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During the start-up of large induction motors, magnetic saturation and skin effect
are highly prominent. This study investigates their transient electromagnetic and
thermal performance via finite element simulation and analytical methods. An e-
lectromagnetic model accounting for the skin effect is established. Based on ste-
ady-state simulation to identify temperature hot spots, a local 3-D fluid-structure
coupling temperature model is further constructed to simulate the temperature
rise characteristics under motor start-up and brief overload conditions.The re-
sults show that during start-up, the peak current of Phase A winding is much
higher than its rated value, and the transient magnetic flux density also signifi-
cantly exceeds the steady-state level. Thermal distribution analysis indicates that
the maximum temperature rise occurs at the rotor bar slot openings under transi-
ent conditions, while the stator windings exhibit the most significant temperature
rise under thermal steady-state conditions. The simulation results are in good a-
greement with experimental measurements. Finally, the dynamic temperature rise
curves and permissible operating durations under different overload scenarios
are calculated. This study confirms that the proposed method can accurately pre-
dict the transient losses and thermal behavior of large induction motors, providing
important guidance for optimizing thermal design and improving overload pro-
tection strategies.

Keywords: large induction motors, skin effect, transient temperature,
brief overload

Introduction

Low-speed, high-capacity induction motors play a pivotal role in driving reciprocat-
ing compressors within high-load industrial sectors such as oil and gas refining, and they are
integral to modern automation and large-scale equipment systems. With complex structure,
large volume, and variable operating conditions, especially during startup due to large load
inertia and long startup time, research on transient electromagnetic and thermal issues is fun-
damental to ensuring the motor’s safe and reliable operation under multiple conditions [1, 2].
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In the realm of transient electromagnetic calculation, researchers have employed
magnetic-circuit method, analytical method, finite-element method (FEM), and other tech-
niques. For instance, Wang et al. [3] improves key performances such as torque ripple and
harmonic distortion rate by optimizing the rotor structure of the permanent magnet motor, and
verifies the correctness of the scheme by calculating the transient electromagnetic performance
via finite element simulation. Wu et al., [4] and Ribout et al., [5] accurately calculated the
motor’s electromagnetic performance by establishing a magnetic network model, greatly re-
ducing computation time while ensuring accuracy. Nonetheless, most existing studies focus on
isolated components or limited time windows, lacking a systematic, lifecycle-wide analysis of
transient behavior.

Thermal rise, another critical constraint on motor performance, affects design param-
eters, insulation longevity, energy-efficiency assessments, and system integration [6]. Current
investigations predominantly adopt lumped-parameter thermal-network models or full numer-
ical simulations. Xu ef al., [7] and Geng et al., [8] established a 3-D thermal network model
for prototypes with different structures, verified its accuracy through experimental comparison,
and demonstrated that this 3-D thermal network modeling method is flexible and effectively
improves computational efficiency. Xiong et al., [9] calculated the temperature distribution
characteristics of permanent magnets in a high-power permanent magnet motor based on the
magneto-thermal bidirectional coupling method, avoiding the risks of rotor structural defor-
mation and permanent demagnetization of permanent magnets. The former, while computation-
ally expedient, are best suited to simpler geometries and moderate machine sizes and suffer from
limited accuracy [10]. Conversely, Coupled CFD-FEM fluid-solid interaction methods can ef-
fectively simulate complex cooling architectures, non-uniform heat sources, and dynamic fluid
boundaries, making them the method of choice for high-fidelity transient temperature-field anal-
ysis [11, 12]. Moreover, research on safe operating durations under short-term overload, match-
ing of output power, and minimum restart intervals remains underdeveloped, hindering the
broader adoption of these motors in continuous, high-intensity applications [13, 14].

Against this backdrop, the present study investigates a 6.5 MW low-speed induction
motor, focusing on its transient electromagnetic and thermal characteristics during startup and
short-term overload. We develop both an electromagnetic model, including a layered rotor-bar
skin-effect formulation, and a localized fluid-solid coupling framework for transient thermal
analysis. Finally, accounting for the impact of startup currents on thermal accumulation, we
derive relationships between maximum permissible operating time and output power, thereby
providing theoretical support for optimal matching of high-capacity motors and driven loads.

