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Consistent Induction Motor Parameters for the
Calculation of Partial Load Efficiencies by Means
of an Advanced Simulation Model

C. Kral, A. Haumer, and C. Grabner

Abstract—From the rating plate data of an induction motor In this paper a method for the determination of the con-
the nominal efficiency can be determined. Without detailed sjstent parameters of the equivalent circuit of an inductio
knowledge of equivalent circuit parameters, partial load kehavior motor is proposed. In this context it is very important to

cannot be computed. Therefore, a combined calculation and .
estimation scheme is presented, where the consistent paraters understand, that the proposed approach does not estimate

of an equivalent circuit are elaborated, exactly matching he the parameters of a real induction motor. In this sense,
nominal operating point. From these parameters part load consistent parameters mean, that the determined parameter

efficiencies can be determined. exactlymodel the specified operating point specified by the

Index Terms—Induction motor, consistent parameters, partial  rating plate data summarized in Tab. I.

load efficiency
Table |
RATING PLATE DATA OF INDUCTION MOTOR
. INTRODUCTION
Quantity  Symbol Sl Unit

The parameter identification and estimation of permanent nominal mechanical OUtpUt power P W
magnet or [1], [2] electric excited synchronous motors [3], nominal phase voltage Vs Y,
[4], switched reluctance motors [5], [6] and induction nrsto nominal phase current N A

. . . L . nominal power factor ] -
[7] is essential for various applications. For a controliigiye nominal frequency  fs Hy
the performance is very much related with the accuracy of the nominal speed Ny s

determined motor parameters [8]-[20], e.g., in energyiefiic
drives [21], [22]. Another field of applications which mayye  The estimation of motor parameters from name plate data
on properly determined parameters is condition monitorirjg8]-[30] is thus not sufficient, since the parameters are no
and fault diagnosis of electric motors [23]-[25]. implicitly consistent. This means, that the nominal efficg
For an induction motor, operated at nominal voltage armbmputed by means of estimated parameters doesxactly
frequency, and loaded by nominal mechanical power, tltempute the nominal operating point.
current and power factor indicated on the rating plate showThere are two cases where the determination of consistent
certain deviations of the quantities obtained by measunésne parameters is useful. First, a real motor should be invasi
The rating plate data are usually rounded and subject tainertfrom which, more or less, only the rating plate data are
tolerances. Deviations of the measured data from the d&teown. Yet partial load efficiencies should be computed for
stated on the rating plate are therefore not surprising. certain operating conditions. Second, the simulation rhofle
For the determination of partial load efficiencies of aan electric drive, which neither has been designed nor,built
induction motor, various methods can be applied. One metheeeds to be parametrized. In such cases, very often only the
would be the direct measurement of the electrical and tbpecification of the nominal operating point is known.
mechanical power. A second method applies the principle ofin this paper a calculation for the determination of con-
loss separation; in this case the power balance accordingsistent parameters is proposed. The applied model takes
Fig. 2 can be applied. For this purpose it is also required stator and rotor ohmic losses, core losses, friction loases
identify the required motor parameters. stray-load losses into account, while exactly modeling the
Under some circumstances, it is demanded to determigecified nominal operating conditions. Some of the reduire
the partial load efficiency of an induction motor with littleparameters can either be measured, others may be estimated
or literally no knowledge about the motor. This is a veryhrough growth relationships. Due to implicit consistency
challenging task, since the full parameter set of an egemtal restrictions, the remaining parameters are solely detexdhi
circuit cannot be computed consistently from the name platg mathematical equations.
data without further assumptions or knowledge. Practicall
one would identify the parameters of the induction motor [I. POWER AND TORQUEBALANCE

through several test mt_ethqu. Thprough Investlganor_\s_crlrf-t. For the presented power balance and equivalent circuit the
niques for the determination of induction motor eﬁ'c'em'efollowing assumptions apply:

are presented in [26], [27]. In the presented cases thelactua Only three phase induction motors (motor operation) are
efficiency is analyzed more or less independent of the rating® y P P

investi .
plate data. estigated .

« The motor and the voltage supply are fully symmetrical.
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« Non-linearities such as saturation and the deep bar effectomputed from the inner power and the copper heat losses.

are not considered. Mechanical output (shaft) power
I I R L L s I
Lt s S SO ro R/ -r Ph=P—P;— Pstray (7)
is determined from inner poweR, friction losses,Ps, and
Ve H Ge I Lm stray-load losse®stray.
Instead of the power balance (7) an equivalent torque
balance
Tm =T —Tf — Tstray, (8)
Figure 1. Equivalent circuit of the induction motor can be considered. In this context, mechanical output {shaf

torque,Ty, is associated with the left side of (7), and the inner

The algorithm presented in this paper relies on the singlelectromagnetic) torque;, is associated with the left side
phase equivalent circuit depicted in Fig. 1. This equivalenf (6), etc. Each of these torque terms can be multiplied with
circuit considers stator and rotor ohmic losses as well as céhe mechanical angular rotor veloc®y, to obtain equivalent
losses, which is why the phasors of the terminal curtgnt power terms according to (7).
and the stator current have to be distinguished.

