYMPIiwHbOI 1anKy nocmitinoi nanpyau (6ina 400 B, 6i0 aAxoi scusumscs asmoHoMHull ingepmop Hanpyau) i 3abe3neuens 3apaoy —
PO3pA0Y aKyMyIamopa 3 6CHAHOBNIEHOI0 NOMYIICHICIMIO 8i0 NOJOGUHU HOMIHANLHOI nomydicHocmi ma euuje. Biocymuicmo oxpemozo
nepemeopioeaya NOCMitinoi Hanpyau cnpowye cucmemy i 0036oae nomimno niosuwyumu KKJ[ 6 pesicumi scuenenns Hasanmasicensi
610 akymynamopa. IIposedeni oyinku napamempie conAunoi pomoenekmpuyHoi ycmaHosKu 3anponoHO8aAHOl CMPYKmMypu.: 6U3HAUEHO
HeoOXIOHY KINbKICMb NOCTIO0BHUX COHAYHUX NaHenell HOMIHAnbHOI nomyschicmio 500 Bm, ob6rpynmoeano euxopucmauHa cxemu
nepemeoproaia NOCMItIHOI HANpy2u NOHUNICYIOY020 muny, oopana tioco yacmoma LM (25 kly), dana oyinka eéenuyuru eMHOCHI
6XiOH020 HAKONUYYBANbHO20 KOHOeHcamopa. [[na Kuouie nepemeopiosaid NOCMINHO20 CMPYMY 3aNPONOHOSAHO GUKOPUCHIAHHS
CYUACHUX NONbOBUX MPAHUCOPIE 3 130JIbOBAHUM 3amMEopoM ma 0iodie Lllommxki na 6azi kap6idy kpemnito (SiC); eubpani munu
HANI6NPOBIOHUKOBUX NPUNAOIE MA HAOAHA OYIHKA NOMYHCHOCMI empam y Hux. npuoausno 12 Bm. Busnauena neobxiona KinoKicmo
NOCHi006HO 3 €OHAHUX KOMIPOK akymyaamopnoi bamapei. /[na ineepmopa Hanpyeu 3a mocmosoio cxemoro obpano mun MOSFET,
yacmomy LIIIM 25 xl'y. 3anpononosano euxopucmanusa arcopummy mpupieresoi (00Ho nonaphoi) LM, axuii 0036013€ noogoimu
yacmomy nyavcayii 8uxionozo cmpymy. Haodamui oyinku nomysjcrocmi empam y Kuo4ax ineepmopa Hanpyau. opieumogno 50 Bm.
3anponorogano 0ns Opocens GUXiOH020 Pitbmpa UKOPUCAHHA CEHOACMO8020 KINbYe8020 0CepOsl, BUSHAUEHI napamempu 0poceis,
6 momy yucui oyinka nomyxcrocmi empam: 6ins 7 Bm. Haoana oyinka KK/[ agmonommoi consunoi pomoenekmpuynoi ycmanoexu:
y pedcumi dcuenents 6i0 conaunux nauenei 98,3% npomu 97,6% y ananoea ma 98,8% npu swcusnenni 6io Ab npomu 94% y ananoea,
Wo 8I0N08I0ae sMeHenHIo empam nomyxchocmi y 1.4 — 5 pasie.

Knwowuosi cnoea: asmonommui comsuni gpomoenekmpuuni yCmanosKu; COHAYHI NaHeni, Nnepemeopeay NOCMILHOI Hanpyau;
aKymynamopHi bamapei; agmoHOMHULL IHEEPMOP HANPY2U, CUHYCOIOANbHA WUPOMHO-IMNYIbCHA MOOYIAYIA, NOIbOGI MPAHZUCTIOPU 3

i3071b08AHUM 3AMBOPOM; KAPOIO KPEMHIIO; NOMYHCHICTNG 8MPAM; CEHOAC

Introduction

The general direction of world energy
development is related to the wide use of renewable
energy sources. This is due to the growth of demand for
eectricity with a simultaneous increase in efforts to
ediminate emissions of conventional  pollutants,
decarbonize electricity as a replacement for fossil fuelsin
transport, construction and industry. The dynamics of
commissioning of solar power plants in recent years
significantly exceeds this indicator for other renewable
energy sources and this trend will continue. It is expected
that in the European Union the growth of rooftop solar
photovoltaic installations will outpace the growth of
large-scale power plants [1]. For Ukraine, the use of an
autonomous solar photovoltaic installation is particularly
relevant due to damage to the power infrastructure,
interruptions in power supply, etc. as a result of the
aggression of the Russian Federation.

Typicdly, all solar PV plants are divided into
residential, with a capacity of 3-11 kW, commercial —
100 kW-2 MW and municipal scale — 5-100 MW [2].
Plants used in the residential sector, as a rule, have a
battery as an intermediate energy storage - aloca battery
energy storage system, which alows to powered the
domestic electricity consumers in the absence of grid
energy. Commercial and municipal solar PV plants can
use external battery energy storage systems to smooth out
peaksin electrical energy consumption.

The difference in the functionality of solar PV
plants is due to their different structures and circuit
solutions of semiconductor energy converters used in the
plants. The most universal solar PV plant is a hybrid solar
PV plant. Unlike hybrid structures, the autonomous PV
plant, also called solar PV plants, have a similar structure,
but are not designed to transfer excess energy generated
in the solar PV plant to a single-phase aternating current
network with a frequency of 50 Hz. Their inverter is not
designed for connection to the AC grid, and its load is
household appliances. In the European Union and some
countries of the world, residential solar PV plants of this

structure are limited to a capacity of 10 kW [3]. This
paper considers autonomous solar PV plant structures
with a capacity of about 5 kW, as one of the most widely
used for aternative power supply of private households,
for example, in rural areas.

