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Abstract: This paper proposes a second-order thermal model for electrical machines. The goal of
this model is the prediction of the average winding temperature during short and long thermal
transients up to the steady-state conditions. First, the thermal parameters of the electrical machine
are determined by a DC test. Then, the proposed model is characterized and validated using AC
tests. The accuracy of the proposed thermal model has been verified comparing the computed
temperatures with the measured ones. The maximum error found during the thermal transient is
lower than 3%, an excellent result comparing the complexity of a total enclosed fan cooled induction
motor and the simplicity of the proposed model.

Keywords: winding thermal model; lumped parameter thermal network; thermal analysis; thermal
network calibration

1. Introduction

Modern electric drives applications feature stressing operation profiles, character-
ized by repeated sequences of fast and short transients. This kind of operation makes it
impossible to define the duty cycle in a classical way [1]. The most immediate example
of these working conditions are the traction motors for e-Mobility. Due to the charac-
teristics of the driving cycles [2], the e-Drives are required continuous accelerations and
braking, thus making it difficult to evaluate the instantaneous thermal condition of the
motor [3]. Moreover, as it is well-known, the most sensitive components to the heat are the
stator windings, due to the limited thermal performance of their insulating materials [4,5];
therefore, it is of utmost importance to develop suitable motor thermal models, which are
capable to accurately predict the instantaneous temperature of the stator winding. Classical
thermal models are often intended for off-line thermal studies of electrical machines [6] and
can provide accurate results of the electrical machine temperature distribution; however,
these models are not feasible for real-time implementation inside the electric drive control
system and require a certain degree of knowledge of the electrical machine geometry
and parameters.

In general, the real-time implementation of these models on industrial microcontrollers
sets the following requirements:

e  Limited number of thermal elements (resistances and capacitances) in the circuit to be
solved in real-time;

*  Accuracy of the predicted stator winding temperature to avoid damaging of the machine;

¢ Definition of the thermal circuit parameters from experimental tests without detailed
knowledge of the machine geometry and materials, as they are not often available to
the electric drive manufacturer.
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In the technical literature, several thermal models have been proposed for various
types of electrical machines. In [7], a lumped parameters model derived from geometri-
cal data is proposed. Other lumped parameter models are proposed in [8,9], and their
parameters are tuned from nodal and computational fluid dynamics (CFD) simulations.
A second-order thermal model is proposed in [10] for permanent magnet (PM) machines,
but its parameters are determined by means of a reference set of temperatures and lacks
validation in short thermal transient test. A computationally efficient lumped parameter
model is proposed in [11], which also takes into account the rotor thermal parameters.
In this work, however, the thermal parameters are computed using an analytical tuning
procedure and do not start from experimental measurements on the machine. Finally,
Ref. [12] proposes a reduced order thermal model, but its parameters are still based on
simulations and the validation is performed only for the long transient. The goal of this
paper is, therefore, to improve the second-order thermal model proposed for the first
time in [13,14] and to put in evidence the measurement issue found during the thermal
parameters determination. As it will be shown in Figure 5, the second-order thermal model
proposed in [13,14] lacks precision during the long transient (i.e., the time range before
reaching the steady-state temperature). For this reason, to improve the performance of
that model, the heat transfer due to the end winding has been considered, and this new
second-order thermal model is deeply analyzed in this paper.

This paper is organized as follows. In Section 2, the basics of the adopted second-
order model are presented and described, as well as the necessary experimental tests to
define its thermal parameters. Then in Section 3, the accuracy of the second-order model is
discussed and validated on an experimental test bench. Section 4 presents the proposed
modification of the basic second-order thermal model. Finally, some more considerations
and the conclusions are drawn in Sections 5 and 6.

