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Purpose. Development of control approach for the inverter in electric vehicle’s drivetrain in order to simultaneously

control the energy flows from two DC sources

Methodology. Methods of mathematical modeling and simulation have been used in research modes of AC and DC
components using one inverter. Also, a comparative analysis method was applied to select the optimal method for

implementing the control algorithm.

Findings. New approach for supplying asynchronous motor from two DC sources is suggested. The approach
requires special scheme when the second DC source is connected to the neutral point of the motor’s Y-connected
stator windings. The valve switching sequence is described and the performances of the motor within this scheme.

Originality. Connection of DC source to a common (zero) point of the AC electric motor when the latter is fed from
the three-phase frequency converter, allows to transmit the energy to the motor without the dedicated converter.
Special valve switching algorithm for separate control of power flows.



Practical value. The new scheme combines several electric power sources controlled by single combined converter,
which simplifies the electric drivetrain in hybrid and electric vehicles.

Keywords: electric vehicle, combined electromechanical converter, DC power sources,

electric drive
Introduction

Recently, worldwide interest in alternative types
of vehicles has increased. Since 2010, hybrid and electric
vehicles have been actively produced by large
automotive corporations, and sales have doubled every
year. In Ukraine, the growth rate of sales of electric
vehicles exceeds 300-400% per year. There electric
transportation market is very promising. Therefore, many
car manufacturers are developing and selling their first
electric models. The drive of typical electric vehicle is
safer and simpler technically, because it has less wear
parts, besides, it is more efficient and environmentally
friendly. The main advantage of electric vehicles is that
they do not emit exhaust gases during the work phase.
Other advantage of electric vehicles is their quiet
operation. The use of electric vehicles will significantly
reduce the noise level in cities. Electric cars will be more
competitive with conventional vehicles when certain
problems associated with their operation are resolved.

The biggest drawback of electric cars is their short
travelling range, which is limited by the capacity of the
battery pack. Modern battery technology allows you to
drive about 150-200 km on a single charge. This
indicator depends on the size of the vehicle, the weight
and capacity of the battery and driving conditions.
However, the short run of electric vehicles is not the
main problem. While conventional vehicles can be
charged in a couple of minutes, electric vehicle batteries,
if they are discharged, need several hours for charging.
Therefore, reaching somewhere at the distance of 500 km
becomes very difficult. Of course, at the moment there
are various types of "fast" charging stations for electric
vehicles. The main idea of these charging stations is that
the car's charging capacity can be increased, thereby
reducing time costs. But even under these conditions,
filling up a full tank of fuel is several times faster than
filling up electricity at a “fast” charging station.[1]

Nowadays, the concepts of electric vehicle charge
while driving from independent, alternative sources of
electrical energy are being considered. This method
involves the use of multiple sources of electrical energy.
There may be several options: galvanic battery and fuel
cell, a battery and a supercapacitor, and finally, galvanic
battery and solar panel. The combined use of several
accumulators / sources will allow the best use of the

advantages of each of them, for example, high specific
energy consumption of hydrogen elements and high peak
power of supercapacitors, free energy of solar energy,
etc.[2]

Due to its accessibility, solar energy is becoming
more and more used. In middle latitudes, the average sun
energy is about 1.1-1.2 kW / m®. Taking into account the
efficiency of modern solar panels and the surface area of
the car, using photovoltaic cells mounted on the car can
yield 2-3 kW of electrical power. This is not so little,
considering that for driving at 60 km/h, the drive of a
middle-class sedan should develop only 6-8 kW. It is
because of the need to accelerate faster that modern cars
have way more powerful engines than 6-8 kW. [3]

In electric vehicles, as a rule, AC electric motors,
such as asynchronous or synchronous motors with
permanent magnets, are used. The motor is controlled by
a DC/AC converter. The standard electric vehicle’s
drivetrain is shown in Figure 1.
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Fig.1. Standard scheme of building an electric vehicle
drive

This scheme provides the regulation of the supply
voltage and frequency applied to the electric motor using
PWM modulation. The sequence of transistors state (100,
110, 010, 011, 001, 101, 100) (where each ‘1’
corresponds the open state of the transistor in the upper
leg while the one in the lower leg is always inverse)
makes counter-clockwise rotating space vector, which
jumps by the angle of w /3 (Fig.2).
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Fig.2. Voltage vector diagram

For specified sequence, when combination (100)
takes place, the equivalent circuit looks like it is shown
in Fig. 3.
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Fig.3 Equivalent circuit for (100) combination

As can be seen from Fig. 3, the sequence (100) has

such values U, = §E1, alU,=U, = % [4]

It can be noted that given transistors switches
algorithm does not supply a sine wave form of voltage in
the phases of electric motor and it is impossible to
change amplitude of variable voltage. For regulation of
the amplitude it is necessary to use one of the zero
combinations — (000) or (111), when there is no current
in any leg. That further increases nonsiness of output
voltage of the inverter.