A typical structure of a solar PV plant is shown in
Fig. 1 [4]. Autonomous solar PV plants, as a rule, have
the structure of a two-stage converter with input stage
constant voltage converters (DC/DC) as input stage, the
number of which corresponds to the number of connected
strings of serially connected solar panels (PV strings) and
which aso perform the function of finding the point with
maximum power (Maximum Power Point Tracker,
MPPT). DC/DC converters operate to a DC link (DC-
coupled system). To DC link a DC/AC converter is
connected with or without a built-in matching
transformer. Depending on the availability of grid energy,
the domestic electricity consumers is powered either from
the grid or from the solar PV plant. Switching is
performed using switching devices, which are not shown
inthe Fig. 1.

MPPT DC bus
ﬂ DC/DCl—» Home
AC Load
PV strings
PV2
—» DC/DCI—»
—»{DC/AC ~<@
MPPT
AB
_L_
<«—»DC/DCle—|
=

Fig. 1 - Typical structure of a solar PV plant [4]

The battery pack or battery energy storage system
is connected to the DC link using a separate DC/DC
converter, which has the functions of regulating the
charge-discharge current of the battery, ensuring the
coordination of the voltage of the battery and the internal
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DC bus, and transferring energy from the battery energy
storage system to the DC link in the event of insufficient
energy from the solar panels and/or lack of grid energy.

The solar PV plant BIUE H3/H5 manufactured by
KSTAR [5] has a similar structure. These systems use
batteries with a nominal voltage of 48 V and a voltage
range of 40 to 60 V. This voltage is a compromise
between the overall cost of operating the batteries, the
cost of the DC/DC converter, and the efficiency of the
system. The presence of a separate DC/DC converter
complicates and increases the cost of the entire system
and does not contribute to improving the efficiency. Thus,
according to the specification of the solar PV plant BIUE
H3/H5 [5], the maximum efficiency when powering the
load from the battery is 94%, and from photo panels —
97.6%, that is, the latter is significantly higher.

There are several typica structural schemes of a
solar PV plant [4,6,7]. This paper considers the structure
of a solar PV plant with a DC link, without a separate
DC/DC converter serving the battery (Fig. 2).

DC bus
PV
Upy | C1 c2
i Y DC/DC J: DC/IAC lue Load
(vs)
L AB
PR
UAB¢ ==

Fig. 2 Smplified diagram of the solar PV plant under
consideration

Solar PV plant includes a PV photo panel block, a
DC voltage converter block (single-link DC/DC converter
with MPRT function), a battery block, an autonomous
DC/AC inverter (Voltage Source Inverter, VSI) with
sinusoidal PWM. Power of the solar PV plant is 5000 W,
output voltage — 220 V, 50 Hz.

Work Purpose

The purpose of the work is to evaluate the main
parameters of the solar PV plant under consideration,
including power losses and efficiency. Proposals are
formed for the selection of types of power semiconductor
switches and parameters of passive elements.

Evaluation of battery parameters, solar panels and
selection of DC-DC converters

The voltage of the DC link in converters with the
structure of Fig. 1 is determined, usualy, only
requirements from the DC/AC converter. In converters
with the structure of Fig. 2, these requirements are
significantly influenced by the characteristics of the
batteries. In our case, the range of battery voltage changes
should be such that this voltage Uag is not less than the
minimum  amplitude of the output voltage

Usm™"=220-1,41.0,9=280 V. It is advisable to give a
reserve of 10%, then the minimum battery voltage should
be UAan =310V.

Let us assume that the battery cells are made using
LiFePO, technology. The minimum voltage of one
element is Uggy™" = 3.0 V (10% of residual capacity), the
nominal voltage — U™ =(3.20 ~ 3.25 V), and the
maximum — is Uy ™ =3.65 V (Fig. 3).

Fig. 3 — Dependence of the voltage of a 3.2V LiFePO,
cell on the degree of discharge of the battery [ 8]

We set the minimum cell voltage at 3.0 V. Then
the  number  of series-connected  elements
Nag=Uas"" U ™" =310/3=103. Alternatively, we can
assume a series connection of 26 sections with 4 cells per
section (Nag=26-4=104; Upg™"= Nag-Ucy™"=104-3=312
V), batteries with a series connection of 4 cells with a
nominal section voltage of 12.8 V and a total nomina
voltage Uag""=3,2-104=333 V may be available. Taking
this into account, we can assume the following values of
the minimum and maximum battery voltage:
Uae™" =312V, Upg™=3,65-104=380V. Assuming that
the installed capacity of the battery is the same as in
system [5], i.e. its base nominal voltage is 50 V, and the
base capacity is 100 Axh and the energy is E=5000 Wh,
at avoltage of Uas™™ =333 V we find an estimate for the
capacity of the battery: Cag=E/Ung™" =5000/333=15
Axh: the battery should consist of 104 series-connected
cells with a capacity no lessthan 15 Axh.

It should be noted that the features of LiFePO,
batteries are the high repeatability of cell parameters,
which makes it possible to exclude the use of active BMS
(Battery Management System) balancers for capacities
less than 40 Axh. It is possible to manufacture such a
“non-standard” battery of 104 cells at the facilities of
Viatec [9], which speciadizes, in particular, in the
distribution and manufacture of components for solar
energy.

