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ABSTRACT

The mathematical and analytical models of adjustable speed electric drive based on double
inverter-fed induction motor are considered and analyzed in the article, the main equations
which describe energy performances of such type of AC electric drive system are determined.
The influence of excitation frequency on energy performances of double inverter-fed induc-
tion motor in steady-state at orthogonal flux vector control is considered in the article. The
condition ensures minimum of stator steel losses at a predetermined rotor speed and can
operate at speeds up to double rated without the magnetic flux reducing is presented. This
possibility is one of the most important advantages of this type of electric drive over others
types of AC drives for many technological processes.

Key words: power, double-fed wound-rotor induction motor drive, steel and total losses, effi-

ciency, energy-efficient control algorithm.

INTRODUCTION

Recently there is a stable tendency in modern industry to switching to the new energy-
efficient technologies. Using of adjustable speed AC electric drive concerns to them. In scien-
tific literature there are a great number of publications describing optimization operation
modes of induction and synchronous AC drives, and also drives based on double-fed wound-

rotor induction motor by energy criterion.
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Double inverter-fed induction motor supplied by two power converters at rotor and stator cir-
cuits is one of the options of electric drive based on double-fed machine.

More than half of all electricity produced in the world is consumed by variable speed electric
drives. It’s obviously that research goals connected with the design of energy-efficient electric
drive systems because it is very important nowadays. Variable speed AC drives is the most
reliable and cost-effective way of electrical energy into mechanical energy conversion. In
technological processes with heavy operation modes are used variable speed AC drives based
on double-fed wound-rotor induction machines. Double inverter-fed induction motor is one of
the options of electric drive based on double-fed machine.

Theory and mathematical model

Electric drive based on double inverter-fed induction motor is composed of a basic induction
motor with wound rotor supplied by two power converters which allows controlling of four
variables and gives the possibility to control of energy mode of the machine. The concept and
some proposed motor energy-efficient control options for electric drive based on double
inverter-fed induction motor are presented in detail in [1][2][3][4].

Equations of mathematical models describing the electromagnetic processes in double inver-
ter-fed induction motor presented in [8]. Determination of the eddy current losses and
hysteresis losses coefficient for the particular type of machine is carried out by losses values
(calculated or experimentally determined by well- known methods) at two points in the
operating frequency range of machine idling operation [6]. For the motor 4AK250SB4UZ
with rated power 55 kW values of losses coefficient are: R,.=656.5 Ohm, K.=1.4 H.

Electric drive based on double inverter-fed induction motor structural scheme and vector dia-

gram are presented at Fig. 1
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Fig.1. Electric drive based on double inverter-fed induction motor structural scheme and

vector diagram

For double inverter-fed induction motor in steady-state the electrical balance equation of the

armature and excitation windings considering [5][7][9-13] can be written:
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Current components at axis can be written:
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From the vector diagram should:
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Where: ' — phase offset angle between current and armature voltage vectors, & —

rotor voltage vector phase, determined by excitation frequency, €'+ =0 — phase offset

angle between armature voltage U, and excitation voltage U , vectors.

Looking at equation (1) and (3) the electrical balance equation of the armature and

excitation windings can be written:

U, sin(-0')=-w,L,i
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For steady-state of double inverter-fed induction motor from (6) excitation voltage

vector magnitude:
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Then active current component:
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i, =i, :
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(6)
From the vector diagram seen:
Y.

i =—%=1 sini,
Lm

i, =—1I,cos . (7
The angle of excitation current vector:

R, sina+w,L, cosa

—1gh= ®)
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Equation (9) transformed in:
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The angle of excitation voltage vector determined by equation system (6):
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If R, = 0 for high-power electric machines, that armature voltage can be written:

U =— @, L s +w15U5x+5U5x ’
sin(-0')| L, tgh R, K,
@ (10)
U, =, —5",.
‘ cos(—0')
Load angle of double inverter-fed induction motor or angle of armature voltage:
1 0] 1
—1g0'=-L | ——+—L+—|.
‘\LigA R, K,
The dependence between load angle and armature voltage vector is:
LR K
tgﬂ’ — ,lS ec h . (1 1)
Lm (RecKhtge - a)ILlsKh - LlsRec )

Current excitation 1 ~ phase vector relative voltage excitation vector U ~ dependent at

excitation frequency @, , which determines the angle & of the load on the shaft of the double
inverter-fed induction motor, that determines the angle o' and, accordingly, angle A
¢ =m—(a+A1).
The electromagnetic torque equation for double inverter-fed induction motor at ortho-

gonal control looks:

3 : : 3 :
Me = _Ep” (y/c%clry - Tbj/lrx) = _Ep”g/&lry .
After substitution of rotor current from (11):
SUZ
M,=3—5— (12)
L tgh

The electrical balance equation for double inverter-fed induction motor for steady-

state can be written:

})siPr :P2+]Dscop+Psst+Prcop+Prst+PMec+Pa’
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where P, and Pr — active and reactive power consumed by the windings of the

armature and excitation, P2 — mechanical power on the motor shaft, Pmp and P reop — Stator

and rotor copper losses, P,

sst

and P_, — stator and rotor steel losses, P

. and P, —mechani-
cal and added losses.