2. Second-Order Thermal Model

In the literature, several examples of first order thermal models of electrical machines
are available [15-17]; however, despite being simple and reliable, these models are only able
to predict the winding temperature evolution during short thermal transients. To predict
the temperature evolution of the other parts of the machine, a more advanced thermal
model has to be defined. To maintain the compromise of a simple and yet reliable model,
the second-order thermal model depicted in Figure 1 was first presented in [13]. The goal
of this second-order thermal model is to predict the winding temperature both in short
transient and in long transient up to the thermal steady-state conditions, considering the
conduction and the forced convection heat transfer. This latter heat path is the most relevant
in motors with forced ventilation such as totally enclosed fan cooled “TEFC” induction
motors. Moreover, the second-order thermal model shown in Figure 1 can be easily
identified by means of simple experimental tests, as well presented in [13]. In particular,
the thermal parameters can be determined by performing two tests, each necessary to
identify some of the thermal circuit parameters.

Req,sr
T\ Req,w Rfc
P]s +

I@ ——Ceqw  =—=Ceqsr ?IPU, C) Ty

Figure 1. Second-order thermal model proposed in [13].
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2.1. DC Heating Test

In this first test, the machine phases were connected in series (see Figure 2) and
supplied by a constant DC current rated in the range of 40-50% of the nominal machine
current. This connection ensures balanced Joule losses in each phase of the motor and thus
a uniform heating. The voltage V. and current I;. must be measured and logged during
the complete duration of this first test; however, thanks to the long thermal time constants
involved, low sampling rates are possible.

~
4

g 8

s
&)

Data
Logger
Figure 2. Experimental configuration of the dc test.

Since the machine is not rotating during this test, the second-order thermal circuit is
simplified as shown in Figure 3. In fact, the forced cooling effect, modeled by Ry, is not
present (machine in standstill conditions). The values of Req and Ceq,, which represent
the thermal parameter of the winding and its insulation system, can be considered constant
during this first DC test. The product of Req and Ce . defines the winding thermal
time constant. As already discussed in detail in [13], Req,sr and Ceg,sr can assume different
values depending on how long is the thermal transient time that the model has to predict.
If the second-order thermal model has to be accurate up to the time requested to reach
the thermal steady-state, the value of Ceqsr will include the complete stator lamination,
frame and rotor thermal capacitances. At the end of this first DC test, the Reg,» and Ceg,w
values are immediately obtained according to the short transient thermal test procedure
described in [17]. In particular, the short transient is extracted from the first minutes of this
test, calculating the electrical energy fed by the DC supply from the measured voltage and
current. A complete and detailed description of the test procedures for the determination
of the thermal parameters of Figure 1 can be found in [13,14] where it is possible to find
the elaboration technique for the computation of the thermal parameters as well.

T, Req,w Ty Req,sr

VWA— VAVAVA
+
PJsI 6 ——Cegw POII ——Ceq,sr C)Tg

Figure 3. Second-order thermal model including the thermal parameter involved with the thermal

conduction only.

2.2. AC Load Test

The determination of the thermal resistance due to the forced convection Ry, (see
the complete second-order thermal model of Figure 1) requires an AC load test, where
the machine is rotating, and it is loaded by an external mechanical load. The mechanical
load applies a constant loading torque. A load torque in the range 50-100% of the rated
one is suggested to maximize the temperature increase. Once the machine has reached
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steady-state thermal conditions, it is necessary to measure the stator input (AC voltage and
current), the winding temperature and the mechanical quantities at the motor shaft (torque
and rotating speed). In fact, when the machine is in steady-state conditions, the thermal
circuit of Figure 1 can be simplified as in Figure 4.

Req,sr

e 6w Q-

Figure 4. Steady-state thermal network in load condition.