Transient electromagnetic performance calculation of
a low-speed, high-capacity motor

Core loss computation

This study considers a low-speed, large-capacity induction motor with a rated power
of 6.5 MW and 20 poles as the research object. In order to improve the calculation speed, a 36°
(1/10™ circumferential) finite-element sector model is established. the electromagnetic compu-
tation model is depicted in fig. 1.

During the prolonged startup of large motors, magnetic saturation substantially ele-
vates core losses, risking overheating damage. Core loss is exponentially related to flux den-
sity.To accurately capture the flux distribution and its transient evolution, flux-density analyses
are conducted at 0.05 seconds and 11.9 seconds after startup.
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Figure 1. Electromagnetic computation model
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Figure 2 shows that at 0.05 seconds,
the peak flux density reaches 2.963 T
with pronounced non-uniformity in the
rotor region. At 11.9 seconds, the steady-
state peak flux density decreases to 2.101
T, and the rotor flux distribution becomes
more uniform. The initial overshoot
arises from the excessive inrush current
causing magnetic saturation, while the
skin effect concentrates high-frequency
currents near the rotor bar surfaces, inten-
sifying flux near the rotor slots. As slip
diminishes toward steady state, both ro-

tor current frequency and magnitude decrease, alleviating saturation and skin effects, thus ho-

mogenizing the rotor flux distribution.
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Figure 2. Magnetic flux density distribution of the prototype;
(a) flux density distribution at 0.05 seconds and (b) flux density distribution at 11.9 seconds
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Figure 3. Temporal evolution of stator and
rotor core losses

To elucidate core-loss variation from
startup to steady-state, the transient flux profiles
are used to compute iron losses under rated load.
The resulting core-loss curves are presented in
fig. 3. Stator core loss rapidly escalates to 87 kW
at the onset of startup, then declines to a steady
value of 67.80 kW. Rotor core loss peaks at 3.1
kW and gradually decreases to 0.44 kW. This
behavior is attributable to the high initial stator
current inducing large flux densities and hence
elevated core losses. With gradual acceleration,
stator flux distribution becomes more uniform,
reducing losses. Concurrently, the initially high-
frequency rotor currents and flux engender sig-
nificant hysteresis and eddy-current losses; as

slip decreases, both rotor frequency and flux density diminish, causing rotor core loss to taper

off to negligible levels.
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Stator winding loss calculation

The inrush current of large machines is a key performance metric and directly influ-
ences stator winding loss. In this work, a finite-element approach is employed to compute the
startup current under rated-load conditions; the results are presented in fig. 4. Phase-A current
reaches approximately five times the rated magnitude during the startup phase, with a duration
of around 12 s before gradually stabilizing at the rated effective current of 430.9 A.

Calculated valvue

= = Fitted valvue

Current [kA]

Stator copper loss [MW]

Time [s] Time [s]

Figure 4. Stator winding phase-A current Figure 5. Copper loss profile of
the statorwinding

Stator winding losses are subsequently determined via numerical analysis. To facili-
tate conversion of these losses into volumetric heat sources for integration within the 3-D ther-
mal field model, the loss data are curve-fitted, as shown in fig. 5. Copper loss is pronounced
within the first second of operation and diminishes progressively as the motor accelerates. This
trend reflects the quadratic dependence of copper loss on current: the large inrush current yields
a rapid surge to peak loss, after which the current decreases and the stator winding loss corre-
spondingly declines to a steady-state level.

Rotor bar loss calculation

In this study, a layered conductor method is adopted to compute losses for each radial
layer of the rotor conductor. The rotor conductor is divided radially into multiple layers, each
treated as an independent parallel conductor. Its electromagnetic parameters are calculated in-
dividually, and the aggregate effect reflects the influence of skin effect on total rotor-bar losses.
This layered approach also establishes the foundation for transient thermal-rise analysis. Ac-
cording to the layered-conductor theory, by computing the resistance, self-inductance, and mu-
tual inductance for each layer, the voltage equation for a single-layer conductor can be ex-
pressed as:

i-1 n
Uy =D joMl +(R +joL,) + joM, 1.+ Y joM,, (1)

k=1 k=i+2

where subscripts i and & denote layer indices, @ — the angular frequency, M — the mutual leak-
age inductance between layers 7 and &, L — the self-leakage inductance of layer 7, R; — the re-
sistance of layer i, and /,, I, — the currents in layers i and k, respectively.

