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A COMPLEX SOURCE OF ELECTRICAL ENERGY FOR THREE-PHASE
CURRENT BASED ON A STAND-ALONE VOLTAGE INVERTER

Purpose. To substantiate the operability of a combined power source of asynchronous electric drive of a vehicle, consisting of
two power sources and one autonomous voltage inverter, to establish operating modes using zero combinations of inverter keys and
to formulate a condition for energy transfer to an electromechanical converter from an additional power source.

Methodology. In the study on the work of an autonomous voltage inverter with two power sources, methods of mathematical
and simulation modeling were used. To select the optimal method for implementing the control algorithm, a comparative analysis

method and an analysis of a symmetric power system were applied.

Findings. The efficiency of the asynchronous motor power system from one autonomous voltage inverter with two power
sources is proved. The paper presents mathematical calculations for constructing an electromechanical circuit, a modified algo-
rithm for switching the keys of an inverter of a combined power source is given; physical processes are described.

Originality. The conditions of energy transfer to the electromechanical converter from an additional power source are formu-
lated, which are provided by the choice of the load circuit parameters of the EMF of the additional source and increase the voltage
component and the load capacity of the electromechanical converter.

Practical value. The electromechanical circuit of the vehicle’s asynchronous electric drive has been simplified due to the com-
bined power supply, consisting of two power supplies and one autonomous voltage inverter. One of the sources is an additional
source that is connected to the electric motor through the connection circuit to the zero point of the stator motor windings and the
“negative” terminal of the autonomous voltage inverter and includes a DC-DC inverter, diode, inductor and discharge resistor.

Keywords: autonomous voltage inverter, direct current sources, electric drive

Introduction. Currently, the integration of several sources
of electrical energy into an electromechanical system is not
new. Two or more sources can be used for uninterrupted pow-
er supply of an electric energy consumer. In such hybrid sys-
tems, the disadvantages of one energy source are mitigated by
the advantages of another and vice versa. For example, some
sources provide peak power, while others focus on sustainable
operation. To ensure the effective joint use of two sources of
electrical energy of various types in one electromechanical
system is the task of this article.

Results. Consider a three-phase stand-alone voltage in-
verter powered by two DC sources with EMF E, and E,, and
assume £, > E. The source EMF E| is connected to the three-
phase consumer (primary circuit of the induction motor)
through the inductance L, the current limiting resistor R, and
the diode VD to zero point “0” (Fig. 1) [1, 2].

The three-phase consumer system is symmetric for com-
plex phase resistances

Z,=R +jolL,

where R, is active phase resistance; L,is phase inductance; o,
is angular frequency of the power supply.

To create a three-phase symmetric system of voltages in
the windings of the consumer, it is necessary to form a rotating
magnetic field. The following algorithm with a minimal num-
ber of switching and zero-state for keys must be provided for
the E, source:

1%t sector: 000 — 100 — 110 — 111 — 110 — 100 —
2" sector: 000 — 010 — 110 — 111 — 110 —» 010 —
3" sector: 000 — 010 — 011 — 111 — 011 — 001 —
4™ sector: 000 — 001 — 101 — 111 — 101 — 001 —
5% sector: 000 — 001 — 101 — 111 — 101 — 001 —
6™ sector: 000 — 100 — 101 — 111 — 101 — 001 — 000.

It is obvious that the sector switching of the invertor tran-
sistors gives a stepped voltage curve. To obtain sinusoidal
phase voltage
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V,=V,cosoft;, Vp=V, cos[colt —23—71};

Vo=V, cos(m,t—‘%n],

it is necessary to form a vector of voltage V; in the space of
coordinates (o, f), aligned with the o axis with the phase
A axis (Fig. 2), of the form

V,=2f3(V, +aV,+a;),
s AT
where a=e 3; a*=e 3; V,, is the phase voltage amplitude.
The space-time vector in exponential form V; will look like

o
Vi=plen,

where 6 = 0, |V1| :%Vm.

Since the vector ¥, can be projected on the axis o and 8 of
the coordinate system (a., 3), it can be represented as

Vi=ha+ iV

where Vy,,, V), are the projections of the vector 171 on the axis
o and f respectively.
That is

Vie=V,,cos0; (1
Vig=V,sin®. )

Thus, for the angle 6, = ®,#; the position of the vector V;
will be determined by its projections V), ; and Vg ;. Accord-
ingly, for the angle 0, ; = o,(#; + Ar) these will be the projec-
tions Vi, ;. pand Vig ;1.

