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Abstract—From the rating plate data of an induction motor
the nominal efficiency can be determined. Without detailed
knowledge of equivalent circuit parameters, partial load behavior
cannot be computed. Therefore, a combined calculation and
estimation scheme is presented, where the consistent parameters
of an equivalent circuit are elaborated, exactly matching the
nominal operating point. From these parameters part load
efficiencies can be determined.

Index Terms—Induction motor, consistent parameters, partial
load efficiency

I. I NTRODUCTION

The parameter identification and estimation of permanent
magnet or [1], [2] electric excited synchronous motors [3],
[4], switched reluctance motors [5], [6] and induction motors
[7] is essential for various applications. For a controlleddrive
the performance is very much related with the accuracy of the
determined motor parameters [8]–[20], e.g., in energy efficient
drives [21], [22]. Another field of applications which may rely
on properly determined parameters is condition monitoring
and fault diagnosis of electric motors [23]–[25].

For an induction motor, operated at nominal voltage and
frequency, and loaded by nominal mechanical power, the
current and power factor indicated on the rating plate show
certain deviations of the quantities obtained by measurements.
The rating plate data are usually rounded and subject to certain
tolerances. Deviations of the measured data from the data
stated on the rating plate are therefore not surprising.

For the determination of partial load efficiencies of an
induction motor, various methods can be applied. One method
would be the direct measurement of the electrical and the
mechanical power. A second method applies the principle of
loss separation; in this case the power balance according to
Fig. 2 can be applied. For this purpose it is also required to
identify the required motor parameters.

Under some circumstances, it is demanded to determine
the partial load efficiency of an induction motor with little
or literally no knowledge about the motor. This is a very
challenging task, since the full parameter set of an equivalent
circuit cannot be computed consistently from the name plate
data without further assumptions or knowledge. Practically,
one would identify the parameters of the induction motor
through several test methods. Thorough investigations of tech-
niques for the determination of induction motor efficiencies
are presented in [26], [27]. In the presented cases the actual
efficiency is analyzed more or less independent of the rating
plate data.
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In this paper a method for the determination of the con-
sistent parameters of the equivalent circuit of an induction
motor is proposed. In this context it is very important to
understand, that the proposed approach does not estimate
the parameters of a real induction motor. In this sense,
consistent parameters mean, that the determined parameters
exactlymodel the specified operating point specified by the
rating plate data summarized in Tab. I.

Table I
RATING PLATE DATA OF INDUCTION MOTOR

Quantity Symbol SI Unit
nominal mechanical output power Pm,N W

nominal phase voltage Vs,N V
nominal phase current It,N A
nominal power factor pfN –

nominal frequency fs,N Hz
nominal speed nN 1/s

The estimation of motor parameters from name plate data
[28]–[30] is thus not sufficient, since the parameters are not
implicitly consistent. This means, that the nominal efficiency
computed by means of estimated parameters doesnot exactly
compute the nominal operating point.

There are two cases where the determination of consistent
parameters is useful. First, a real motor should be investigated,
from which, more or less, only the rating plate data are
known. Yet partial load efficiencies should be computed for
certain operating conditions. Second, the simulation model of
an electric drive, which neither has been designed nor built,
needs to be parametrized. In such cases, very often only the
specification of the nominal operating point is known.

In this paper a calculation for the determination of con-
sistent parameters is proposed. The applied model takes
stator and rotor ohmic losses, core losses, friction lossesand
stray-load losses into account, while exactly modeling the
specified nominal operating conditions. Some of the required
parameters can either be measured, others may be estimated
through growth relationships. Due to implicit consistency
restrictions, the remaining parameters are solely determined
by mathematical equations.

II. POWER AND TORQUE BALANCE

For the presented power balance and equivalent circuit the
following assumptions apply:

• Only three phase induction motors (motor operation) are
investigated.

• The motor and the voltage supply are fully symmetrical.
• The voltages and currents are solely steady state and of

sinusoidal waveform.
• Only fundamental wave effects of the electromagnetic

field are investigated.
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• Non-linearities such as saturation and the deep bar effect
are not considered.

I ′rI t Is Rs Lsσ L′
rσ R′

r/s

LmGcVs

Figure 1. Equivalent circuit of the induction motor

The algorithm presented in this paper relies on the single
phase equivalent circuit depicted in Fig. 1. This equivalent
circuit considers stator and rotor ohmic losses as well as core
losses, which is why the phasors of the terminal currentI t
and the stator currentIs have to be distinguished.