Two losses contributions can be found and reconstructed. First, the heat source P,
modeling the stator Joule losses, can be computed by (1):

Pjs = 3R,rI3 1)

where R, is the phase stator winding resistance at the measured stator operative tempera-
ture T, reconstructed from the resistance at ambient temperature. The other losses of the
machine (iron, rotor. . .) are modeled by the heat source P,;, which can be computed as (2):

Pol:Pel_Tw_P]s_Pmech (2)

where P,; is the absorbed electrical power from the stator (v/3V;I; cos ¢), T and w are the
mechanical torque and speed and P, are the mechanical losses not involved in the heat
production inside the machine. In the considered total enclosed fan cooled “TEFC” motor,
whose rated values are listed in Table 1, these mechanical losses are mainly related to
the ventilation losses of the fan, positioned on the rear side of the machine. The bearing
friction losses, always very small, can be neglected with respect to the ventilation one.
From the thermal circuit point of view, the mechanical losses P, cannot be considered as
thermal losses because they do not produce heat as the other loss contributions (Joule and
iron losses). Instead, the ventilation losses, due to the axial fan, represent a load for the
motor, increasing the requested torque. Consequently, these losses do not produce heat
and must be separated from the power term P,;. It is important to correctly estimate the
mechanical losses from the classical no load test as suggested by the International Standards
for the determination of the electrical machine efficiency [1,18]. Finally, using the thermal
resistances calculated previously in the DC test Regw andReg,sy, the thermal network of
Figure 4 can be solved, obtaining the value of the forced convection resistance R..

Table 1. Considered TEFC motor data.

Rated Power (kW) 4
Rated Voltage (V) 400
Rated Frequency (Hz) 50
Rated Current (A) 8.8
Pole Pairs 2
Rated Speed (rpm) 1410

3. Second-Order Thermal Model Accuracy

The proposed thermal model reported in Figure 1 was implemented in MATLAB/Simulink
for the simulation of the motor thermal transients. The thermal transient used for the ac-
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curacy evaluation of the proposed thermal model was defined as the addition of two
torque step variations. The first torque step starts from a no load condition at the ambient
temperature up to 50% of the rated torque (same torque used for the determination of the
thermal resistance Ry.). When the motor reaches the temperature steady-state condition
at 50% of the rated torque, a new torque step variation from 50% to 100% of the rate
torque has been applied to the motor. The transient load test has been closed when the
motor has reached the new thermal steady-state condition. During the transient load test,
the electrical, mechanical quantities and the temperatures were acquired by means of the
data recorder HBM Gen?. Since two thermal steady-state conditions had to be reached,
the load test has been 10 h long.

Figure 5 shows the comparison between the measured and the computed winding
temperature for complete torque transient. It is well evident the good agreements of the
predicted and the measured temperature. In steady-state condition at 50% of the rated
torque, the difference between the computed and the measured temperature is equal to
0.44 °C with a percentage errors is equal to 0.67%. In steady-state condition at 100% of the
rated torque, the difference between the computed and the measured temperature is equal
to 2.15 °C and the percentage error is equal to 1.81 %. The better values obtained with 50%
of the rated torque is an expected result since 50% of the rated torque has been the load
condition for the determination of the thermal resistance R.. The accuracy of the second-
order thermal model has been verified during the short transient as well. Figure 6 and 7
show the predicted and the measured winding temperature for the torque step variation
from 0 to 50% and from 50% to 100%, respectively. Both the figures put in evidence a
delay of the measured temperatures with respect to the computed ones as shown by the
dashed ellipses.

This time delay can be justified by an intrinsic thermal time constant of the thermo-
couple used for the measure of the winding temperature. Since the thermocouple is glued
on the winding, the glue (epoxy resin) plus the thermocouple itself have a thermal capaci-
tance and thermal resistance that can introduce the found time delay. This hypothesis is
supported by the different initial derivatives of the measured temperature with respect the
computed one. Inside the ellipses, it is well evident as the measured temperature starts
with an horizontal trend (derivative equal to zero) while the predicted temperature starts
with a positive derivative.