If we consider the position of the vector V; between these
two states, then its projections on the o and f axis for the cur-
rent intermediate position 0, < 0 < 0, can be described by the
equations [3]
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Fig. 1. Combined power supply:

E,, Ey — power supplies; L, — inductance; R, — limiting resistor;

VD-diode
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Fig. 2. Formation of voltage vector Vl:

Vias Vi are projections of the vector; Vi, @ is the angle of the vec-

tor V|; o and P are the axes of the coordinate system

I/lot = I/loc. it + Vlot,i+ 112; (3)
Vig=Vip, T+ Vig, i 172 4)

where t, = #,/T; is the relative residence time of the vector ( 171
in the angular position 0;; 1, = f,/T, is the relative residence

time of the vector V] in the angular position 0, ;; 7, is the key
switching time.

The sinusoidality condition for phase voltages is satisfied
by matching equations (1) and (3), (2) and (4), from which the
dependences t1,(0) and 1,(0) are obtained.

Consider now connecting another EMF source £, through
the diode VD. Fig. 1 and the key switching algorithm show that
the diode VD will open in any case in the state (000) of the in-
vertor keys, since the phases of the three-phase consumer are
connected to the minus of the source £}, and the diode’s an-
ode will have a positive potential of the source £, [4].

In this case, the current flow pattern /, in the source circuit
E, will look as shown in Fig. 3.

From Fig. 3 it is seen that there is a condition for the cur-
rent [, to flow in the EMF circuit £, for any values of this
EMF.

U

IS

%

Fig. 3. Equivalent scheme of the current I, flow in the state
(000) of the inverter keys (Legend — Fig. I)

z3

Thus, the state (000) of the keys of the autonomous voltage
inverter is an unconditional combination for the formation of
a closed current flow through the VD diode and inductance L,
which ensures the emergence of the EMF induction and volt-
age increase by the entire value, creating the conditions for
opening the VD diode for other combinations of keys and pow-
er consumer from two sources of energy.

There are switching periods of operation of the keys of an
autonomous voltage inverter, which are essential for the oper-
ation of an integrated power source. Consider the possibility of
increasing the open time of the diode VD due to the influence
of inductance L, and the resistance R, in the EMF circuit £,.
This will provide an opportunity to increase the connection
time of the source E to the consumer.

The transient process equation for changing the current
1y(f) from zero to maximum 1, for time #, of the state of the
keys (000) has the form

LA j‘”;t(’).

Since the time #, of the keys state (000) is small, we can
consider a linear increasing of the current /,(f) during this
time. In this case, the current integral /; is estimated by the
area of the triangle with the base 7, and height /. Then, after
integrating equation (5) within the time #,, we have

(4o {1044 ),

Therefore

(6))

I, = Efy .
[RO +R%]%+[LO+L%)

We mean that the time of the zero state (000) and the zero
state (111) are equal, and also

T,=1,+1,+ 1

where 1, = 24,/ T..
By the end of time #,, the voltage at the anode of the diode
VD will be

_ 1
Vo(t(() )):EO_LO%_[OmRO' (6)
0

At the moment of transition of the inverter from state (000)
to state (100), the phase A of the consumer at the source E, is
switched and the load changes abruptly (Fig. 4) [5].

In this case, the voltage V), from the source side E, is ap-
plied to the cathode of the diode VD. The energy accumulated
in the inductance L, is spent on maintaining the decreasing
current /. At this point in time, the voltage at the anode will
be equal to

. 1
Vo(’(() )):E0+Lo%*[0mRo- (7
0

The open state of the VD diode will be provided by the in-
equality

-&

Fig. 4. Equivalent scheme of the current I, flow in the state
(100) of the inverter keys (Legend — Fig. I)
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Vo(t((f))z Vio-
For the state of the switches (100), the phases of the con-

2 1
sumer act as a voltage divider £, with levers EEl and EEl and

resistances Z; and Z), respectively (Fig. 4). In the case of the
state of the keys (110), the shoulders are reversed (Fig. 5).

