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Introduction

Squirrel-cage induction motors are used in many
industrial applications. Their advantages such as low price
and low failure rate has caused the expansion of these
machines in many industries compared to other types of
electrical machines. These motors are often below face
value because they are oversized in relation to the load
with which they work most of the time. Squirrel-cage
induction motors are supplied from frequency converters.
Then motors can work with variable speed. In these case
the motor efficiency changes as a function not only load
but also frequency. Economic considerations associated are
going to move to low energy consumption. Thas why it is
necessary to monitoring the efficiency factor of the motor,
and ultimately control of his work in energy-efficient [1—
3]

Induction-cage motor efficiency

There are many methods used to field efficiency
evaluation in the literature [2-9], and new methods are
appearing every year. The coefficient of efficiency is the
ratio of mechanical output power P, obtained at the motor
shaft to the active power absorbed by the induction motor
Py, and it defines as follows

b

A (M

n

The efficiency estimation is made for the following

assumptions:
Three-phase power source is symmetrical;
The phase voltages are sinusoidal;
The stator windings are symmetrical;
The rotor windings is replaced by a symmetrical three-
phase windings;
The motor is a linear receiver.

The value of instantaneous power collected by the
motor p; is equal to the average active power P, for these
assumptions. The active power P; can be determined from
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the instantaneous value of phase currents and instantaneous
value of phase voltages measured on the supply side of the
motor. The instantaneous value of motor power P, can be
calculated according to the relationship

2

For a three-phase connected motor without the
neutral points, the phase voltages and phase currents are
assumed to add to zero as in:

iU +iV +iW :O,
Uy +uy +uW=0.

Pl = uUiU + uViV +uWiW .

3)

According to the equation (3) measurement of
voltages and currents can be reduced to measuring these
value in two phases only. In this way the number of
measuring instruments needed to be installed on the supply
side of the motor could be limited. To reduce the ripples
caused by the energy stored in the windings, the average
value of instantancous power is used to calculate
efficiency.

Determination of mechanical power P, devoted to
the motor shaft is is more complicated. The laboratories
method of motor shaft power P, measure is the indirectly
methods. The motor shaft torque 7" and the rotor speed n
[10, 11] are measured. The motor power P, is calculated as
follows

27Tn
P = . 4
2= "0 “)
This method is characterized high accuracy

depending on the class of precision measuring instruments
used [8]. But this solution is not used in industrial
environments. The main reason is the need of mechanical
interference with the propulsion machinery. This is due to
the high cost of structural alterations and the cost of buying
measuring equipment.

One of non-intrusive method of motor shaft power
P, determine is method which is based on the distribution
of power losses occurring in the induction motor [2, 3, 8,
9].



Power flow of induction motor

The motor shaft torque P, could be calculated as the
difference of input active motor power P; and the total
motor power loss XAP. I could be determined as follows

P, =R -3AP. (5)

The total motor power loss XAP is defined as the sum
of the stator copper loss (AP¢,), the stator stray load loss
(AP 4,45), the core loss (APrg,), the friction and windage loss
(AP,,), the rotor copper loss (APc,,) and the rotor stray load
loss (APy4). The total motor power loss ZAP is calculated
according to

ZAP = APcyq +APFe+APd0dS+APCur+APdodr+APm'(6)

The total power loss from the distribution of power
loss in the stator and the rotor is illustrated in figure 1. The
power losses of stator are denoted as the subscript "s" and
the power losses of rotor are denoted as the subscript "r".
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Fig. 1. The power loss distribution of squirrel-cage induction
motor

Using the equation (4) the flux power in the air gap
can be defined as the dependence of electromagnetic
torque 7T,, in the air-gap and rotational speed n, of the
magnetic field generated in the stator. The flux power can
be calculated as

27 Tygny

0 (7

By

The mechanical power P, (Fig. 1) is defined as

difference between the flux power Py and the rotor copper
loss AP,

szp'I’_APCur' (®)

The rotor copper loss Pc, is proportional to flux
power Py and slip s in the squirrel-cage induction motor.
The copper loss P¢,, is defined as

AFcy, = sPy . ©)
According to equations (8) and (9), the mechanical
power P,, can be calculated as

P, =(1-5)Ry . (10)

Based on figure 1 and according to equations (6) and
(9), the motor shaft power P, is finally defined as

=27 -

60 % (APm+APdod)’

(11)
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where

n=(-s)n. (12)
Determination of efficiency of squirrel-cage induction
motor

According to equation (1) and (11) to designate the
squirrel-cage induction motor efficiency coefficient 7 it is
needed to determine the values of electromagnetic torque
T, rotational speed n of the motor shaft, the value of
friction and windage power losses AP,, and value of rotor
stray load loss AP,

Rotor speed n depends on the frequency f of supply
voltage and the motor shaft torque 7. The rotor speed
estimation was repeatedly discussed in scientific
publications [12,13,14,15,16]. In this study, was used
direct measurement of motor speed, assuming the
possibility of using the methods listed in the literature.