Similarly, the voltage equation for the (i+1) th layer is:
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Owing to the parallel connection between layers 7 and i+1, one obtains:
i—1
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which indicates that currents in successive layers can be computed iteratively, independent of
the absolute magnitude of the reference layer’s current. Since the layers are in parallel, the total
rotor-bar loss equals the sum of individual layer losses:

P=Y1’R, “4)
k=1

E= ER Ensuring sufficient resolution while
6l maintaining computational efficiency, the rotor
bar is partitioned into ten radial layers. Loss cal-
culations are performed at ¢t = 1,3,5, and 9
4l seconds by numbering the conductors from the
slot bottom (layer 1) to the slot opening (layer
10) and computing each layer’s current and as-
2| sociated loss. Figure 6 clearly illustrates tem-
poral variations in loss for each layer. For exam-
ple, at layer 10 (nearest the slot opening), the
loss at t = 1 seconds is 4.55 times that at = 9
Number seconds, whereas at layer 1 (nearest the slot bot-
Figure 6. Layered conductor loss values at tom), the loss at =9 seconds is 1.88 times that
t=1,3,5, and 9 seconds ” . . .
at ¢t = 1 seconds. This behavior arises because,
during the initial startup, strong skin effect concentrates current near the slot opening, yielding
higher layer-10 losses and lower layer-1 losses. As the skin effect subsides over time, the layer-
wise losses converge toward uniform values of approximately 18.5 W. These dynamic charac-
teristics underscore the strong coupling between rotor-bar losses and skin-effect intensity.

Loss of each layer [kW]

Electromagnetic performance calculation and analysis

Calculation of skin-effect coefficients

Given the extended transient periods of large induction motors, the skin effect is pro-
nounced, resulting in significant variations in rotor resistance and leakage reactance. For the
prototype, deployed in applications with variable loads and frequent starts, precise calculation
of skin-effect coefficients is critical for evaluating start-up performance, operational efficiency,
dynamic response stability, and transient thermal behavior. By comparing the copper losses
and leakage-field energy storage in the rotor bars with and without skin effect, one can derive
the resistance amplification coefficient, K, and reactance reduction coefficient, K. The skin-
effect coefficient is defined as:

(ZIk Rkj/l R, K, z””’ 2 /Z

ulh
Igs; 5
i 5)

i
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where R is the total bar resistance, / — the total
bar current, /dz; — the effective flux linkage per
turn at the midline of layer i without skin effect,
Is; — the flux linkage per turn with skin effect, u
—the magnetic permeability of the bar material, / «
— the axial length of the bar in the slot, and 4;, b; X
— the height and width of the i radial layer, re-
spectively.

Figure 7 illustrates the variation of K, and
K, with rotor speed. As slip decreases, the mag-
nitude of skin-effect intensification in the rotor 0= — = = == -
bars diminishes correspondingly. Using the com- Motor slip
puted skin-effect coefficients for the rotor bars, Figure 7. The K, and K vs. speed
this section employs an analytical method to
evaluate the motor’s starting and steady-state performance. During calculations, the rotor re-
sistance and leakage reactance are adjusted according to the speed-dependent K, and K, from
fig. 7. Table 1 compares the calculated results with experimental measurements. The results
indicate that, when accounting for rotor-bar skin effect, the discrepancies between calculated
and experimental values are 1.87% for starting current, 0.69% for starting torque, and 3.60%
for maximum torque, well within acceptable limits. This confirms the enhanced accuracy of
the proposed method and validates the fidelity of the skin-effect model.

