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RESEARCH OF DYNAMIC CHARACTERISTICS OF INDUCTION MOTORS
IN ELECTRIC DRIVES WITH MATCHING TRANSFORMER AND REDUCER

Introduction. The variety of electric drives, the performance characteristics of which correspond to the set requirements of
consumers while ensuring reliable and economical operation for a certain time resource, characterizes the variety of circuit
solutions, including using matching transformers and reducers. Problem. The use of matching transformers and reducers units
significantly changes the performance characteristics of the electric drive. Most articles are devoted to modeling an electric drive
without such elements. It is advisable to consider simulations of electric drives using these elements. Methodology. In the models
of matching transformers and reducers, the initial data are used, which determine both the functional properties and the mass
and size parameters. The latter provide an opportunity to consider the economic aspects of the electric drive. For the correct
calculation of the energy balance of the electric drive, the efficiency of the elements under consideration is taken into account.
Results. The use of the developed algorithms for modeling the dynamic modes of two induction motors in electric drives operating
on a specific load diagram, with the connection of a matching transformer and reducers, is considered. Dependencies of
efficiency and power factor of motors have allowed to determine the medium cyclic energy indicators. The mass- size and cost
indicators of variants of electric drives were found, which made it possible to calculate the average cyclic reduced costs of electric
drives. Practical value. The possibility of choosing the best variant of the drive based on various indicators, including the
minimum amount of energy losses per year, is substantiated. References 17, tables 2, figures 8.

Key words: induction motor, load cyclogram, reducer, transformer, mathematical model, average cyclic criteria, energy
indicators, reduced costs.

Po3enanymo GuUKOpUCMAHHA PO3POONEHUX ANZOPUMMIE ONA MOOENI6AHHA OUHAMIYHUX DPeHCUMI6 080X ACUHXPOHHUX
08UZYHIE 6 eleKMPONPUEooax, w0 NPayioloms HA NEEHY WUKA0ZPAMY HAGAHMANCEHHA, NPU GKIIOUEHHI Y3200MHCYB8ATbHUX
mpancopmamopa i pedykmopa. Bpaxoeano minnugicme napamempie cxem 3amiujeHHA O6UZYHI8, noeé'azana 3i 3MiHOI0
HACUYEHHA MAZHIMHUX Kil | GUMICHEHHAM Ccmpymie 6 00momkax pomopie. Ompumano i 3icmaeieHi Ounamiuui
Xapakmepucmuku cmpymie i nomyxncnocmeil, cnoxcusanux osuzynamu. 3anexncnocmi KKJ[ i koegpivienma nomydzicnocmi
08UZYHI6 0036071UNU GUIHAYUMU CEPEOHbOUUKNIUHI eHepzemUYHi NOKA3HUKU. 3Hnaiideno macozabapumni i eapmicni
HOKA3HUKU 6apianmie eneKmponpugoodie, uwio O0ajuo MOMNCIUGICMb, HPU GIOOMUX CEPEOHbOUUKIIYHUX eHepeeMmUUHUX
NOKA3HUKAX NpUG0dis, po3paxyeamu cepeoHbOUUKIIUHI npueedeHi eumpamu  eneKmponpugooie. Oo6rpynmosano
MONCAUGICIMD GUOOPY KPAWL020 Gapianmy npugoody 3a GUUIEEKA3AHUMU NOKA3HUKAMU, A MAKONC 3d MIHIMyMOM empam
enexkmpoeHnepeii 3a pix. bion. 17, Tabx. 2, puc. 8.

Kniouogi crosa: acCMHXpPOHHHUI ABHUIYH, IMKJIOIPAMa HABAHTA)KEHHS, PEAYKTOp, TpaHCPOpMATOpP, MaTeMATHYHA MOJEb,
cepeIHbOLUUKIIIYHI KpUTepii, eHepreTH4Hi NOKA3HUKH, IPUBeIeHI BHTPATH.