In order to simplify the explicit calculation of the equivalent
circuit parameters, the conductor, representing core losses, is
connected directly to the stator terminals. In this approach,
stator and rotor core losses

Pc = 3GcV
2
s (1)

are modeled together, whereGc represents the total core
conductance.

Due to the modeling topology of the equivalent circuit,
stator and rotor ohmic losses are

PCus = 3RsI
2
s , (2)

PCur = 3R′
r I
′2
r . (3)

The rotor parameters of the equivalent circuit are transformed
to the stator side, and thus indicated by the superscript′.

The inner (electromagnetic) power of the motor is deter-
mined by

Pi = R′
r
1−s

s
I ′2r . (4)

Friction and stray-load losses are not considered in the power
balance of the equivalent circuit. Nevertheless, these effects
have to be taken into account independently.

Pc PCus PCur Pf Pstray

Ps Pg Pi Pm

Figure 2. Power balance of the the induction motor

In Fig. 2 the total power balance of the motor is depicted.
In this balance, the total electrical input power isPs, and the
air gap power is

Pg = Ps−Pc−PCus. (5)

The inner power
Pi = Pg−PCur (6)

is computed from the inner power and the copper heat losses.
Mechanical output (shaft) power

Pm = Pi −Pf −Pstray (7)

is determined from inner power,Pi, friction losses,Pf , and
stray-load losses,Pstray.

Instead of the power balance (7) an equivalent torque
balance

τm = τi − τ f − τstray, (8)

can be considered. In this context, mechanical output (shaft)
torque,τm, is associated with the left side of (7), and the inner
(electromagnetic) torque,τi , is associated with the left side
of (6), etc. Each of these torque terms can be multiplied with
the mechanical angular rotor velocityΩm, to obtain equivalent
power terms according to (7).

III. C ORE, FRICTION AND STRAY-LOAD LOSSES

A. Core Losses

For the core loss model hysteresis and eddy current losses
have to be taken into account [31]. In a certain operating point
the total core lossesPc,ref are known. This operating point
refers to a reference voltageVs,ref and the reference frequency
fs,ref. Under these conditions a reference conductance can be
computed according to

Gc,ref =
Pc,ref

3V2
s,ref

. (9)

The ratio of hysteresis losses with respect to the total core
losses – with respect to this reference operating point – isah.
For any other operating point indicated by the actual phase
voltageVs and frequencyfs, the total core losses can then be
expressed by

Pc = Pc,ref

(

ah
fs,ref

fs

V2
s

V2
s,ref

+(1−ah)
V2

s

V2
s,ref

)

. (10)

>From this relationship the total conductance of the equivalent
circuit – as a function ofVs and fs – can be determined:

Gc = Gc,ref

(

ah
fs,ref

fs
+1−ah

)

(11)

Based on the experience of the authors, it is proposed to
setah ≈ 0.75, if no other estimation is available. In Fig. 3 the
impact of the ratioah on the total core losses is depicted. The
presented curves are computed for a constant ratioVs

fs
(in the

range fs < fs,ref) and constant voltage (in the flux weakening
range for fs ≥ fs,ref) as depicted in Fig. 4.

B. Friction Losses

The friction losses are modeled by

Pf

Pf ,ref
=

(

Ωm

Ωm,ref

)af +1

, (12)

(for Ωm≥ 0). In this equationPf ,ref andΩm,ref are the friction
losses and the mechanical angular rotor velocity with respect
to a reference operating point, respectively. For axial or forced
ventilationaf ≈ 1.5 can be used and radial ventilation can be
modeled byaf ≈ 2.
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Figure 4. Voltage versus frequency for inverter operation

C. Stray-Load Losses

The stray-load losses are defined as the portion of the total
losses in a motor that do not account for stator and rotor ohmic
losses, core and friction losses. These losses thus indicate the
portion of the losses which can not be calculated. According
to the IEEE Standard 112 [32] the percentagesastray of the
stray-load losses with respect to the nominal output power for
the nominal operating point are summarized in Tab. II.

Table II
STRAY-LOAD PERCENTAGES ACCORDING TOIEEE STANDARD 112

nominal output power [kW] percentageastray
1–90 0.018

91–375 0.015
376–1850 0.012

greater than 1850 0.009

>From the actual terminal currentIt and the no load
terminal currentIt,0, the approximated rotor current can be
calculated by

I2 =
√

I2
t − I2

t,0. (13)

In the IEEE Standard 112, the stray-load losses are consid-
ered by a quadratic dependency of (13). Since the standard
does not take any variable frequency dependencies into ac-
count, the stray-load loss are proposed to be approximated
by

Pstray= astrayPm,N
I2
t − I2

t,0

I2
t,N − I2

t,0

(

Ωm

Ωm,N

)2

, (14)

which can be considered as an extension to the standard [33].
In [34], the stray-load losses are considered as an equivalent
resistor in the equivalent circuit. Since the voltage drop across
such a resistor has no physical background, the stray-load
losses are modeled differently in this paper: the stray-load
losses are inherently taken into account by an equivalent
breaking torque,

τstray= astrayPm,N
I2
t − I2

t,0

I2
t,N − I2

t,0

Ωm

Ω2
m,N

, (15)

according to (8).