Rotor steel losses aren’t considered because the value of excitation frequency is small,
and stator copper losses can be written:
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Active and reactive power consumed by the windings of the armature, defined by the

relations:
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Active and reactive power consumed by the windings of the rotor defined by the

relations:
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After describing the mathematical model of double inverter-fed induction motor it

would be appropriate to describe and analysis the analytical models of this machine.

Simulation and analytical model analysis

Characteristic curve of double inverter-fed induction motor losses from the excitation fre-
quency at the rated load is shown at fig. 2. The condition (15) ensures minimum of stator steel
losses at a predetermined rotor speed and can operate at speeds up to double rated without the

magnetic flux reducing [14,15].

(15)
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Fig.2. Double inverter-fed induction motor losses from the excitation frequency at the rated
load characteristic curve
In a closed-loop control system or rotor speed when changing the excitation frequency and the
load on the shaft close to rated, there is a redistribution of the active power in the armature

and excitation circuits and the efficiency remains practically constant (Figure 3).
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Fig.3. Energy performance at different values of excitation frequency

Increasing the excitation frequency connect with a small reduction of efficiency due to the
stator steel losses increasing. This is particularly noticeable at low loads when these losses
can be compared with rotor copper losses (Fig. 4). As the load increases significantly increase
the copper losses and for a predetermined excitation frequency the constant stator steel losses
isn’t considered.

Power factor cospX decreases with increasing excitation frequency because reactive power in
excitation circuit increasing. High values of cospX are achievable without stator active power

recuperation into the grid, i.e. with active power consumption by the excitation winding.
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Fig.4. Efficiency at different values of excitation frequency

Then from (14) is determined by the minimum value of the excitation frequency at which the
entire load range there will be no energy recuperation.
R (1g'2+1)
Do = L tg/

m
Using the counter rotation of the rotor and the motor magnetic field can increase cosgX (Fig.
5).
However, this increases the active power consumption by the excitation circuit and using
condition (17) is possible to use two identical power converters, with rated power are equal to
half of the base machine power (Fig. 3). But in this case, high efficiency obtains a very low
power factor coseX at low loads. The excitation frequency is a multicriterion parameter. In
addition to the sliding power it determines the power heating elements.

Rotor power:
Sr = VPr2 + Qr2 °

cosps and efficiency calculated:

P

cos @, = SS

H+

P
S

s r

N

3772:

+



G. Tutaev et al. J Fundam Appl Sci. 2017, 9(2S), 1158-1170 1166

93
95
"
s /f hae ¥

Coso
=CUYLN

02 04 06 10 20 30 40 50 60 70 80 80100110
Load angle

—+—CosQ (f2=5Hz) -=—Cosp(f2=3 Hz)
=i~ Cosp (f2=-5 Hz) -#—Cosg(f2=-25 Hz)

Fig.5. CosoX at different values of excitation frequency

Experimental results
Before the experiment the energy values of the 4AK160M4YZ induction motor (Pag = 11
kW) were calculated taking into account motor windings losses and stator steel losses for two
values of the excitation frequency (f, = 5 Hz and f, = -5 Hz) at the rated values of magnetic
flux and rotor speed. The rotor steel losses were not taken into account because of their
smallness at a low excitation frequency values. In the course of the experiment the stator and
rotor voltages and currents, the shaft rotation frequency, and the active power consumed were
measured. The value of the magnetic flux was estimated by the observer.

At the figure (6) analytically determined and experimentally obtained energy
characteristics of double inverter-fed induction motor for two values of excitation frequency

are presented. The rated values of the 4AK160M4YZ motor parameters are 1,z = 0.865 and
cos@ny = 0.86.

In the calculated rated operation mode at the implementation of the orthogonal control,
the efficiency of the motor and the total power factor cos¢rs of the stator and rotor circuits at
the excitation frequency f, = 5 Hz significantly exceed the nominal values of the base motor.
The experimentally obtained value of the total efficiency is ny = 0.88 below the calculated
efficiency by 2.9%. The experimental power factor of cos@s=0.89 is equal to the calculated
value.

The transition to the magnetic field and the rotor counter rotation (f; = -5 Hz) leads to an
increase in both calculated and experimental energy parameters, which is explained by a

decrease stator steel losses.
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The difference in the theoretical and experimental values of the efficiency can be explained
by the effect of additional losses on the phase current and voltages harmonic components due
to their non-sinusoidal at supplying the motor windings from frequency power converters. In
addition, mechanical, additional losses and brush losses which are most pronounced at low
loads, when the mechanical power is low are also affected. As the load increases, these losses
change insignificantly compared to the increasing mechanical power and the total losses,
which determined the efficiency of the motor drive.

The power factor turned out to be close to the calculated values for both excitation
frequencies values, since in the experiment their calculated values influencing cosgp were

maintained.
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Energy performances at 2=5Hz
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Fig.6. Experimental results of energy performances of electric drive based on double

inverter-fed induction motor

CONCLUSION

Control of excitation frequency value has a prevail influence on energy performances of
double inverter-fed induction motor, in particular stator steel losses which can be reduced
with reducing of excitation frequency. Reducing the excitation frequency and switching to a

counter rotor rotation and the machine magnetic field can significantly increase the power
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factor cosp2 value of double inverter-fed induction motor, but it makes necessary to increase
the rated power of power converter in rotor circuit. Optimal value of the excitation frequency

by energy performance depends on the machine parameters and is in the range of 1 + 3 Hz.
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