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Abstract: This paper presents a developed method to calculate the parameters for thirty-three squirrel cage
induction motors operating at three-phase ac voltage of 380 volts. These motors are the total product of an
Egyptian factory holding a license from SIEMENS international company to fabricate all parts of these motors. The
parameters of all mentioned motors are computed based on the proposed method. Then, the performance
characteristics of these motors are investigated at full-load using the conventional equivalent circuit in order to
validate the proposed method. The obtained curves achieve significant convergence with the full-load values
provided by the data sheets of investigated motors. This confirms the validity of the proposed method.

Keywords: Induction motors, Equivalent circuit parameters, SIEMENS

1. Introduction

The modern inverters used for Induction Motor
(IM) control, are provided by two developed techniques
to improve the motor performance characteristics. They
are the field-oriented control and direct torque control
[1-6]. However, during the operation at first time, the
motor full-load data should be identified to the inverter.
Then the inverter computes the initial values of motor
parameters needed to start the control process [7-9].
Hence, determination of IM parameters based on full-
load data is of vital importance.

The methods used to determine the motor
parameters can be basically classified into five
categories as mentioned in [10]. They are :(i)
Parameter estimation based on machine geometry; (ii)
Parameter estimation based on steady-state motor
models; (iii) Frequency-domain parameter estimation;
(iv) Time-domain parameter estimation; (v) Real-time
parameter estimation. The present research focuses on
parameter estimation based on full-load data, that
following the second category. Literature survey about
some of the aforementioned methods is detailed in the
following sections.

Genetic algorithm has been adopted to obtain
the IM parameters from manufacture data as in [11].
The authors depended on the equations of power flow
in IM to derive the parameters. Although all losses of
the machine are considered in the model, significant
deviation was found in some parameters values,

yielding less accuracy in calculations. Another work
used also the equations of power flow in IM to derive
the parameters based on manufacture data [12].
However, an approximation in core loss calculation was
made resulting in less accurate results. In addition, the
author applied the model merely to one motor.

Throughout [13], an analytical method has
been presented to calculate the I.M parameters from
name-plate data. It was applied to large number of
motors with different power ratings and achieved
acceptable results. However, for small motors of power
rating less than 5HP, the results lacked of accuracy.
Another analytical method based on manufacturer data
has been adopted as in [14]. A set of nonlinear
equations were derived from the equivalent circuit, then
solved using the least-squares based algorithm to
obtain the motor parameters. However, the stator
resistance was approximated to be equal to the rotor
resistance at standstill multiplied by a factor. Hence, the
results were adversely affected by this approximation.
A simulation program has been developed to compute
the IM parameters using name-plate data as in [15].
No-load and locked rotor tests were implemented on
the machine in MATLAB/Simulink environment. Despite
simplicity, this method neglected the core loss
resistance leading to less sensitive results.

Based on motor geometrical design, certain
computational algorithms, such as finite element
analysis, have been adopted to compute IM
parameters as reported in [16-19]. Saturation and skin
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effect were taken into consideration as well as the
leakage reactances were estimated independently.
However, this method requires the awareness of the
machine dimensional data.

Online estimation of IM parameters has been
executed by different techniques for control purposes
as in [20-23]. These techniques aim to continuous
updating of the parameter’s values, in real-time, to
cope with expected changes in temperature, saturation
and other effects in the machine during the operation.
However, these techniques need initial values for motor
parameters which already computed by the inverter its
self.

This paper adopts a mathematical method to
compute the parameters for three groups of Squirrel
Cage Induction Motors (SQIMs). The first group
consists of eleven motors with two pole number and
different power ratings, ranging from 0.75KW to 18.5
KW. While, the second group comprises eleven motors
with four poles and power ratings from 0.55KW to
15KW. Ultimately, the third group incorporates also
eleven motors but with six poles and power ratings from
0.37 to 11 KW. These motors are produced by an
Egyptian factory according to the specifications
licensed by SIEMENS international company. The
proposed mathematical equations are deduced based
on the full-load data available on the motor name-plate,
then used to calculate the parameters for all mentioned
motors. To evaluate the proposed method, the
conventional equivalent circuit shown in Figure 1 is
used to investigate the performance characteristics for
each motor at rated condition. The results are then
compared to the data provided by name-plates.
Acceptable correlation is obtained, enhancing the
validity of proposed method.

2. Induction motor equivalent circuit

The steady-state mathematical model of a 3-
phase SQIM is derived based on the equivalent circuit
per phase shown in Figure 1.