IV. SPACE PHASOR EQUATIONS

The space phasor equations of electric machines can be
derived based on the definitions of [35]. With respect to the
equivalent circuit of Fig. 1, the stator voltage and terminal
current space phasor (with respect to the stator fixed reference)
frame are

Vs
s =

2
3
(vs,1 +ej2π/3vs,2 +e−j2π/3vs,3), (16)

Is
t =

2
3
(it,1 +ej2π/3it,2 +e−j2π/3it,3), (17)

where vs,1, vs,2 and vs,3 are the stator phase voltages, and
it,1, it,2 and it,3 are the terminal phase currents, respectively.
These space phasors can be transformed into a synchronous
reference frame; the angular velocity of this reference frame
is

ωs = 2π fs. (18)

The reference frame of the transformed stator voltage and
terminal current is indicated by a superscript index:

V f
s = Vs

se
−j(ωst−ϕ f ) (19)

I f
t = Is

t e
−j(ωst−ϕ f ) (20)

The electrical rotor speed is

ωm = pΩm, (21)

since space phasor theory relies on an equivalent two pole
induction motor. The voltage equations with respect to Fig.1
are




V f
s

0
V f

s



=





0 Rs+ jωsLs jωsLm

0 jωrLm Rr + jωrLr

1/Gc −1/Gc 0











I f
t

I f
s

I f
r






,

(22)
where

ωr = ωs−ωm. (23)

The rotor leakage and main field inductances of the equiv-
alent circuit in Fig. 1 and the rotor resistance cannot be
determined independently [36]. It is thus useful to introduce
the stray factor

σ = 1− L2
m

LsL′
r
, (24)

and the ratio of stator to rotor inductance

σsr =
Ls

L′
r
, (25)

as well as the terms

as =
ωsLs

Rs
, (26)

ar =
ωrL′

r

R′
r

. (27)
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The linear set of equations (22) has the solutions

I f
s = V f

s
as(1+ jar)

ωsLs[1−σasar + j(as+ar)]
, (28)

I f
r = V f

s
−j

√
1−σ

√
σsrasar

ωsLs[1−σasar + j(as+ar)]
, (29)

according to [37]. The inner torque yields:

τi =
3p
2

V2
s

ω2
sLs

(1−σ)a2
sar

(1−σasar)2 +(as+ar)2 (30)

It is obvious that (28) and (30) are independent ofσsr.
This is an important result, which refutes the myth that for
a squirrel cage induction motor the inductanceL′

r can be
determined without further assumptions. Yet, the rotor current
(29) is certainly dependent onσsr. For the assignment of
specific values to the parametersLm, L′

r and R′
r and for the

calculation of the rotor current the arbitrary factorσsr has to
be chosen according to

1−σ ≤ σsr ≤
1

1−σ
. (31)

V. DETERMINATION OF PARAMETERS

In the following a combination of parameter calculations
and estimations, based on empirical data, is presented. The
presented results all refer to empirical data obtained from
50Hz standard motors. Unfortunately the empiric data cannot
be revealed in this paper. Nevertheless the applied mathemati-
cal approach for the estimation is presented. For motors with a
certain mechanical power and number of pole pairs empirical
data can be approximated with good accuracy.

The determination of the equivalent circuit parameters is,
however, based on the rating plate data of the motor (Tab. I).
From these data the nominal electrical input power

Ps,N = 3Vs,NIt,N pfN (32)

and the nominal angular rotor velocity

Ωm,N = 2πnN (33)

can be computed.

