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Dual-motor induction frequency-regulated electric drive is used as an alternative to
single-motor electric drive in case where there are difficulties in implementing an individual
drive which are associated with the mechanical-transmission implementation. Dual-motor
electric drive provides movement of traction mechanisms, working bodies of electric vehicles.
Single- or dual-voltage source inverters with pulse-width modulation are used to power two
induction motors. The disadvantage of such voltage source inverters is that the AC voltage is
formed as a high-frequency sequence of different polarity pulses with steep front. It cases wave
processes in the cable and consequently to overvoltage on the stator windings of the induction
motor.

Itis proposed to use 6-step voltage source inverter with switches control law of 180 degrees
to solve the above problem. However, such drive has satisfactory indicators of electromagnetic
and electromechanical compatibility, in particular, the presence of the 6" harmonic on the
electromagnetic torque of the motor and the 6" harmonic in the input power of inverter. This
limits the speed-control range of the induction motor.

It is proposed to shift of voltage-source-inverter output voltages on 30 degrees for
improving the electromagnetic and electromechanical compatibility of dual-motor induction
drive. It provides by shifting the conductance of second-inverter switches.

The mathematical model based on the method of average voltages in integration step has
been developed to analyze the electromechanical processes of the dual-motor electric drive with
two 6-step voltage inverters which voltages are shifted by 30 degrees.
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Research results proofed that proposed solution enables to improve electromagnetic
compatibility of electric drive with DC source and electromechanical compatibility of electric
drive with load in comparison with the individual drive, in particular to eliminate the 6%
harmonic of input power of inverters and the 6" harmonic of induction-motor electromagnetic
torque, to reduce pulsation amplitude of electromagnetic torque more than 8 times and more
than 2 times pulsation-amplitude of input current.

Key words: dual-motor induction drive; frequency-regulated drive; electromagnetic
compatibility; electromechanical compatibility

Introduction
Multi-motor induction frequency-regulated electric drives are used as an alternative to single-
motor electric drives in case where there are difficulties in implementing an individual drive which are
associated with the mechanical-transmission implementation. Such drives provide movement of electric
vehicles, conveyors, metal rolling mills, traction units. The use of multi-motor electric drives in electric
transport provides better traction of the vehicle with the road surface, a simpler mechanical transmission
system [1-4].

Analysis of recent researches and publications. Problem description

Usually, two induction three-phase or multi-phase frequency-regulated induction motors are used as
a multi-motor electric drive. These induction motors are applied from one or two voltage source inverters.
The advantage of the using one three-phase voltage source inverter to apply two three-phase induction
frequency-regulated motors is a simpler power system, which provides smaller dimensions and cost of the
system [1-6]. Schematic solutions for using two three-phase voltage source inverters for applying two three-
phase induction motors are known [7-9]. Such solutions are used for electric cars. In addition, it is proposed
solutions for using one five-phase voltage source inverter for frequency control of two three-phase induction
motors [10, 11]. In this case, one phase of each motor is connected to a common output of the inverter. The
advantage of such a solution is a reduction of the semiconductor-switches number and switching losses,
respectively, an increase in the efficiency of the five-phase inverter and the electric drive compared to the
use of two three-phase voltage inverters [11].

In addition, dual-motor drives with one six-phase voltage source inverter are also known. Two six-
phase motors are connected to output of six-phase voltage source inverter. Such solutions provide high
energy characteristics (reduction of motor-torque pulsations and input current of inverter) and high fault
tolerance [12-14].