Air-gap torque determination

Air-gap torque 7, of squirrel-cage induction motor
is defined as the product of the vector ¥ of instantanious
phase flux value and the vector i; of instantanious stator
phase current value of the motor

T, = p|¥ xiy, (13)

where p — number of poles pairs; ¥ — vector of
instantanious phase flux value defined as follows

v=[ry ¥ ¥yl (14)

where i — vector of instantanious phase currents value
defined as follows

(15)

The flux vector ¥ can be determined on the basis of
the stator voltage equation in vector form. The flux vector
¥is

is=liy i il

T:I(us_Rsisyt’ (16)

where R, — stator phase resistance; u, — vector of
instantanous value of phase voltages

(17)

According to equation (3) the voltage and the current
of third phase can be determined as

ug=luy wy wy]

(18)

MW = —MU — MV
and the current
(19)

On the basis equations from the (13) to (19) the
electromagnetic torque 7, in the motor air-gap is defined

iy =iy — iy .

Tug =\/§Pb[in(uU — Rgiy Yt — iy [ (uy — Reiy )df] (20)



For many induction motors, the neutral points are not
accessible from the motor terminals. Therefore, only the
line-to-line voltages are available. The equation (20) for
line-to-line voltage is

jdt

2uUV +uWU .
f + RSIV

Uyy —upuy ~ Rgiy
S
3

T,e =\3p IVI(
+in(

According to equation (21) the air-gap
electromagnetic torque 7,, can be calculated knowing the
number of induction motor pole pairs p and the
instantaneous values of the two phase currents (iy, iy) and
the instantaneous values of the two line-to-line voltage
(uyy, upy). Occurring phase resistance R, can be measured
with technical metod or estimate [17-21].

Measurement of stator windings resistance R, with
technical method is quite difficult because the supply cable
of motor must be disconnected and changes of stator
winding teperature must be take into account when the air-
gap torque T, is determining. In this case, the motor
should be equipped with thermistors to measure the
temperature of the windings.

One of estimating method of the value of the stator
winding resistance is the injection of DC current in one
phase of the stator windings. This method provides
accurate estimation of stator resistance Ry at start up, load
changes and abnormal cooling conditions. When the motor
is supply from the inverter, the injection of DC current can
be achieved by interfering with the drive software.

(e2y)

}h.

Friction and windage loss and rotor stray-load loss
determination

The friction and windage losses AP,, of the squirrel
cage induction motor are interfered with power loss of the
friction in the birings and the power loss of the cooling
system. The friction and windage loss AP, is grow into
proportional to square of rotor speed n. The approximate
value of the friction and windage loss AP, can be
determined as follows [5]

AP, ~ (al,uF +a, )n2 . (22)

Rotor stray load losses AP, are the fundamental
and highfrequency losses in the structure of the motor,
circulating current losses in the stator winding, and
harmonic losses in the rotor conductors under load. These
losses are proportional to the square of the rotor current [5]

APy, o I7 . (23)

The value of the friction and windage losses AP,, and
rotor stray load losses AP, are defined as a percentage of
motor output power P, [4] according to IEEE 112
standard. I this paper the value of the friction and windage
losses AP,, are estimated as a function of rotor speed n.
The rotor stray load losses AP,y were adopted as
proposed in the IEEE 112 standard (Table 1) [4].

On the basis equations (11) and (21) the value of the
sum of the nominal friction and windage losses AP,y and
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the nominal rotor stray load losses AP,un can be
calculated.

Table 1. The rotor stray load losses

Stray load loss percent of

Power ranges
W & rated output power

1 —90 kW 1,8%

91 - 375 kW 1,5%
376 — 1850 kW 1,2%
1851 kW and up 0,9%

It is posible when the nameplate data are used. The
sum the nominal friction and windage losses and the
nominal rotor stray load losses (AP,ntAPsuy) 1S
expression as follows

APyN +AFPjoan = By = Po - (24)

When the nominal stray load losses APjqy are
defined as the percentage of nominal motor output power
P,y, according to table 1, the nominal value of friction and
windage losses AP,y can be expressed as

APmN :PmN_l’OISPZN' (25)

The experimental results of the friction and windage
losses AP, of squirrel-cage induction motor shows that the
losses AP, can be estimated one of the function: square
function or linear function. In this paper the friction and
windage losses are estimated with the use the linear
function

AP =cin. (26)

The ¢, is linear function coefficient. The ¢, value is

calculated according to expression

_ APmN .

ny

@7

9

Experimental setup

Measurements of motor efficiency were made using
the laboratory stand to test squirrel-cage induction motors
(Fig. 2). The tested motor IM2 (Table 2) is supplied by
sinusoidal voltage with synchronous generator SG (Fig. 3).
Synchronous generator SG allows to change the frequency
fand the RMS value of supply voltage U.