A. Measurement or Estimation of Core Losses

If measurement results are obtained from a real motor, the
core losses can be determined according to IEEE Standard
122 [32], by separating core and friction losses. The no load
core losses,Pc,0, refer to the nominal voltage and nominal
frequency. It is assumed that the no load test is performed at
synchronous speed (s= 0),

Ωm,0 =
2π fs,N

p
. (34)

In case measurement results are not available, the no load
friction losses, for a motor with a certain nominal mechanical
output power,Pm,N, and a certain number of pole pairs,p, can
be estimated from empirical data by

log10

(

Pc,0

P′
c

)

= kc[p] log10

(

Pm,N

P′
m

)

+dc[p]. (35)

In this equation,P′
c andP′

m are arbitrary reference power terms
to normalize the argument of the logarithm. The parameters
kc[p] and dc[p] are obtained from the empiric data and par-
ticularly refer to a specific number of pole pairs. From the

estimated or measured no load core losses the reference core
conductance can be derived according to (9),

Gc,ref =
Pc,0

3Vs,N
. (36)

B. Measurement or Estimation of Friction Losses

>From a no load test (s= 0) the friction losses,Pf ,0, of
a particular real motor can also be determined. In case no
measurements are available, the no load friction losses canbe
estimated from empirical data,

log10

(

Pf ,0

P′
f

)

= kf [p] log10

(

Pm,N

P′
m

)

+df [p]. (37)

In this equationP′
f and P′

m are some arbitrary reference
power terms, andkf [p] and df [p] are empiric parameters
corresponding for a certain number of pole pairs. Accordingto
(12), the no load friction lossesPf ,0 = Pf ,ref are corresponding
with Ωm,0 = Ωm,ref .

C. Calculation of Stray-Load Losses

The nominal stray load losses can be derived from

Pstray,N = astrayPm,N, (38)

and parameterastray can be obtained by Tab. II.

D. Estimation of Stator Resistance

The stator resistance can be estimated applying the power
balance of Fig. 2 with respect to the nominal operation point.
From the nominal mechanical output power,Pm,N, the nominal
friction losses

Pf ,N = Pf ,0

(

Ωm,N

Ωm,0

)af +1

(39)

and the nominal stray-load losses (38), the nominal inner
power

Pi,N = Pm,N −Pf ,N−Pstray,N (40)

can be calculated. The air gap power can be determined from
the nominal inner power and nominal slip,sN [37]:

Pg,N =
Pi,N

1−sN
(41)

The stator copper losses can then be obtained by the power
balance (5), applied to the nominal operating point,

PCus,N = Ps,N−Pg,N−Pc,N. (42)

Since the core loss conductor is connected to the terminals
in Fig. 1, the core losses with respect to the nominal and no
load operating point are equal,

Pc,N = Pc,0. (43)

>From the the nominal stator phase current, and the nom-
inal stator copper losses (42) consistent stator resistance are
determined by

Rs =
PCu,s,N

3I2
s,N

. (44)

In this equation the nominal stator current,Is,N has to be
determined from (22).

Alternatively to this approach the stator resistance can be
measured or estimated. The core losses (43) can then be
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derived through a numeric iteration. In other words: there are
two options on how the stator resistance and the core losses
can be determined. Either the stator resistance or the core
losses have to be measured or estimated, and the remaining
quantity can then be computed by (40)–(44).

E. Measurement or Estimation of No Load Current

In the following space phasor calculations are applied to
the nominal operating conditions. The phase angleϕ f of
synchronous reference is chosen such way that the imaginary
part of the stator voltage space phasor

V f
s,N = Vsx,N + jVsy,N (45)

is zero,

Vsx,N =
√

2Vs,N (46)

Vsy,N = 0. (47)

If the no load terminal current

I f
t,0 = Itx,0 + jIty,0 (48)

has not been obtained by measurement results, the reactive
component has to be estimated. This can be performed by

log10

(

Ity,0
I ′ty,0

)

= k0[p] log10

(

Pm,N

P′
m

)

+d0[p], (49)

where I ′ty,0 and P′
m are an arbitrary reference current and

power term. The parametersk0[p] andd0[p] are estimated from
empiric data with respect to a certain number of pole pairs.
Then the imaginary part of the stator current space phasor can
be derived by

Isy,0 = Ity,0, (50)

according to (48) and (22). Once all the parameters of the
motor are determined, the consistent no load currentIt,0 can
be determined from the equivalent circuit, evaluating (14).

F. Determination of Stator Inductance

The rotor current space phasor diminishes under no load
conditions, and thus the stator current equation of (22) yields:

√
2Vs,N = RsIsx,0−ωsLsIyx,0 (51)

0 = ωsLsIsx,0 +RsIsy,0 (52)

By eliminating the real part,Isx,0, in these equations, the re-
maining equation for the imaginary part, consideringIsy,0 < 0,
can be used to determine the stator inductance

Ls = −
Vsx,N +

√

V2
sx,N −4R2

sI2
sy,0

2ωsIsy,0
. (53)

G. Determination of Stray Factor and Rotor Time Constant

The components of the nominal terminal current space
phasor are

I f
t,N = Itx,N + jIty,N (54)