It should be noted that voltage source inverter with pulse width modulation (PWM) is used as a
voltage inverter in the above-described solutions. The key disadvantage of such a voltage source inverter is
that the alternating voltage is formed as a high-frequency sequence of pulses of different polarity. Moreover,
these pulses have a steep front due to the use of IGBT transistors with a short switching time (0.01 ps) in
voltage source inverters. The existence of a pulse signal with a steep front in the cable causes the appearance
of wave processes and, accordingly, overvoltages on the stator windings of an induction motor. To reduce
overvoltages in the motor windings and increase the reliability of its operation and service life, an LC filter
at the output of the inverter to reduce the rate of voltage change on the motor stator windings or an RC filter
on the motor terminals to reduce the wave resistance of the cable is used [15]. These methods do not allow
to completely eliminate the problem of overvoltages on the stator windings of an induction motor. In
addition, the pulsed nature of the power supply voltage creates a number of additional problems that shorten
the life of the motor, in particular: inducing voltage on the motor casing; the flow of currents through the
shaft and bearings, which leads to the destruction of the bearings; flow of currents through screens of power
cables; accelerated aging of insulation; emission of electromagnetic disturbances [16].
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An alternative way to solve this problem is the use of three-phase voltage source inverters with a
different switch operation law, in particular 6-step voltage source inverter with switches control law of
180 degrees. The 5th and 7th harmonics in the motor currents and the 6th harmonic in the
electromagnetic torque and the input power of the voltage inverter appear in case of using 6-step voltage
source inverter for the frequency control of an induction motor. It limits the speed-regulation ratio of
induction motor. And, accordingly, it worsens the energy and electromechanical indicators of such a
frequency-regulated electric drive.

Therefore, developing a schematic solution of a dual-motor frequency-controlled induction electric
drive using 6-step voltage source inverters in order to improve its electromagnetic and electromechanical
compatibility, analysis of the energy characteristics and electromechanical characteristics of the proposed
solution by the method of mathematical modeling, is actual task.

Definition of goals and tasks of article
The presented in the article research purpose is to develop a schematic solution of a dual-motor
frequency-controlled induction electric drive using two 6-step voltage source inverters in order to improve
its electromagnetic and electromechanical compatibility, to develop a mathematical model of the proposed
dual-motor electric drive, to analyze energy characteristics and electromechanical characteristics using a
mathematical model.

Main matter description
The proposed dual-motor frequency-regulated electric drive consists of two induction motors IM1
and IM2, which shafts are mechanically connected to the working body WB. The stator windings of
induction motors are applied from two 6-step voltage source inverters VSI1 and VSI2 (Fig. 1). The output
voltages of inverters are shifted in time by 30 electrical degrees. The voltage inverters are connected at the
input to the DC voltage source Ud.

U4

ot

WB

Fig. 1. Block diagram of dual-motor frequency-controlled induction drive

A mathematical model of the dual-motor frequency-controlled induction drive with two 6-step
voltage source inverters was developed using the method of average voltages in integration step [17] to
analyze the energy and electromechanical characteristics of system. The calculation scheme of the
mathematical model is shown in Fig. 2. The mathematical model of a dual-motor frequency-controlled
induction drive consists of models of system elements: an induction machine, switch groups of inverters,
RL-branch with electromotive force.
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Fig. 2. Mathematical-model calculation scheme
of dual-motor frequency-controlled induction drive

Method and IM-model description
The mathematical model of the dual-motor frequency-controlled induction drive according to the
method of average voltages in integration step [17] is represented by a system of algebraic equations. These
equations are based on the equation for an electric circuit containing electromotive force, active resistance,

inductive and capacitive resistance:
to+Dt

Tl (u+e-uz -ug -u, )dt=0. 1)

where u, e, Ur, Uc, U — essential values of branch notes voltage, electromotive force, voltage on active
resistance, voltage on capacitive resistance, voltage on inductive resistance, to — value of time at begging of
integration step, Dt — integration step.

Essential values of voltages on active resistance and capacitive resistance are represented with
formulas:

Ugy = Ugg + DUg , Ugy =Ugy + Duc, )

where Uro, Uco — value of voltage at begging of integration step; Dugr, Duc — voltage increments in integration
step are represented as:

5 dWu,, (t-t) 5 dWy,, (t-t,)
Dug = & RO/ Du, = Oyl 3
AT T T e ®

d(k)uRO d(k)uco

where G g
the beginning of the step.
An equation is obtained taking into account the known dependencies between the voltages and currents
of the branch elements, based on (1-3). Unknowns of this equation (4) are the branch current at the end of

the integration step i1 and the branch average voltage U in the integration step.

