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Analysis of Indirect Temperature-Rise Tests of
Induction Machines Using Time Stepping Finite
Element Method

S.L. Hoand W. N. Fu

Abstract—To be able to test the temperature-rise of induction in assessing the thermal behavior of motors with different indi-
motors with indirect loading is very useful for the motor in-  rect loading methods.
dustry. In this paper different indirect loading schemes including Finite element method (FEM) for the computation of
two-frequency methods, phantom loading methods and inverter tic field id ibilitv to det ine the distribu-
driven methods, are surveyed. Their merits and demerits are magne Ic ne .prc_’v' esf a possibility to determine the distribu
highlighted. A universal method for analyzing all these indirect tion of magnetic fields in the motor. The development of FEM

temperature-rise methods is presented. The analysis is basedfor electrical machines can be divided into the following stages
on the time stepping finite element model of skewed rotor bar [12]:

induction machines and the solution can include the effects of L .

saturation, eddy-current and the highorder harmonic fields 1) Static field of FEM;

directly. The computed losses can also include the stray losses due 2) Complex field of FEM;

to the high-order harmonic fields. An 11 kW induction motor, 3) Circuit-field coupled FEM;

when operating with normal full-load and on phantom loading, 4) Time stepping circuit-field coupled FEM.
has been used to verify the computed results. Method 1) assumes the magnetic field is static while methods
Index Terms—Finite element method, induction machine, losses, 2) and 3) assume the fields are varying sinusoidally in time.
temperature-rise test. Method 4) allows the waveforms of the magnetic potentials, cur-
rents and torque in the time domain to have arbitrary shapes.
I. INTRODUCTION Therefore, the time stepping circuitfield coupled FEM can be
used to compute the transient process of the magnetic field and

HE RESULT of full-load _temperatgre:rlse test IS an, o aluate the high-order harmonic stray losses as well.
important index of an electrical machmescharacterlstlcs.In this paper the indirect temperature-rise methods are

However, many large induction motors cannot be loaded due {Q; . ; ; . . :
i reviewed first. Their merits and demerits, as well as possible
1) The absence of a suitable load;

] ] applications are discussed. A time stepping finite element

2) The motor cannot be coupled mechanically with thg e is then proposed to simulate the indirect test methods.
loadin situ, especially when the motor is to be installedrhe proposed algorithm can precisely take into account the
vertically; _ _ effects of saturation, eddy-current and high-order harmonic

3) Energy consumed during the temperature-rise testigigs in the solutions. An 11 kW induction motor operating at

wasted thermally in many load tests, resulting in thgsrma full-load and on phantom loading condition, has been
overheating of some equipment or devices. used to verify the computed results.
Hence it will be interesting to find some indirect methods to

study the temperature-rise of induction motors when facilities

for direct loading is not available or when the motor cannot be !l: REVIEW OF INDIRECT TEMPERATURERISE METHODS

loaded readily. _ ~In all indirect temperature-rise methods no mechanical cou-
Some researchers have presented different methods of ingling to the motor shaft is necessary.

rect loading schemes including two-frequency loading [1]-[5],

phantom loading [6]—-[9], and inverter driven methods [10], [11]A

Each method requires the motor to operate at specific conditions

with the possibility to generate the rated motor losses. HoweverAs early as 1921, Ytterberg has proposed to connect two

because of the complicated physical process in the motor, siyéage supplies of different frequencies in series to drive an

as the requirement of running the machine concurrently adnguction motor [1]. The main voltage has a rated frequency

motor and a generator, it is difficult to carry out a thorough studf - The auxiliary voltagev; has a lower frequency; (about

using the traditionally analytical methods. As far as the authd?§8—95% off) and its magnitude is about 5-25% of the mains

are aware, there has not been any comprehensive investiga¥i@fgge.v1, vz, andf are adjusted until the r.m.s values of the
effective input voltage and stator current are equal to their re-

ive r values. The vol h rminal of th r
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Fig. 2. Phantom loading connection for star-connected stator windings.
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Fig. 1. Two possible schematics for performing two-frequency method.
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With the machine running with no mechanical shaft cou-
pling, the rotor will oscillate around the synchronous speeds T S: l
corresponding tof; and f>. In essence, the machine will .,_g
operate concurrently as a motor and a generator. ~ % %-
The two-frequency method has been used in Europe and it
has been incorporated into the Japanese Test Code for Induc- Variabled. c. supply
tion Motors [2]. Two possible schematics for performing th%ig. 3. Phantom loading connection for delta-connected windings.
two-frequency method are shown in Fig. 1 [4]. The method
requires a motor-generator set to provide the nonstandard fretpe beauty of this star-connection is that the a.c. and d.c.
quency test voltage. If the main voltage source comes directly,rces can be feeding the two star-connected circuits at the
from the mains, the currents at frequengy will affect the  s5me time independently. The disadvantage is that a voltage
quality of the mains. Another disadvantage is that the electréhpmy havingy/3 times the normal value is required if the

