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Consistent Induction Motor Parameters for the
Calculation of Partial Load Efficiencies

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

Abstract—From the rating plate data of an induction motor  motor is proposed. In this context it is very important to
the nominal efficiency can be determined. Without detailed understand, that the proposed approach does not estimate
knowledge of equivalent circuit parameters, partial load kehavior the parameters of a real induction motor. In this sense

cannot be computed. Therefore, a combined calculation and istent t that the det ined ¢
estimation scheme is presented, where the consistent paraters consistent parameters mean, that the aetermined parameter

of an equivalent circuit are elaborated, exactly matching he €xactly model the specified operating point specified by the
nominal operating point. From these parameters part load rating plate data summarized in Tab. I.

efficiencies can be determined.
. . . Table |
Index Terms—Induction motor, consistent parameters, partial RATING PLATE DATA OF INDUCTION MOTOR

load efficiency
Quantity Symbol Sl Unit

nominal mechanical output power Ppyyn W

|. INTRODUCTION nominal phase voltage Vsn \%

HE parameter identification and estimation of permanent nominal phase current It A

. . nominal power factor Rf -

magnet or [1], [2] electric excited synchronous motors nominal frequency  fsn Hz

[3], [4], switched reluctance motors [5], [6] and inductiom- nominal speed  ny s

tors [7] is essential for various applications. For a colew
drive the performance is very much related with the accuracyThe estimation of motor parameters from name plate data
of the determined motor parameters [8]-[20], e.g., in eperf28]-[30] is thus not sufficient, since the parameters are no
efficient drives [21], [22]. Another field of applications igh implicitly consistent. This means, that the nominal efficig

may rely on properly determined parameters is conditimomputed by means of estimated parameters doesxactly
monitoring and fault diagnosis of electric motors [23]J25 compute the nominal operating point.

For an induction motor, operated at nominal voltage and There are two cases where the determination of consistent
frequency, and loaded by nominal mechanical power, tip@rameters is useful. First, a real motor should be invaisith
current and power factor indicated on the rating plate shdwm which, more or less, only the rating plate data are
certain deviations of the quantities obtained by measunésne known. Yet partial load efficiencies should be computed for
The rating plate data are usually rounded and subject tainertcertain operating conditions. Second, the simulation rhofle
tolerances. Deviations of the measured data from the dataelectric drive, which neither has been designed nor,built
stated on the rating plate are therefore not surprising. needs to be parametrized. In such cases, very often only the

For the determination of partial load efficiencies of ampecification of the nominal operating point is known.
induction motor, various methods can be applied. One methodn this paper a calculation for the determination of con-
would be the direct measurement of the electrical and thistent parameters is proposed. The applied model takes
mechanical power. A second method applies the principle sthtor and rotor ohmic losses, core losses, friction loases
loss separation; in this case the power balance accordingstmy-load losses into account, while exactly modeling the
Fig. 2 can be applied. For this purpose it is also required $pecified nominal operating conditions. Some of the require
identify the required motor parameters. parameters can either be measured, others may be estimated

Under some circumstances, it is demanded to determithegough growth relationships. Due to implicit consistency
the partial load efficiency of an induction motor with littlerestrictions, the remaining parameters are solely detexchi
or literally no knowledge about the motor. This is a verpy mathematical equations.
challenging task, since the full parameter set of an egemtal
circuit cannot be computed consistently from the name plate I[l. POWER AND TORQUEBALANCE
data without further assumptions or knowledge. Practicall oy the presented power balance and equivalent circuit the
one would identify the parameters of the induction mm%llowing assumptions apply:
through several test methods. Thorough investigationsabf-t
niques for the determination of induction motor efficierscie
are presented in [26], [27]. In the presented cases thelactua
efficiency is analyzed more or less independent of the rating.
plate data. '

In this paper a method for the determination of the con-
sistent parameters of the equivalent circuit of an inductio

« 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.