To achieve sine wave form, it is necessary to use the
intermediate state of the vector. If we take the position of
the vector V; that matches with the state vector of keys
(100), and the vector V, with the state vector of keys
(110), then the projections Vo and VB of the vector ¥ on
the axes o and p will have the form V =V, + jVj (Fig.2).
In this form, the projections of Va and VP depend on the
time when the vector V stays in one of the extreme
positions of the segment. V, =V, 190t + Vg 110t2, and

Vﬁ = Vﬁ’100t1 + Vﬁ’110t2 . The tOtal CyCle time iS TS =
t; +t, + ty + tyg, and the angle is 0 = w, t;. [5]

Presentation of the main research

Zero conditions of transistors, apart from regulation
of voltage vector amplitude, allow using the additional
source of electric power. For example, to use the
electrical energy from the solar panel (PV) in the vehicle,
the electric power from it should flow to the DC-
common bus by using DC / DC converter.[6] This design
with multiple energy sources and an electric drive
includes quite expensive components and the presence of
two converters is not economically feasible. Consider a
scheme that consists of interconnected sources of
electrical energy (battery and solar panel), feeding the
electric motor through a single converter (Fig.4) [7].
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Fig.4. New electric vehicle drive scheme
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In this scheme, the PWM is carried out using the zero
states of the transistors, and the additional source is
connected to the common (zero) point of the electric
motor. For realization of the conditions of creation of
space vector which is moved intermittently to angle n /3
counter-clockwise, the sequence of the transistors
switching (100, 110, 010, 011, 001, 101, 100) was
offered. In the circuit with the participation of the zero
states of the transistors, the sequence (000, 100, 110,
111, 110, 100, 000) for the 1st sector, (000, 110, 010,
111, 010, 110, 000) for the 2nd sector, (000, 010, 011,
111, 011, 010, 000) for the 3rd sector, (000, 011, 001,
111, 001, 011, 000) for the 4th sector, (000, 001, 101,
111, 101, 001, 000) for the 5th sector, (000, 101, 100,
111, 100, 101, 000) for the 6th sector.[8]

It is necessary to consider in more details the
combination for the 1st sector. It should be assumed that
the electromotive force (EMF) of the E,;, source is lower
than that of the E; source.[9] With operating state (000),
the upper keys are closed. Voltage from E; source at
phases “a”, ”b”, and “c” of the electric motor is absent.
Since Ej,, source is connected at one terminal to “-” and
the other to the common (zero) point of the electric
motor, then with this combination of keys a discharge



circuit of the E, source arises through a common (zero)
point in phase “a” to S, ; transistor, in phase “b” to S, ,
transistor, in phase “c” to S,; transistor and then to
another source terminal (Fig.4). In this case, self-
induction EMF is accumulated in the L, choke. [10]

Then comes the operating state (100). If the EMF of
self-induction in the Ly, choke is enough for keeping the
diode open, as the potential % appears on its cathode
(Fig.5), using the superposition principle, the current
from the E; source arises in the phases of the motor, and
the current from the E, source continues to flow in
phases, changing its value according to the Kirchhoff
Law. Thus, the magnitude of the total current from the
two sources increases, which leads to an increase in the
EMF in the phases.
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Fig.5 Equivalent circuit with additional power supply

After that, switching to the next operating state (110)
takes place, where the current from the choke can flow
through the phases of the electric motor until the
potential at the anode of the diode decreases. Then comes
the zero state (111). It should be noted that with a
sufficiently high accumulated electrical energy in the
L,y choke, in the (111) state and in the regenerative
mode of the electric motor, it is likely to be transferred to
the capacitor C (Fig. 4). After (111) state goes reverse
sequence of combinations (110, 100). In this period,
transients associated with Ly, choke are completed (in
this case, the regenerative mode of the electric motor is
not considered) the potential at the anode of the diode
becomes lower than at the cathode and the diode goes
into the closed state. This condition continues until
switching to the (000) state. Next, there is a transition to
another sector with preservation of the conditions for
energy transfer from the Ep, source. The considered
switching sequence of transistors of the type (000,100,
110, 111, 110, 100, 000) is characterized by the
following diagram of phase voltages (Fig. 6).
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Fig.6 Phase voltage diagram with an additional source

Taking into account that the voltage increment is
available only at the time period Tiof the first part of the
cycle 2T (Fig.6), and at the beginning of the second part
of the cycle 2T the process stops, it is possible to build
the following vector voltage diagram for all sectors,
marked in red (Fig. 7).