Table 1 Test and calculation results

Parameter

Starting current [A]

Starting torque [N-m]

Maximum torque [N-m]

Caculated Value

1706

154.86

440.72

Experimental Value

1739

155.951

457.43

Error

1.87%

0.69%

3.60%

600

Transient loss calculation under
varying load conditions

To accurately assess the transient tempera-
ture rise of the stator winding under different op-
erating conditions, this study computes the stator
copper loss and core loss from startup to steady 0
state at load levels ranging from 1.1-1.5 times
rated. First, it is necessary to verify stable opera-
tion under maximum overload. Reciprocating
compressors in three-stage compression mode — _,, . . . : : :
require a 1.5%overload capability. Taking ¢ oo
1.5x rated load as the maximum, the motor’s
torque curve is plotted in fig. 8. During the elec-
tromagnetic transient stage, torque fluctuations are significant; by 27 seconds the motor
reaches steady-state. At the critical slip = 0.173, the maximum output torque is 400.56 kNm,
below the previously calculated maximum torque of 440.72 kNm, indicating that the motor
can successfully start under 1.5x load. Table 2 summarizes the loss values as the load increases
from 1.1% to 1.5%. As the load multiplier rises, the average transient stator copper loss increases
from 1390-1760 kW, steady-state copper loss likewise grows from 86-172 kW.

Torque [kNm ]

Figure 8. Torque curve under 1.5x load
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Table 2. Loss values at 1.1x-1.5x load [KW]

Load multiplier Stator copper loss Stator and rotor core loss
Transient Steady Stator transient | Rotor transient | Stator steady
1.1 1390 86 76.932 1.375 67.345
1.2 1444 97 76.644 1.368 67.212
1.3 1529 120 76.259 1.349 66.840
1.4 1638 143 75.935 1.320 66.529
1.5 1760 172 75.886 1.301 66.107

To determine the layer-wise rotor-bar loss variation under different loads, the lay-
ered-conductor method is applied to compute transient losses for each radial layer. Losses are
calculated at one-second intervals from startup until speed stabilization, and the average per
layer is taken as the representative transient copper loss. The results are presented in tab. 3.

Table 3. Rotor-bar copper loss under different loads [W]

Layer No. 1.1x load 1.2x load 1.3x load 1.4x load 1.5% load
1 325.38 354.96 384.54 414.12 443.70
2 330.99 361.08 391.17 421.26 451.35
3 357.56 390.07 422.58 455.08 487.59
4 427.87 466.17 505.67 544.56 583.46
5 560.15 611.07 661.99 712.91 763.84
6 759.91 828.99 898.07 967.12 1036.24
7 1038.16 1132.54 1226.92 1321.30 1415.67
8 1428.95 1558.85 1688.75 1818.66 1948.56
9 1977.56 2157.34 2337.12 2516.90 2696.67
10 2829.06 3086.25 3343.44 3600.65 3857.81

It is evident that due to skin effect, losses increase radially from the slot bottom to
the slot opening. As load increases, losses in each corresponding layer also rise, reflecting the
larger rotor currents and consequently greater copper losses induced by higher torque demands.

Transient thermal field calculation and analysis of
the large-scale induction motor

Development of the fluid-structure interaction model

A fluid-structure interaction (FSI) approach is employed to evaluate the motor’s tran-
sient temperature rise. The full three-dimensional geometry of the prototype, constructed ac-
cording to its design parameters, is shown in fig. 9. Due to the motor’s substantial size and to
enhance computational efficiency, a domain-decomposition strategy is first applied to assess
the steady-state temperature distribution and identify the region of maximum thermal stress.
Subsequently, a localized FSI model is generated for this hotspot area to simulate transient
thermal behavior. The prototype features an axial-radial ventilation architecture with 14 radial
cooling ducts. Owing to the unique cooling arrangement, large volume, and structural com-
plexity, the stator core domain is bisected along its axial midplane for steady-state thermal
analysis; the results appear in fig. 10. Figure 10 indicates that the maximum temperature on
the C; side of the core is 81.3 °C, whereas the C. side peaks at 79.08 °C, in both cases, the
highest temperatures occur at the lower stator winding region, with the C; side exhibiting con-
sistently higher temperatures.
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Figure 9. Overall 3-D model of the motor Figure 10. Steady-state temperature rise