Manuscript received April 8, 2009. « Non-linearities such as saturation and the deep bar effect
C. Kral, A. Haumer and C. Grabner are with the Austrian Ioggit of are not considered.
Technology (AIT), business unit Electric Drive Technolegyi Giefinggasse 2, . . . . .
1210 Vienna, Austria (corresponding author to provide phomt3(5)0550— The algorithm presented in this paper relies on the single
6219, fax: +43(5)0550-6595, e-mail: christian.kral@ass&c.at). phase equivalent circuit depicted in Fig. 1. This equivalen
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L ls R Lso L  R/s It
———1 R < is determined from inner poweR, friction losses,Ps, and
stray-load lossesxsiray.
Vs H Ge I Lm Instead of the power balance (7) an equivalent torque
balance
Tm =T —Tf — Tstray, (8)

can be considered. In this context, mechanical output flshaf
torque,Tm, is associated with the left side of (7), and the inner
(electromagnetic) torque;, is associated with the left side
of (6), etc. Each of these torque terms can be multiplied with
circuit considers stator and rotor ohmic losses as well as cdh® mechanical angular rotor velocBy, to obtain equivalent
losses, which is why the phasors of the terminal curignt POWer terms according to (7).
and the stator currert have to be distinguished.

In order to simplify the explicit calculation of the equieal I1l. CORE, FRICTION AND STRAY-LOAD LOSSES
circuit parameters, the conductor, representing coree$0Ss A, Core Losses
connected directly to the stator terminals. In this appnpac
stator and rotor core losses

Figure 1. Equivalent circuit of the induction motor

For the core loss model hysteresis and eddy current losses
have to be taken into account [31]. In a certain operatingtpoi
Pe = 3GV2 (1) the total core lossefrer are known. This operating point
refers to a reference voltayger and the reference frequency

are modeled together, whei®; represents the total corefs .. Under these conditions a reference conductance can be

conductance. computed according to
Due to the modeling topology of the equivalent circuit, P
. cref
stator and rotor ohmic losses are Geret = 55— )
) 3Vs,ref
Pes = 3Rlg, 2)

> The ratio of hysteresis losses with respect to the total core
Pew = 3RI" (3) losses — with respect to this reference operating pointan.is
For any other operating point indicated by the actual phase

The rotor parameters of the equivalent circuit are tramséat
. - o voltageVs and frequencyfs, the total core losses can then be
to the stator side, and thus indicated by the superscript expressed by

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

mined by fsref V2 V2
1—s Pe=Peref | ah—— > +(1—ah) > . (10)
P = R;TIFZ. (4) ( fs Vsz,ref stref

wrrom this relationship the total conductance of the eqaivial

Friction and stray-load losses are not considered in theepo . .
y P as a function o¥s and fs — can be determined:

balance of the equivalent circuit. Nevertheless, thesectsf circuit —

have to be taken into account independently. fsref
P y Ge = G ref (ah sfre +1- ah) (11)
Pc Pews Peu Ps I:)stray S
Based on the experience of the authors, it is proposed to
setay =~ 0.75, if no other estimation is available. In Fig. 3 the
impact of the ratica, on the total core losses is depicted. The
presented curves are computed for a constant %t(dn the
rangefs < fsref) and constant voltage (in the flux weakening
Ps Py P range forfs > fsref) as depicted in Fig. 4.
Pm
1 Y
08 ISUTPTTITITEPTTTTRY ¢  AUESURTRIND Tty TR
Figure 2. Power balance of the the induction motor 06k i

@ M
o . ah=0

In Fig. 2 the total power balance of the motor is depicted; 0.4 - ap = 0.25
D- A SRR £ .7 1 J Lo

In this balance, the total electrical input powerHs and the

air gap power is > &=05
gap p 021 fo AP an = 0.75 ]
Pg: Ps—P: — Pcs. (5) A ah =1
The inner power 00 0.5 1 15 2
P =Py —Pou (6) fs | fsref
is computed from the inner power and the copper heat losses.
Mechanical output (shaft) power Figure 3. Total core losses versus frequency; cons‘f?rﬁ@r fs < fsref and
constant voltage foffs > fgref
Ph=PF—Ps— I:)stray (7)
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1 losses are inherently taken into account by an equivalent
breaking torque,
0.8
I2—1% Qm
T 06 Tstray = astrame,NﬁQT7 (15)
< O tN 10 **mN
;,, 0.4 according to (8).