In order to simplify the explicit calculation of the equieal
circuit parameters, the conductor, representing coreetnss
connected directly to the stator terminals. In this appnpacd®. Core Losses

stator and rotor core losses For the core loss model hysteresis and eddy current losses

_ 2 have to be taken into account [31]. In a certain operatingtpoi

Pe = 3GcVs 1) , i '

the total core losse®;er are known. This operating point

are modeled together, whei®. represents the total corerefers to a reference voltaygrs and the reference frequency
conductance. fsret. Under these conditions a reference conductance can be
Due to the modeling topology of the equivalent circuittomputed according to

stator and rotor ohmic losses are

IIl. CORE, FRICTION AND STRAY-LOAD LOSSES

Gc,ref: ’2 . (9)
Pos = 3RZ, 2) Vet
2 . . .
Pew = 3R () The ratio of hysteresis losses with respect to the total core
The rotor parameters of the equivalent circuit are tramséat losses — with respect_to th|s_ ref_e rence operating pointan.Is
For any other operating point indicated by the actual phase

to the stator side, and thus indicated by the superstript
The inner (electromagnetic) power of the motor is dete\r/-()ltagevS and frequencyfs, the total core losses can then be
expressed by

mined by L
-5
p_RI_572 4 fsrer V2 V2
=R P (4) Pe = Peyer (ah &f’efvzs -1-(1—ah)v2S ) (10)
S Vsref sref

Friction and stray-load losses are not considered in theepow
balance of the equivalent circuit. Nevertheless, thesectff >From this relationship the total conductance of the edeiva

have to be taken into account independently. circuit — as a function o¥/s and fs — can be determined:
Pe Pows Peu Ps Pstray fsref
G = G ref (ah f +1- ah) (11)
S

Based on the experience of the authors, it is proposed to
setan =~ 0.75, if no other estimation is available. In Fig. 3 the
impact of the ratica, on the total core losses is depicted. The

Ps P, P presented curves are computed for a constant %t((in the
! P rangefs < fsrer) @and constant voltage (in the flux weakening
range forfs > fsyer) as depicted in Fig. 4.
B. Friction Losses
Figure 2. Power balance of the the induction motor The friction losses are modeled by
. . . s} 0 aj+1
In Fig. 2 the total power balance of the motor is depicted. f_ ( m ) (12)
In this balance, the total electrical input powerHs and the Pt ref Qmref ’
air gap poweris (for Qm > 0). In this equatiorPs ref andQmer are the friction
Py = Ps— Pc— Pous. (5) losses and the mechanical angular rotor velocity with retspe
to a reference operating point, respectively. For axiabocéd
The inner power ventilationas ~ 1.5 can be used and radial ventilation can be
P =Py—Pcu (6) modeled bya; ~ 2.

(Advance online publication: 1 February 2010)
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1 """"""""""" which can be considered as an extension to the standard [33].
: In [34], the stray-load losses are considered as an equivale
0.8 i RN e resistor in the equivalent circuit. Since the voltage dromss
- : : such a resistor has no physical background, the stray-load
S 0.6 — losses are modeled differently in this paper: the strag-loa
o aph=0 . h ’
= _ B losses are inherently taken into account by an equivalent
© 0.4 ol ah =0.25 ] breaking torque,
' > a, =05 PR
=0.75 o It - II,O Qm 15
021 fff an = 0. . Tstray = astraypm,NWQT, (15)
: A a, =1 t,N t,0 **mN
: ~ according to (8).
00 0.5 1 15 2
fs | fsref IV. SPACE PHASOR EQUATIONS

The space phasor equations of electric machines can be
Figure 3. Total core losses versus frequency; consfaor fs < fsrer and derived based on the definitions of [35]. With respect to the

constant voltage foffs > fsjer equivalent circuit of Fig. 1, the stator voltage and terrhina
current space phasor (with respect to the stator fixed reéeje
1 frame are
2 . y
08 Ve = St @ e Phg) (16)
2, i211/3: i211/3:
T 06 1= S+ i+ e Wiy), (17)
2 0. ; ;
>
- wherevs1, Vs2 and vsz are the stator phase voltages, and
> 04 it,1, it 2 andiy 3 are the terminal phase currents, respectively.
These space phasors can be transformed into a synchronous
0.2 reference frame; the angular velocity of this referencen&ra
: is
5 5 5 = 27fs. 18
% 05 1 15 2 @ = 4Tl (18)
£/ f The reference frame of the transformed stator voltage and
s ! lIsref . s . .
terminal current is indicated by a superscript index:
Figure 4. \oltage versus frequency for inverter operation \LI, = \_/gefj(wstiq)f) (19)
|_tf — lfefj(wstfm) (20)
C. Stray-Load Losses The electrical rotor speed is
The stray-load losses are defined as the portion of the total W = PQm, (21)

losses in a motor that do not account for stator and rotor ohmi

losses, core and friction losses. These losses thus iedizat Since space phasor theory relies on an equivalent two pole
portion of the losses which can not be calculated. Accordifduction motor. The voltage equations with respect to Eig.