— k-th time derivatives of the voltages on the active resistance and the capacitor at
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Em+1 C 2(m+1)(m+2) Dt;° SE(k+1)! m+1 C(k+2)! (m+1)(m+2) =t

] 0
U+ E - Ug —Ugo - Ry oL +iii1:

Em+1 C(m+1)(m+2) Dt;
where ip— branch currents at the begging of integration step; Lo, L1 — branch inductances at the begging and

end of integration step, m — order of the polynomial that describes the current curve in the integration step
to+Dt to+Dt

(order of the method); U =a g udt, E =a ( edt — branch average voltages in integration step and
t t

0, (4)

electromotive force.
Each power-scheme element of dual-motor electric drive is represented as multipole and is described
by vector equation (5) of the form formed on the basis of equation (4).
r to+Dt r r
i, +G,— ( Vdt+C, =0, (5)
Dt .

where \'/e — the vector of the multipole external-poles potentials; ile — the vector of multipole external-branch

currents; G_, ése — matrix of coefficients and right-hand side vector.
According to Kirchoff’s law equation is written:
s T
ani; =0, (6)
j=1
where TI,; - the incidence matrix of the j-th structural element, which determines the method of connecting

the external branches of the multipole (element) to independent nodes of the electrical circuit; L is the number
of structural elements in the power scheme. The incidence matrix establishes a relationship between the
potential vector of the poles of the multipole and the potential vector of the independent nodes of the power

circuit. This relationship for the average values of the potentials is described by the dependence:
1 to+Dt to+Dt

— yvdt=I" — { vdt.. 7
thO’ e eDtg ; (7

From (5), (6), (7) the following algebraic equation is obtained for the average values of the potentials
t,+Dt
of independent nodes of the system in the integration step ot 0 Vedt:
fo

t+Dt
1°r r
Gsc_ 0 Vcdt+Csc:0’ (8)
Dt |

the coefficients of equation are determined on the basis of the coefficients of the vector equations (5) of all
the elements included in the system (quantity L) and their incidence matrices according to the formulas:
| r L r
-2 T -8
G, = alHstejHj , G = alﬂjcsej .
1= 1=
Average values of independent-nodes potentials in the integration step are determined from equation
(8). Next, average pole potential values in the integration step for each structural element are determined
from equation (7) using the known incidence matrices. Currents of the external circuits at the end of the
numerical integration step from equation (5)
The calculation scheme of induction machine as a 12-pole switch is presented in Fig. 3 and consists

- . oo r
of a three-phase stator and rotor winding. In Fig. 3 it is marked (v, Vg, Ve Var,V vl)T =V,

b1 Yc am !
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T tential vectors of external pol (""")T—'r — current
(Vaz Ves VeasVars Vs Vep ) = Vo — potential vectors of external poles, (iy,ig,ic, iy 0.0 ) =1y

vector of the stator and rotor windings.

—— i ———— —— i —— ———

b o o i — — ——— —

Fig. 3. Calculation scheme of induction machine

Vector equation for stator and rotor windings is written applying equation (4) for the second-order
(m = 2) method of average voltage in integration step to the calculation scheme in Fig. 3:

rr R,T R, Dtdi R T 1,r r
U-u..+ am_j _ am am0 _ am_ i - _ =O 821
RO 3 amO0 6 dt 3 aml Dt (\Vaml \Vamo) ( )
where U - vector of average phase voltages in integration step:
r 1 to+Dt r to+Dt r
U= ot 0V v dt - 0 vidt €)]

fo fo

LIJRO — voltage vector on active resistance of stator and rotor windings at the beginning of integration step;

R,, =diag(R,,Rs, R, R,,R,,R;) - matrix of active resistance; i

< Ry Ry R, — vectors of currents at the

am0 ! Iaml
beginning and end of integration step; \Ilfamo- \I|lam1 — vectors of flux linkages at the beginning and end of
integration step which are determined as: . .

Wamo = Lamo lamo \rl-]aml = Loy ot (10)
where L. L,,, —matrix of inductances at the beginning and end of integration step, diagonal elements of
this matrix are self inductances, other elements are mutual inductances that depend on the rotation angle of
motor.