>From the components of the terminal current

Itx,N = +It,N pfN, (55)

Ity,N = −It,N

√

1−pf2N, (56)

the components of the stator current space phasor can be
derived:

Isx,N = Itx,N −
√

2GcVs,N, (57)

Isy,N = Ity,N. (58)

The real and the imaginary part of (28) yields:

Vsx,N

Rs
= (1−σasar)Isx,N − (as+ar)Isy,N (59)

ar

as

Vsx,N

Rs
= (as+ar)Isx,N +(1−σasar)Isy,N (60)

>From these two equations the two unknown parameters

ar =
asRsI2

s,N + Isy,NVsx,N

Isx,NVsx,N −RsI2
s,N

, (61)

σ =
(2Isx,N −asIsy,N)Vsx,N −RsI2

s,N − V2
sx,N
Rs

as(asRsI2
s,N + Isy,NVsx,N)

, (62)

can be obtained. The rotor time constant is the ratio of the
rotor inductance and the rotor resistance and can be expressed
in terms of known parameters, utilizing (27),

Tr =
ar

ωr,N
, (63)

whereωr,N refers to the nominal operating point. From (61)–
(63) it can be seen that the rotor time constant and the leakage
factor are independent of the particular choice ofσsr.

H. Determining Magnetizing Inductance, Rotor Inductance
and Rotor Resistance

>From the leakage factorsσ and σsr, and the stator in-
ductanceLs, utilizing (31), the following equations can be
derived:

Lm = Ls

√
1−σ√
σsr

(64)

L′
r =

Ls

σsr
(65)

>From (63) and (65) the rotor resistance can be computed.

R′
r =

L′
r

Tr
. (66)

The quantities determined in this subsection are fully depen-
dent on the particular choice ofσsr.

VI. A DVANCED SIMULATION MODEL

For the numerical investigation of the machine a numerical
simulation model can be used. Such an advanced simulations
model is presented in this section.

The squirrel cage of an induction machine can be seen as a
multiphase winding with shorted turns. Instead of a wound
structure the rotor consists ofNr bars and two end rings,
connecting the bars on both ends, as depicted in Fig. 5 and
6. At the end rings fins are located to force the circulation of
air in the inner region of the machine.

The presented machine topology is modeled inModelica,
an acausal object oriented modeling language for multi phys-
ical systems [38]. In theModelica Standard Library(MSL) a
standard set of physical packages for electric, mechanic, ther-
mal, control and logic components is collected. TheMachines
package provides models of electric machines based on text
book equations. The modeled three phase induction machines
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rely on space phasor theory and a full symmetry of the stator
and rotor winding. Electrical rotor asymmetries can therefore
not be modeled using the MSL.

In order to model electrical rotor asymmetries the full
topology of the rotor cage, respectively has to be taken into
account. Such models are developed in theExtendedMachines
Library [39].

Figure 5. Scheme of a rotor cage of an induction machine

Figure 6. Rotor cage of an induction machine

A. Model of Stator Winding

It is assumed in the following that the stator winding is
fully symmetrical. Additionally, the number of stator phases
is restricted to three. In this case the stator voltage equation
can be written as

Vs[i] = RsIs[i] +Lsσ
dIs[i]
dt

+
3

∑
j=1

Lsm[i, j ]
dIs[ j ]
dt

+
Nr

∑
j=1

dLsr[i, j ]Ir[ j ]
dt

, (67)

whereVs[i] and Is[i] and Ir[i] are the stator voltages and stator
currents and the rotor currents, respectively. The stator resis-
tanceRs and the stator stray inductanceLsσ are symmetrical,
due to the symmetry of the stator winding. The coupling of
the stator windings is represented by the main field inductance
matrix

Lsm[i, j ] = L0w2
sξ2

s cos

[

(i − j)2π
3

]

. (68)

The mutual coupling between the stator and rotor is repre-
sented by the matrix

Lsr[i, j ] = L0wξsξr cos

[

(i −1)2π
3

− ( j −1)2π
Nr

− γm

]

. (69)

Both these matrices are fully symmetrical, since it is assumed
that the coupling over the magnetic main field is not influ-
enced by the any electric asymmetry. The termL0 indicates the
base inductance of a coil without chording, i.e., the coil width
equal to the pole pitch. The number of series connected turns
and the winding factor of the stator winding are represented
by the parametersws and ξs. The productwsξs is thus the
effective number of turns.The winding factor of the rotor
winding

ξr = sin

(

pπ
Nr

)

(70)

is a pure geometric factor, which is derived from the mesh
width of two adjacent rotor bars [40]. In this equation,
however, skewing is not considered [41]. The quantityγm

represents the electric displacement angle of the rotor with
respect to the stator.