to the IEEE Standard 112 [32] the percentaggsy of the are€

stray-logd losses thh respect to the nomlinal output power f y/{ 0 Rsfjoxls  joxlm I_tf
the nominal operating point are summarized in Tab. Il. 0 — 0 joorLm R +jox L 1,
Table Il Vi 1/Ge  —1/Ge 0 If
STRAY-LOAD PERCENTAGES ACCORDING TAEEE STANDARD 112 (22)
nominal output power [KW]  percentage where
1-90 o018 Wr = Ws— Wm. (23)
33(13:31255’0 0%01125 The rotor leakage and main field inductances of the equiv-
greater than 1850 0.009 alent circuit in Fig. 1 and the rotor resistance cannot be

determined independently [36]. It is thus useful to introelu
>From the actual terminal currerf and the no load the stray factor

terminal currentl; o, the approximated rotor current can be o—1_ LZ, (24)
calculated by T Ly’
l2 = /12— 1% (13) and the ratio of stator to rotor inductance
In the IEEE Standard 112, the stray-load losses are consid- Ogr = 57 (25)
ered by a quadratic dependency of (13). Since the standard Li
does not take any variable frequency dependencies into as-well as the terms
count, the stray-load loss are proposed to be approximated ~ Oxls 26
by |2 I2 , aS - Rs ) ( )
t —lto ( QOm L
Pstray= astraypm,Nm (Q—mN) ; (14) a = = L. (27)

(Advance online publication: 1 February 2010)
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The linear set of equations (22) has the solutions estimated or measured no load core losses the reference core
gy as(1+jar) 28) conductance can be derived according to (9),
© T Talfl-oad +j(asta)] Geret = %. (36)
-jv1—0,/0 ’ sN

% osLs[1 - oasay +j(astan)]’
according to [37]. The inner torque yields:

B. Measurement or Estimation of Friction Losses

>From a no load tests(= 0) the friction lossesPs g, of
a particular real motor can also be determined. In case no
measurements are available, the no load friction lossedean
estimated from empirical data,

' 2 wlls (1-o0as )2+ (as+ar)?

It is obvious that (28) and (30) are independentaogf.
This is an important result, which refutes the myth that for P o
a squirrel cage induction motor the inductarice can be 0910 F =Kip |0910(
determined without further assumptions. Yet, the rotorexir f
(29) is certainly dependent oas. For the assignment of In this equationP; and Py, are some arbitrary reference
specific values to the parametdrs, Ly andR; and for the power terms, andky; and df; are empiric parameters
calculation of the rotor current the arbitrary factmy; has to corresponding for a certain number of pole pairs. Accortiing
be chosen according to (12), the no load friction losse% o = P ref are corresponding

1 with Qmo = Qmpref -

1-0< < —. 31
0'_0'sr_170_ (31)

Pm N

’ ) +df[p]. (37)

Ph

C. Calculation of Stray-Load Losses

V. DETERMINATION OF PARAMETERS The nominal stray load losses can be derived from
In the following a combination of parameter calculations _
and estimations, based on empirical data, is presented. The Pstrayn = @strayPm, (38)
presented results all refer to empirical data obtained froamd parameteasiay can be obtained by Tab. II.
50Hz standard motors. Unfortunately the empiric data canno
be revealed in this paper. Nevertheless the applied mathemg  Eqtimation of Stator Resistance

cal approach for the estimation is presented. For mototsavit _ . .
aIThe stator resistance can be estimated applying the power

certain mechanical power and number of pole pairs empiri , . ) . X
alance of Fig. 2 with respect to the nominal operation point

data can be approximated with good accuracy. h ol hanical h inal
The determination of the equivalent circuit parameters iFrromt e nominal mechanical output powR,, the nomina

however, based on the rating plate data of the motor (Tab. fCt'on losses

From these data the nominal electrical input power QmnN artl
Pin=Pro| 5 — (39)
Psn = 3Vsnlin Pfy (32) _ mo o
. . and the nominal stray-load losses (38), the nominal inner
and the nominal angular rotor velocity power
QN = 21 (33) PN = PmN — Pt N — Pstrayn (40)
can be computed. can be calculated. The air gap power can be determined from
the nominal inner power and nominal sligy [37]:
A. Measurement or Estimation of Core Losses PN = PN (41)
ON = T o