130

120 Stator winding temperature [°C] R R Rttt s ——
. 100% rated torque

110
100
910
0 Measured values
70 (Thermal sensor)

50% rated torque ~====--== Simulated values

Time |hour]

0 1

[¥]
e
&~
;

=

a
-]
=

Figure 5. Comparison between measured and computed winding temperatures.
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36 —~
Stator winding temperature [°C] _-- -
34 .-
Short transient from 0% to 50% rated torque _--
32 <
30
e
-
28 =
e
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26 Measured values
____________ (Thermal sensors)
uo e N Simulated values
22 < %
S N R Time [s]
20 T
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Figure 6. Comparison between measured and computed winding temperatures during the short
transient (0% to 50% of the rated torque).
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84 Stator winding temperature [°C] _-- -
-
-
-
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80 (Thermal sensors) _-

78 | e Simulated values
76
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72
70 ’
68 Short transient from 50% to 100% rated torque
66
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- Time [s]

.
~~~~~~
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17,800 17,850 17,900 17,950 18,000 18,050 18,100 18,150 18,200

Figure 7. Comparison between measured and computed winding temperatures during the short
transient (50% to 100% of the rated torque).

In order to confirm the author’s hypothesis by means of experimental approach,
the load test has been repeated, using a specific instrument that can measure the winding
resistance injecting a very small DC current while a three-phase motor is running connected
to the grid. The used instrument, shown in Figure 8, is an Elettrotest RHM 60A /2 [19]. It is
important to underline that the use of the RHM 60A /2 is limited to a sinusoidal supply
and it cannot be used with inverter supply.

As shown in Figure 9, a 2-channel resistance meter has been used, with three inlets
and three outlets for power supply (for AC decoupling) and two measurement channels
(RHM1 and RHM2), each made up of two injection (INJ]) and reading (SENSE) terminals.
The measure resistance is provided by the external display on the front panel and by an
analog signal in the rear panel. The analog signal was used to connect the signal to the
data logger HBM Gen4tb. In this way, the complete evolution of the winding resistance
can be recorded and consequently its temperature transient.
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Figure 8. Instrumentation set up with the HBM DataLogger and the RHM60A /2.

ACSPPlY RHM60A/2

_—— e - o

_|_ | Decoupling
[~} Capacitors

Figure 9. Adopted wiring diagram of the Elettrotest RHM 60A /2 [19].

The results of the new load test are shown in Figures 10 and 11, where it is well evident
the excellent agreement between the measured temperatures using RHM60A /2 and the
model ones for both the short transients. These results validate the authors” hypothesis
about the time delay introduced by the thermocouple.

34
Stator winding temperature [°C]

32
Short transient from 0% to 50% rated torque
30

28

26

Measured  values
(Thermal sensor)

24
Measured values

(RHMG60A/2)

e Simulated values

Time [s]
20
0 50 100 150 200

Figure 10. Comparison between measured (thermal sensor and RHM60A /2) and computed winding
temperatures during the short transient (0% to 50% of the rated torque).
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80
Stator winding temperature [°C] -

Short transient from 50% to 100% rated torque PR

76 Measured values -
(Thermal sensor)

74 Measured values

(RHM60A/2)
72

--  Simulated values

70
68

66
Time [s]
64

17,800 17,850 17,900 17,950 18,000

Figure 11. Comparison between measured (thermal sensor and RHM60A /2) and computed winding
temperatures during the short transient (50% to 100% of the rated torque).

It is important to highlight that these results put in evidence as the use of a thermal
sensor during temperature transient has to be properly assessed for taking into account
its time constant. On the basis of the previous considerations, the temperatures measured
using RHM60A /2 has been considered as the reference ones. Figure 12 shows the predicted
and the measured by RHM60A /2 temperatures. It is well evident the good agreement
between the two curves confirming that the proposed second-order thermal model well
predicts the winding temperature both in short and in long thermal transients.

130

120 Stator winding temperature [°C]|

110 100% rated torque

100
92

80

Measured values

7 (RHMG0A/2)