2
Since the voltage shoulder §E1 is maximum for all states

of the inverter switches, we can assume that a constant transfer
of energy to the consumer from the source £ is possible with

2F
the diode VD open, when Vg ZTI. The minimum volt-

E
age level at the cathode of the diode VD should be ¥}y, =—-

3
[6].

Since all nonzero states of the inverter switches are de-
scribed by circuits (Fig. 4) and (Fig. 5), we represent these
states in the form of a generalized circuit (Fig. 6) and use the
loop current method to determine the parameters of the oper-
ating mode of the load from two power sources in each of
states.

We proceed from the fact that in the circuit (Fig. 6) tran-
sient processes of current changes occur due to jump-like
parametric disturbances.

In order to generalize, we consider a transient process in a
circuit with an inductively active load for the time Af from the
moment of a step change of the supply of a constant voltage V'
with zero initial conditions V(0) =0 [7].

The transient process equation for a circuit has the form

di (1)
V(e)=1(r)R+L—=. ®)

The integral of the equation (8) in the interval 0—Az is
At At At
[V (¢)dt=R[1(t)dt+Lal(r). ©)
0 0 0

From the condition of a linear increase in the current
(since At is small), we have

j:](r)dt—l(At)Azt.

At
Since V(f) = const, we have IV(t)dt =VAt.
0

Fig. 5. Equivalent scheme of the current I, flow in the state
(110) of the inverter keys (Legend — Fig. 1)
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Fig. 6. Equivalent scheme of the inverter switches states (Leg-
end — Fig. I)

That is, equation (9) has the form
At
VAt = RAI(At)—+ LAI(At),
2

or

V= ’(A’)[I;MLJ: 1(at)Z(Ar), (10)

where Z(Af) is the equivalent load resistance in the transient.
Based on the above reasoning, we will present, according
to equation (10), the resistance in the circuit (Fig. 6) for neigh-
boring nonzero states of the inverter [8], for example, for the
modes (100) and (110):
- mode 100

- mode 110

Here, the time #, is the transition time in the mode (100);
1, is the transient process time in the (110) mode.
According to the method of loop currents, we have (Fig. 6)

E\ =1(Z + Zyy) + 11Z,;
Ey=I(Z+ Zy) + 1,1 Z)p.

From equations (6) and (7) it follows

Z,Z
1= EZ%u, (1
E Z,+7Z
. =—E, 10 +E 1 10 ; 12
0 I[DJ o( > } (12)
Z Z
I,=1+1,=E|=2|+E =L
w=14+1, 1(D] 0D 13)

where D =Z,Zy+ ZyZ\y+ Z,Z\,.
It must be taken into account that £} includes the compo-

1
nent L,—22, i.e.
fy
Ej= Ey+ Lolou/1o-

Phase voltage in a 3-phase system is obtained by multiply-
ing the currents /; and [}, by the corresponding phase resis-
tance, which vary depending on the state of the switches [9]. If
we take the expression for currents and voltages in relative
terms, then we get

z2(t)y=r/2+1/1;
r=R/Ry; = L/Ly; z(t) = Z(v)/ Zy; v = 1/ T};

Ry, Ly, Z,, T, —base values; Z, = Ry; L, =Z,T,.
Then the currents by the formulas (11—13) in relative units

are equal to - [ZO (TZ’Z)]O (T)}
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d(t) = 7)(1)29(1) + 20(1)Z10(7) + 21(T)Z10(7),

where

Z/ . I(y E/ : lz'/
2= ; i(T)= ; L, =" ep=ey+ 00/
0 2 ( ) 1[) b Zb 0 0 T

The voltage across the resistances z,(t), 7,9(t), Z(t) is de-
fined as

¥(0) = 1(D21(0); B19(T) = £19(T)210(7);

V(1) = ip(1)20(1).

We return to the 3-phase load system (Fig. 1) and consider
the alternation of connecting the phases to the upper and lower
shoulders of the inverter. When connecting one phase of the load
to the upper arm, the resistance of this phase will be equal to

/
zl(rl):%+%,

where 7, is the relative connection time.
At the same time, two other phases are connected to the
lower shoulder of the inverter and have a total resistance

Z]()(Tl)ZZI(T%.