The effective number of turns,wsξs, can be determined
from a winding topology, which is indicated by the begin and
end location and the number of turns of the stator winding
coils – as depicted in Fig. 7. Alternatively, a symmetric stator
winding may be parametrized by entering the effective number
of turns.

B. Model of Rotor Winding

The winding topology of the squirrel cage rotor withNr

rotor bars can be seen as a winding with an effective number
of turns equal to one. The matrix of the main rotor field can
be expressed as

Lrr [i, j ] = L0ξ2
r cos

[

(i − j)2π
Nr

]

. (71)

For the bars and the end rings on both sides (indexa = drive
end side, DE; indexb = non drive end, NDE) constant leakage
inductancesLb[i] andLea[i] andLeb[i] are considered. The rotor
voltage equations can be derived form the equivalent circuit
of a rotor mesh as shown in Fig. 8:

0 = (Rea[i] +Reb[i] +Rb[i] +Rb[i+1])Ir[i]
−Rb[i]Ir[i−1]−Rb[i+1]Ir[i] +Reb[i]Ieb

+(Lea[i] +Leb[i] +Lb[i] +Lb[i+1])
dIr[i]
dt

− d
dt

(Lb[i]Ir[i−1] +Lb[i+1]Ir[i]−Leb[i]Ieb)

+
3

∑
j=1

dLsr[ j ,i]Is[ j ]
dt

+∑Lrr [i, j ]
dIr[ j ]
dt

(72)

In this equationRb[i] are the bar resistances, andRea[i] and
Reb[i] are the resistances of the end ring segments on both
sides. Due to the topology of the rotor cage (Fig. 6),Nr +1
linearly independent meshes have to be taken into account.
The mesh currentIeb is thus introduced and the additional
voltage equation

0 =
Nr

∑
i=1

Reb[i](Ir[i] + Ieb)+
d
dt

Nr

∑
i=1

Leb[i](Ir[i] + Ieb) (73)

has to be considered, accordingly.
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Figure 7. Example of parameters of the stator winding of a squirrel cage induction machine
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Figure 8. Rotor cage topology (DE = drive end, NDE = non drive end)

As the air gap of the induction machine is modeled with
smooth surface, the main field inductancesLss[i, j ] and Lrr [i, j ]
are constant and only the mutual inductances (69) are a
function of the rotor angleγm.

The rotor cage can be parametrized in theExtendedMa-
chineslibrary in two different ways. First, a symmetric rotor
cage can be indicated by the rotor resistanceR′

r and the
rotor leakage inductanceL′

rσ, equivalently transformed to the
stator side. These are the typical parameters as they appear
in the an equivalent circuit of the induction machine. The
same parameters are also used for the Machines package of
the MSL. Second, each resistance and leakage inductance of
the rotor bars and the end ring segments on both sides can
be parametrized (Fig. 6) – which is how the squirrel cage
modeled internally. The relationship between the symmetric
rotor bar and end ring resistance and the rotor resistance with
respect to the stator side is determined by

R′
r = 2

3ws²ξs²
Nrξr ²

{Re,sym+Rb,sym[1−cos(
2πp
Nr

)]}, (74)

where p is the number of pole pairs. A similar equation can
be obtained for the rotor leakage inductance with respect to
the stator side,

L′
rσ = 2

3ws²ξs²
Nr ξr ²

{Leσ,sym+Lbσ,sym[1−cos(
2πp
Nr

)]}. (75)

For the symmetric cage the ratios of the resistances,ρr , and
leakage inductances,ρl , each with respect to the rotor bars
over the end ring segments, can be specified,

ρr =
Rb,sym

Re,sym
, (76)

ρl =
Lbσ,sym

Leσ,sym
. (77)

This way, the symmetric cage resistance and leakage in-
ductance parameters can be determined fromR′

r , L′
rσ, ρr

(ratioCageR in Fig. 10) andρl (ratioCageL in Fig. 10).