Paccmompeno ucnonvzosanue papasomannolx anzopummos 0nsa MOOeauposanus OUHAMULECKUX PEHCUMOE 08YX ACUHXPOHHBIX
oguzameneii 8 31eKMPONPUGCOOAX, PAOOMAIOUUX HA ONPEOCNCHHYI0 YUKNO0ZPAMMY HAZPY3KU, RPU GKIIOUEHUU CO2LACYIOUiUX
mpancopmamopa u pedykmopa. YumeHo HENOCMOAHCHIEO RAPAMEMPOS CXeM 3aMeuieHus osuzameneil, C6A3AHHOE C
U3MEHEHUEeM HACLIU{CHUA MAZHUMHBIX Yeneil U 6blMecHeHUeM NoKoe 6 odmomkax pomopog. Ilonyuenvt u conocmaenenvi
OUHaMUUeCcKue XapaKmepucmuKky moKoe u mownocmeil, nompeonaemoix osuzamenamu. 3agucumocmu KII/l u korgppuyuenma
MoOwiHOCmMuU  Jguzameneil  nO360JUNU  Onpedenumsy  CpeOHeyukaIuyeckue Inepzemudeckue noxkazamenu. Haiidennt
Mmaccozadapumnsle U CMOUMOCIMHbBLE NOKA3AMENU 6APUAHINOE INEKMPONPUBOO0E, UMO 0A10 603MONCHOCHIb, NPU U3EECIMHBIX
CPEOHEeUUKIUYECKUX IHePIemudeckux noxasameneii npueooos, paccuumamsv CPeOHeUUKIUYecKue NnpueedeHHbvle 3ampanvl
INeKmponpueo0os. O6OCHOBAHA 603MONCHOCIb 8bIOOPA TIyYUIEZ0 GAPUAHIMA NPUBOOA NO BbIULEYKA3AHHBLIM NOKA3AMENAM, d
maksice NO MUHUMYMY ROMeEPD INeKmpoInepeuu 3a 200. bubn. 17, Tabn. 2, puc. 8.

Kniouesvie cnosa: aCHHXPOHHBIH ABUTaTe b, UKJIOrPAMMa HArpy3KH, peIyKTop, TpaHcdopMaTop, MaTeMaTHiecKast MOJeb,
CpeHeNUKJINYecKHe KPHTePHH, JHepreTHiecKue MoKa3aTe/d, IPUBeJeHHbIE 3aTPAThI.

Introduction. A variety of electric drives (ED),
whose performance characteristics meet the specified
requirements of consumers while ensuring reliable and
economical operation for a certain time resource,
characterizes the variety of circuit solutions, including
using matching transformers and reducers. The value of
the drive load may vary in time, which is characterized by
the mode of operation described by the load cyclogram.
Heating of the electric machine depends on the operation
mode, i.e. on the ratio of the duration of periods of
operation and pauses between them or periods of
operation with full or partial load, on the frequency of

switching on the machine and the nature of the flow of
transients. Along with the standard modes of operation
[1], non-standard ones are also possible [2, 3]. The
standard ones are characterized by different time
indicators (duration of switching on, duration of load,
duration of operation, frequency of switching on, etc.).
The correct choice of electric drive should provide
high energy performance during operation, indicating its
rational use. When commensurate operation time of
induction motors (IM) in steady and transient (start,
transfer from one load to another) modes, transients have
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a significant impact on the performance of electric drives.
In some cases, IMs are operated in intermittent modes
associated with alternating motor operation for loads of
different values. Transients in IM were considered by a
number of authors [2, 4]. At the same time, the rejection
of the use of certain assumptions in the simulation of
dynamic modes of IM allows us to refine the
mathematical models (MM) [5].

The use of matching transformers and reducers
significantly changes the performance characteristics of
the ED. Most of the papers are devoted to ED modeling
without such elements in both static and dynamic modes
[2, 4-7]. In a number of works [8-11], the analysis is
performed taking into account transformers and reducers.
It is advisable to consider modeling ED using these
elements.

The goal of the paper is to use the developed
algorithms to simulate the dynamic modes of induction
motors in electric drives with matching transformers and
reducers and to substantiate the possibility of comparing
the considered electric drives in terms of weight, cost,
energy and cost parameters, as well as on the cost of
electricity to choose a rational drive option.

