COMPUTATIONAL PROBLEMS OF ELECTRICAL ENGINEERING

Vol. 4, No. 1, 2014

INDIRECT DETERMINATION OF ENERGY DATA
AND OUTPUT POWER OF AN INDUCTION MOTOR

Mykhaylo Zagirnyak, Andrii Kalinov, Anna Kostenko, Igor Nesterov
Kremenchuk Ostrohradskyi National University, Kremenchuk, Ukraine
mzagirn@kdu.edu.ua, scenter@kdu.edu.ua, annakostenko.knu@gmail.com

© Zagirnyak M., Kalinov A., Kostenko A., Nesterov 1., 2014

Abstract: A method for indirect determination of
energy data and output power on the shaft of an
induction motor (IM) is presented. It is demonstrated
that the application of the proposed method makes it
possible to estimate power efficiency of IM operation
without its withdrawal from the manufacturing process
with minimum information about electric drive (ED)
parameters and under the conditions of the impossibility
of using power equipment for the creation of special
operating conditions and testing actions. The possibility
of the calculation of IM output power both under static
and dynamic conditions on the basis of the motor
constant losses determined for an idle mode without their
division into core losses and losses in mechanical
assemblies is substantiated. Experimental research has
proved the efficiency and sufficient accuracy of the
proposed method for the calculation of IM output power.
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1. Introduction

Objective estimation and improvement of power
efficiency of the IM contained in a variable-frequency
ED is impossible without accurate data about its real
energy parameters and output power [1]. Efficiency and
a power coefficient (cos(¢)) are basic conventional
energy data. For their determination it is necessary to
know the losses in the basic structural elements and in
the whole machine. Energy data of the IM and the whole
ED significantly depend on the conditions of its
operation, on the load moment, angular speed, mains
voltage and frequency.

Modern means of control and diagnostics based on
measuring electric machine parameters provide the
possibility for controlling the state of both mechanical
and electromagnetic systems of electric drives.
However, most of these methods imply the use of
expensive measuring diagnostic equipment, partial
dismantling or withdrawal of the diagnosed power
equipment from the manufacturing process to perform
testing at specialized stands.

During operation of a number of EDs the problem of
determination of real energy data of the IM or its current

load under the conditions of minimum information about
ED parameters and without its withdrawal from the
manufacturing process often arises. If a sufficiently
developed electrotechnical laboratory and mobile
computer-aided measuring equipment are available at the
enterprise, measurement of the object without its
disconnection does not present any essential problem.
However, regulations related to testing processes [2 — 4]
do not allow the determination of output power of the IM
and its energy data without testing with specialized
equipment.

Paper [5] contains the algorithm of determination of IM
energy data on the basis of instantaneous signals of stator
phase currents and voltages which can be measured and
fixed quite easily and without the motor withdrawal from
the manufacturing process. However, this method requires
information about core losses and some parameters of an
IM equivalent circuit (EC), such as active resistances and
inductions of stator phase windings. Usually this
information, as well as information about rated data of the
researched motor is not available.

2. Theoretical research

When a method for determination of the output
power of the IM and its energy data is created and there
is no information on the motor parameters, the following
assumptions of measurement possibilities are made:
a) testing during idle mode operation and under load
(nominal and close to it); b) measurement of active
resistances of stator phases when the motor is cold or
heated; c) measurement of currents and voltages of stator
phases and measurement of angular rotation frequency
of the rotor.

The main idea of the method consists in the use of
idle mode to determine constant motor losses without
their division into core losses and losses at mechanical
assemblies. Constant losses determined by this method
are used later in calculation of IM output power during
on-load operation mode.