magnetic torque will oscillate &ff, — f2) Hz. Such oscillations 16t0rs are normally connected in delta. Because of the require-

may cause serious problems in vertically mounted motors [3hen for such abnormally high voltages, itis sometimes difficult
[4]. The relatively large power swings taking place between the fing a suitable power supply, especially for large motors, to
supplies and the induction motor may lead to transient dlsttgarry out the test.

bances to result in a temporary failure in the supply [5].

An alternative method was also presented and it was claimed
] that the method is more suitable for rotors with significant skin-
B. Phantom Loading effect [7]. Because the method requires up to 12 leads to be

With the phantom loading method, the phase voltage of theought out from each of two equally rated motors, this method
stator winding has both a.c. and d.c. components as follows:is not applicable to normal motors.

2) Phantom Loading with Delta Connectior®ne of the
v=vV2V cos(27 f1) + Ve (2) authors has however reported that there is another possible
connection [8], [9] to inject the d.c. loading current into the

where the voltage of the d.c. component is dependent on thimdings of a delta connected motor (Fig. 3). The effective
connection of the stator windings on phantom loading. r.m.s. values of the combined a.c. and d.c. currents flowing in

1) Phantom Loading with Star Connectiohe earliest each of the three phase windings with such phantom loading
proposed phantom loading [6] requires the motors to leethod should be equal to the rated r.m.s. currents in the
reconnected essentially in star (Fig. 2), even though maabtor windings. The authors reckon that it is easier to find d.c.
industrial-sized induction motors are connected in deltaurrent/voltage injectors than finding an inverter or a voltage
Balanced 3-phase voltages are applied and the motor rwasirce which could absorb regenerated power. Phantom loading
on no-load. A d.c. current is injected into the windings and tests could then be the easiest way for indirect temperature-rise
stationary d.c. field will appear in the motor air-gap. test.
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Rectifier Inverter necessary to find the current waveform, torque waveform and

o ) the losses distribution in all these indirect tests. A set of system
Induction . . . . . .

~o— P T '< Motor equations which couples the circuit equations, FEM equations

o—— and torque equation together will constitute the numerical

model which will be solved by using time stepping method. In
order to deal with the skewed rotor bars, a multislice technique

Microprocessor is used [13]
Control .

A. Circuit Equations

Fig. 4. Block diagram of inverter driven method. .
9 9 The stator voltage balance equation of one phase for the a.c.

components is:
C. Inverter Driven Method

I & 9A dA
A microprocessor can be used to generate the necessary Z // a0 — // 4 | + Ry
t ot h
1=1 (m) (m)

logical control signals for a PWM inverter (Fig. 4). The micro- ~ SM “— g

processor calculates the pulse widths to control the output in N

real time using lookup tables and some multiplication routine. +L, diac = Vne (4)
Almost any output waveforms may be produced from the dt

inverter provided that all the calculations can be completé¥erek; is the total stator resistance of one phase windlng;
within the time period between the narrowest output pulses. IS the inductance of the end windings. The rotor is divided ax-
1) Two Frequency Method by Using InverteFhe basic idea ially into M slices of equal length and: stands for thenth
is the same as the two-frequency method but microproces8bge; 4 is the axial component of the magnetic vector poten-
controlled power electronics are used to generate the neces$i@hy ! is the axial length of the stator iron cor;is the total
voltages and frequencies as if two supplies are available [L0Eross-sectional area of one turn at one side; and(2_ are,
2) Sweep Frequency Methodhe input voltage to the motor respectively, the cross-sectional areas of the “go” and “return”
is primarily a single frequency supply, but the inverter rapidi§ide of the phase conductors of the coilg. andv,. are, re-
modulate the motor frequency over a small range centered at BR€ctively, the a.c. components of stator current and terminal

rated frequency [10]. The input voltage is: voltage.
For the two-frequency method,

Vae = V2 Vi cos(2mf1) + V2V cos(2n f). (5)
For phantom loading,

This causes alternating induction motor-generator action. vae = V2V cos(2fy). ©
Because it is not possib'e to produce the required Change Ofn the rotor conductor domain, the circuit equationS are the
frequency using electrical machines, this method will definite§@me as for the normal operation of induction motors [13].
require microprocessor controlled power electronics. .