distribution in the core domain

The fluid-temperature distribution within the Cj-side radial ventilation trenches is shown
in fig. 11. The highest fluid temperatures, reaching 69.08 °C, occur in trenches 5 and 6. Correlating
this with the steady-state temperature map, the stator winding between trenches 5 and 6 is confirmed
as the thermal hotspot. The air-flow distribution in the radial ducts is plotted in fig. 12. As illustrated,
air-flow diminishes from the outer trenches toward the center before recovering, with an average
flow rate of 0.576 m®/s. The outermost trenches receive the highest flow due to proximity to the
shaft-mounted fan. Flow decreases mid-span as axial velocity and centrifugal pressure drop, reach-
ing a critical equilibrium in trench 6. Flows from both sides then converge in the central trenches
(7 and 8), restoring local pressure and causing a moderate flow increase.

0.65
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0
E 060}
60.08 Stator o
67.16 1 7 ventilation 5
65.25 groove g
63.33 =
61.42
59.51 * Air gap 0.55 [
57.59
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49.93 0.50
1 2 3 4 656 6 7 8 9 1011 12 13 14
Ventilation groove
Figure 11. Fluid temperature distribution in Figure 12. Flow distribution diagram of
the lateral radial ventilation trenches of the ventilation trench

the core domain

To optimize computational resources without sacrificing accuracy, trenches 6 and its
adjacent half-core segments are selected for transient FSI analysis. The measured flow rate in
trench 6 serves as the inlet boundary condition. The localized FSI geometry is depicted in fig. 13.

Analysis and validation of
the 3-D transient temperature field
Temperature rise during the electrormagnetic transient stage

To characterize the temperature distribution during the electromagnetic transient and
subsequent thermal stabilization, the FSI model augmented with skin-effect data for the rotor
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Figure 13. Flow-solid coupling analytical model;

1 — stator slot insulation, 2 — stator winding,

3 —slot wedge, 4 — air gap, 5 — layered conductor,

6 — shaft, 7 — rotor fluid domain, 8 — rotor core,

9 — stator core, 10 — stator fluid domain,
S1, S2 — inlets, and S3 — outlet

Temperature rise (K)
11.61
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bars was solved for the motor at rated
load. Temperature-rise contours at ¢ =
4 seconds and ¢ = 12 seconds are pre-
sented in fig. 14.

At t = 4 seconds, the peak tem-
perature rise is 11.61 K, located at the
rotor-bar slot opening; the stator
winding exhibits a 3.48 K rise, and the
stator and rotor cores show compara-
ble, modest increases. At t = 12
seconds, the maximum rise at the slot
opening grows to 14.85 K, while the
stator winding rise reaches 10.40 K.
Core temperature rises remain only
marginally higher. This behavior
arises because, during startup, skin ef-
fect intensifies current, and thus
Temperature rise (K)

14.85
13.37
11.88
10.40
8.91
7.43
5.94
4.46

2.97
1.49
0.00 (b)

Figure 14. Temperature rise distribution during the electromagnetic transient stage;
(a) temperature-rise distribution at =4 seconds and (b) temperature-rise distribution at =12 seconds
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layered rotor bars under

electromagnetic transients

losses, in conductors nearest the slot opening,
creating nonuniform bar heating. Thermal diffu-
sion in the cores, owing to their large heat ca-
pacity, proceeds more slowly than electromag-
netic stabilization, resulting in gradual core-
temperature increases.

To elucidate the temporal evolution of bar
heating during the transient electromagnetic
stage at rated load, the temperature-rise trajecto-
ries for each radial layer are plotted in fig. 15.
Figure 15 shows that the tenth layer (adjacent to
the slot opening) attains the highest temperature
rise, 14.85 K, at electromagnetic steady state,
whereas the first (innermost) layer peaks at 5.94
K. Intermediate layers exhibit rapid initial heat-
ing followed by slower temperature increases,
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producing a clear gradient from slot bottom to slot opening. These layered temperature-rise
profiles accurately capture the spatial-temporal patterns of transient electromagnetic heating
and provide a theoretical basis for further analysis of motor behavior under overload conditions.