It is known that IM output power can be determined
from the equation of power balance [6]. In a general case
the balance can be presented according to instantaneous
values of power components:
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pZ(t):pem(Z)(l_S(t))_Apf/w_Apad(t)’ )
where p,,. (t) is electromagnetic power;

Ap,, are friction and windage losses; Ap ., (t) are

additional losses; S(t) is slip.
In this case electromagnetic power is equal to:

Pent)= P, ()= Ap,y (6) - Ap, (1), 2)
where  p (£) =10, (0)i, (6)+ 0y (0)ig(0)+uct)ic(e) i

input power; ApCul(t) are copper losses; Apc(t) are

core losses; uA(t), uB(t), uc(t), zA(t), zB(t), zC(t) are

voltages and currents of corresponding stator phases.
Then, taking (2) into account, output power is:

pz(’)z p](t)_Apf/w( )_Apad( )_Apcm(t)_

= ap(0)= (50 + 5N 0pen 1)+ 2, ()

The analysis of expression (3) for a wide range of
powers of conventional IMs has demonstrated that the
component S(t)(ApCul(t)+ Ap, (t)) can be neglected as
insignificant in comparison with other components. So,
for the IM of a medium or high power P, in a steady
operation state with nominal slip s, a component

AP, + AP
MIOO‘VQ%, where B is an average value

of Apl(t) > APCu

AP, is an average value of Ap, (t) , (Table. 1).

| is an average value of Apcyl(z‘) and

Table 1
Analysis of input power components

Motor P,=30kW,

s, =0.023

P,=160 kW

Parameter 5,=0.014

s(AP.- . + AP,

w,% 0.16 0.1
A

Thus, output power is:
)2 (t) =D (t)_ Apf/w(t)_ AP q (t)_ ApCul(t)_

—Ap (t)- pi(1)s(e) “4)

The components of equation (4) can be expressed
through idle mode power as all input power in the idle
mode is consumed by losses in motor mounts:

plid(t): Apid(t): Apst Apad(t)+ Apc(t)+
+APcia (’ ),

AP cia ()= g (R, + 15, ()R + i, ()R
electric copper losses in the idle mode;

where
denotes
i Aid(l), iB,—d(t),iCl.d(t) are currents of corresponding

stator phases in the idle mode; R, ,R;,R. are active

resistances of corresponding stator phases.

Let us assume that all components of expression (5),
except copper losses, are constant and do not depend on
the load. Then on the basis of the mentioned above and
knowing instantaneous input power in the idle mode:

Pria0) = 10430 ()43 (0) + 254 (0 )i (1) +

+ 11y (1 icia (1),
which is calculated using instantaneous values of IM
stator voltages and currents, it is possible to write down
the equation for IM constant losses which do not depend
on the load:

Ap, (t) = Pia (t)_ AP cuia (t) =Aps)y AP (t)"‘

+ Ap, (t )
Taking (7) into account, IM output power:

pa()= py ()1 =5(1) = Apia () - Ap, (). (®)

.2 ) )
where Ap,, (t ) = lAl(t )RA Tig (l )RB i (f )RC are
electric copper losses in on-load operation;

Q)

()

i Al(t), ig (t), iy (l) are currents of corresponding stator

phases on-load.
Motor shaft moment can be calculated using the

expression:
T =
o)

where o)(t) is angular rotation frequency.

The calculation of the mentioned power parameters
showed the sufficient accuracy of the method. For
example, the error of determinating IM output power
does not exceed 5% and for motors of the power higher
than 160 kW it approaches 1% (Table 2).

Table 2
Errors of calculation of power P,
Motor | P=30kW, P=160 kW
Parameter s,=0.023 5,=0.014
Error of calculation of output 21 1.03
power P>, %

The efficiency of an electric drive during an ope-
ration cycle is determined according to found output po-

wer p, (t) and measured input power by expression [5].

n= zpz(t)dt/:fpl (t)dt,

where T is cycle time.

(10)

Fig. 1 contains the algorithm of the calculation of
IM energy data for a general case using instantaneous

values of ED (s(t), uA(t), uB(t), uc(t), iA(t), iB(t),
ic (t)), components of input power ( p, (t),ph.d (t)) and
power losses ( Pe,i (), Apeialt), M), Ay ().