Fig.7 Voltage vector diagram for all sectors

In Figure 7, the amplitude of the voltage vectors
under standard conditions are marked in blue. Further, it
can be noted that at the point (100) the vector V; changes
to the vector V;. In the second part of the cycle 2T, the
vector V] returns to the vector V;. At the point (110) the
vector V, changes to the vector V. After (111) state, the
vector V, returns to the vector V,. For other sectors
following algorithm is executed:



2" sector: 0-Vy-V4-0-V5-V,-0
3" sector: 0-V4-V,-0-V,-V5-0
4™ sector: 0-V,-V¢-0-V5-V,-0
5™ sector: 0-Ve-V¢-0-Vg-Vs-0
6" sector: 0-V;-V;-0-V,-V4-0

Thus, it is possible to determine individual points
(100), (010), (001) in the diagram, where, under fixed
conditions, a change in the amplitude of the voltage
vectors occurs. If we consider the condition that the
electric energy accumulated in the Ly, choke is sufficient
for the whole cycle 2T, then the amplitude of the voltage
vectors (Fig.7) will grow to the state indicated in green.

Conclusions

This combined function directly converts the PV-
energy and energy from the battery, depending on the
needs of the electric vehicle drive. New available power
can be used in addition to battery power. The considered
scheme ensures the flow of current from two sources
simultaneously in all phases, but of different directivity
and size. Thus, two three-phase voltage systems are
formed. The three-phase voltage system from source Ep,,
is superimposed on the three-phase voltage system from
source E; and creates a voltage vector that rotates at the
same speed, but with variable amplitude.

Main points:

1. The new scheme and algorithm make it
possible to combine the AC and DC components with a
single converter.

2. The connection of the second source through a
common (zero) point and the above control algorithm
regulate the average values of current and voltage.

3. The voltage vectors reach the maximum value
in the state (100), (010), (001), that is, every 120 degrees.

4. Under certain conditions, it is possible to transfer
the accumulated electrical energy to the capacitor of the
drive system of a hybrid or electric vehicle.
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Meta. Po3pobka mnpuHUMIY TOOYIOBM CHCTEMHM
KepyBaHHS iHBEPTOPOM I OJHOYACHOTO YMpaBliHHA
MOTOKaMH €Heprii Bif ABOX IyKepes MOCTIHHOrO CTpyMy
B TMIPUBOJI €EKTPUUHOTO TPAHCTIOPTHOT'O 3aC00y

MeTtopnoJiorisi. TIpy mpoBeneHHi IOCHTIIKEHb PEXHUMIB
poOOTH KOMITOHEHTIB 3MiHHOTO i TIOCTIHHOTO CTPyMy 3a

JOTIOMOTOI0 OJIHOTO nepeTBoproBaya
BUKOPHUCTOBYBAJIUCA MCTOOH MaTEeMaTU4YHOI'O Ta
IMiTaifHOTO MOJEMIOBaHHA. TakoXX 3acTOCOBAaHHIA
METOJ,  TOPIBHAUILHOTO  aHajily i BHOOPY
ONTHUMANBHOTO  crmoco0y  peanizawii  axroputMmy
yTpaBIiHHS.

Pesyabratn.  [lokazaHa  mpame3gaTHICTH — CXeMH

MOABIHHOTO KUBJICHHS aCHHXPOHHOTO IBHUTYHA Bill IBOX
IDKepeNl MOCTiMHOTO CTPyMy 3a MJONOMOTOI0 OXHOTO
inBepTopa. Y poOOTi HaBeneHi MPUHLMMM MOOYAOBH i
HaJaHWi aJropuTM KepyBaHHA TPaH3UCTOpaMM B Takii
cxeMmi, omucani 11 (i3uuHi MpolecH i XapaKTepUCTUKU
IBUTYHA.

HaykoBa HoBu3Ha. [Tinkmo4eHHs mKepena MOCTilHOTO
CTpYMY 0 3arajbHoi (HyJbOBHi1) TOUKH €NEKTPUYHOTO
JIBUTYHa 3MIHHOTO CTPyMy TIpH MOT0 >KWBJIEHHI Bil
TpuGa3zHOTo TEepeTBOpIOBavYa JIO3BOJIAE IepelaBaTh
EHeprito B eNeKTpUYHHUNl ABUTYH 0e3 J10JaTKOBOTO
MePeTBOPIOBaYa  TMOCTiHHOTO  cTpymy. DopMyBaHHA
crewLialbHOTO 3aKOHY yHpaBJiHHS KIII09aMu
TIePETBOPIOBAYA IS PO3ALTHHOTO YIIPABITiHHS.