Vi X

Figure 1 Equivalent circuit per phase of IM

The motor parameters are defined as: R; and
X; are the stator phase resistance and leakage
reactance receptively. R, represents the rotor phase
resistance referred to the stator. X is the rotor phase
leakage reactance at standstill referred to the stator. R,

stands for the core loss resistance and X, denotes the
magnetizing reactance. These parameters are
investigated in the following section.

3. Mathematical Calculations

Based on the full-load data available on motor
name-plate, a set of equations are derived by trial and
error, on which, the six parameters of SQIM equivalent
circuit are calculated, assisted by papers [10-13]. The
details of computation process are presented as
following:

Depending on the previous references, the
parameters of motor equivalent circuit can be
conventionally computed from the following equations:

Ry = Pc1/3112 €Y)
R, = Pc2/3122 (2)
R, = 3E,*/P, )
Xm = E1/lom 4)
X = Z12 - R12 5)

Where, Pq is the stator copper loss, Pc; is rotor
copper loss and Pj is the iron loss. |1 denotes the stator
current, I, stands for the rotor current referred to stator
and lom represents the reactive component of no- load
current. E; is the stator phase emf and Z; represents
the stator impedance.

The total losses in the machine at rated

condition (Pess) is given by:
1
Pross = <77__ 1) b (6)

Where, P; is the rated output power and n is
the rated efficiency. The total losses can be divided into
Ploss1 and Pioss2. Where Pioss1 denotes the copper losses
in stator and rotor. While, Piss2 expresses the sum of
iron and mechanical losses. They can be defined as:

Pross1 = Per + Py = Ky X Ppogg @)
Plossz=Pi+wa=(1_K1)XPloss (8)

Where P is the mechanical losses at rated
condition. K; is a factor expresses the quantity of
copper in the machine and is described as a function of
rated output power based on the following empirical
formula.

K, = (0.7 K, — 0.05 logP,) 9

Where K, is a correction factor calculated as a
function of rated output power, in kilo watt, based on
the following fitted equation.

K, = 0.86846822 + 0.14779P. — 0.02662P,2
+ 0.00216P.> — 0.00008P,.* + 8.4564
x 1077R.5 (10)
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P2 can be written as a function of rated slip (S)
and rated output power (P;) as following:

S

P =15 (P + Pry) (11)

Once, P is obtained, Pc; can be found
according to (7). Consequently, the stator resistance
(R1) can be obtained according to (1), after substituting
by the rated value of stator current (l1).

The iron and mechanical losses can be
described individually as a ratio of Pisss2 as following:
Py = Ky X Piossa (12)
Pry, = (1 — K3)Kg X Piossr (13)
K, = (0.8 K; — 0.1logP,) (14)

Where K3 is a factor expresses the quantity of
iron in the machine. While, Kg and K; are correction
factors described as a function of rated output power, in
kilo watt, based on the following fitted equations.

Ky = 3.57512 — 1.23434P. + 0.34342P.*> — 0.04953P,3
+0.00394P.* — 0.00017P,° + 2.8514
x 107p.° (15)

K; = 0.60543 + 0.05685P, — 0.00549P,% + 0.00321B,°

—0.00062P.* + 0.00004P~,.° — 1.101
x 107°p.° (16)

The stator phase e.m.f (E1) is computed from
the following equation:

E, = (0.65 K, — 0.05 logP,) V; (17)

Where V1 is the rated stator voltage that equal
to 380v for all investigated motors as mentioned
previously. Whereas, Ky is a correction factor
expressed as a function of rated output power, in kilo
watt, based on the following fitted equation.

K, = 0.87339 + 0.09319P. — 0.00709P,2

+0.00017P,3 (18)

By the information of P; from (12) and Ei1, Rm
can be found according to (3)

To obtain R, rotor current (lz) should be
computed, firstly. It can be derived from the equivalent
circuit, with the knowledge of stator current (l;) and no-
load current (lp). By the information of power factor
(cosp) and |, at rated condition from name-plate data, |1

becomes available with its real and imaginary
components. In terms of (lg), it has also two
components. They are: l,a denoting the active
component and I.m representing the reactive
component. los is given by:

log = P;/3 E; (19)

While, lom can be computed from the following
equation.

I, = I, sing — I [M —Jmz - 1]

(20)

Where M is the ratio of maximum torque to
rated torque provided in motor data sheet.

Hence, I, can be derived as:

L = /(I cosp — 1,)? + (I sing — Ipy,)? (21)

Thus, Rz can be obtained according to (2).