3) Magnetic Field Magnitude Modulation Methodthis B- FEM Equations
method uses microprocessor controlled power electronicsin the stator conductor domain, the field equation is:
to produce a constant speed rotating magnetic field with a .
sinEsoidaI varying amplitSde in time (Qj]omai% [11]. The rotor VX (VX A) = (iac/9) = £(lac/5) )
speed would thus oscillate around the synchronous spé&daerev is the reluctivity of the material. The d.c. component
of the rotating magnetic field. Because, the rotor voltage ® the stator curreni,. is known. The sign for the current is
mainly induced by the flux wave with varying magnitude, théependent on the path of the d.c. in that particular connection.
oscillating torque required to produce the rated currents in bdgcept for phantom loading. = 0. In the rotor conductor
the rotor and stator is expected to be small. domain and in the iron domains as well as in the air-gap, the

The inverter driven method requires a specially dé&joverning equations are the same as that for a normal motor
signed inverter and it cannot be implemented readily by th&3]-
normal industrial users. It would naturally be very useful if a )
software can be incorporated in the inverters to produce appfo- Torque Equation
priate waveforms to perform the afore-mentioned indirect load
tests. The following discussion will focus on the two-frequency dw
test and phantom load test although the analysis to be described I = =1, =1} (8)
can be extended to cover the inverter driven methods. dt

v=1v2W, COS{ l27rf1 + \2/5}/2 sin(27rf2t)] t} . (3
my2

where
J,, is the moment of inertia;
is the rotor speed,;
When the input a.c. voltage waveform and the d.c. current?; is the load torque.
density (only in the case of phantom loading) are known, it iBhe electromagnetic torqu& is a function ofA in the air-gap.

I1l. SIMULATION OF INDIRECT TEMPERATURERISE METHODS
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Fig. 6. Measured stator phase currents withconnected stator windings

Fig. 5. Computed stator phase currents withconnected stator windings : .
carrying phantom loading.

carrying phantom loading.

D. Coupled System Equations

Coupling the circuit equations, the torque equation and the
FEM formulation together, one obtains the large nonlinear
global system of equations as follows [13]:

O i oo o 4p][22 X de 0Ty

ot ot ot ot
©)
Fig. 7. Flux distribution forA-connected stator windings carrying phantom

i

the unknowng4], [I], w, andd are, respectively, the mag-
m
VTV

netic vector potentials, the
currents, the rotor speed
and the position of the

[ 200
rotor; g ERE i i
[C], [D] are the coefficient matrices £ 200 “mmm “
and 0
[P] is the vector associated '::z L " . , L J
with the input a.c. stator o o w0 w0 om0

Time (ms)

phase voltages and the d.c.
stator currents (in the caserig. 8. Inputted three phase voltages with the two-frequency metfoes(
of phantom loading only). 40 Hz,V2/Vi = 9.477%).

. /\M

The Backward Eider’s method is used to discretize the time
LA AL
SRR

30
variable. The rotor FEM mesh is moved in accordance with the

rotation of the rotor. \

E. Computation of Losses

Current (A)

After the waveforms of currents, flux densities are computed,

the copper loss, eddy-current loss and hysteresis loss can all 2
be directly computed according the formulas presented by the . = = = - = =
authors. The stray losses due to the highorder harmonic have Time (ms)