If measurement results are obtained from a real motor, the ]
core losses can be determined according to IEEE StandaRf Stator copper losses can then be obtained by the power
122 [32], by separating core and friction losses. The no lo&@lance (5), applied to the nominal operating point,
core lossesP: o, refer to the nominal voltage and nominal
frequency. It is assumed that the no load test is performed at Peusn = Psn —Pgn — Pen. (42)

synchronous speed £ 0), Since the core loss conductor is connected to the terminals

O e 2nfsn 34 in Fig. 1, the core losses with respect to the nominal and no
mo = p (34) load operating point are equal,

In case measurement results are not available, the no load Pen = Peo. (43)
friction losses, for a motor with a certain nominal mechahic
output powerPm N, and a certain number of pole paifs,can
be estimated from empirical data by

>From the the nominal stator phase current, and the nom-
inal stator copper losses (42) consistent stator resistane
determined by
_ PCu,sk,N

P, P
logyo [ =2 ) =kepl0gio [ o™ ) +dgp.  (35) Re= — 2. (44)
P Ph 3l SN

In this equationP; andP}, are arbitrary reference power termdn this equation the nominal stator curreméy has to be

to normalize the argument of the logarithm. The parametedstermined from (22).

kep) @and dg;p are obtained from the empiric data and par- Alternatively to this approach the stator resistance can be
ticularly refer to a specific number of pole pairs. From themeasured or estimated. The core losses (43) can then be

(Advance online publication: 1 February 2010)
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derived through a numeric iteration. In other words: theee athe components of the stator current space phasor can be
two options on how the stator resistance and the core lossesived:
can be determined. Either the stator resistance or the core

losses have to be measured or estimated, and the remaining s = o = V2GeVan, (57)
quantity can then be computed by (40)—(44). lsyn = lynN. (58)
The real and the imaginary part of (28) yields:
E. Measurement or Estimation of No Load Current VaxN 1 | | -
, . , =~ = (1-o —(as+
In the following space phasor calculations are applied to Rs (1= 03a)lsxn = (3 +ar)lsyn (59)
the nominal operating conditions. The phase anfje of ar VsxN
. . . —— = I 1- I 60
synchronous reference is chosen such way that the imaginary as Rs (8 +ar)loxn + (1 - 032 )lsyn - (60)
part of the stator voltage space phasor >From these two equations the two unknown parameters
f .
\_/s,N = VsxN +VsyN (45) a — asRs|§N + lsyNVsxN (61)
is zero, lsxNVsxn — RS'S%N 7
&
Ve = V2Vsn (46) - — (2lsxn — @slsyn)Vsxn — Rel gy — & (62)
Vsy,N = 0. 47 as(asRslsz,N + |sy,NVs>gN) ,
If the no load terminal current can be obtained. The rotor time constant is the ratio of the
. rotor inductance and the rotor resistance and can be exgress
Ly o =lixo+]lyo (48) in terms of known parameters, utilizing (27),
has not been obtained by measurement results, the reactive T = i7 (63)
component has to be estimated. This can be performed by N

| b wherewy y refers to the nominal operating point. From (61)—
0 , i i
l0gy0 ( ty, ) — Ko 10810 ( mN) + doy, (49) (63) it can be seen that the rotor time constant and the leakag

% P factor are independent of the particular choiceogf.

where I{, o and Py, are an arbitrary reference current and . .
power term. The parametd@[p] anddom are estimated from H. Determlnmg Magnetizing Inductance, Rotor Inductance
empiric data with respect to a certain number of pole pairdld Rotor Resistance

Then the imaginary part of the stator current space phasor ca>From the leakage factors and osr, and the stator in-
be derived by ductanceLs, utilizing (31), the following equations can be
(50) derived:

Isy,O = Ity,07
according to (48) and (22). Once all the parameters of the Lm = Ls= 1-0 (64)
motor are determined, the consistent no load curkgntan VOst
be determined from the equivalent circuit, evaluating (14) L = Ls (65)
Osr

E Determination of Stator Inductance >From (63) and (65) the rotor resistance can be computed.