0.2 IV. SPACE PHASOR EQUATIONS

The space phasor equations of electric machines can be
00 05 1 15 2 deriyed basgd on the _definitions of [35]. With respect to_the
equivalent circuit of Fig. 1, the stator voltage and terrhina

fs / Tsrer current space phasor (with respect to the stator fixed redeje
frame are
Figure 4. \oltage versus frequency for inverter operation 2 _ .
\_/g - é(V&l + e|2Tlf/3V572 + 87J2ﬂ/3va3)7 (16)
iofi 2 i211/3: _io/3:
B. Friction Losses 15 = é('t,1+é2n/3|t,2+e 12n/3|t!3)7 (17)

The friction losses are modeled by
ag+1 wherevs1, Vs2 andvgs are the stator phase voltages, and
Pr _ ( Om ) (12) it,1, it 2 andiy 3 are the terminal phase currents, respectively.
Pt ref Qmref ’ These space phasors can be transformed into a synchronous
(for Qm > 0). In this equatiorPs ref and Qmer are the friction reference frame; the angular velocity of this referencen&a
losses and the mechanical angular rotor velocity with respdS
to a reference operating point, respectively. For axiabocéd ws = 21tfs. (18)

ventilationas ~ 1.5 can be used and radial ventilation can be
modeled byas ~ 2. The reference frame of the transformed stator voltage and

terminal current is indicated by a superscript index:

C. Stray-Load Losses vi = vieiled-¢r) (19)
The stray-load losses are defined as the portion of the total 1f = |serilost—0f) (20)
; : Lk =15
losses in a motor that do not account for stator and rotor ochmi
losses, core and friction losses. These losses thus ieditat The electrical rotor speed is
portion of the losses which can not be calculated. According
to the IEEE Standard 112 [32] the percentagas,y of the Wm = PQm, (21)

stray-load losses with respect to the nominal output power fsince space phasor theorv relies on an equivalent two pole
the nominal operating point are summarized in Tab. Il. . SP P y ) & P
induction motor. The voltage equations with respect to Eig.
Table 1l are
STRAY-LOAD PERCENTAGES ACCORDING TAEEE STANDARD 112

. . f
_ vd 0 Rstjmsls joxlm 1,
nominal output power [KW]  percentag®ray 0 _ 0 j0~)er R +jQ)rLr Ié
1-90 0.018 f 1/G 71/G 0 =
91-375 0.015 Vs c c I
376-1850 0.012 (22)
greater than 1850 0.009 where
Wr = Ws— W (23)

From the actual terminal currehtand the no load terminal
currently o, the approximated rotor current can be calculated 11,4 (otor leakage and main field inductances of the equiv-

by — alent circuit in Fig. 1 and the rotor resistance cannot be
l2=4/If — I, (13)  determined independently [36]. It is thus useful to introelu
In the IEEE Standard 112, the stray-load losses are cons%@ stray factor 5
ered by a quadratic dependency of (13). Since the standard o=1— Lin , (24)
does not take any variable frequency dependencies into ac- LsLt
count, the stray-load loss are proposed to be approximatggy the ratio of stator to rotor inductance
by
12—1% [/ Qm \?2 _ L 25
Pstray = astraypm,N% (_m) , (14) Os L’ (25)
IEn =160 \ QmN
which can be considered as an extension to the standard [ﬁ_well as the terms
In [34], the stray-load losses are considered as an equivale a — Wsls (26)
resistor in the equivalent circuit. Since the voltage dropas S Rs ’
such a resistor has no physical background, the stray-load ol 57
losses are modeled differently in this paper: the strag-loa a = R (27)
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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)] (%mpzééi. (36)
—iv/1—0./0 ' s,N

% 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 lossespPs 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,

_— 3p V2 (1-o0)alar
"7 2 w2ls (1—oasar )2+ (as+ay)2

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 oay. 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 factmg 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-o0< < . 1
0'_0'5r_170_ (31)

(30)

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  Eqimation of Sator 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
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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 N = hxn — V2GeVsn, (57)
guantity can then be computed by (40)—(44). lyn = liyn. (58)

E M rement or Estimation of No Load Current The real and the imaginary part of (28) yields:

In the following space phasor calculations are applied to VaxN
. ! I —— = (1-o0aw)lxN— (& I 59
the nominal operating conditions. The phase anfjeof Rs ( )l = (Bs+ar)lyn - (59)
synchronous reference is chosen such way that the imaginary & Vs B
part of the stator voltage space phasor as Rs (@st+anlsn+(1-0aar)lyn - (60)
\_/;N =VaN +jVeyN (45) From these two equations the two unknown parameters
is zero, asRsl 2y + lsyNVacn
/3 X T eVen _RiZy (61)
VSX,N = 2Vs,N (46) sx,N Vsx,N slsN
— V2
VW,N - O (47) o — (ZISX,N — aslsﬂN)st’N — RsISZ,N — %SN (62)
If the no load terminal current - as(asRsléN + gy NVaxN) ’
f : . . . ,
I o= lixo+]lyo (48) can be obtained. The rotor time constant is the ratio of the

. rotor inductance and the rotor resistance and can be exgress

has not been obtained by measurement results, the reacltr|]v 2rms of known parameters, utilizing (27)

component has to be estimated. This can be performed by P ' g '
a

| P ==
logso <%) = Kojp 10010 ( FT,N) + dojp); (49) N
ty, m

T (63)

. wherewy y refers to the nominal operating point. From (61)—
where I{, o and Py, are an arbitrary reference current angie3) it can be seen that the rotor time constant and the leakag

power term. The parametekg, anddyy are estimated from factor are independent of the particular choiceogf
empiric data with respect to a certain number of pole pairs.

Then the imaginary part of the stator current space phasor ca
be derived by H. Determining Magnetizing Inductance, Rotor Inductance
lsy.0 = lty0, (50) and Rotor Resistance

according to (48) and (22). Once all the parameters of theFrom the leakage factors and oy, and the stator in-
motor are determined, the consistent no load curkgntan ductancels, utilizing (31), the following equations can be
be determined from the equivalent circuit, evaluating (14) derived:

L = LYEC 64
F. Determination of Sator Inductance m - =S VOs (64)
The rotor current space phasor diminishes under no load Uo— Ls (65)
conditions, and thus the stator current equation of (22ygie S
\/_ZVS’N = Rslso— Wskslyxo (51) From (63) and (65) the rotor resistance can be computed.

0 = wslslxo+Rslgyo (52) /
R = (66)

By eliminating the real partso, in these equations, the re- T

maining equation for the imaginary part, considerigg < O,
can be used to determine the stator inductance

Ve + 1/ V&N —4R8I5
Le=— ' = (53)

The quantities determined in this subsection are fully depe
dent on the particular choice of;.

205lsy,0 VI. MEASUREMENT AND CALCULATION RESULTS
G. Determination of Sray Factor and Rotor Time Constant Table Ill
The components of the nominal terminal current space RATING PLATE OF 18.5KW MOTOR
phasor are . Quantity  Value
|_t N= lix N +j|ty.N (54) nominal mechanical output power Pnn = 185kW
’ ’ : nominal phase voltage Vsy =400V
From the components of the terminal current nominal phase current Iy = 189A

nominal power factor pf=0.9
nominal frequency fsn =50Hz
nominal speed ny = 1460rpm

lxn = +linpfy, (55)

hyn = *lt,N\/lfpfﬁ, (56)
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Table IV
PARAMETERS OF18.5KW MOTOR
Parameter  Value 30
stator resistance Rs= 0.4784Q
stator inductance Lg=0.2755H g 25
stray factor o =0.05683 3
magnetizing inductance Ly =0.2676H » 20
rotor inductance L, =0.2755H %
rotor resistance R, = 0.5625Q =
core conductance Ggg = 0.0007539S g 15
no load friction losses Pfg=2114W —
nominal stray-load losses Psyrayn = 3330W 8 0] RS - — SO SO S
E : :
o gl o —f— measurement |
A. Investigation of a 18.5kW Motor @ , calculation
A detailed comparison of calculation and measurement 00 0 bl 0'02 0'03 004

results is presented for a BXW four pole induction motor. .