By averaging the calculated energy data and power
losses during the voltage cycle of the supply mains it is
possible to pass to their integral values.

The proposed method has some advantages. There is
no necessity of determining all EC parameters, except
active resistances of stator phases, and carrying out a
classical experiment in the idle mode with variation of
supply voltage. There is no need either to withdraw the
IM from the manufacturing process or to apply
equipment for the creation of special testing actions.
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Fig. 1. Algorithm of indirect determination of energy data and output power of induction motors
under the conditions of a manufacturing process.

3. Experimental results

To confirm theoretical theses the method of
calculation of output power was verified by experiment.
To realize measurements of the required parameters a
mobile measuring complex was used (Fig. 2) [7].
Current was measured by means of current pincers-
adapter with analog output ATA-2504. Angular rotation
frequency was measured with the use of an encoder
E40S T-24 and also by a contactless method using
optical tachometer TX01. Application of current pincers-
adapters allows measuring without the break of power
circuits of IM supply.

Using the encoder together with the corresponding
unit of software makes the measurements of
instantaneous values of rotation frequency more accurate
in comparison with tachogenerators, even with a small
number of impulses per revolution (100 imp/rev).
Measurements of winding active resistances were carried
out with the use of a measuring bridge according to [3].

Experiments were made with AIR80V4U2 IM
(P,=15kW; I,=6.3/3.6 A; n.= 77 %; n,= 1395 rpm;
cos(¢;) = 0,81; operation mode S1; insulation class F1;
nominal excess of the insulation temperature 155 °C;
nominal total losses APX, =448W). The analyzed IM
was loaded by a direct current generator with an
adjustable voltage source of an exciting winding.

The diagrams of transient processes according to the
current of a phase A, vectors of current and voltage
when the IM is started without load (Fig. 3) and transient
processes according to electromagnetic moment and

angular rotation frequency (Fig. 4) are given as the
examples of measurements and processing of the
measured data.
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Fig. 2. Structural circuit of a measuring complex:

SB — sensors block; VS — voltage sensor; RVA — resistive
voltage attenuator;, AGI — amplifier with galvanic isolation;
CS — current sensor ATA 2504, OA — operational amplifier;

IM —induction motor; ADC — analog-to-digital converter;

APG — amplifier with programmable gain;
PC — personal computer; USB — PC bus.
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Fig. 3. Transient processes according to phase A current
iy (t) current 1 (t) and voltage vectors U (t) when IM

is started without load.
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Fig. 4. Transient processes according to electromagnetic
moment T,,, (t) and angular rotation frequency (x)(t).
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Fig. 5. Current i, (l‘) and voltage u 4 (t) of phase A of IM
stator in idle mode.

Figs. 5, 6 show signals of the current of the phase A
and voltage in the idle mode and on-load.
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Fig. 6. Current i, (t) and voltage u 4 (l‘) of phase A of IM
stator on-load.

The results of experiments on IM operation in the
idle mode and on-load mode are given in Table 3:

Table 3
Results of processing experimental data of the
method of determination of IM energy data

Parameter Mode
idling | load
measured parameters
Limsa, A 2.217 4.094
Lomsn, A 2.191 429
Lmsc, A 2.168 4.15
R, Ohm 5.068 7.957
n, rpm 1494 1400
Calculated parameters
s 0.004 0.067
P, W 189.93 2.445'10°
APcu, W 73.15 418.42
Py~ Pou, W 116.78 2.027-10°
cos(¢y) 0.157 0.842
At, °C 17.3 143.64
Py W - 1.746°10°
7, Nm — 11.92
n, % - 71.4

The analysis of the calculated parameters of the on-
load operation demonstrates that stiffness of mechanical
characteristic of the analyzed IM essentially exceeds the
stability of the characteristic that can be determined on
the basis of rated data. Due to this fact, when the
experiment of IM on-load operation with the angular
rotation frequency approaching the nominal one was
made, the motor was overloaded by 16.4% compared
with the rated output power.