60 o
S0%ratedtorque Simulated values
50

40

30 Time [hour]|

20
0 1 2 3 4 5 6 7 8 9 10

Figure 12. Comparison between measured by RHM60A /2 and computed winding temperatures.

4. Second-Order Thermal Model Improvement

As discussed in Section 3, the second-order thermal model shows good performances
both is short transients and steady-state conditions; however, Figure 12 shows discrepancies
during the long time transients. The maximum percentage error is around 5% of the
measured temperature in the time interval 5 to 6 h. Consequently, a review of the initially
proposed has been considered for improving the accuracy of a second-order thermal model.
As discussed in Section 2, the thermal resistance R, takes into account the conduction
heat transfer between the stator winding and the lamination; however, the stator winding
copper can be divided in two sections. The first one is the copper inside the slots (defined
as active conductors) and the second one is the copper due to the end winding. The Joule
losses due to the active conductors and the end winding can be separated taking into
account the geometrical dimensions of the stator stack shown in Figure 13 where D is the
average diameter corresponding to the stator slots and L is the stator stack length.
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Figure 13. Stator lamination geometrical dimensions.

The resistance of a stator winding coil R; .,; is proportional to its length due to the
length of the active conductors and the coil external connections L ¢.. In first approximation
it is possible to write that

2D
Ricoit & 2L+ 2Leg = (2L + =) ®)

p

where Nj, the number of poles. Let define the shape factor K5 as L/ D, the ratio between
the stator end winding resistance R, and the coil resistance a can be considered propor-
tional to

27tL T
y— Rs ew o NpKs _ NpK; @
Rs coil 2nL T
: 2L + 1+
N, K N,K;

As a consequence, the ratio between the stator end winding Joule losses Py, and the
stator total Joule losses Pjs can be considered proportional to the coefficient a

Pew

p;

=a ©)
The stator end winding losses P, and the slot copper losses P;,; can be written as
Pew = “Pjs Pyor = (1 _D‘)Pjs (6)

The variation of & versus K is reported in Figure 14 for different values of the pole
numbers Nj,.

0.9
0.8 a = Pew/Pjs
0.7
0.6
0.5
Np=2
0.4 b
0.3 Np=4
0.2 Np=6
Np=8
0.1 K,
0
04 0.6 038 1 1.2 14 16 18 2 2.2

Figure 14. Ppyy/ Pis vs K for different values of the pole numbers.
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From the thermal point of view, the copper Joule losses of the slot Py,; move from
the slots to the ambient through the stator lamination as shown by the orange arrows in
Figure 15. Due to the fins always present in the rotor short circuit rings, the end winding
losses move directly from the end winding copper to the frame due to the forced convection
effect, as shown by the red arrows of the same figure.

Figure 15. Heat transfer phenomena for the slot copper (orange arrows) and the end windings
(red arrows).

The previously discussed stator Joule losses due to the end winding have been in-
cluded in an improved second-order thermal model reported in Figure 16. A thermal
resistance R,y that takes into account the force convection heat exchange of the end
winding has been added between the heat source P;; and the ambient temperature Tj.

> YAVAYA

Py Rew,a Req o
Psior T, Reg.w Rye
> AMA—
PJs +

Figure 16. Improved second-order thermal model.

The new thermal network is still a second-order thermal model and all the thermal
parameters can be measured and computed in easy way. If the value K; is know (from the
stator lamination geometrical data) the value of & can be computed by (4) and the value of
Py and Py, can be computed by (6). Using the measured values in steady-state condition
the value of Ry, can be computed by

T — To

P @)

Rew,u =

It is important to underline that the value of the thermal resistance Reg,,, can be consid-
ered constant, because it takes into account the conduction heat transfer and its value has
been obtained using the values measured with DC test. During the DC test the rotor speed
is equal to zero and since there is not forced convection heat exchange for the end winding.
As a consequence, during the DC test, the thermal resistance R, can be considered equal
to infinite and P, equal to zero. In other words, both the losses Py, and Py, are trans-



Energies 2021, 14, 6578

11 of 16

ferred to the ambient by the stator lamination only. On the base of these considerations the
computed value of the thermal resistance Req,w can be considered constant.