Based on E: and I.m, the magnetizing
reactance (Xm) can be obtained according to (4).

Based on the equivalent circuit, the stator
impedance (Z;) can be calculated from the following
vectorial equation:

Vi — E;

7. =
1 11

(22)

The magnitude of vector E; is known. While its
angle can be simply computed based on the angle of
no-load current (l) and the angle of the equivalent
impedance of Ry and Xm.

Once, Z; is calculated, X; can be obtained from
(5), since R is derived previously. Furthermore, X, can
be assumed to be equal X; for SQIMs.

4. Parameters ldentification

In this section, a case study is performed to
apply the proposed methodology to the three groups of
SIEMENS SQIMs, indicated before, for extracting their
parameters based on their full-data. Plotting the motor
parameters as a function of rated output power is a
good tool to facilitate the parameter estimation. The
results are discussed as following:

Figure 2 demonstrates the variation of stator
resistance against rated output power for investigated
motors. It seems obviously that the curves are
convergent. On the other hand, the rotor resistance is
computed against rated output power for investigated
motors as shown in Figure 3. It is observed that, for low
power range, the rotor resistance curve of six-pole
motors increases over the curve of four-pole motors
which is also greater than the curve of two-pole motors.
While with the power increase, the curves are close to
each other. Figure 4 illustrates the variation of iron loss
resistance against rated output power for investigated
motors. The curves are also convergent.

As mentioned previously, the rotor reactance is
assumed to be equal the stator reactance for SQIMs.
Hence, Figure 5 exhibits the variation of stator leakage
reactance only, against rated output power. It is clear
that the curves are convergent. In other words, the
change of magnetizing reactance with the rated output
power of studied motors is indicated by Figure. 6. It is
observed that the magnetizing reactance curve of two-
pole motors increases over the curve of four-pole
motors which also is greater than the curve of six-pole
motors.
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Figure 2 Variation of stator resistance with rated output
power for the three groups of SIEMENS SQIMs.

221

12}
10

Rotor resistance (Ohm)

N b OO
T T T T

6 8 10 12 14 16 18 20
Nominal output power (KW)

OO
Nk
D

Figure 3 Variation of rotor resistance with rated output
power for the three groups of SIEMENS SQIMs

1800

—2 poles
1600+ 4 poles
1 6 poles
€ 1400
= :
S 1200} |
) H
Q
c 4
© b
o ‘
(%]
o
[)]
172
o
c
o

0O 2 4 6 8 10 12 14 16 18 20
Nominal output power (KW)

Figure 4 Variation of iron loss resistance with rated
output power for the three groups of SIEMENS SQIMs

Nominal output power (KW)
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Figure 6 Variation of magnetizing reactance with rated
output power for the three groups of SIEMENS SQIMs

5. Motor performance investigation

On the basis of conventional calculations
concerning the equivalent circuit as well as parameters
values computed previously, the performance
characteristics of the three groups of SIEMENS SQIMs,
indicated previously, are investigated at full-load
condition. The results are discussed as following:

Figure 7 demonstrates the variation of
computed efficiency at full-load against the nominal
output power for all the different groups of investigated
motors. The power factor is also predicted at full-load
for the specified motor groups and plotted against the
nominal output power as shown in Figure 8. It can be
observed, from these two figures, that two-pole motors
have superior efficiency and power factor curves. While
two-pole motors have inferior efficiency and power
factor curves. This attributes to the design basics.
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Figure 10 Estimated output torque at full-load against
rated output power for the three groups of SIEMENS
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Figure 9 exhibits the variation of stator current,
computed at full-load, against the nominal output power
for the investigated motors. It is clear that the stator
current increases as the output power as well as the
machine pole number increase. Finally, the full-load
torque values are predicted for the studied motors and
plotted against the nominal output power as indicated
by Figure 10. It is observed that, six-pole motors have a
superior torque curve followed by four-pole motors then
two-pole motors. This is due to the inverse relationship
between the torque and the speed, which is inversely
proportional to the machine pole number, at the same
output power. The full-load performance characteristics,
estimated previously, were compared to their
counterparts in data sheets of investigated motors.
Acceptable agreement is obtained, reflecting the
validity of proposed method.

6. Conclusion

In the present work, a developed mathematical
approach is proposed to determine the parameters for
thirty-three standard IMs, authorized by SIEMENS
international company. The performance characteristics
of these motors are calculated based on the estimated
parameters for evaluating the proposed method. The
results achieve satisfactory correlation with the full-load
data available in the data sheets of investigated
motors. This enhances the effectiveness of the
proposed method.
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