The power supply circuit of motor IM2 uses a
measuring instrument MPS. As the load of the tested motor
IM2 was used DC generator DCG. DCG is powered by
thyristor power unit DML which can return of energy to
the grid. This has provided the ability to change the motor
IM2 shaft torque test range from 0 to 1.2 T), [22].

Table 2. Technical data of tested motor

Motor type: TAMEL Sg100L
Uy 400 [V]
Iy 4,8 [A]
Py 2200 [W]
Sy 50 [Hz]
iy 1420 [rpm]
Ty 14,8 [Nm]
oS Py 0,80 [-]
v 0,82 [-]




Fig. 2. a — the laboratory stand view: testing motor IM 2, DC
generator DCG; b — The laboratory stand view: induction motor
IM1 and synchronius generator SG

DRIVE |44 SG

DML DCG M2

Fig. 3. Block diagram of the station for testing induction-cage
motors

Each of the measuring instrument is provided with a
standard RS485 serial interface, therefore it is connected to
a common network topology Modbus. PLC control
circuits, switching power contactors, and reads digital
signals indicating the operating status of specific devices.
Control and measuring devices are managed by PCs
computer. The study was performed for a frequency f
range from 15 to 55 Hz. For selected values of the
frequency f the motor load tests were performed. The
value of phase currents (iy, iy, iy) and voltage (iyy, iyw,
iwy), of the motor and value of rotor speed n and the value
of shaft torque 7 were saved.

The accuraces of measuring equipment were shown
at table 3. The total measuring error was calculated with
the use the total differential method [23, 24].

Table 3. Accuracy of measurement equipment
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The measurand Accuracy pf measuring
equipment
Line-to-line voltage: uyy, upy 0,2
Phase current: iy, iy 0,5
Rotational speed: n 0,1
Motor shaft torque: T 0,2
Frequecy: f 0,1

Experimental validation

On the basis of measurements the value of the
estimating efficiency coefficient was compared using three
methods. In the first case, the motor output power P, are
based on the indication of the shaft torque T and rotational
speed n from according to the relation (4). The results
obtained by this method is marked as dots in figures 4,5,6
and 7 (marked as ,,1°). The second estimation method of
efficieny coefficient is marked as solid line — number 2.
This estimation method based on the estimation friction
and windage losses as a linear function acording to
equation (26). At last - a third method of estimation
efficiency coefficient (dashed line — number 3) used the
percetage value of friction and windage losses. The
percentage value is determined in accordance with IEEE
112 standard.

/=20 Hz
0.9
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0.7 il S PR 0 ol SV
N T I g
0.6 P el
- / / —2
O,D ,’/ e
0.4 :
0 01 02 03 04 05 06
P,

Fig. 4. The squirrel-cage induction motor efficiency coefficient 7
as the function of motor output power P, for the frequency
f=20Hz

=30 Hz
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Fig. 5. The squirrel-cage induction motor efficiency coefficient 7
as the function of motor output power P, for the frequency
f=30Hz
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Fig. 6. The squirrel-cage induction motor efficiency coefficient 7
as the function of motor output power P, for the frequency
F=40Hz

=50 Hz
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Fig. 7. The squirrel-cage induction motor efficiency coefficient 7
as the function of motor output power P, for the frequency
f=50Hz

The experimental results show that the accuracy
of the estimation method of friction and windage losses in
the tested motor increases with a reduction of the
frequency f of supply voltage increases.

Conclusions

In this paper the estimation method of squirrel-cage
induction motor efficiency coefficient was presented. The
advantage of this method is possibility to on-line
estimating efficiency. No-load test, short-circuit test and
load test are not required. The data used to determine the
coefficient of efficiency derived from the nameplate or
measured on the stator side of the motor. The presented
method is derived from the method of distribution of
power losses in the motor.

The friction and windage losses in squirrel-cage
induction motors are estimated at several percent of the
motor output power. Results of laboratory tests showed
that the change in the estimation of friction and windage
losses has important implications for estimating of the
motor efficiency. Accuracy of estimation motor efficiency
coefficient is of great importance for energy-efficient
control systems. Control systems can be chosen point of its
work to minimize the energy consumption of the process
when the instantaneous value of motor efficiency is
known. The presented research has been done for a single
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engine. The results suggest repeating the tests for a few
motors in order to refine the method. It is possibility to
applying this method of estimating the efficiency of
sqirrel-cage induction motor at the pumping water control
systems.
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