To provide a possibility of comparing the results
obtained the experiment on the idle mode with the
variation of the amplitude of supply voltage and the
experiment of a short circuit were carried out according
to [2, 6]. The results of the experiment on the idle mode
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were used to determine losses in mechanical units

APf/w: 70.31 W (which makes 4.7% of the nominal

power) and constant losses AP, = 45.54 W (which

makes about 10% of IM nominal total losses). The
determination of power loss components during the
experiment of the idle mode allowed the determination
of IM output power on-load which made 1771.2 W.

The comparison of the values of output power
calculated according to the proposed method (Tab. 3)
and according to classical equations of IM power
balance with the use of losses determined in the idle
mode and the short circuit mode [6] demonstrated
discrepancy of less than 2%. The analysis showed that
the greater IM rated power, the smaller the value of the
error is. It should be noted that the accuracy of
calculation during the realization of the method
significantly depends on the accuracy of measurement of
IM stator active resistances, especially after carrying out
the experiment on-load.

4. Conclusion

A method for indirect determination of energy data
and output power of an induction motor, making it
possible to estimate its power efficiency under the
condition of minimum available information on the
electric drive parameters has been proposed. The
experimental  verification of the method has
demonstrated that the error of determination of the
output power of the analyzed induction motor does not
exceed 2%. The greater the nominal power of the
analyzed motor becomes, the smaller the value of the
error is. The advantages of the described method
include: a possibility of its application without the
withdrawal of the equipment from the manufacturing
process; the necessity of minimum information on the
parameters of the motor equivalent circuit; application
under the condition of practical impossibility of using
power equipment for the creation of special modes of
operation and special testing actions; the necessity of the
measurement of a minimum number of values to perform
further calculations.
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HENPAME BU3HAYEHHA EHEPTETHYHHUX
IMOKA3HUKIB I ITIOTYKHOCTI HA BAJIY
ACHHXPOHHOT O IBUT'YHA

Muxaiino 3aripusk, Aupiit Kaminos,
Amnna Kocterko, Irop Hectepor

TIpeacTaBieHO MeTOA HENpSIMOTO BH3HAYCHHS cHep-
TeTHIHMX ITOKA3HHUKIB Ta IOTYXHOCTI Ha Bay aCHHXPOHHOTO
nmeuryna (AJ]). [Toxaszano, mo 3acToCyBaHHS ILOTO METOXNY Ja€
3MOTY OLIHHTH eHepreTHUHY e(eKTHBHICTE pobotn AJl Oe3
BIUIYYEHHS HOTO i3 TEXHOJOTIYHOTO MPOLECY 3a MIHIMaTLHOT
MoxBo! iHopMaril npo mapaMeTp enextponpueony (EIT) i
B YMOBAaX IPAKTHYHO] HEMOJMUIMBOCTI BUKOPHCTAHHS CHIIOBOTO
o0JaIHAHHA U CTBOPEHHS CTEliabHHX PeXUMIB poGoTH i
TECTOBHX BIUIMBIB. OOGIPYHTOBAHO MOMJIMBICTL PO3PAXYHKY
MOTYXHOCTL Ha Bally Al K B CTATUYHKX, TaK | B THHAMIYHAX
pexxuMax, Ha 06a3i MOCTIHHWX BTpaT OBUIYHA, IO BHU3HA-
YaKOTHECS Y PEXKUMI XOJIOCTOTO X0y, 6€3 IX MOIiTy Ha BTPaTH B
CTami i BTpaTM B MeXaHITHMX By3Nmax. ExcleprMeHTanmbHI
JOCII/DKEHHS. TOBEIM TOYHICTH | e(QEeKTHRHICTE 3ampoTNOHO-
BAaHOTO METOIY TIPH po3paxyHKy MOTYXKHOCTI Ha Baiy A/l
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