When switching the keys, a sequential step change in the
phase resistances occurs. For example, from state (100), the
inverter goes into state (110). In this case, phase B is connected
to phase A connected to the upper arm of the inverter. Then, if
the time spent in this state does not change, then the resistance
of phase A changes to Zjy(t;), the resistance of phase B re-
mains the same Z;y(t,), and the resistance of phase C changes
to Zyy(t,) [10].

If we consider the intermediate resistance of the voltage
vector between the two states (100) and (110), when the resi-
dence time of the vector in state (100) is t;, and in state (110) —
1,, then the voltage at the load phases will be determined as

Bia = (t) 7 + 01(T2)725
Byp =~V 1(t1) T — B4(12) T35
Vi ==B19(T)7) + Byo(T2)Ts

where
(1) =z, ()i (t)); (14)
B1(12) = 21(12)i 1 (12); (15)
B10(t1) = 210(TD)i0(T1); (16)
B10(T2) = 210(t2)i10(T2); 17)

L
Zl(fl):%+ %;

L
ZI(TZ):%"— %Tz);

L
zm(rl):%+ %ﬂ)'

Fig. 7. The example of output voltage given by complex energy
source:
D4, Oy, V¢ — voltage amplitude in phases A,B,C; |%,| — ampli-
tude of the voltage vector of the complex source

Phase voltages in other sectors of the vector V; are de-
scribed in a similar way.

Thus, equations (14—17) allow us to obtain the average val-
ues of the inverter voltage for the period of time the keys are in
a certain combination during the switching cycle, when the
stand-alone voltage inverter operates from one power source.

If we take, for example, the following indicators of the sys-
tem shown in (Fig. 1) relative units: e, = 1; ¢,=0.3; r,=1; [;=1;
ry=1; [ =1, then for an alternating voltage of a given frequen-
cy with an amplitude 9,, = 0.667, we will have a picture of the
stresses shown in (Fig. 7).

Conclusions. We can say that the proposed generalized
scheme, which consists of a complex source of direct current
EMF (Fig. 1), is theoretically operable, makes it possible to
calculate the general parameters of the mode of this source
and increases the energy flow to the consumer.

Analysis of the combinations of inverter keys showed that
to ensure the correct supply of energy to the consumer, it is
necessary to use zero combinations of keys of the autonomous
voltage inverter in a certain sequence.

In Fig. 7, the dashed lines represent the symmetric phase
voltage system. Fig. 7 shows that the amplitude |,| of the sup-
ply voltage vector of the combined source increases the ampli-
tude and acquires a variable component ¥,

The amplitudes of the phase voltages also increase, which
leads to an increase in the effective value of the voltage in the
phases. In this case, the cosine dependence of the instanta-
neous voltage in the phases is distorted, without causing a
change in the oscillation period. There is also a shift of the
potential of the zero point of the load in the direction of in-
crease by a certain amount.
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KoMmmiekcHe Kepeso eJeKTpuiHol
eHeprii 1A TpU(A3HOro CTPyMy Ha OCHOBI
ABTOHOMHOTr0 iHBepTOpa HAMpPyru

I.T. Ilisnak, O.0. bewuma

HauioHanbHUit TeXHIYHMI yHiBepcUTET «/IHIMpOBCchKa MoJTi-
TexHika», M. [IHinpo, YkpaiHa, e-mail: beshta.o.o@nmu.one

Meta. OOrpyHTyBaTu Mpaue3iaTHiCTh KOMOIHOBaHOIO
IKepesia JXUBJICHHS aCMHXPOHHOTO €JIeKTPOIIPUBOIA TpaH-
CIMOPTHOTO 3ac00Y, 1110 CKJIAIAETHCS i3 TBOX JKEPE XKUBJICH-
HSI Ta OJHOTO aBTOHOMHOTO iHBepTOpa HAIPYTH, BCTAHOBUTH
peXUMU poOOTU 3 BUKOPUCTAHHSIM HYJILOBUX KOMOiHALIil
KJTI0YiB iHBepTOpa Ta c(hopMyJIIOBaTH YMOBY Tlepenadi eHep-
rii eJleKTpoMeXaHiuYHOMY IepeTBOpIOBaYy Bil 1OJATKOBOIO
JKepesia KUBJICHHS.