The rotor current space phasor diminishes under no load R = L_; (66)
conditions, and thus the stator current equation of (22ygie Tr
The quantities determined in this subsection are fully depe
\/_ZVS’N = Rslsxo— wslslyxo (51)  dent on the particular choice of;.
0 = wslslsxo+ Rslsyo (52)
By eliminating the real partisxo, in these equations, the re- Vi AF)VANCED _SIML.JLATION MODEIf )
maining equation for the imaginary part, considerigg < 0, For the numerical investigation of the machine a numerical
can be used to determine the stator inductance simulation model can be used. Such an advanced simulations
model is presented in this section.
VsxN + \/Vssz - 4R§|szy0 The squirrel cage of an induction machine can be seen as a
Ls=— ' - (53) multiphase winding with shorted turns. Instead of a wound

20slsyo0 . .
¥ structure the rotor consists @& bars and two end rings,

G. Determinati ¢ Strav Fact d Rotor Time Const connecting the bars on both ends, as depicted in Fig. 5 and
- Determination of Stray Factor and Rotor Time Constang s e eng rings fins are located to force the circulation of

The components of the nominal terminal current spaegr in the inner region of the machine.
phasor are The presented machine topology is modeledviodelicg
I_tf,N = lex N +jltyN (54) an acausal object oriented modeling language for multi phys
ical systems [38]. In thdModelica Standard LibrarfMSL) a

>From the components of the terminal current standard set of physical packages for electric, mecharéc; t

lun = +Hlenpfy (55) mal, control and logic components is collected. N&chines
’ ' ’ package provides models of electric machines based on text
lyn = —lgny/1—pi, (56) book equations. The modeled three phase induction machines

(Advance online publication: 1 February 2010)
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rely on space phasor theory and a full symmetry of the stafbhe mutual coupling between the stator and rotor is repre-
and rotor winding. Electrical rotor asymmetries can theref sented by the matrix
not be modeled using the MSL. . (i—D2m (j—1)2m
In order to model electrical rotor asymmetries the full Lgjjj = Low&sér cos 3 N
topology of the rotor cage, respectively has to be taken into '
account. Such models are developed inEtxeendedMachines Both these matrices are fully symmetrical, since it is assiim
Library [39]. that the coupling over the magnetic main field is not influ-
enced by the any electric asymmetry. The tégnindicates the
base inductance of a coil without chording, i.e., the codti
equal to the pole pitch. The number of series connected turns
and the winding factor of the stator winding are represented
by the parametersis and &s. The productwsés is thus the
effective number of turnsThe winding factor of the rotor

winding
& — sin (Ej-") (70)

r

—Ym|. (69)

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 quantity
represents the electric displacement angle of the rotdn wit
respect to the stator.

The effective number of turnsysés, 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 symmetridata
winding may be parametrized by entering the effective numbe
of turns.

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

B. Model of Rotor Winding

The winding topology of the squirrel cage rotor will
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

Lirjij) = LoErZCOS{(iNiT] : (71)

r

For the bars and the end rings on both sides (iralexdrive
end side, DE; indek = non drive end, NDE) constant leakage
inductanced.,j andLeg; andLey;) are considered. The rotor
voltage equations can be derived form the equivalent dircui
of a rotor mesh as shown in Fig. 8:

A. Model of Stator Winding 0 = (Regi)+ Rebjj + Roji) + Rojiy) i

It is assumed in the following that the stator winding is —Roijlrji~1) = Roji+1/lrji) + Repjifleb
fully symmetrical. Additionally, the number of stator pleas diygy
is restricted to three. In this case the stator voltage émuat dt
can be written as

Figure 6. Rotor cage of an induction machine

+(Leai + Lebji) + Lbji) + Lbji+1))

d
gt (Lt rii-1) + Lo+ — Letijlen)

dlgjy 3 dlgriiflyi dly;
Vs[i] = Rs's[i] + LSO‘? T Z sr[(]j,tl] sli] + ZL"[L]] (;tm (72)
: digj) & dlorijlrj =
+ ZlLsrT{i,J'] at + Zl at » (67) In this equationRy;; are the bar resistances, aRdy; and
i= i=

Rejj are the resistances of the end ring segments on both
whereVg; andlg; andl, are the stator voltages and statofides. Due to the topology of the rotor cage (Fig. M):+1
currents and the rotor currents, respectively. The stasis+ linearly independent meshes have to be taken into account.
tanceRs and the stator stray inductantg, are symmetrical, The mesh cu_rrentekJ is thus introduced and the additional
due to the symmetry of the stator winding. The coupling ofoltage equation

the stator windings is represented by the main field indwetan Ny d N
matrix 0="% Repjij(Irij +len) + = Lenij(Irfij +leb) (73)
WRE2 (i—j)2m = i
Lsni,j) = Lows&s COS{ 3 ] : (68) has to be considered, accordingly.