Problem definition. All considered drives operate
on a certain load cyclogram and provide almost the same
number of revolutions on the mechanism. In the models
of matching transformers and reducers, initial data are
used, which determine both functional properties and
weight, size and cost parameters. The latter provide an
opportunity to consider the economic aspects of the ED.
The functional ones are: for a reducer — a gear ratio (i,.,),
for a transformer — a transformation ratio (k,). The
correctness of the calculation of the energy balance of the
electric drive requires the use of the efficiency of the
considered elements (77,4, 77,). Modeling ED with the
connection of reducers and transformers in static and
dynamic modes, the rotational speed (n,,,) and torque
(M,ecr) on the drive mechanism, the power consumed by
the drive (Pgp), the drive efficiency (#gp), the power of
the load mechanism (P,,.;) are determined. In addition, it
seems possible to calculate the weight, size, and cost
parameters of the entire ED using any of the considered
components.

Expressions that take into account the connection of
the reducer and transformer in the ED when considering
static modes, have the form:

n
Npech = > (1)
lyed
M pech =M s iveq Mred > (@)
Preeh =P *Nred s 3)
Pgp =P +(1=1,)- P, “)
NED =M M Nred » (5)
U
Uy=—1, (6)
ktr

where n is the motor speed; My, is the torque on the
motor shaft; Py, is the useful mechanical power on the
motor shaft; P, is the consumed active motor power; U, is

the primary voltage of the transformer; U, is the
secondary voltage of the transformer.
Mathematical models used to study transient

electromagnetic and electromechanical processes in
induction motors are based on systems of nonlinear
differential equilibrium equations for voltages and
currents in a system of transformed coordinates [6, 7]:
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where (1), Pip(t), Vou(t), and P,(¢) are the flux linkages
of the stator and rotor windings of the machine,
respectively, along the axes o and f; w, is the motor
angular rotation speed; p is the number of pairs of poles; J
is the total moment of inertia of the drive, reduced to the
motor shaft; M;(f) is the time dependence of the
mechanism resistance; 7y, r.(t), x,(¢), x(?), x)(t) are the
active resistances and the total reactances of the stator and
rotor windings and the mutual induction resistance, and
all of which, except for r,, change at each integration step;
d(?) is the auxiliary variable d(f) = [x,(£)x,() — (Ccu(D)’T;
u,(t) and ugp(f) are the instantaneous values of the
voltages along the a and f axes, which are determined by
the voltage amplitude U,, and the angular position of the
generalized voltage vector ¢;:

Usq (1) = Uy (1)-cos(g), usp(t) =U, (1)-sin(gpy). (8)

The expressions connecting the instantaneous values
of currents and flux linkages are as follows:

i (1) = d(0)-[x, (0¥ () = X0 (1, (D))
iyp () = d(0)- v, (V05 () 5 (O, 5 0)]

where iy, iy are the stator currents along the axes a and .
Instantaneous stator current value:

)

. 1. 2. 2
ll(t)=\/5'[lsa(t) +igp(t) ] (10)

A mathematical model built on the basis of the
above differential equations allows to calculate the
rotational frequencies, currents in the phases of the
windings, electromagnetic torques, losses.
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In each of the equations, nonlinear coefficients take
place — the motor parameters varying at each operating
point, including due to the effects of saturation of the
magnetic system and current displacement in the rotor
winding [12, 13]. One of the approaches to the analysis of
the dynamic characteristics of IM involves the
preliminary determination of these factors for the
necessary operating points. Therefore, before analyzing
the transient process, the calculations of steady-state
regimes are carried out in order to obtain the values of all
the parameters of the equivalent circuit, taking into
account the current displacement in the rotor winding and
the magnetic core saturation for the necessary operating
points. For this purpose, MMs of steady-state modes are
used. When calculating the dynamic modes, the changes
at each step of the system integration are taken into
account, i.e. at certain points, the characteristics of the
transition from one torque of load to another, the
parameters of the equivalent circuit. When implementing
this approach, an increase in the level of MM adequacy is
provided.