Meroauka. [Ipu mpoBefeHHI TOCTiIKEeHb poOOTH aBTO-
HOMHOTO iHBEpTOpa HAIIPYTH i3 IBOMA JKEPETaMM KUBJICHHS
BUKOPHMCTOBYBAJIVICST METOIM MaTeMaTUYHOTO Ta iMiTallilfHOTO
MoOJeTIOBaHHA. TakoX 3aCTOCOBAaHO METON IOPIBHSJILHOTO
aHaJIi3y Il BUOOPY ONTUMATBHOTO CIOCOOY peajtizallii ajiro-
PUTMY KepyBaHHS Ta aHaJi3 CUMETPUIHOI CHCTEMM XKUBJICHHS.

Pesyabratu. [lokazaHa mnpalie3natHiCTb CUCTEMU KWB-
JIEHHSI aCHHXPOHHOTO JBUTYHA Bil OMHOTO aBTOHOMHOTO iH-
BEpTOpa HAIPYTH i3 ABOMA JIxKepeaaMU XKUBJICHHS. Y poOOoTi
HaBeJeHI MaTeMaTUYHi pO3paxyHKU MOOYI0BU eJIeKTpoMeXa-
HiYHOI cXeMU, HaBeleHO MOAUDIKOBAHUI alTOPUTM KOMY-
Talii KJI04iB iHBEpTOpa KOMOIHOBAHOTIO JKEpeia XUBJIEHHS,
onucaHi ¢hi3nyHi Mpolecu.

HaykoBa HoBusHa. CdopMynaboBaHi yMOBHU Mepenayi
eHeprii 10 eJeKTPOMEXaHIuYHOro TMepeTBopioBaya Bifl 10aaT-
KOBOTO JiKepesia KMBJICHHSI, 110 3a0e3MevyeThcsl BUOOPOM
napaMeTpiB KoJia HaBaHTaxXeHHs1 EPC nonatkoBoro mxepena
Ta 30iIbIIYE CKJIaIOBY HAIpyru i HaBaHTaXyBajJbHY 3/1aT-
HICTb eJIEKTPOMEXaHIYHOTO MepeTBOpIoBaya.

IMpakTyna 3HaummicTh. CripollleHa eleKTpoMeXaHidyHa
cxeMa aCMHXPOHHOTO eJIEKTPOIIPUBO/IA TPAHCTIOPTHOTO 3a-

co0y 3a paxyHOK KOMOiHOBaHOIO JiKepesia >XUBJIEHHS, 1110
CKJIaAa€THCA i3 IBOX IXKepes KUBJICHHS Ta OJHOTO aBTOHOM-
Horo iHBepTopa Hamnpyru. OnHe i3 JKepesl € IN0AaTKOBUM
JIKEPeJIoM, 1110 MiIKJTI0UYeHE 10 eJIEKTPOABUTYHA Yepe3 CXeMy
i’ €AHAHHS 10 HYJbOBOI TOUKU CTATOPHUX OOMOTOK JABUTY-
Ha i «<MiHyCOBOT0» TepMiHaJy aBTOHOMHOTO iHBEpTOpa Ha-
npyru, i Bkoyae DC-DC inBeprop, iom, Apocelib i po3psii-
HUIA pe3UCTOp.

Kimiouosi cioBa: asmonomuuii ineepmop nanpyeu, oxcepeaa
NOCMITIHO20 CMPYMY, eAeKmPOnpueoo

KoMIIeKCHBIii HCTOYHUK JJIEKTPUYECKOi
9HepruM 1A Tpex(a3Horo TOKa Ha OCHOBE
ABTOHOMHOTO MHBEPTOpPA HANPSIKEHUS

I I’ ITusnsax, A. A. bewuma

HauuoHanbHbIN TeXHUYECKUI YHUBEPCUTET «/IHEermpoBcKas
MOJUTEXHUKa», T. JlHemp, YKpaumHa, e-mail: beshta.0.0@
nmu.one

Ieab. OGocHOBaTh PabOTOCIIOCOOHOCTH KOMOMHUPO-
BaHHOTO MCTOYHWKA MUTAHUS aCMHXPOHHOTO 3JIEKTPOTIPU-
BOJIa TPAHCIIOPTHOTO CPENCTBA, COCTOSIIETO U3 IBYX UCTOY-
HWKOB IMTUTAHWS ¥ OTHOTO aBTOHOMHOTO MHBEPTOpa HAIpsI-
JKEHUsI, YCTAaHOBUTb DPEXUMbI pabOThI C MCMOJb30BaHUEM
HYyJIEBbIX KOMOMHALMI KJIIoueit nHBepTOopa U chopMyIUpo-
BaTh YCJIOBHME TI€penayd SHEPTUM DJEKTPOMEXaHUYECKOMY
MpeoOpa3oBaTeNio OT JOMOJHUTEIPHOTO MCTOYHMKA TUTa-
HMSI.