(Advance online publication: 1 February 2010)
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General | Mechanical \ Stator winding |Stator | Magnetization

| Rotor cage | Rotor | Add modifiers

~General
ms final ms=ms £~ Number of phases
as final as=as £2 - Number of internally parallel cennected branches per phase
- Topology
statorwindingtype |1s.Enumerations.WindingType.TOP j|f Type of winding
p - Number of pole pairs
Ns 48 - Number of slots
nCoils fill{ 12, as*ms) EZ - Number of coils per winding
coilBagins ITG, 17, 18, 19, 38, 39, 40, 41, 42, 43] E= - Slot nulmbers |ndl|ca_t|ng the begin (go) of coils
belenging to a winding
collEnds IT! 6,5, 28, 27, 26, 31, 30, 29,4, 3, 2] 1= Slot nulmbers |ndl|ca_t|ng the end (return) of coils
belenging to a winding
wCoils 72,72, 36, 36, 36, 36, 72, 72, 36, 36] E= - Number of turns of each coil
alphaCoils -0.850848 - rad Angluar offset of windings
~Reference
. li Number of turns per phase * winding factor (alternatively 0 for specifying
wiisRef 532.818 reference index of topology winding)
indexsRef - Index of a symmetric reference winding

Figure 7.

NDE

Renji)

Len Rebi+1)

Ieb

Figure 8. Rotor cage topology (DE = drive end, NDE = non drin€)e

As the air gap of the induction machine is modeled with
smooth surface, the main field inductandgg ; and L j
are constant and only the mutual inductances (69) are a
function of the rotor anglgm.

The rotor cage can be parametrized in theendedMa-
chineslibrary in two different ways. First, a symmetric rotor
cage can be indicated by the rotor resistaffeand the
rotor leakage inductandg;, 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 symmetri
rotor bar and end ring resistance and the rotor resistante wi
respect to the stator side is determined by

3w 2 2mp
2—> > -
R:’ N E 2 Nr )]}’
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,
W% s?
NeE 2

{Resym‘i‘ Rb,sym[l —cog (74)

(Advance online publication

This way, the symmetric

oK Info

Cancel

Example of parameters of the stator winding of arsgjicage induction machine

For the symmetric cage the ratios of the resistanpgsand
leakage inductanceg;, each with respect to the rotor bars
over the end ring segments, can be specified,

Rbsym
= > 76
Pr Resym (76)
L
p = Lbo,sym' (77)
€o,sym

Table 111

cage resistance and leakage in-
ductance parameters can be determined fi®@mL;,, pr
(rati oCageRin Fig. 10) andp, (r at i oCagel in Fig. 10).

RATING PLATE OF 18.5KW MOTOR

Quantity  Value

nominal mechanical output power Py = 18 5kW
nominal phase voltage Vsn =400V
nominal phase current Iy = 189A

nominal power factor

f=0.9

nominal frequency fsn =50Hz
nominal speed ny = 1460rpm

Table IV

PARAMETERS OF18.

Parameter

5KW MOTOR

Value

stator resistance

stator inductance
stray factor

magnetizing inductance
rotor inductance

rotor resistance

core conductance

no load friction losses

nominal stray-load losses

: 1 February 2010)

Rs = 047840

Ls = 0.2755H

0 = 0.05683

Lm= 0.2676H

L, = 0.2755H

R = 056250

Geo = 0.0007539S
Po=2114W
Pstrayn = 3330W
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General | Mechanical | Stator winding | Stater | Magnetization | Rotar cage |Hotor | Add modifiers |

 General
mr | final mr=mr 2~ Number of phases (min = 3)
 Bar
Rb fill| 2.666e-7, mr) E2 - Ohm Resistances
Lb fill[2.591e-9, mr) £~ H Stray inductances
useDeepBar false _f|r Enable/disable deep bar effect
nk 10 -~ Number of radial sections for considering the deep bar effect
whb H-m Widths of bar segments
hb W .-m  Heights of bar segments
wo ~m  Width of slot opening
ho ~m Height of slot opening
- End ring segment, A side (drive end)
Rea fill{2.666e-8, mr) 5~ Ohm Resistances
Lea

fil(2.591e-10, mr) E5- H Stray inductances

- End ring segment, B side (non drive end)

Reb

fill{2.666e-8, mr) E2 - Ohm Resistances

Leb

fill{2.591e-10, mr) EE- H Stray inductances

oK | Info | Cancell

Figure 9. Example of parameters of the resistances and dkade inductances of the rotor bars and end ring segments

General | Mechanical | Stator winding | Stater | Magnetization | Rotor cage | Rotor |Add maodifiers |

~Model

rotorcagetype |

ExtendedMachines.Commons. Enumerations.CageType. TOP |, Cage model

~Resistor

Rr

0.3985/1.2352%1.2352 - Ohm Rotor resistance per phase (with respect to the stator side)

ratioCageR

- Ratio of bar to end ring segment resistance

TrRef |

Reference temperature that the resistances Rb, Rea and

293.15 oy Reb refer to

alpha20r

20Type.alpha20COPPER /|- 1K

Linear temperature coefficient of the electric resistance at

20 degC

~Stray inductance

Lrsigma

ratioCagel

-~ H Rotor stray inductance per phase (with respect to the stastor side)
-~ Ratio of bar to end ring segment stray inductance

oK Info Cancel

Figure 10. Example of parameters of the squirrel cage
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e i calculation IS calculation
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Figure 12. Electrical input power versus slip of a four paiduiction motor Figure 13. Mechanical output power versus slip of a four potiuction

with 18.5kW; measurement and calculation

motor with 185kW; measurement and calculation
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General | Mechanical |Stator winding | Stator | Magnetization | Rotor cage | Rotor | Add modifiers