In a number of publications [14-16], in contrast to
the classical theory, according to which the values of
powers are calculated as integral, instantaneous values of
powers are used. Then the conditional active power
consumed by the motor in dynamic modes under the
condition of sinusoidal supply voltage is calculated
through instantaneous values of voltages and currents:

PO =2l 10O+ 014 0]. (1D

The actual consumed active power p; is more than
conditional one by the amount of the unaccounted losses
(the main ones in the magnetic core Apg puee . the

additional ones in the magnetic core Apy 4>

mechanical ones 4p,,,.;, , additional ones 4p,,,.;, ):

D1 (t) = pi (t) + Apst base(t) + Apst add (t) +
+ A ech (B) + Apggq ().

The power at the motor shaft can be determined
through flux linkages and currents using the rotor speed
value:

P 0= 0, Ll 5 02,0010 07,5 0]

= A yech () = AP 44 (0).

The instantaneous value of efficiency is determined
by the ratio of the instantaneous values of useful power on
the motor shaft p;, to the consumed active power p;.

As the drive selection criteria, the mass, dimensions,
cost of the motor or drive, average cyclic reduced
manufacturing and operating costs (RC,,.), average cyclic
energy indicators (efficiency and power factor) can be
used, or a generalized criterion can be applied, taking into
account the above criteria as components. Conventionally,
the criteria can be divided into two groups: weight and
size and cost; energy and costly. Selection results vary
with different criteria used or with their different

(12)

(13)

components in the generalized criteria, and also depend
on the assigned coefficients of significance of these
components. When calculating the criteria, their values in
transient operating modes can be taken into account. This
approach allows to make a choice for both modes of
operation, in which the duration of transient modes is
much less than the duration of operation in steady-state
modes, and for modes with commensurability of the
above durations.

In the case of taking into account transients, the
energy-cost group of criteria for the motor or drive is
determined by:

1 Lend

JmM(ED)(l) dt, (14)

77 =
meIM(ED) Lend —start

start

1 Tend

ICOS(Z)[M(ED)(Z) dt, (15)

Start

cosQ =
meIM(ED) Lend ~ Lstart

Lond
1
ch,M( £py () dt, (16)

start

RC,,. =
meIM(ED) Lend ~start ¢
where 7., is the cycle end time; 7,,, is the cycle start time.

With a known full cost of the motor cim the value of
the criterion is defined as:

RCpy = (cim+Copg)[ 1+ T(kaeths)] + CLpg,
where C,;, is the cost of expenses for reactive power
compensation, UAH; CLy, is the cost of electricity losses
for the year, UAH; Ty is the standard payback period of
the motor, years; k. is the share of costs for depreciation;
ks is the share of maintenance costs for motor operation.

For common industrial IM, the following values are
accepted: Ty = 5 years, kg = 0.065, k; = 0.069. Then
RC]M = l.67(cim+C,1M) + CL[M, where CrIM = Ccrgpl(tg(l)l —
— 0484) and CLjy; = C..P1(1.04 —npy), Ceue is the
coefficient taking into account the cost of active energy
losses, which is a product of cost of 1 kW-h of electricity
during the service life of the motor (0.05 USD per kW-h),
the number of motor operation hours per year (2100), the
number of years of operation before major repairs (5) and
the ratio of the relative motor load (1.0), C.. is the
coefficient taking into account the cost of reactive energy
compensation and representing the product of the cost of
1 kVAr of the reactive power of compensating devices
(15 USD for 1 kVAr), the coefficient of motor
participation in the maximum load of the system (0.25)
and the ratio of the relative load. Similarly, at the known
cost of the entire electric drive ced, the reduced costs of
the drive RCyp are determined.

If as a selection criterion to use such an energy
indicator as efficiency, energy-saving operation of the
motor will be provided.