In Tab. Ill the rating plate data of the induction motor are slip s

summarized. The investigations are performed for the motor

operated at nominal voltage and frequency. Core and frictigigure 5. Electrical input power versus slip of a four poldtiotion motor
losses are known from a no load test. The stray load losses %if& 185kW; measurement and calculation

determined according to Tab. Il. For this motor the conaiste

parameters are calculated and summarized in Tab. IV with

Oy =1, an = 0.75, af = 1.5, andagyray = 0.018. The losses

corresponding with the nominal operating point are catedla

(Tab. V). 30
Table V E D5 b b
CALCULATED POWER AND LOSSES FOR NOMINAL OPERATION OF ﬁ
18.5KW MOTOR (S
% 20. ......................................................................... _
parameter value %
electrical input power Psn = 20412W O A5 i S .
core losses Pen =3619W =
stator ohmic losses Pcusn = 4981W O QO b g i
rotor ohmic losses Pcun = 5214W % : :
friction losses PN =1976 W =
stray-load losses Pstrayn = 3330W & Bl f =8 measurement |
mechanical output power Py = 18500W IS calculation
0 H T T
In Fig. 5 and 6 the measurement and calculation results 0 001 002 003 004
of the electrical input and the mechanical output power are slip s
compared. The efficiency
Pm Figure 6. Mechanical output power versus slip of a four polguction
- F (67)  motor with 185 kW; measurement and calculation
S
and the power factor are depicted in Fig. 7 and 8. The stator
current and the mechanical output torque are shown in Fig. 9
and 10. The validity and usability of the proposed calcaulati
algorithm is demonstrated by the presented measurement and 1
calculation results.
Since the computation of the consistent parameters is based
on the rating plate data of the motor, it is not surprising tha 0.9
the nominal operating point (specified by the rating plate) -
and the measurement results do not exactly coincide. lshstea > 0.8
a higher goal is achieved: the calculations exactly mateh th S
specified nominal operating point. © 07
=
o = 5 5
B. Investigation of Motors based on Manufacturer Data 0.6 —O— measurement
The series of 1.1kW, 11 kW, 110kW and 1000 kW induc- : calculation
tion motors is also investigated in this paper. For each powe 05 i : :
rating, manufacturer data of motors fgr= 1, p= 2 and 0 0.01 002 003 004
p =3 are compared with calculations (and estimations, respec- slip s

tively). Apart from the nominal operating point, manufaetu
I iti 1CI I 0, 0,
data prowd_e addltlona"_y the efficiencies for 7_5/0 and 50 é}gure 7. Efficiency versus slip of a four pole induction matath 18.5kW;
of the nominal mechanical output power. In Fig. 11-22 th@easurement and calculation
catalog based manufacturer data and the results obtaiowd fr
calculations are compared.
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1 1
sl e 09
HE' ey
S I / S0 R N S, & 08
g
e o
. = 07 ......................................... _
Al =
% O : : Q’ E H H H
< —o— measurement 0.6 f S B manufacturer|]
calculation : calculation
- - 0.5 ; : : :
% 001 002 003 004 0 025 05 075 1

slip s per unit mechanical power

: . . . . Figure 11. Efficiency versus per unit mechanical output pdawea two pole
Figure 8.  Power factor versus slip of a four pole inductiontenawith ;& o7 oo WithPr = 1.1KW, Vs = 400V, Iy = 1.34A, pfy = 0.86,

185kw; measurement and calculation fsn = 50Hz andny = 2810rpm; manufacturer data and calculation

30 !
— 25 0.9 .
<
= D0 JR c
@ 5 08 ]
S5 1BLciii o
3 15 (=R R N N S § ]
® 5 7
g 10 ............................ ................... ...................... H H :
3 LB . O— measurement 0.6 i o manufafzturer~
: calculation 05 . calculation
% 001 002 003 004 0 025 05 075 1

slip s per unit mechanical power

: . . . . ] Figure 12. Efficiency versus per unit mechanical output pdesea four pole
Figure 9. Terminal current versus slip of a four pole induttmotor with induction motor withPn = 1.1KW, Vs = 400V, Isy = L48A, phy, = 0.769,

185kw; measurement and calculation fsn = 50Hz andny = 1446 rpm; manufacturer data and calculation