~General
Jr | 0.29 - kg.m2 Inertia of rotor
~Housing and stator
useSupport [ false 7|~ Use fixed support
Js | ~kg.m2 Inertia of stator

~Friction losses

PFrictionRef 0-W  Reference friction losses

wFrictionRef - radfs Reference angular velocity that PFrictionRef refers to

powerFriction_w 3~ Exponent of angular velocity w.r.t. of friction losses
~Stray load lo

PStraylLoadRef  o-w Nominal electrical input power of machine

IStrayLoadRef ~A Nominal phase RMS current of machine

Reference angular velocity that angular velocity dependent stray load
- rad
wStrayLoadRef rads losses refer to (e.g. nominal angular velocity)

powerStrayload_w - Exponent of angular velocity w.r.t. of stray load losses

oK Info Cancel

Figure 11. Example of parameters of friction and stray lazsbés
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Figure 14.  Efficiency versus slip of a four pole induction orotvith  Figure 16. Terminal current versus slip of a four pole indwtimotor with
185kW; measurement and calculation 185kW; measurement and calculation
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Figure 15. Power factor versus slip of a four pole inductionoton with  Figure 17. Mechanical output torque versus slip of a fourepabuction
185kW; measurement and calculation motor with 185kW; measurement and calculation
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calculation calculation
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per unit mechanical power per unit mechanical power

Figure 18. Efficiency versus per unit mechanical output pdawea two pole  Figure 21. Efficiency versus per unit mechanical output pdaea two pole
induction motor withPymn = 1.1kW, Vsn =400V, Isn = 1.34A, pfy =0.86, induction motor withPyn = 11kW, Vsn =400V, Isn = 114 A, pfy = 0.89,

fsn = 50Hz andny = 2810rpm; manufacturer data and calculation fsn = 50Hz andny = 2967 rpm; manufacturer data and calculation
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5, 08 b —————— _ 5, 08 ........................................................................ _
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(8] : : o :
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: calculation : calculation
0 0.25 05 0.75 1 0 0.25 05 0.75 1
per unit mechanical power per unit mechanical power

Figure 19. Efficiency versus per unit mechanical output pdevea four pole  Figure 22. Efficiency versus per unit mechanical output pdasea four pole
induction motor withPyn = 1.1kW, Vsn =400V, Isn = 1.48A, pfy =0.769, induction motor withPnn = 11kW, Vsn =400V, Isny = 12.1A, pfy = 0.84,

fsn = 50Hz andny = 1446 rpm; manufacturer data and calculation fsn = 50Hz andny = 1488rpm; manufacturer data and calculation
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5, 08 b N 5, 08 ....................................... N
c c
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(8] : : (8]
= 07 s = 2T S N _ = 07 ......................................... _
) _ _ ) : : :
0.6 i manufacturer | 0.6 O manufacturer |
5 calculation : calculation
0 0.25 05 0.75 1 0 0.25 05 0.75 1
per unit mechanical power per unit mechanical power

Figure 20. Efficiency versus per unit mechanical output pdaea six pole Figure 23. Efficiency versus per unit mechanical output pdaea six pole
induction motor withPmn = 1.1kW, Vsn =400V, Isn = 1.66A, pfy =0.75,  induction motor withPnn = 11kW, Vsn =400V, Isn = 13.2A, pfy =0.79,
fsn = 50Hz andny = 918rpm; manufacturer data and calculation fsn =50Hz andny = 876rpm
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Figure 24. Efficiency versus per unit mechanical output pdawea two pole  Figure 27. Efficiency versus per unit mechanical output paver two pole
induction motor withPmn = 110kW,Vsn =400V, Isy = 107A, pfy =0.90, induction motor withPyn = 1000kW, Vsn = 3464V, Isn = 109A, ply =
fsn = 50Hz andny = 2976 rpm; manufacturer data and calculation 0.91, fsn = 50Hz andny = 2988 rpm; manufacturer data and calculation
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Figure 25. Efficiency versus per unit mechanical output pofee a four Figure 28. Efficiency versus per unit mechanical output pdasea four pole
pole induction motor witlPnn =110kW,Vsn =400V, Isn = 1103A, pfy =  induction motor withPmn = 1000kW, Vsn = 3464V, Isn = 114A, ply =
0.88, fsn = 50Hz andny = 1485rpm; manufacturer data and calculation 0.87, fsny = 50Hz andny = 1494 rpm; manufacturer data and calculation
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Figure 26. Efficiency versus per unit mechanical output pdaea six pole Figure 29. Efficiency versus per unit mechanical output pdaea six pole
induction motor withPmn = 110kW,Vsn =400V, Isn = 116A, pfy =0.84,  induction motor withPmn = 1000kW, Vsn = 3464V, Isn = 113A, ply =
fsn = 50Hz andny = 985rpm; manufacturer data and calculation 0.88, fsn = 50Hz andny = 996rpm; manufacturer data and calculation
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C. Torque Equation