Results of investigations. In accordance with the
above-mentioned, the DIMDrive code, similar to the
DIMASDrive software [17], was developed at the
Department of Electric Machines of the Odessa National
Polytechnic University. The code is based on system
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principles, allowing to take into account the presence of
certain possible components of the electric drive. In this
regard, along with the IM models (for the steady state
based on the T-shaped equivalent circuit, for the dynamic
mode on the system of differential equations of a
generalized machine), the load diagram M(¢) is included
in the complex project model, and if necessary, models of
transformer and reducer (between the motor and the load)
matching voltage values of the network and the motor.
Motor models involve the consideration of machines of
various designs, degrees of protection, ventilation
systems, types of rotors, etc. and take into account the
change in the parameters of the equivalent circuit of the
motor due to the saturation of the steel of the magnetic
core and the displacement of currents in the motor
windings, the presence of main and additional losses in
steel in static and dynamic modes of the motor operation,
the presence of higher spatial harmonics of the magnetic
field. The analysis of electromagnetic, electromechanical,
energy, thermal processes during the IM operation for
various in value and mode of operation the load is
provided. The code allows to implement a comprehensive
analysis of the operation of IM, on the basis of which all
the most important aspects of motor operation are
considered.

The above software was used to simulate the
operation of motors and electric drives in solution of this
production problem.

The load is described by the following cyclogram:
2s—50Nm, 1 s— 98 Nm. Four variants of electric
drives are considered at supply voltage of 380 V and
network frequency of 50 Hz which is reflected in Fig. 1.

=-EDED with IM 4416054 & red
----- 9 4218054

..... {ﬂ} red, i=2, Mreg=0.8

----- 2.501_98

=@ ED with IM 4416058

----- 9 1218058

----- 2 501 88

- ED with IM 4416054, tr & red
----- & 4718054

..... ¥ tr ki =0.8,1,=0.8

..... {ﬂ} red, i=2, Mreg=0.8

----- 2 501_68

E-EED with IM 4416058 & tr
----- 9 4218058

----- ¥ 1, kir=0.8,1=0.8

Fig. 1. Window of options of electric drives
of the DIMDrive software

Motors 4A160S4 and 4A160S8 are used. In different
variants there were different total moments of inertia,
taking into account the moments of inertia of the motor
and drive mechanism (ED with 4A160S4 — 0.3 kg'm’,
ED 4A160S8 — 0.5 kg'm®). To ensure the same speed of
rotation of the mechanism, the reducers are included in
the variants with the 4A160S4 motor. Reducer parameters

are shown in Fig. 2. For simplification the weight, size
and cost parameters of the reducer are taken conditionally
equal to 100.

==

# Reductor data - RED, i=2

Reduction ratio

b

Effecisncy 0s =
Cost, c.u. 100 >
Weight, kg 100 >
Height, mm 100 >
“afidth, mm ’_l
Depth, mm 100 -
% Change ‘ Recover |

Fig. 2. Window of reducer parameters
of the DIMDrive software

In two variants, a transformer was used at the drive
input, the parameters of which are shown in Fig. 3. To
simplify, the weight, size, and cost parameters of the
transformer are taken conditionally equal to 100. To
obtain cosg,..zp values, the calculation transformer power
factor is used (kyy. = 0.8):

an

The performed thermal calculations (the maximum
torque from the cyclogram for the steady state is set)
showed the temperature of the motor stator winding
exceeding the permissible value in the ED with IM
4A160S8 with transformer (Fig. 4). Therefore, this drive
option is not considered further. The numbering of the
characteristics corresponds to the variant numbering of
the electric drives in Table 1, namely: 1 — ED with IM
4A160S4 with a reducer; 2 — ED with IM 4A160S8
without reducer and transformer; 3 — ED with IM
4A160S4 with reducer and transformer; 4 — ED with IM
4A160S8 with transformer.

COSPmcep = COSDic 'kptrc .