Of the two main types of DC-DC converters
(DC/DC converter unit with MPRT function, see Fig. 2) —
boost or buck — in the opinion of the authors, it is
advisable to choose a buck-type DC-DC converter, since
such a DC-DC converter has an output choke that is
connected to the positive output of the battery. The choke
limits the current ripple when charging the battery, which
has a beneficial effect on the battery. In addition, limiting
the ripple of the output current of the DC-DC converter
helps reduce the share of inactive components of the
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system power, which, in turn, helps increase the
efficiency of the system [10].

For the structure of Fig. 2 with a step-down DC-
DC converter, the minimum voltage of the solar panel
strings Upy™" must be no less than the maximum battery
voltage: Upy™"> Upg™=380 V.

It is known that the main parameters of solar
panels, which are displayed in the specifications, are
divided into two groups: found for the STC mode
(Standard Test Conditions: solar intensity 1000 W/m?,
photovoltaic cell temperature 25°C) or NOCT (Normal
Operating Cell Temperature), which is determined under
the conditions. solar intensity 800 W/m? ambient
temperature 20°C. The temperature of the photovoltaic
cell depends on its characteristics and is higher than the
air temperature by 10-30°C) [11]. The specific
temperature is given in the documents for solar panels.

Let us choose as the base panel PNGNH6E0-
B8(182) from Hefel Pinergy Solar Technology Co., Ltd,
China with a nominal power (in STC mode) of 500 W
[12]. According to the specification, the NOCT power is
376 W, the temperature coefficient of voltage for the
maximum power point 7Ky is TKy=-0,28%/°C, the
NOCT temperature Tnoc=44°C, the voltage at maximum
power of the MPPT in STC mode Uys®™ =36.06 V, the
voltage at maximum power of the MPPT in NOCT mode
Uwp™* =33.91 V, the maximum temperature is 70°C.
Then the estimate for the voltage for maximum power at
70°C is:

UMP(TOC): UMP(MOC)‘F TKU(T- T(Noc‘r)),
Unp®9= 33,91- 0,0028(70- 44)=33,84V (1)

which differs from the voltage Uy =33.91 V
by only 0.1 V, i.e. insignificantly. It can be stated that for
modern PVs the effect of temperature on the voltage in
the maximum power mode at the temperature for the
NOCT mode and higher temperaturesis insignificant.

Let us assume the minimum voltage of one panel
Upvy™" at the level of 32 V (with some margin): Upyy™"
=32V.

To ensure the requirement Upy™"> U™ =380 V,
it is necessary to install N panels in series:
N:Upvmn/Upv(l)mm:380/32:11.88, i.e. N=12, while the
voltage of the series connection of 12 PVs (PV string)
will be 12.32=384 V. The nominal installed power Pp,™"
(ST C mOdE) will be vanom: va(l)nom'N: 500-12=6000 W,
and for the NOCT mode for one panel (radiation 800
W/m2, voltage  Uywpyy™9=33.91 V, current
Iwp™9=11.09 A, power Pypu)**“=376 W) the operating
power Ppy"°'= " Pypy ™ N=376-12=4512 W.

Requirementsfor the class of DC/DC switchesand
assessment of their main parameters

The simplified diagram of the input block of a
solar photovoltaic instalation is shown in Fig. 3. It
includes solar panels, a DC/DC converter with MPPT

function and a battery. When used as a DC/DC converter
— a buck converter of constant voltage, the maximum
voltage that can be applied to the keys VT1, VD1 is equa
to the voltage of the PV string of 12 panels.

ls 1 | L
0 0~

VT
) AL

Fig. 3— Smplified diagram of the input block of
asolar PV plant

In the no-load mode of the STC mode, the no-load
voltage Upy(yy™ of one PV, according to the specification,
is Upyny" =43.39 V, and for a string with N=12 PVs —
U vax: U pv(l)xx' N= 43,39 12=520 V.

Fig. 4 shows a family of volt-ampere
characteristics of PVs for a power of 435 W for different
temperatures[12].

-
o

Current(A)

L= B R > - -]

0 10 5 0 F)
Voltage(V)

Fig. 4— Family of current-voltage cheracteridics of the PV

Extrapolating the curve of the dependence of the
PV current on the voltage for a temperature of 10°C (Fig.
4) for the idle mode (XX), we see the approximate value
of the XX voltagein this case — 45 V. The latter givesthe
maximum value of the string voltage of 540 V. Thus, keys
(diodes and MOSFET transistors) with a limit voltage of
y 650 — 700 V can be used as keys, especiadly since the
actual switching of the keys will occur at voltages close to
Uwe®?Y = 3606 V and below (with increasing
temperature), which gives an approximate value of the
string voltage Uyps®™ at which switching is performed
Umps ®9= Uyp ®YN=36,0612=432 V, and in the
NOCT mode Uyps®@'=Uyp™ N=33,91-12=407 V. At
PV voltages exceeding 40 V (string voltage 480 V),
switching can be omitted at all, without turning on the
transistor.

Let's estimate the main parameters of the switches
in order to determine the its types. The class of switchesis
determined - about 700 V. We will find other parameters
for the NOCT mode for the PV (at the string voltage
Uwps¥Y=Uy =407V, the panel (string) current
I#*9=]s=11.09A. Let's set the battery voltage
U,s=Upg™" = 333 V. At this stage, we consider the
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switches VT, VD to be ideal, the capacitances of the
capacitors C1, C2, and the inductance of the choke L to be
large (i.e., the ripples of the input voltage of the DC-DC
converter Uy and the output current of its switch I, are
insignificant).