also been included [14].
Fig. 9. Computed stator phase current with the two-frequency methog (
40 Hz, Vo /Vy = 9.477%).
IV. RESULTS
The developed FEM modeling has been used to simulate thaVaveforms of the input phase voltages, computed stator
operation of indirect temperature-rise methods of a skewed rotarrrent, rotor bar current, torque and speed when the motor is
induction motor (11 kW/380 V, 50 Hz, 4 poles, 48 stator slotsested with the two-frequency supply are given in Figs. 8-12,
44 rotor slots A connection, rotor skew of 1.3 stator slots). Theespectively.
time step size is 0.038 ms. The rotor is divided into 4 slices. TheFor the two-frequency method, the computation shows that
number of total unknowns of the FEM equations is 10 767 arifthe r.m.s. stator current is to be kept at its rated valag}V;
the average solution time of each time stepping needs 56 s ashauld increase with increasesjfin (Fig. 13). When the r.m.s.
Pentium 11/300 MHz. stator current is equal to its rated value, the computed rotor
A typical computed stator current waveform, the coreopperlossdecreases withincreasesifi-ig. 14). The compu-
responding measured waveform and the computed fltedion also indicates that the magnitude of the oscillation of the
distribution with the stator windings connected in deltaotor speed will have a maximum value whénis near 43 Hz
carrying phantom loading are shown in Figs. 57, respectivefgr this case (Fig. 15).
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Fig. 10. Computed rotor bar current with the two-frequency mettfed= Frequency 2 (Hz)
40 Hz, Vo / Vi = 9.477%).
80 Fig. 14. Computed rotor copper loss ¥s.in the two-frequency method when
" L the r.m.s. stator current is equal to rated value.
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Fig. 11. Computed torque with the two-frequency methgd & 40 Hz, 20 |
Vo/Vi = 9.477%).
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E ot f Fig. 15. Computed difference of max. speed and min. speeg.vi the
E a0 two-frequency method when the r.m.s. stator current is equal to rated value.
§ 800 |
o
400 L TABLE |
200 L COMPARISON OFCOMPUTED LOSSES(W)
0 L L L — N —
0 50 10 150 200 250 300 Method Copper losses Iron losses Total
Time {ms) Stator  Rotor Stator Rotor
Conventional fuil load 5844 2632 163.8 857 1097.1

Fig. 12. Computed speed with the two-frequency methfid £ 40 Hz,

Va/Vi = 9.477%). Phantom Load Y connected 586.0 241.6 170.7 1386 11369

Phantom Load A connected  586.5 257.7 171.3 1388 11543
s Two-frequency (,=25Hz) 588.5 291.2 189.8 963 1165.8
Two-frequency (,=30Hz) 5874  285.7 1903 955 11589
Two-frequency (£,=35Hz)  588.7  280.1 190.8 948 11544
Two-frequency (4,=38Hz) 5879 2754 1930 946 11509
Two-frequency (f,=40Hz) 5872  266.8 1964 945 11449
Two-frequency (/,=42Hz)  589.1 2457 2019 937 11304
Two-frequency (£,=45Hz)  592.5 186.7 2092 916 1080.0
Two-frequency (,=47Hz) 587.8 100.7  210.0 876 986.1

0

V2N (%)

%25 3 % i 3 %
Frequency 12 {Hz)
Fig. 13. Computed/ V3 vs. f in the two-fi thod when th TABLE Il
stlgtlor (;urre(rjlrtnigueeueil/tolr\allfé{izvlgluee wo-frequency method Whnenthe r.m.s. o,y oarison OF TEMPERATURERISE MEASUREMENTSBETWEEN PHANTOM
q ’ LOADING AND DIRECT FULL-LOAD LOADING (K)
Computed losses in the motor at rated condition, on phantom Method Temperature-rise
loading and the two-frequency tests are listed in Table I. The test Conventional full load 62.8
results at rated condition and on phantom loading are given in Phantom Loading Y connection 61.7
Phantom Loading A connection 61.9

Table Il. It can be seen that there are good agreement between
full load test and phantom loading.

V. C motors. The computed results of the two-frequency method

- CONCLUSION reveal that when the auxiliary frequency decreases, the rotor

The computed and experimental results show that phantaopper loss will increase. It gives a good indication as how
loading can be used to assess the temperature-rise of inductimn auxiliary frequency should be chosen in order to give an
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accurate simulation of the real full-load condition on direct[13] ——, “A comprehensive approach to the solution of direct-coupled
loading. multislice model of skewed rotor induction motors using time-stepping

eddy-current finite element methodEEE Trans. Magnetigsvol. 33,

_ The proposed multi-slice 2-D time stepping FEM is an effgc— no. 3, pp. 2265-2273, May 1997.
tive means to understand the physics and the order of magnitugtel] s. L. Ho, W. N. Fu, and H. C. Wong, “Estimation of stray losses of
of the various losses with indirect temperature-rise tests. The  Skewedinduction motors using coupled 2-D and 3-D time stepping finite

findi

. . . . . element methods JEEE Trans. Magn.vol. 34, no. 5, pp. 3102-3105,
ngs reported in this paper therefore provide a solid basis  ggpt 1998, o PP

for those intending to use indirect temperature-rise methods to
assess the thermal properties of their induction motors.
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