Metonuka. [Tpu npoBeaeHUN Mcciien0BaHU pabOThI aB-
TOHOMHOTO MHBEPTOpPA HAIPSIKEHUS ¢ IBYMSI KICTOYHMKAMK
MMUTaHUS WCIOJB30BAINCh METOIBI MAaTeMaTUYeCKOTO U
MMUTALMOHHOTO MoeaupoBaHusl. Takke MPpUMEHEH METO.
CPaBHUTEJIBHOTO aHaJIM3a JJIT BHIOOpa ONTHMAIBHOTO CITO-
co0a peanusaluy aJropuTMa yrpapieHUs U aHAJIU3 CUMMeE-
TPUIHOM CUCTEMBbI TUTAHUS.

Pesyabratel. [lokazaHa pabGoOTOCIIOCOOHOCTb CHCTEMbI
MMUTaHUS ACMHXPOHHOTO IBUTATEISI OT OMHOTO aBTOHOMHOTO
WHBEPTOpa HAMNpPSKEHUsT ¢ ABYMsI MCTOYHMKAMM THTaHMSI.
B paborte nipuBeneHB MaTeMaTUIECKUE PACUETHI TTOCTPOCHUS
2JIEKTPOMEXaHUYECKOI CXeMbl, TPUBEACH MOAUMDULIMPOBAH-
HBII aJITOPUTM KOMMYTAIIUU KJTIOYei MTHBEPTOpa KOMOMHM-
POBAaHHOTO MCTOYHMKA THTaHUSI, OMUCAHBI (usMUecKure
MTPOLIECCHI.

Hayunas noBuszna. ChopmyirpoBaHbl yCJIOBUS Mepeadn
SHEPTUU K DIIEKTPOMEXaHWYECKOMY ITpeoOpa3oBaTeio OT
TIOTTOJIHUTEIBHOTO MCTOYHMKA MUTAaHUsI, KOTOpble obecrie-
YHBAIOTCS BBIOOPOM MapaMmeTpoB Henu Harpysku DAC mo-
TTOJTHUTETbHOTO UCTOYHUKA 1 YBEJIUIMBAIOT COCTABIISIIOIILYIO
HanpsKeHUS U HAarpy304HYIO CITOCOOHOCTD 3JICKTPOMEXaHM -
YeCcKOro rnpeoopa3oBarelis.

IIpakTHyeckas 3HAYUMOCTD. YTIPOIIICHA 3JICKTPOMEXaHM -
YyecKasi CXeMa aCMHXPOHHOTO 3JIEKTPOTIPUBOIA TPAHCIIOPT-
HOTO CpPEICTBa 3a CYeT KOMOMHUPOBAHHOTO MCTOUYHUKA TTH-
TaHMUsI, COCTOSIIIIETO M3 IBYX UCTOYHUKOB IMTUTAHUS ¥ OTHOTO
aBTOHOMHOTO MHBEpTOpa HampspkeHuss. OauH U3 UCTOYHM-
KOB SIBJISIETCSI TOTIOJHUTEBHBIM HCTOYHUKOM, KOTOPBIM
MOAKJIIOUEH K 3JIEKTPOIBUTATENIO Yepe3 CXeMy IOAKITYe-
HMSI K HYJIEBOW TOYKE CTAaTOPHBIX OOMOTOK IBUTATENS] W
«MHMHYCOBOTO» TepMMHaJIa aBTOHOMHOI'O MHBEPTOpa Harpsi-
xeHusi, U Bkaovyaer DC-DC unBepTop, nuomn, npoccesib 1
Pa3psIAHbBIA PE3UCTOP.

KinioueBbie ci0Ba: a6moHoMHbII UHEEPMOP HANPAICEHUS,
UCMOYHUKU NOCMOSHHO020 MOKA, S1eKMPOonpusoo
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