Applying equations (8a), (9), (10) and taking into account that LGRO =R, i 'amo equation is written as:

ty+Dt ty+Dt r g
i (\) r| dt—i 0 I’II dt— am+Lam10 &ZR _Lamogiamo R Dtdlamo =0. (11)
Dt . €3 "Dt S 3 ot 6 dt
Applying equations (11) equation for describing induction machine as multipole is written as:
r to+Dt
iyt Gu ot 0 Vi dt+C =0, (12)
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I
LN .
r g_ Iamll;I r eV;m u -
where iy, =& r™ 0 — vector of external-branch currents, v, =gr, " — vector of external poles, matrix
é Lam1 g &Vanl

- e
coefficients: G, = ¢
8

. r ..
g_ 1&a2Ram LamOQE. Rath d iamO 93
Lo M §8 3 Dt g™ 6 dt g
= é r
é R laﬁZRam LamO Or Rath d IamO 0 u
A M + famo =
¢TvEE 3 Dt g 6 dt ;i
Equation (12) is supplemented by the equation of motion:
dw
J—=M-M_, 13
at L (13)

where M — electromagnetic torque; M. — load torque; J — total moment of inertia; w — angular velocity.

Similar to the mathematical model of the induction machine, mathematical models of other elements
are formed as multipoles [18]. Inverter switches are modeled as serially connected active and inductive
resistances with variable parameters. In the case of switch turn-on, parameters of the RL branch are
correspond to parameters of switch ON state, in the case switch turn-off the parameters of the RL branch are
correspond to the parameters of switch OFF state.

The shift between the output voltages of the 6-step voltage source inverters is provided by shifting the
conductance of the second-inverter switches by 30 electrical degrees.

Research results
The study of dual-motor frequency-controlled induction drive was carried out in the mode of
frequency starting of induction dual-motors with a nominal load torque (Fig. 4-8). Nominal parameters of
induction motors are given in Table 1.

Table 1

Induction motor parameters

Parameters Values
Power, P 110 KW
Supply frequency, f 50 HZ
Number of pole pairs, po 4
Stator resistance, rs 0.04 Q
Rotor resistance, ry 0.04 Q
Stator leakage inductance, Lss 0.00025 H
Rotor leakage inductance, Lsr 0.00025 H
Magnetizing inductance, Ln 0.011H
Moment of inertia, J 2 Kgm?

The stator-voltage effective value of the induction motors and their frequency increased linearly to the
nominal values within 1.2 s during the frequency start of motors (Fig. 4, a). The maximum values of the
stator currents during the frequency start were 2.35 times higher than the nominal values (Fig. 4, b).
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Fig. 4. Stator phase voltages (a) and phase currents of first induction motor during frequency start

The rotation speed of the induction motors of the frequency-controlled electric drive increased to the nominal
value in 1.25 s (Fig. 5, a), which is determined by the moment of inertia of the mechanism, while the maximum
value of the electromagnetic moment exceeded the nominal value by 2.07 times. There are no starting pulse
vibrations of the electromagnetic torque which are inherent for the direct start of induction motors (Fig. 5, b).
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Fig. 5. Rotation speed (a) and electromagnetic torque (b) of the induction motor during frequency start

The use of three-phase 6-step voltage source inverter with switches control law of 180 degrees
provides a stepped voltage, which eliminates the problem of overvoltages on the stator windings of motors
in the case of using an voltage source inverter with PWM. The output voltages of two 6-step voltage source
inverters in the proposed solution of the two-motor frequency-regulated electric drive are shifted in time by
30 electrical degrees (Fig. 6).
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Fig. 6. Stator phase voltage of first (a) and second (b) induction motors
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The proposed solution is able to improve the electromechanical compatibility of the induction electric
drive with the load. In particular, to eliminate the 6th harmonic in the electromagnetic torque (Fig. 7, a) in
comparison with a single-motor induction electric drive (Fig. 7, b), and reduce the amplitude of
electromagnetic—torque pulsations by more than 8 times (Table 2).

3200 — 3200 —

T, Nm [, Nm

3000 — 3000 —
2800 — 2800 —

2600 — 2600 —

2400 — 2400 —

2200 2200
[ \ [ ‘ \ \ \ \ ‘ \

398 3,985 3499 3,995 4 398 3,985 399 3,995 4
a b

Fig. 7. Electromagnetic torque of dual-motor (a) and single-motor induction electric drive

In addition, the proposed solution is able to improve the electromagnetic compatibility of an induction
electric drive with a DC voltage source. In particular eliminate the 6th harmonic in the input current
(Fig. 8, a) of dual-motor drive in comparison with a single-motor drive (Fig. 8, b), and reduce the amplitude
of DC source current ripples by more than 2 times (Table 2).