Table III
RATING PLATE OF 18.5KW MOTOR

Quantity Value
nominal mechanical output power Pm,N = 18.5kW

nominal phase voltage Vs,N = 400V
nominal phase current It,N = 18.9A
nominal power factor pfN = 0.9

nominal frequency fs,N = 50Hz
nominal speed nN = 1460rpm

Table IV
PARAMETERS OF18.5KW MOTOR

Parameter Value
stator resistance Rs = 0.4784Ω

stator inductance Ls = 0.2755H
stray factor σ = 0.05683

magnetizing inductance Lm = 0.2676H
rotor inductance Lr = 0.2755H
rotor resistance Rr = 0.5625Ω

core conductance Gc,0 = 0.0007539S
no load friction losses Pf ,0 = 211.4W

nominal stray-load losses Pstray,N = 333.0W
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Figure 9. Example of parameters of the resistances and the leakage inductances of the rotor bars and end ring segments

Figure 10. Example of parameters of the squirrel cage
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Figure 12. Electrical input power versus slip of a four pole induction motor
with 18.5kW; measurement and calculation
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Figure 13. Mechanical output power versus slip of a four poleinduction
motor with 18.5kW; measurement and calculation
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Figure 11. Example of parameters of friction and stray load losses
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Figure 14. Efficiency versus slip of a four pole induction motor with
18.5kW; measurement and calculation

0 0.01 0.02 0.03 0.04
0

0.2

0.4

0.6

0.8

1

slip s

p
ow

e
r

fa
ct

o
r

p
f

measurement

calculation

Figure 15. Power factor versus slip of a four pole induction motor with
18.5kW; measurement and calculation
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Figure 16. Terminal current versus slip of a four pole induction motor with
18.5kW; measurement and calculation
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Figure 17. Mechanical output torque versus slip of a four pole induction
motor with 18.5kW; measurement and calculation
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Figure 18. Efficiency versus per unit mechanical output power for a two pole
induction motor withPm,N = 1.1kW, Vs,N = 400V, Is,N = 1.34A, pfN = 0.86,
fs,N = 50Hz andnN = 2810rpm; manufacturer data and calculation
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Figure 19. Efficiency versus per unit mechanical output power for a four pole
induction motor withPm,N = 1.1kW,Vs,N = 400V, Is,N = 1.48A, pfN = 0.769,
fs,N = 50Hz andnN = 1446rpm; manufacturer data and calculation
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Figure 20. Efficiency versus per unit mechanical output power for a six pole
induction motor withPm,N = 1.1kW, Vs,N = 400V, Is,N = 1.66A, pfN = 0.75,
fs,N = 50Hz andnN = 918rpm; manufacturer data and calculation
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Figure 21. Efficiency versus per unit mechanical output power for a two pole
induction motor withPm,N = 11kW,Vs,N = 400V, Is,N = 11.4A, pfN = 0.89,
fs,N = 50Hz andnN = 2967rpm; manufacturer data and calculation
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Figure 22. Efficiency versus per unit mechanical output power for a four pole
induction motor withPm,N = 11kW,Vs,N = 400V, Is,N = 12.1A, pfN = 0.84,
fs,N = 50Hz andnN = 1488rpm; manufacturer data and calculation
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Figure 23. Efficiency versus per unit mechanical output power for a six pole
induction motor withPm,N = 11kW,Vs,N = 400V, Is,N = 13.2A, pfN = 0.79,
fs,N = 50Hz andnN = 876rpm
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Figure 24. Efficiency versus per unit mechanical output power for a two pole
induction motor withPm,N = 110kW,Vs,N = 400V, Is,N = 107A, pfN = 0.90,
fs,N = 50Hz andnN = 2976rpm; manufacturer data and calculation

0 0.25 0.5 0.75 1
0.5

0.6

0.7

0.8

0.9

1

per unit mechanical power

e
ffi

ci
e

n
cy

η

manufacturer

calculation

Figure 25. Efficiency versus per unit mechanical output power for a four
pole induction motor withPm,N = 110kW,Vs,N = 400V, Is,N = 110.3A, pfN =
0.88, fs,N = 50Hz andnN = 1485rpm; manufacturer data and calculation
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Figure 26. Efficiency versus per unit mechanical output power for a six pole
induction motor withPm,N = 110kW,Vs,N = 400V, Is,N = 116A, pfN = 0.84,
fs,N = 50Hz andnN = 985rpm; manufacturer data and calculation
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Figure 27. Efficiency versus per unit mechanical output power a for two pole
induction motor withPm,N = 1000kW,Vs,N = 3464V, Is,N = 109A, pfN =
0.91, fs,N = 50Hz andnN = 2988rpm; manufacturer data and calculation
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Figure 28. Efficiency versus per unit mechanical output power for a four pole
induction motor withPm,N = 1000kW,Vs,N = 3464V, Is,N = 114A, pfN =
0.87, fs,N = 50Hz andnN = 1494rpm; manufacturer data and calculation
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Figure 29. Efficiency versus per unit mechanical output power for a six pole
induction motor withPm,N = 1000kW,Vs,N = 3464V, Is,N = 113A, pfN =
0.88, fs,N = 50Hz andnN = 996rpm; manufacturer data and calculation
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C. Torque Equation

The inner electromagnetic torque of the machine is deter-
mined by

Tel =
3

∑
i=1

Nr

∑
j=1

dLsr[i, j ]

dγm
Is[i]Ir[ j ], (78)

where
dLsr[i, j]

dγm
can be expressed analytically from (69). Even if

friction, ventilation losses and stray load losses are alsotaken
into account according to section III (Fig. 11).