The average value of the switch voltage U, over
the period T of the f PWM freguency coincides with the
value of the voltage AB: U,=Uxs"" = 333 V. The value
of the duty cycle t of the transistor current pulse is found
from the equation for switch voltages:

U,z=tUq, t=U,/Us=333/407=0,82 2

Fig. 5 shows the time diagrams of currents and
voltages in the DC-DC converter according to Fig. 3:
transistor gate voltage VT ugyr (Fig. 53), capacitor current C1
ic1 (Fig. 5b), transistor current VT iyr (Fig. 5¢), switch output
voltage u, (Fig. 5d) and choke voltage L u, (Fig. 5€).

A Uovr
9ty 4 t, 13 .
(9T T t
T .
. A
ic -
o R : .
i 4 “AIS t
IVT“ AIS A
6) vt 1'5 =
lg i -
ot l=lstls t
UL+
8) Udu/ 1UAB 1UL-
Y s o
t
up 1
2 U N\U e T UL _
U - Ug t
o B

Fig. 5— Timing diagrams of processesin a
DC-DC converter

Let the transistor VT be turned on by the moment
to, through it, the choke L and the battery a current |4
flows, the panel current has the value Is, the voltage of the
panel and capacitor C1 is Uy At the moment t, the
transistor VT is turned off, the diode VD is turned on and
the panel current /s begins to flow through the capacitor
C1. The choke current of the value Iy continues to flow
through the battery, charging it, the voltage on the choke
becomes equal to the battery voltage.

At the moment t; the transistor VT is turned on, the
diode VD is turned off. During the interval t;- t, with a
duration of (1-7)T, an additional charge of the value
AQ=(1-7)-T-Is accumulates in the capacitor. This charge
during the interval t,- t; with a duration of T, until the
transistor is turned off at the moment t,, is transferred to
the load by the current Als. Thus, an additional
component Als appears in the current Iy 1q = IstAls. An
estimate for the value Als can be made on the basis of the

balance (equality) of charges of value AQ, which enter the
capacitor C1 in the interval t,- t; with a duration of (1-7)T
and are removed from it in the interval t;-t; with a
duration of 7T:
AQ=(1-7) Tds=7T-Als, Als=((1-9/7)1s (3)
For /<11,09 A, 1=0,82
Als=((1-7)/7)1s= ((1-0,82)/0,82)-11,09=2,43 A,
|=Is+tAIs=11,09+2,43 =13,52 A.

Average | anr, effective | gys/rcurrent of the transistor
and average | anp, effective lrusyp current of the diode:

lawr = (Is+Alg)-7=(11,09+2,43)-0,82=11,09 A,
lewsrr = (Is+Alg) -7 = (11,09+2,43)-,/0,82 =12,2 A
Lo = (Is+Alg)-(1-7) = (11,09+2,43) - (1-0,82) = 2,43 A
lewsn = (Is +Alg)-1-7 = (11,09+2,43)- \1-0,82 = 5,31 A

Selecting the type of DC/DC diode (M PPT)

When using a PWM frequency above 20 kHz, the
frequency properties of the diode play an important role,
in particular, the value of the reverse recovery charge Qy,
the value of which is responsible for the losses in the
transistor when it is forced to turn on, which results in the
diode turning off. At a finite value of this charge, the
effect of through currents occurs, and the power of the
transistor's turn-on losses can often, at high frequencies,
congtitute a significant portion of al converter losses.
Devices that fundamentally do not have this charge are
attractive — Schottky diodes. Currently, Schottky diodes
based on silicon carbide (SiC) technology are available on
the market, which, like silicon ones, do not have a charge
Qrr., but have an increased reverse voltage Urr from 650 —
1200V and higher, have an acceptable price— 0.2-0.6 $/A
of the classification current (for a voltage of 650 V), a
voltage drop Ur of about 1.5 V.

Let’s choose as the VD diode a diode of the
IDH12G65C6 type from Infineon [13] with the main
parameters. Urs = 650 V, a voltage drop Ur of about 1.5
V, capacitance energy at avoltage of 400V Eq-= 3.2 uJ,
cost $ (1.9 — 5.05) [14]. Let's assume the operating
junction temperature T;=100 °C. According to the graphs
of the |-V family at T;=100 °C and = |4 =13.52 A, the
voltage drop Ug will be Ug =1.4 V. The average power of
static losses PVD(SI)

Puo=Ur1a(1-0=1,413521-0,82)=34Br  (4)

Let us take the approximate value of the PWM
frequency f = 25000 Hz. At the operating reverse voltage
of the diode Ugr= Ugq =407 V, according to the
specification, the energy E. accumulated in the diode
capacitance is about 3.2 pl: E~=3210° J. At the
frequency f = 25000 Hz, this energy is released in the
diode in the form of heat in each period. Average
additional power Pypc):
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Pyo= Ec- f=3,2-10%-25000=0,08 W (5)

and is not significant. Power loss in the diode will be:
Pvo= Pvoey* Proc=3,4+0,08=3,48 V (6)

Selecting the type of DC/DC transistor (MPPT)