800 — 800 —
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400 — 400 —|
200 —| 200 —|
t,s t,s
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a b

Fig. 8. Input current of the dual-motor (a) and single-motor (b) induction drive

Table 2
Indicators of electromagnetic and electromechanical compatibility
of single-motor and dual-motor induction drives
. Single-motor Dual-motor induction

No. Indicator . . . .

induction drive drive
1 Type of voltage source inverter 6-Step 6-Step
2 Number of input current pulsations for period 6 12
3 Amplitude of input current pulsations, p.u. 15 0.65
4 Number of electromagnetic torque pulsations for period 6 12
5 Amplitude of electromagnetic torque pulsations, p.u. 0.33 0.04
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Conclusions

1. The use of the dual-motor frequency-regulated induction electric drive allows solving the problems
of the difficulty of mechanical-transmission implementing in single-motor electric drives of trams and
locomotives trolleys where it is necessary to ensure the minimum overall dimensions of the mechanical
transmission.

2. The use of 6-step voltage source inverters for frequency regulation of the induction electric drive
allows to eliminate a number of problems associated with the pulsed nature of the motor supply voltage in
the case of using voltage source inverters with PWM, in particular: overvoltage on the stator windings of
induction motors caused by wave processes in the cable; inducing voltage on the motor casing; the flow of
currents through the shaft and bearings, which leads to the destruction of the bearings; flow of currents
through screens of power cables; accelerated aging of insulation; emission of electromagnetic disturbances.
At the same time, the use of 6-step inverters requires the circuit solutions to improve the electromechanical
and electromagnetic compatibility of the electric drive by eliminating higher harmonics in the
electromagnetic torque of the motor and in the currents of the motor and power DC source.

3. The results of mathematical modeling using the mathematical model created by the method of
average voltages in integration step demonstrated that the proposed solution of the dual-motor frequency-
regulated induction electric drive by shifting the output voltages of 6-step voltage source inverters by 30
electric degrees is able to improve the electromagnetic and electromechanical compatibility of the electric
drive in comparison with a single-motor electric drive. In particular to eliminate the 6 harmonic of the input
power (DC source current) and in the electromagnetic torque, to reduce the pulsation amplitude of the
electromagnetic torque by 8.25 times and by 2.3 times the pulsation amplitude of the DC current.
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JIBOJIBUT'YHHUI YACTOTHOPEI'YJIbOBAHUI
ACUHXPOHHUWM EJIEKTPOITPUBIJ, 3 IOKPAIIIEHUMM EJEKTPOMATHITHOIO
TA EJIEKTPOMEXAHIYHOIO CYMICHICTIO

© Cemenrox M. B., Kyyux A. C., [loockap6i I'., 2022

JABOABUIYHHMII ACHMHXPOHHHUH YaCTOTHOPEryJbOBAHUM eJEKTPONPHBIA BHKOPUCTOBYIOTh SIK
aJbTEPHATUBY OJHOJABUIYHHOIr0 €JIeKTPONPUBOAY B THX BHIAAKAX, KOJH € CKJIAJHOCTI B peasizaumii
O/THOJIBUTYHHHOT'O €JIEKTPONPUBOAY, siKi 3B’fA3aHi 3 peaJiizaiicio MexaHiuHoi nepenayi. BoABUTYHHUI
eJIEKTPONPHBI/I IPUBOJUTH B PYX TAr0Bi MeXaHi3MH, po00Ui OpraHm eJIeKTPOTPAHCIOPTHHX 3ac00iB. s
JKUBJICHHSI JIBOX ACHHXPOHHUX [BHTYHIB BHKOPHCTOBYIOTH OJHH a00 /Ba aBTOHOMHHUX iHBEPTOPH
HANPYIH 3 IIMPOTHO-iMIIyIbCHOIO MoayJsiniero. HegosikoM Takux iHBepTOpiB HANPYIH € Te, 110 3MiHHA
Hanpyra ¢opMyeTbcsi K BHCOKOYACTOTHA MOCJIINOBHICTH iMmyJabciB pi3HOI MOJSIPHOCTI 3 KpyTHM
¢ponTom. Ile cnpuyunsic MosABy XBMJIbOBHMX IpoueciB y Kaleji Ta, BiANnoOBiIHO, mepeHampyru Ha
00MOTKaX CTATOPA ACHHXPOHHOIO IBUTYHA.