VIII. CONCLUSIONS

The inner electromagnetic torque of the machine is deter-The intention of this paper was the calculation of the

mined by
AL j
dym Sl

3 N
=55
i=1]=1

dlsri )

consistent parameters of an induction motor. In this cdntex
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. la th

Where—m can be expressed analytically from (69). Even ipresented model ohmic losses, core losses, friction losses

friction, ventilation losses and stray load losses are tken

into account according to section Il (Fig. 11).

VII. M EASUREMENT AND CALCULATION RESULTS

Table V

CALCULATED POWER AND LOSSES FOR NOMINAL OPERATION OF

18.5kW MOTOR

and stray-load losses are considered. Mathematical Higusi

and estimations — where necessary — are presented. For an
investigated four pole 18.5 kW induction motor, measuremen
and calculation results are compared, revealing well niragch
results and thus proving the applicability of the presented
calculations. Additionally, the manufacturer data of aieser

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-

parameter value

electrical input power Psn = 20412W
core losses Pen =3619W
stator ohmic losses Peusn = 4981W
rotor ohmic losses Pcun =5214W
friction losses P n =197.6 W

stray-load losses Pstrayn = 3330W
mechanical output power Ppn = 18500W

Variables

a
A. Investigation of a 18.5kW Motor d
A detailed comparison of calculation and measuremen¢
results is presented for a BXW four pole induction motor. G
In Tab. Ill the rating plate data of the induction motor arei
summarized. The investigations are performed for the motok
operated at nominal voltage and frequency. Core and frictio L
losses are known from a no load test. The stray load losses ake
determined according to Tab. Il. For this motor the conaiste L
parameters are calculated and summarized in Tab. IV witlp
Osr =1, ap = 0.75, af = 1.5, andagyay = 0.018. The losses P
corresponding with the nominal operating point are cateala pf
(Tab. V). o
In Fig. 12 and 13 the measurement and calculation result®
of the electrical input and the mechanical output power ardR
compared. The efficiency o
Pm S
=4 79 T
and the power factor are depicted in Fig. 14 and 15. The stator
current and the mechanical output torque are shown in Fig. 1é
and 17. The validity and usability of the proposed calcaolati
algorithm is demonstrated by the presented measurement a
calculation results. w
Since the computation of the consistent parameters is based
on the rating plate data of the motor, it is not surprising tha
the nominal operating point (specified by the rating platdpdexes
and the measurement results do not exactly coincide. lhstea
a higher goal is achieved: the calculations exactly mateh th1,2,3

specified nominal operating point. E
u

B. Investigation of Motors based on Manufacturer Data e

The series of 1.1kW, 11 kW, 110kW and 1000 kW induc- f
tion motors is also investigated in this paper. For each poweY
rating, manufacturer data of motors fr=1, p=2 and
p=3 are compared with calculations (and estimations, respeé-
tively). Apart from the nominal operating point, manufaetu ™M
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 obtaiowd fr
calculations are compared.

tors the obtained manufacturer data show that the calonkati
are very well matching.

APPENDIX
NOMENCLATURE

abbreviation; factor
term of approximation
phase angle
reluctance
instantaneous current
RMS current

current phasor

term of approximation
inductance

number of pole pairs
power, losses

power factor

flux linkage

flux linkage phasor
resistance

leakage factor

slip

time constant

torque

instantaneous voltage
RMS voltage

voltage phasor
electrical angular velocity
mechanical angular velocity

no load operation
phase indexes
core

copper

eddy current losses
friction losses

air gap

hysteresis losses
inner

magnetizing; mechanical (rotor)
nominal operation

(Advance online publication: 1 February 2010)
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rotor

[17]
s stator
sr stator and rotor
stray stray-load losses (18]
t terminal
X real part, with respect to a synchronous ref- [19]

erence frame

y imaginary part, with respect to a synchronous [20]

reference frame

Superscripts

f
S
*
/

(1]

(4]
(5]
(6]
[7]
(8]

9]

[20]

[11]

[12]

[13]

[14]
[15]

[16]

synchronous reference frame

stator fixed reference frame

conjugate complex

with respect to the stator side; reference
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