SiC-based MOSFETSs are currently available on
the market, which have the following advantages: ultra-
low switching losses; low gate threshold voltage, Ve =
4.5 V; resistance to parasitic turn-on even at a gate turn-
off voltage of 0 V; high operating junction temperature T;
(up to 175 °C). Transistors with a cut-off voltage of 650 —
1200 V are available. Asthe VT transistor, we will choose
atransistor of the IMZAB5R040M2H type from Infineon
[15] with a price of about $(4.6-9.7) [16] with the
following main parameters. cut-off voltage Vpss = 650 V,
nominal channel resistance Rpgeny =40 mQ, energy when
switching off Eyro at a leskage current Ips=14 =13.52 A
and a voltage of 400 V (which is close to the switching
voltage Uy = 407 V) Eyqem =11 ). Assuming the
operating temperature of the crystal T;=100 °C, after
correcting the channel resistance to this temperature, we
obtain the operating resistance value: Rogon™™ 9= 52.5
mQ and an estimate for the voltage drop of the switched-
on device: Uyron=la- Rogon" ™ =13,52:0,0525=0,71 V.
Estimate for the static power 10ss Py

Purisy= Rt Rogon - 9=12,22.0,0525=7,8 W (7)

Estimated power loss of switching off at a voltage
Ups=400 V (which is practically no different from the
voltage Uy =407 V, the specification indicates the energy
vaue E\/T(off) =11 MJ)I

Puyroiy= Evriom f==11-10°.25000=0,275 W  (9)

In the specification, the turn-on losses are given
for the transistor in the DC-DC converter, taking into
account the effect of the reverse recovery charge of the
MOSFET diode. In this case, the diode is used without
this charge, so we assume that the turn-on losses Eyr(n
coincide with the turn-off losses: Eyrony=Evrr. Then the
switching power |0sses Pyrsyy Will be:

P\/T(SN)ZZ P\/T(Off): 20,275=0,55 W (10)

Let us also take into account the losses associated
with the discharge of the output capacitance Cy Of the
transistor. According to the specification, the energy Pcoos
for a voltage of 400 V is 7 pJ. Then the power value Pcgos
will be

Poos= Pooos f=7:10°-25000=0,175 W (11)

Total power 10ss Pyr:

Py1=Pyrsyt Pyriawt Pcoos= 7,8+0,55+0,175=8,53 W (12)

Capacitance estimation of the capacitor C1 and the
inductance of the choke L

Simplified diagrams of capacitor voltage and
inductor current over the PWM frequency period are
presented in Fig. 6a and 6b, respectively.

\
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a) 0)

Fig. 6 — Timing diagrams of processesin a
DC-DC converter

We set the value of the capacitor voltage ripple
coefficient k,=Auc/Uy a the level of k,=0,01.
Considering that during the time interval t;- to=At;=(1-
7)T, during which the capacitor is charged by the current
Is of the PV panel, the increase in its voltage is 24uc;, we
find the required capacitance value:

Ci=Is(1-9)/(2k,, Ugf)=
=11,09-(1-0,82)/(2-0,01-407-25-10%)=9,08-10°F (13)

i.e. 10 uF.

By analogy, with the same value of the ripple
coefficient of the choke current k,;=4i/ly =0.01, we find
the required value of inductance:

L=Uns (1-9)/(2K,i1af)=
=333~(l—0,82)/(2-0,01-13,52-25000):8,87-10'3 H (14)

For the choke, since the selected value of k,; is
sufficiently small, the amplitude of the variable
component of induction in the choke core will aso be
small, which will alow us to neglect hysteresis and eddy
current losses in the core and eddy current losses in the
winding, taking into account only ohmic losses. Since the
ratio of the powers of dynamic and static losses in the
transistor and diode at a given PWM frequency turned
out to be quite small, there are grounds for increasing
this frequency, which will allow us to reduce the
installed power and mass of the reactive components of
the DC-DC converter. Optimization of the DC-DC
converter parameters is not part of the purpose of
this work.

Selection of the circuit and the basic algorithm of
the voltage-source inverter

The traditional bridge circuit of a voltage-source
inverter with MOSFET power switches is shown in
Fig. 7.
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VD4

Fig. 7— Power section diagram of a voltage-source inverter

As the basic agorithm for controlling the VT1-VT4
switches, we will take the algorithm of unipolar (according
to the terminology [7]), or three-level (according to the
terminology [17]) sinusoidal pulse width modulation
(SPWM). This method of signa formation uses a
comparison on comparators of a carrier voltage signal of a
symmetrical triangular shape with a frequency fy with two
antiphase sinusoidal voltages with amplitudes equa to the
amplitude of the carrier multiplied by the modulation
coefficient K, (K3 =Uew/Ug Where Uy is the input voltage,
Ugw is the amplitude of the output sinusoidal voltage Ug).
The output signals of the two comparators are the signal's of
the switching functions of the transistors for each of the
two inverter racks. One of the essentid features of this
method of forming control signals for transistors is that the
frequency of the highest harmonic of the output voltage is
twice the modulation frequency (i.e., for example, twice of
25 kHz) (see Fig. 7 [18]), this allows us to significantly
reduce the dimensions of the components of the power
filter L,C;. The ratios of the average and active currents of
the keys for an ideal output filter are the same as for a
single-phase half-bridge inverter, the operation of which is
characterized by bipolar modulation.

Fig. 8 — Formation of the output voltage of an voltage-
source inverter for three-level PWM (carrier and bending
frequency ratio 15, modulation factor 0.8 [18])

For an ideal output filter, we will assume that the
output current is a sinusoid with a frequency of 50 Hz and
the corresponding amplitude gy, the load is purely active,
and the output voltage is a sinusoid with an amplitude
Ugm. For the nominal mode

Ug =220V, Ug= Upg™™=333V, Ugn=+/2 U =310V,

Ueo 310 (05, _ 2.P\T  2.4512

K= " 333 K, .U, 09333
d M ““d ' :

=291A(15)

where lgy, is the amplitude of the output current;
K, is the modulation coefficient.