J1g BupimieHHs1 Mpo6JieMH 3alIPONOHOBAHO BUKOPUCTOBYBATH LIECTUTAKTHI iHBePTOPH HANPYru
i3 3akoHoM kepyBanusi kiuouamMu 180 rpaa. Ilpore Takuii nmpuBin Mae 3aq0BiIbHI NMOKA3HHUKH
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€JIEeKTPOMATHITHOI Ta eJIeKTPOMeXaHIYHOI CYMICHOCTi, 30KpeMa, HasIBHIiCTh ILIOCTOI TapMOHiKM B
€JeKTPOMATHITHOMY MOMEHTi ABHIYHA Ta IIOCTOI rapMoOHiKH y BXigHili moTy:kHocTi iHBepTopa. Ile
00MesKy€ 1iana30H pery/al0BaHHA YacTOTH 00epTaHHSA ACHHXPOHHOIO ABUIYHA.

3 MeTO010 NMOKpPAaIeHHs eJ1eKTPOMATHITHOI Ta e€J1eKTPOMEXaHIYHOI CyMiCHOCTI y JBOABHUTYHHOMY
€JIeKTPONPHUBO/Ii 3aN[PONMOHOBAHO 3MillleHHS] B Yaci BUXiTHUX HANPYT LIECTHTAKTHUX inBepTopiB Ha 30
eJIeKTPUYHHX I'PAAYCiB, 0 A0CATa€ThCs 3MIIlIEeHHAM NPOBiTHOCTI BEeHTUWJIIB Ipyroro ingepropa.

Jasi ananizy ejieKTpoMeXaHiYHMX NpoueciB JIBOJABHUIYHHOIO €JeKTPONPUBOAY 3 ABOMA IIECTH-
TAKTHUMH iHBePTOpPaMH HANPYTH, 3MileHuMH B 4yac Ha 30°, po3podJieHo MaTeMATHYHY MO/eJIb MeTOI0M
cepelHiX HAMPYT HA KPOIli YUCJIOBOT0 iHTerpyBaHHSI.

Pe3yabTaTn MAaTEMATHYHOT0 MO/IEJIIOBAHHS MiITBEPANJIM, 1110 3aNIPONIOHOBaHe PillIeHHs 1a€ 3MOTyY
NMOKPALIUTH eJIEKTPOMATrHITHY CyMiCHICTD eJIeKTPONPUBOAY 3 IKepeJioM IMOCTiiHHOI HANIPYTU TA eJIEKTPO-
MeXaHIYHy CYMIiCHIiCTh eJ1eKTPONPUBOILY 3 HABAHTAKEHHS NMOPiBHAHO 3 OJHOABHUIYHHHM eJ1eKTPONpPHU-
BOJOM, 30KpeMa JIKBilyBaTH IIOCTY TapMOHIKY BXiAHOI MOTYKHOCTi iHBepTOpPiB Ta WIOCTY rapMOHIKY
€JIEKTPOMATHITHOI0 MOMEHTY ACHHXPOHHOIO eJIEKTPONPHBOY, 3MEHIIMTH Oijablie HiK y Bicim pasiB
aMILTITYAy NyJbcalii eJJeKTPOMAarHirHOro MOMEHTY Ta Oilblle Hi’K y JABa pa3su aMIUIITYAy HyJbcauii
BXiAHOTO CTpyMY.

Kniouosi cnoea. 06006uzyHnuil aCUHXpPOHHUI e1eKMPONPUGIO;, HACHOMHOPEYTbOBAHUIL €/1eK-
mponpugio; wiecmumakmHuil iHgepmop HAnpyzu; Mamemamuine Moo0en06aHHs:.
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