Temperature rise distribution under thermal steady-state

Once the motor attains thermal steady state, the temperature-rise distribution is de-
picted in fig. 16. The stator and rotor exhibit relatively uniform heating: the maximum rise of
70.2 K occurs at the midspan of the stator winding, while the minimum average rise of 39. 8
K is found in the rotor core. The elevated temperature in the central stator winding reflects
reduced convective cooling due to the proximity of the shaft, causing slightly higher thermal
accumulation than in the lateral windings. In the rotor, efficient thermal conduction and venti-
lative cooling minimize temperature differentials between the core and the rotor bars, resulting
in a uniformly distributed bar temperature rise.

Temperature rise (K) R
70.20 Temperature hot SO Ee=0
spot region o
66.82 4 o o0 o oo
62.74
< =t o
58.66 ° ¢/
5 v e — — — — = =4
54.58 = [ A
] | 7" 20
| W @ Stator winding
50.49 g’ sk 8/ @ Stator core
46.41 [t / o A Rotor bar
/| v Rotor core
42.33 ,/' ’ ;
38.256 c%n 005 010 015 020
34.16 2 0 50 100 150 200 250 300
30.08 Time [minute]
Figure 16. Temperature rise cloud map of Figure 17. Temperature rise of
the motor during thermal stability each motor component over time

To further elucidate the overall transient thermal behavior and determine maximum
temperature-rise limits under different operating regimes, the global temperature-rise evolution
from startup to steady state is plotted in fig. 17. During the electromagnetic transient, skin
effect drives rapid heating of the rotor bars, and thermal coupling ensures minimal temperature
disparity between the bars and the rotor core. Within the first 50 minutes of operation, the stator
core and windings display approximately linear temperature-rise trends, reaching thermal equi-
librium at around 140 minutes; at this point, the winding peak rise of 70.2 K represents the
maximum temperature under rated load, while the stator core stabilizes at 57.9 K. Thereafter,
the rotor temperature rise growth decelerates, and by 160 minutes, the rotor core and bars reach
steady state with rises of 38.8 K and 42.6 K, respectively.

Validation of temperature rise under thermal steady-state

To verify the fidelity of the FSI model and the accuracy of the solution procedure, an
experimental temperature-rise measurement platform was constructed as shown in fig. 18. The
stator frequency stacking method is adopted in this thermal test, which requires the support of
the frequency stacking system of the test bench. This system includes two sets of power sup-
plies, both of which are generators. The rated current and rated power of the auxiliary power
supply are required to be no less than those of the tested motor. During the test, the two sets of
power supplies simultaneously provide voltages with the same phase sequence but different
frequencies to the tested motor. By adjusting the voltage of the main power supply and the
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excitation of the auxiliary power supply, the voltage of the
tested motor is maintained at the rated voltage and the cur-
rent at the rated current, thus achieving the effect of equiv-
alent load.The experimentally measured peak stator-wind-
ing temperature rise, obtained via the equivalent-load
method, is compared with the calculated value in tab. 4.
The relative error of 4.77% lies within the permissible 5%
margin for engineering practice, corroborating the accu-
racy of the presented FSI model and solution methodology.

Thermal performance analysis under
short-time overload conditions

Transient temperature rise of
layered rotor conductors under overload

To elucidate the transient heating behavior of rotor
bars under different overload scenarios, the electromag-
Figure 18. Prototype experimental netic transient impacts on thermal rise are coupled with
platform the previously obtained loss profiles. The temperature-rise

Table 4. Calculated and measured motor temperature rise

Test parameter Calculated value Measured value Error
Maximum stator-winding rise [K] 70.2 67 4.77 %

trajectories of each radial layer during startup under 1.2x and 1.5% rated loads are plotted in
fig. 19.
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Figure 19. Temperature rise curves of layered rotor conductors during electromagnetic
transients under different loads; (a) layered conductor temperature-rise under 1.2x load
during startup and (b) layered conductor temperature-rise under 1.5x load during startup

Figure 19 shows that, from startup to rated speed, all layers exhibit rapid initial heat-
ing followed by slower temperature increase, driven by the decay of skin effect and thermal
conduction. Under higher overload, reduced skin-depth intensifies current concentration near
the surface layers, and early low rotor speeds hinder convective cooling of the outer layers,
accelerating their temperature rise. Notably, during 1.2x load startup, the surface layer (layer
10) heats more slowly in the initial phase compared to the 1.5x% load case. In both scenarios,
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the innermost layer (layer 1) shows the slowest heating rate, since its thermal response is dom-
inated by conduction from adjacent layers rather than by direct rotor currents.