Key type selection and loss capacity estimation

As transistors VT1-VT4, we will choose MOSFET
transistors using SiC technology, for which the standard
voltage class is considered to be the value of the drain-
source limit voltage Upss =650 V, which gives a sufficient
voltage margin compared to the battery voltage amplitude
U™ =380 V. To gain a competitive advantage over an
inverter based on IGBT of a similar voltage class (about
600 V) in terms of static key losses, we will select
transistors with an average voltage drop when an average
current flows 7,4,=1I,,-2/n=18,23 A of about 1 V (as
opposed to the approximate value of the voltage drop on
an IGBT of the class of about 600 V, about 1.7 V for low-
frequency devices and about 2 V for high-frequency
ones). Then the channel resistance Rpgen should not be
greater than:

Rostom = % o %8.232 0,054Q (16)

Let us take as transistors VT1-VT4 a device of type
IMZAB5R040M2H [15] - the same as for the MPRT
converter, which for the transition temperature T;=100 °C
has Rogon ™™ 9=52,5 mQ.

From the specification of the IMZA65R040M2H
device, it can be seen that in the current range up to 30 A,
the drop across the key when current flows through the
internal diode of the transistor, the voltage drop across the
device (up to about 4.5 V) significantly exceeds the
voltage drop when the same current flows through the
gate-switched transistor (up to about 2 V). To reduce
static losses, it is advisable to turn on the transistor at the
gate when reverse current flows, as is done in
synchronous rectifiers, and to assume that the switch
current flows through the channel of the switched-on
transistor both with forward and reverse switch current.

To estimate the current of the switch and the
power of static losses, we will use the well-known
expressions for the current of the transistor and diode in
the inverter rack for bipolar PWM according to the
sinusoidal law [19], assuming the threshold voltage of the
on-swtch Uy = 0 and for the differential resistance of
both the transistor and the diode rr=rp=Rogen'* “=52,5
mQ, as well as the value of the load power factor cosgp
=1. Then:
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1 K 1 0,93
| =l . |[=+—M=291. |+ ==1376 A,
VIRUS T \lg T 3 8 3.1
e = - %-5-“;:2 1 1-?’4.721&

Rrg = 1Zmus I = (13,76)%-0,053=10W
Ros = 12 Tp = (4.72)2-0,053=118W  (17)

Total static losses in the transistor and in the
commutator:

Pl = Ryg + R =10+118=11,2W

P =4.P!'=4.11,2=44,8W (18)

The dynamic losses during transistor on/off can be
estimated based on the dependence of switching energies
on the value of the switched current at a switched voltage
of 400 V (see Fig. 9, [15]).

Fig. 9 — Dependence of switching loss energy on current

[15]

Let us assume the PWM frequency value to be the
same as for the DC-DC converter fyy = 25 kHz: The value
of the total energy of switching on and off losses Eyy, as
can be seen, linearly depends on the value of the switched
current, but with two different derivatives. for the current
interval from 0 to 18 A (points A and B of the graph,
derivative k;) and from 18 and 30 A (points A and C of
the graph, derivative k;). Having obtained from the graph
the numerical values of the derivatives and displacement
energies E(A)=31-10° J, E(B)=39-10° J, E(D)=6-10° J,
k=0,39-10° JA, k=1,7510° JA, and dso for the
current of point Bi(B) =18 A, we can find the value of the
angle @, which corresponds to this current for the
sinusoid of the current i(6)=1,,sin@ with the amplitude
low =29 A:

elzarcsin@ = arcsin;—g =0.667 rad

em

and the sum of the two energies E; and E, of the
switching at angular intervalsfrom 0 to ¢, and from 6, to
7t/2 of the period:

zl2
zi [[Ey+k,-1,,sin(6)]do
T

6
E+E ==ij[E +k -i(0)]d6+
2 27[0 A )
= 3.677-10°+ 7.232.10°=10,9-10° J

(19)

It is known [20] that the amount of switching
energy for IGBT depends on the switched voltage as a
step function of the ratio of the switched and nominal
voltages with the power exponent Ky =1.4. For SIC
MOSFETSs, such data are not available, but for Si
MOSFETSs, Ky =1 is assumed. Assuming Ky =1, then,
taking into account the correction, we obtain an estimate
of the dynamic swtch loss power:

U,

Ky
Rty = fu -2 (B + EZ)[U J =25.10°-2-(3.68-10° +

DShom

333

1
+7.2310°) | 222 | =0.454W (20)
400

Let us also take into account the power losses in
the transistor, which are due to the output capacitance of
the transistor. When the transistor isturned on at a voltage
of Uy, the energy E.s, Which was accumulated in the
output capacitance Cys, is dissipated as heat. The device
specification provides a dependence of the value of this
energy on the voltage, at a voltage of Uy =333 V, the
value of the energy E.s will be approximately 5.3 pl:
Eoss =5,3-10° J, and the power of these 10sses P is a
larger value in fu times, i.e
Poss = Egss- fu =5,3-10%.25.10°=0,123 W. In one transistor,
the total Ps" (static Pg*, dynamic P(tot)l and “capacitive”
Poss ) Will be Pi'= Py'+ Poe'=11,8+0,123=12,4 W, and
in four transistors - 4 Ps'=49,6 W - about 1% of the
output power.

It should also be noted that the selected circuit of
the bridge voltage-source inverter is bidirectional, i.e. it
allows charging the battery from the alternating sinusoidal
voltage network, which can be the source Ug (see Fig. 7).
The assessment of the relevant parameters of the voltage-
source inverter, which will work in this case as a
regenerative rectifier, is not part of the purpose of this
work.