& Input transformer data
Power, kS

0

Input voltage, 4

Input frequency, Hz ) -
Tranzfarmation factar na -
Effeciency 0.a8 -
Cost, c.u. 100 -
Weitht, kg 100 -
Height, mm 100 -
Width, rmm 100 -
Depth, mm 100 -
i Charige ‘ Recover |

3

Fig. 3. Window of transformer parameters
of the DIMDrive software
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'8 emperatures of motors - stator windings Fig. 7. Motors efficiency dependencies
Dynamic characteristics, which are dependencies of A
changes in electrical, energy values in time at the motor ¢ bl
input, are presented in Fig. 5-8. The numbering of the ¢ A 1
characteristics corresponds to the variant numbering of o '\?‘/‘
the electric drives in Table 1. The code DIMDrive allows, ' Y ]
when considering the dynamic characteristics, to exclude %6 {’\\/\
the starting mode from the presentation, which was done 0.5 ; YA
later. Similarly, the dynamic characteristics can be 0.4 A\/"
calculated at the input of the drive. 03
Table 1 shows the values of the indicators of the i N~
considered ED, which include the medium cyclic ' 3 v
efficiency (7,,.), the power factor (cosg,.), the reduced !
costs (RC,.), as well as the weight, size, and cost 0
parameters of both the motors and the drives. 1 = g B 3 i t,é
- Fig. 8. Motors power factor dependencies
1,
40
B 3 Table 1
Comparison of various ED indicators
30 3
s 3 . - BBl _. .8
— Q 5
< 8 oo B é =< o é
N 1 < 2 NP S| BAQ 39
2 = | ZF |TEEZ|TESS
15 2 . R TZBE|TE s &
‘A Indicators | g SY¥Exg| ST 5 g
v 1E |z¥Ez=|zT 5
10 and parameters S IS s
Z
: Tme IML % 76.54 72.89 62.16
0
1 L5 2 25 3 15 tg €089, IM, r.u. 0.636 0.551 0.276
¢l
Fig. 5. Dependencies of currents consumed by motors Nme ED, % 61.23 72.89 39.78
PL,W cos@,,. ED, r.u. 0.636 0.551 0.221
16000
RC,,.IM, USD 2172 1980 3146
14000
RC,,.ED, USD 2932 1980 5181
12000 |
10000 | Mass of IM, kg 118.9 111.8 118.9
2000 | Volume of IM, dm* 9.62 10.73 9.62
6000 | Cost of IM, USD 642 552 642
4000 Mass of ED, kg 218.9 111.8 318.9
=0 Volume of ED, dm’ 10.62 10.73 11.62
0
1 s s iy 5 - 4 |Costof ED, USD 742 552 842

s
Fig. 6. Dependencies of active powers consumed by motors
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The calculation of the cost of active energy loss per
year can be performed:

Cy :C'Tyear Ky - Pgp -(1+0.04=17,,c£p) / 1peep » (18)

where C = 0.05 USD is the price per 1 kW-h; T}, = 2100
is the number of hours of ED operaton in the year; K; is
the load factor (taken equal to 1.0); 0.04 is the relative
value of losses in the consumer’s distribution network.
Comparison of the considered ED variants at the
cost of active energy losses for the year (Table 2) was

made.
Table 2
Comparison of the cost of active energy losses of various ED
&
S . - 88|l_. .8
<8 |Sg<f|fzic
<
ED| =7 2% 188
= = a—=55|lew—=%2¢g
PE |s$EE|SSES
Indicators > Z "; g Z B g
and parameters S
Z
Nme ED, % 61.23 72.89 39.78
Cost of active energy
losses per year, USD >4l 279 1768

Conclusions

1. The DIMDrive code has been developed, which
allows analyzing the dynamic modes of operation of
induction motors, including in electric drive systems
with matching transformers and reducers, and this is
the basis for designing motors for various operating
modes.

2. For comparison of the efficiency of the considered
electric drives, the medium cyclic criteria of the energy
and cost groups are proposed, which take into account the
corresponding indicators in both the steady-state and the
transient modes.

3. Of the three considered electric drives, ED with
4A160S8 motor without a reducer and a transformer has
the advantage for the following reasons:

o the highest value of the medium cyclic efficiency of
the electric drive;

o the lowest value of the medium cycle reduced costs
of the electric drive;

o the lowest value of the cost of active energy losses
per year.

4. If the medium cyclic power factor of the electric
drive is used as the selection criterion, then the ED with
the 4A160S4 motor with a reducer has an advantage.
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