VII. M EASUREMENT AND CALCULATION RESULTS

Table V
CALCULATED POWER AND LOSSES FOR NOMINAL OPERATION OF

18.5KW MOTOR

parameter value
electrical input power Ps,N = 20412W
core losses Pc,N = 361.9W
stator ohmic losses PCus,N = 498.1W
rotor ohmic losses PCur,N = 521.4W
friction losses Pf ,N = 197.6W
stray-load losses Pstray,N = 333.0W
mechanical output power Pm,N = 18500W

A. Investigation of a 18.5 kW Motor

A detailed comparison of calculation and measurement
results is presented for a 18.5kW four pole induction motor.
In Tab. III the rating plate data of the induction motor are
summarized. The investigations are performed for the motor
operated at nominal voltage and frequency. Core and friction
losses are known from a no load test. The stray load losses are
determined according to Tab. II. For this motor the consistent
parameters are calculated and summarized in Tab. IV with
σsr =1, ah = 0.75, af = 1.5, andastray = 0.018. The losses
corresponding with the nominal operating point are calculated
(Tab. V).

In Fig. 12 and 13 the measurement and calculation results
of the electrical input and the mechanical output power are
compared. The efficiency

η =
Pm

Ps
(79)

and the power factor are depicted in Fig. 14 and 15. The stator
current and the mechanical output torque are shown in Fig. 16
and 17. The validity and usability of the proposed calculation
algorithm is demonstrated by the presented measurement and
calculation results.

Since the computation of the consistent parameters is based
on the rating plate data of the motor, it is not surprising that
the nominal operating point (specified by the rating plate)
and the measurement results do not exactly coincide. Instead,
a higher goal is achieved: the calculations exactly match the
specified nominal operating point.

B. Investigation of Motors based on Manufacturer Data

The series of 1.1 kW, 11 kW, 110 kW and 1000 kW induc-
tion motors is also investigated in this paper. For each power
rating, manufacturer data of motors forp = 1, p = 2 and
p= 3 are compared with calculations (and estimations, respec-
tively). Apart from the nominal operating point, manufacturer
data provide additionally the efficiencies for 75% and 50%
of the nominal mechanical output power. In Fig. 18–29 the
catalog based manufacturer data and the results obtained from
calculations are compared.

VIII. C ONCLUSIONS

The intention of this paper was the calculation of the
consistent parameters of an induction motor. In this context
it is important to know that the proposed approach does
not model the real motor behavior, but exactly models the
nominal operating point, specified by the rating plate. In the
presented model ohmic losses, core losses, friction losses
and stray-load losses are considered. Mathematical algorithms
and estimations – where necessary – are presented. For an
investigated four pole 18.5 kW induction motor, measurement
and calculation results are compared, revealing well matching
results and thus proving the applicability of the presented
calculations. Additionally, the manufacturer data of a series
of two, four and six pole motors in the range of 1.1 kW to
1000 kW are compared with calculations. Even for these mo-
tors the obtained manufacturer data show that the calculations
are very well matching.

APPENDIX

NOMENCLATURE

Variables
a abbreviation; factor
d term of approximation
ϕ phase angle
G reluctance
i instantaneous current
I RMS current
I current phasor
k term of approximation
L inductance
p number of pole pairs
P power, losses
pf power factor
Ψ flux linkage
Ψ flux linkage phasor
R resistance
σ leakage factor
s slip
T time constant
τ torque
v instantaneous voltage
V RMS voltage
V voltage phasor
ω electrical angular velocity
Ω mechanical angular velocity

Indexes
0 no load operation
1,2,3 phase indexes
c core
Cu copper
e eddy current losses
f friction losses
g air gap
h hysteresis losses
i inner
m magnetizing; mechanical (rotor)
N nominal operation
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r rotor
s stator
sr stator and rotor
stray stray-load losses
t terminal
x real part, with respect to a synchronous ref-

erence frame
y imaginary part, with respect to a synchronous

reference frame

Superscripts

f synchronous reference frame
s stator fixed reference frame
∗ conjugate complex
′ with respect to the stator side; reference
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