Evaluation of the main parameters of thefilter choke

We are talking about the choke L, of the circuit in
Fig. 7, its main function is to suppress the higher
harmonics of the output current. The peculiarity of the
algorithm for controlling the keys of an voltage-source
inverter is that the pulsating component of the current
(higher harmonic currents) has a characteristic spectrum
(shown in Fig. 8), in which there are higher harmonics
with numbers 2mt+-1, where m=fy/fg, is the multiplicity of
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the modulation frequency f; relative to the envelope
frequency fg; in this case, fg =50 Hz, fyy = 25 kHz, i.e.
m=500 and 2m=1000 and the average frequency of the
higher harmonicsis 50 kHz. It is to this frequency that the
filter should be adjusted.

With a sufficiently large capacitance of the
capacitor C; of the output filter (see Fig. 7), when almost
al the higher harmonics of the output current of the
switch flow through this capacitor, and the useful
component of the sinusoidal current with a frequency of
fg is supplied to the load, the choke current as the sum of
the currents of the components with a frequency of fg and
higher harmonics has a characteristic shape. Fig. 10
shows as an example the corresponding machinograms of
currents that were obtained in the MATLAB package with
the following parameters. R=53 Ohm, L;=1.2 mH, C=20
uF, , fu =5kHz, , fc =50 Hz [21], including the current of
higher harmonics of the choke (Fig. 10 c).

Fig. 10— Machine diagrams of currentsin the inverter at
resistive load: a) - choke current; b) - output current
(load current); c) - current of higher harmonics of the
choke and capacitor

In relation to the output voltage of the commutator
u,(0=U,,siné=K,,Uq-sing in the range of angles (0-r)
and (rn-2r) the operation of the converter does not differ
from the operation of the step-down converter with
sinusoidal law of the change of the output voltage: the
relative duration t=u,/Uq4 of the output voltage pulse as a
function of the current angle € also changes according to
the sinusoidal law: 1(6)= Kj,siné. It is known [22] that
during the conversion period 7p, the maximum value of
the relative ripple component of the output current, i.e.
Kpinar depends on the value t, according to the expression

_Ail2 Uy(l-7)

21
oo 2fpLigg @

Pi

where i IS the average inductor current for the
period T at the current value t, 4i is the deviation of the
current value from the average value. The maximum
value of Kkp;.. occurs a 1=0.5, which in this case
corresponds to the current angle 6;:

T ., 05
6, arcsn(KM) arcsn(o,gs) 0,568 (31,6 grad) (22)
in this case, the current value l(6)=l.,, siné; will be
15.6 A. The effective current of the choke I, when
pulsations  are  neglected has the  vaue
1= loom/N2=29,1-0,707=20,6 A.

As the choke core, we will choose a sendust
toroidal core of the type MS-250060-2 from Micrometals,
Inc. [23] with the parameters: outer diameter a =63.5 mm,
inner diameter b =31.4 mm, thickness ¢ =25.0 mm,
magnetic line length 1,=14.4 cm, cross-sectional area F
=3.89 cm2, volume V., =55.8 cm3, mass m; =320 g,
magnetic permeability u = 60, approximate cost $(3-4).

Assuming current density j=3-10° A/m2, for an
effective current 1, =20.6 A, we obtain a cross-sectional
area of a round wire F,, = 6.9 mm? and a diameter d,, =
2.96 mm, the nearest standard d,, = 2.83 mm. On the
inner diameter, w=(nb)/d,=(r-31,4-10)/2,83-10%=35
turns can be placed in one layer. According to the
specification, the specific inductance is 206 nH/w?, then
L=252.10° H. The amplitude of induction at a frequency
of 50 Hz Byysq) at acurrent |, =29.1 A will be:

L, 25210291

B . = = =0539T, (23
"0 FE.w 6310735 @)
which is approximately half the saturation
induction B1 T [24].

From (21) at t=0,5, we can find the value 4i,, of
the maximum deviation from the current value of the
fundamental harmonic of the current | o(6,)=15,6 A:

U, 333

Ai, = = > =334 (24)
*7"2.L-4-f, 2-2,52-10* 4-50000

Let us estimate the power of losses in the core. It
was indicated above that in the spectrum of the inductor
current there are two higher harmonics of the current with
frequencies (50+0,05) kHz, which create a “beat” of the
current. It is known that losses in the core with a
sinusoidal form of induction depend on the amplitude of
the induction (in the case of a sendust — quadratically
[24]), while the core induction is proportional to the
current. With a non-sinusoidal form of the current, the
resulting losses can be found as the sum of losses from
individual harmonics [25]. Let us assume that in the
vicinity of t = 0,5 the total current of these harmonics
gives a triangular pulse with an amplitude according to
(24), and the contribution of both harmonics is the same:
the current increase provided by each is half the value.
Let us replace the real current curve of the triangular form
with sinusoidal signals according to the criterion of
equality of the effective values of the sinusoidal and
triangular signals. For a triangle with amplitude Z,,,,, the
effective value of 1,,, iS Lp=Lm/ V3, for a sinusoidal pulse
of the same duration with amplitude 7., the effective
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value is I,/ V2. Equating the effective values, we obtain
the value of the correction factor:
Lusin =1, (2/3)°°=1,,,0,82. Then the amplitude of the
equivalent sinusoid of one higher harmonic of the current:
I,..=(Ai, -0,82)/2=(33:0,82)/2=1,354. (25)
The amplitude of this component of the B,
induction in the core:

B LMo M W _ 1,256-10°-60-1,35-35
vant l, 14,4.10°2

Let us replace two harmonics with one equivalent

harmonic of induction with frequency fyy =50000 Hz and

amplitude By, Which is equal to the square sum of
these harmonics:

.min(eq) = V 2 B,isinl = B,usinl ' \/E = 01 025 '\/E = Oy 035T

=0,025T .