Transient winding temperature rise under

oy e 5
overload conditions t

Prolonged operation under overload can
precipitate uncontrolled temperature rise, insula-
tion breakdown, mechanical fatigue, and precip-
itous efficiency losses. By simulating continu-
ous-duty operation, the motor’s maximum
steady-state temperature rise under rated load
was determined as 70.2 K. This value is adopted
as the temperature-rise limit for short-time over-
load scenarios. Building on the electromagnetic
transient-induced heating effects, the permissible ' 1 , S
operating durations until reaching the 70.2 K Oo 2000 4000 6000 8000
threshold were computed for load levels of 1.0, . S .

. . igure 20. Transient winding temperature rise
1.1,1.2, 1.3, 1.4, and 1.5 times rated. The transi- ;461 overload conditions
ent winding temperature-rise curves are plotted
in fig. 20.

From fig. 20, during the electromagnetic transient phase, the slope of the temperature-
rise curves increases with load. At # = 11.9 seconds, marking the end of the electromagnetic
transient, the temperature rises under 1.0, 1.1, 1.2, 1.3, 1.4, and 1.5 times ra ted loads reach 5.1
K,82K,10.2K, 12.4K, 15.2 K, and 19.7 K, respectively. Notably, the 1.5x load rise is 3.86
times that at rated load, and the 1.1x load rise is 1.61 times the rated value. This behavior stems
from larger inrush currents and corresponding losses at higher loads, which steepen the tem-
perature-rise slope. Although the electromagnetic transient concludes near rated speed, thermal
conduction continues, resulting in higher steady transient temperatures at increased loads.
Moreover, fig. 20 shows that under continuous rated-load operation, thermal equilibrium is
attained at approximately 140 minutes. Using the steady-state limit of 70.2 K as the maximum
allowable temperature rise, the corresponding permissible operating times under various over-
load levels are listed in tab. 5.

Rated load
f= = = 1.1 times
- 1.2times
1.3 times
1.4 times
1.5 times

Temperature rise [K]
(42
o
T

n
gl

Temperature rise [K]

Table 5. Maximum operating time under overload conditions

Load level 1.1x 1.2x 1.3x 1.4x 1.5%
Time [minute] 96.26 76.98 62.69 51.74 42.48
Conclusions

In industrial scenarios, short-term overload operation of motors is inevitable. Espe-
cially for large induction motors, characterized by long start-up time, significant magnetic sat-
uration and skin effect, the transient process cannot be ignored. This paper aims to address the
problem that accurate and efficient calculation of transient electromagnetic-thermal character-
istics of large induction motors is challenging. Considering the current stratification in rotor
bars caused by the skin effect during the electromagnetic transient process, a rotor slot skin
effect model and a 3-D fluid-structure coupling model are established to solve and verify the
electromagnetic-thermal characteristics of the motor. Finally, the temperature rise of the motor
under short-term overload conditions is analyzed. The conclusions drawn from this study are.
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o The rotor bar stratification method can accurately calculate the skin effect coefficient and
thus obtain precise loss values when the number of layers is reasonable. This method is
suitable for transient electromagnetic calculation of large induction motors.

¢ Global transient thermal analysis of large induction motors is relatively difficult. In this
paper, temperature hot spot areas are quickly identified through steady-state simulation,
and a local 3-D transient temperature field calculation model is established. The tempera-
ture rise calculation results can accurately reflect the motor's heat transfer law.

e Within the temperature rise limit, the permissible operating durations of the motor under
1.1 to 1.5 times the rated load are calculated. This can evaluate the thermal redundancy of
the motor design and provide guidance for insulation system selection.
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