150 1
_ 125. ....................... ........... 7 ST i 0.9 v i
§
fl} 100~ .................... Y ..................... . jey
6& 5 ? 08 ......................................... _
il | )
s ° So7f o e BT _
=) )
B 50 g e e ] : :
© . | Al |
G o5l —O— measurement 0.6 manufacturer
calculation : calculation
. : 0.5 : : : :
% 001 002 003 004 0 0.25 a5 075 1

slip s per unit mechanical power

. . . . - Figure 13. Efficiency versus per unit mechanical output pdeea six pole
Figure 10. Mechanical output torque versus slip of a fourepobuction induction motor withPry = 1.1KW, Vs = 400V, sy = 166A, phy = 0.75,

motor with 185kW; measurement and calculation fsn = 50Hz andny = 918rpm; manufacturer data and calculation
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1
0.9
[
2 08
o
2
o
= O.7 Frofferrbb
Q’ N M M M
0.6 f ---------------- B  manufacturer|
calculation
0.5 H n n n
0 0.25 05 0.75 1

Figure 14. Efficiency versus per unit mechanical output pdaea two pole
induction motor withPynn = 11kW, Vsn =400V, Isn = 11.4A, pfy =0.89,
fsn = 50Hz andny = 2967 rpm; manufacturer data and calculation

per unit mechanical power

1 s
0.9 e —
C N
5, 08 e g 4
c
Q
(&)
E 07 el B
® : : : :
0.6 e B manufacturer
calculation
0'50 0.25 05 0.75 1

Figure 15. Efficiency versus per unit mechanical output pdevea four pole
induction motor withPnn = 11kW, Vsn =400V, Isn = 12.1A, pfy = 0.84,
fsn = 50Hz andny = 1488rpm; manufacturer data and calculation

per unit mechanical power

! %

0.9 ,n ..................

C H

5, O.8 gl
o
2
o

= O.7 bbb

O M M

0.6 f i O  manufacturer

: calculation
0.5 H n n n
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Figure 16. Efficiency versus per unit mechanical output pdaea six pole
induction motor withPnn = 11kW, Vsn =400V, Isn = 13.2A, pfy =0.79,

per unit mechanical power

fsn =50Hz andny = 876rpm
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Figure 17. Efficiency versus per unit mechanical output pdawea two pole
induction motor withPmn = 110kW,Vsn =400V, Isn = 107 A, pfy = 0.90,
fsn = 50Hz andny = 2976 rpm; manufacturer data and calculation
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Figure 18.

per unit mechanical power

Efficiency versus per unit mechanical output pofee a four

pole induction motor witiPynn = 110kW,Vsn =400V, Isn = 1103A, pfy =
0.88, fsn = 50Hz andny = 1485rpm; manufacturer data and calculation
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Figure 19. Efficiency versus per unit mechanical output pdaea six pole
induction motor withPmn = 110kW,Vsn =400V, Isn = 116 A, pfy = 0.84,
fsn = 50Hz andny = 985rpm; manufacturer data and calculation
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Figure 20. Efficiency versus per unit mechanical output pawfer two pole
induction motor withPyn = 1000kW, Vsn = 3464V, Isn = 109A, phy =

0.91, fsn =50Hz andny = 2988rpm; manufacturer data and calculation
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Figure 21. Efficiency versus per unit mechanical output pdevea four pole
induction motor withPyn = 1000kW, Vsn = 3464V, Isy = 114A, pl =

0.87, fsn = 50Hz andny = 1494 rpm; manufacturer data and calculation
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Figure 22. Efficiency versus per unit mechanical output pdaea six pole
induction motor withPyn = 1000kW, Vsn = 3464V, Isy = 113A, pl =
0.88, fsn =50Hz andny = 996rpm; manufacturer data and calculation
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VIl. CONCLUSIONS

The intention of this paper was the calculation of the
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
presented model ohmic losses, core losses, friction losses
and stray-load losses are considered. Mathematical &#igusi
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-
tors the obtained manufacturer data show that the calounkuti
are very well matching.

APPENDIX
NOMENCLATURE

Variables

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

PEKLSK<AHL A TELE€ZT VoI~ -7 e

Indexes
0 no load operation
1,23 phase indexes
c core
Cu copper
e eddy current losses
f friction losses
g air gap
h hysteresis losses
[ inner
m magnetizing; mechanical (rotor)
N nominal operation
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rotor

stator

stator and rotor
stray-load losses
terminal

real part, with respect to a synchronous ref- L

erence frame
imaginary part, with respect to a synchronous
reference frame

Superscripts

f
S
*
I

(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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