Ipaktnuna 3Hauyumicte. HaBemena cxema €
MepeyMOBOI0  BUPIIICHHS  3aBHaHHA  00'eIHAHHA
JEKITbKOX JKepesl eNeKTPUIHOI eHeprii 3a J0MmoMOroro
KOMOIHOBaHOTO MEepeTBOPIOBaYa, 10 CIIPOCTUTh CUCTEMY
€JIeKTPONIPUBOAY B  TIOpUOHUX 1  EJIEKTPUYHUX
TPaHCTMIOPTHUX 3acobax.

Karu4oBi cnoBa. erexkmpuunuii mpancnopmuuil 3acio,

KOMOIHOBAHUI  eIeKMPOMEXAHIUHULL  Nepemseoplosay,

oofcepena NOCMItiHO20 CIMPYMY, eneKmponpusoo

Henab. Co3gaHve NpUHLMIA TOCTPOEHUS CHUCTEMBI
YOpaBJIeHUS  WHBEPTOPOM  JUII  OJHOBPEMEHHOTO
YIpaBJICHUS TMOTOKAMH SHEPTUM OT IBYX HCTOYHUKOB

MOCTOSIHHOTO ~ TOKa B MPHUBOAE  JJIEKTPUUYECKOTrO
TPaHCHOPTHOr'O CPEACTRA.

Metonosorust. Ilpu mpoBeneHMM  HcceIOBaHUMI
pPeXUMOB  pabOThl KOMIIOHEHTOB TMEPEMEHHOr0 U

NOCTOAHHOI'O TOKa € IOMOIIBIO OJHOT'O npeo6pa303aTen>I
HCNO0JIb30BAJIMCh MCTObI MaTeéMaTHYE€CKOI'O u
UMUTALLMOHHOTO MOIOEJINPOBAHUAA. Taxxe NPUMEHEH
METO CPaBHUTEJIBHOTO aHaju3a IJisa BI:I60pa

ONTUMAJBHOrO  crmocoba  peanusalud  ajaropuTMa
yIpaBJieHHU.
PesynbTaThl. [lokazana paboTOCHOCOGHOCTb CXEMbl

JBOMHOrO MHUTAaHUA ACMHXPOHHOTO ABUraTeNisi OT IBYX
WCTOYHUKOB IOCTOSIHHOTO TOKa C TOMOLIBIO OJHOTO
uHBepTOpa. B pabore  mnpuBeneHbl  MPUHLMIIBI
MOCTPOEHHUA CXEMbl, JaH aIlOPUTM  YNpaBJIeHUS
TPAH3UCTOPAMH, ONHUCAHbl (U3MYECKHE TMpoLecChl H
XapaKTePUCTUKY ABUTATEIS.

[NoaxmodeHne  UCTOYHMKA
oOmell  (HyJeBod) TOuKe
JNEKTPUUYECKOTO JIBUTATENS TIEPEMEHHOTO TOKa TIPH €To
MUTAaHUM OT Tpex(}a3zHOro mpeoOpa3oBaTesss MO3BOJIIET
nepeaaBaTh SHEPTHIO B JJICKTPUYECKHN IBUTATENb 0e3
JIOTIOTHUTENBHOTO MpeoOpa3oBaTessi MOCTOSHHOTO TOKa.
dopMupOBaHUE CIEIMATBHOTO aJITOPUTMA YIIPABICHUS

Hayunas
MOCTOSTHHOTO ~ TOKa K

HOBH3HA.

KITF0OYaMu npeobpazoBatens IS pa3lesIbHOTO
YIpaBJICHHS.
IMpakTuyeckas 3HaumMmocTb. [IpuBeneHHas cxema

ABJIAETCS MPEINOChUIKON pelleHus 3a1auu 00be AnHeHUs
HECKOJIbKUX HWCTOYHUKOB JJIEKTPUYECKOW JSHEPruu ¢
MOMOILbI0O  KOMOMHMPOBaHHOTO  MpeoOpa3oBaters,
YIPOCTUT CHUCTEMY 3JEKTPONPHBOAA B TUOPUAHBIX U
EKTPUYECKUX TPAHCTIOPTHBIX CPEACTBAX.

KiroueBble cioBa. anexmpuueckoe mpaHcnopmHuoe

cpedcmeo, KOMOUHUPOBAHHBIT  DJIEKMPOMEXAHUYECKUU
npeobpazosamenv, UCMOYHUKU —NOCMOSIHHO2O0 — MOKA,
271eKMpONpuU8oo0.

Pexomenoosano 0o nybnixayii 0okm. mexH.. Hayk O.B.
Caoosum. [{ama Haoxo0oceHHs pyKonucy