B

According to the specification for the core
material, the specific l0sses Pp(B,sinieq) fOr afrequency
of 50 kHz for such an induction amplitude are 40 kW/m”.
With a core mass m. =032 kg and a volume
V=55.8 cm?=55,8-10° m°, the losses in the core P, will be:

P.=P.(B,,,) V. =40-10°-558.10° =228W (26)

c

We also take into account the losses in the core
from the induction component of the frequency 50 Hz
(amplitude Byys0=0.54 T). According to the specification
[24], the specific losses depend on the induction
amplitude quadratically, and on the frequency as a power
function with an index of 1.46, which gives the ratio of
losses for frequencies 50 Hz and 50 kHz at the level of
5,4-10°, this allows us to neglect the former.

Estimation of ohmic losses. The length of one turn
lw, the wire I, the winding resistance R, and ohmic
losses Py,

lo=(a—b+2.c)=635.10°—-31.4.10°+2-25.4.10° = 0.082
l, =, -w=0,082-35=287
l,-p 287-2110°
RN = =

—— =9,50.10° Q
F 6,29-10
P,=172R,=20,6°-9,59.10° = 406 W

w

The estimation of additional losses in the winding
(eddy current losses) was carried out according to the
method [26]. It was found that to ensure the value of
additional losses at the level of 10%, a winding of 5
insulated copper wires with a diameter of 1.2 mm should
be made. Taking into account the 10% increase in losses
in the winding, the total losses in it Py Will be Pyt
=4.47 W. Total losses in the P_ choke:

P=P +P, =223+4,47=67W @7

To estimate the required capacitance of the filter
capacitor Cy, we replace the currents of its harmonics with
frequencies fy#fs (i.e, the harmonics of the choke
current) with the equivalent effective current of one
harmonic I; with frequency fy:

ler=~2 (L, 5/ \/5)2 =141 =552 4

Let us take the amplitude of the equivalent
sinusoid of the capacitor voltage U¢;,, at afrequency of fy
=50 kHz at the level of 2% of the amplitude of the
fundamental harmonic (frequency fg =50 Hz), i.e. from
Ug,, =311V, and then the effective value of U;:

(28)

UClw = O’ 02.UG,u = 01 02311: 6, 22V
U 6,22
Uy =—F=—"==44V (29)
¢ 2 2
Capacitor capacity C1:
ley 5,52

Cl= =399-10° F (30)

271, U, 27-5010°-4,4

A film capacitor with a capacity of 10 uF is
suitable.

Discussion of results and conclusion

Assuming that the ohmic losses in the inductor
winding of the DC-DC converter are approximately the
same as the losses in the inductor of an voltage-source
inverter, i.e. about 7 W, we can estimate the losses in the
DC-DC converter as the sum of the losses in the diode,
transistor and inductor:
PHHH:PVT+PVD+PL: 8,53+ 3,4+7:19,3 W, which is
19.3/4512=0.43% (in NOCT mode), i.e. the efficiency is
about 99.7%. For an voltage-source inverter, the total
losses in the transistors and inductor are P, ;=4 Ps+P,
=49,6+6,7 = 56,3 W, i.e. 1.24%, and the efficiency is
98.8%. The total losses in the DC-DC converter and the
voltage-source inverter for the load power supply mode
with PV energy source in the NOCT Ppcjpc+peiac mode
will be 19.3+56.3=75.6 W, and the efficiency in this
mode is 98.3%. In the autonomous battery power supply
mode (in the absence of PV current) system efficiency is
98.8%. Comparing these parameters with the
corresponding prototype indicators — 97.6%, and 94%,
respectively, we can state a noticeable, from 97.6% to
98.3%., increase in efficiency for the load power supply
mode from the PV, and a significant — from 94% to
98.8% increased efficiency for the load power supply
mode in the absence of PV current. Power losses have
been reduced by 1.4-5 times. The comparison is made
with the basic structure [5] with a separate charge-
discharge device relative to a low-voltage battery with a
matching transformer. A noticeable increase in efficiency
(from 97.6% to 98.3%) and reducing power losses by 1.4
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times for the load power supply mode from PV is
associated with the use of a modern element base of
power devices — SIC MOSFET in the switch of the
voltage-source inverter and DC-DC converter and
Schottky diode in the DC-DC converter. Anayzing the
ratio between static and dynamic losses of transistors (7.8
W to 0.55 W for a DC voltage converter and 11.2 W to
0.45 W for transistors of an voltage-source inverter), we
can come to a conclusion about the feasibility of
increasing (optimizing) the PWM frequency, which will
allow us to optimize (improve) the weight, size and cost
indicators of reactive components, including justifying the
feasibility of using other magnetic materials for the choke
of an voltage-source inverter (for example, sendust with a
permeability of 125 instead of 60, which has
approximately the same specific loss indicators).
Optimization of the parameters of reactive elements when
optimizing the conversion frequency will be one of the
directions of further work, as well as consideration of the
operation of voltage-source inverter and evaluation of the
corresponding parameters of the converter in the
regenerative rectifier mode when charging the battery
from an alternating voltage network.
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