The temperatures transients with the new thermal model has been computed using a
value of « equal to 0.5 obtained by the design data of the motor under test.

Comparing the results obtained using the original model of Figure 12 and the im-
proved ones of Figure 17 is it evident as the temperatures computed with the improved
model better fit the measured ones, even if a discrepancy of 2.1 °C (1.61% error) in the
steady-state condition at 100% torque can be seen. The response of the improved second-
order thermal model is reported in Figures 18 and 19, for the short transient for 0 to 50%
and 50% to 100% of the rated torque, respectively. It is well evident the good agreement
between the measured and the predicted temperatures in both the transients. In particular,
comparing the results shown in Figures 11 and 19 for the transient 50% to 100% is evident
the better performance of the improved model with respect to the original one.

130

120 Stator winding temperature [°C]
110
100

90

Measured values

RHM 60A/2

70 |

- --------- Simulated values
60 Improved model

50% rated torque
50
40
Improved second order thermal model
30 Time [hour]
20
0 1 2 3 4 5 6 7 8 9 10

Figure 17. Comparison between measured and predicted winding temperature using the improved
second-order thermal model.

34

Stator winding temperature [°C]

32
Short transient from 50% to 100% rated torque

30

28

Measured values

26 (RHM60A/2)

......... Simulated values

2 Improved model

22
Time [s]

20

Figure 18. Comparison between measured (RHM60A /2) and computed winding temperatures
during the short transient (0% to 50% of the rated torque) using the improved second-order ther-
mal model.

The results obtained with the original model [13,14] and the proposed improved one
are highlighted in Figure 20, where the two models have been simulated and compared
with the experimental measurements during both thermal transients (50% and 100% of
the rated torque). Moreover, to further show the improvement of the proposed model
during the thermal transient, a magnification of Figure 20 is available in Figure 21, with a
focus on the second transient (50% to 100% of the rated torque). The improvement is also
quantified in Figure 22, where the relative temperature estimation error is displayed for the
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original and the improved model. It can be clearly seen that the percentual error during the
transient is roughly halved using the proposed model, at the cost of a slightly larger error
at steady state. Finally, the thermal parameters of the original model and the improved one
are listed in Table 2.

80

Stator winding temperature [°C]
78 -

Short transient from 50% to 100% rated torque

76
74

72
Measured values

(RHMG60A/2)
70

- Simulated values

68 Improved model

66
Time [s]

64
17,800 17,850 17,900 17,950 18,000

Figure 19. Comparison between measured (RHM60A /2) and computed winding temperatures
during the short transient (50% to 100% of the rated torque) using the improved second-order
thermal model.

The results obtained with the original model [13,14] and the proposed improved one
are highlighted in Figure 20, where the two models have been simulated and compared
with the experimental measurements during both thermal transients (50% and 100% of
the rated torque). Moreover, to further show the improvement of the proposed model
during the thermal transient, a magnification of Figure 20 is available in Figure 21, with a
focus on the second transient (50% to 100% of the rated torque). The improvement is also
quantified in Figure 22, where the relative temperature estimation error is displayed for the
original and the improved model. It can be clearly seen that the percentual error during the
transient is roughly halved using the proposed model, at the cost of a slightly larger error
at steady state. Finally, the thermal parameters of the original model and the improved one
are listed in Table 2.

130

120 Stator winding temperature [°C]

110 100% rated torque

100

9
Measured values
80 RHM 60A/2
70 Simulated values
Original model [13,14]
60 A~ e Simulated values

50% rated torque Improved model

50

40
Improved second order thermal model

30 Time [hour]

20
0 1 2 3 4 5 6 7 8 9 10

Figure 20. Comparison between measured (RHM60A /2) and computed winding temperatures
during the whole test using the original [13,14] and the improved second-order thermal model.
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Stator winding temperature (°C)

125

115 100% rated torque

105
Measured values

RHM 60A/2
Simulated values
Original model [13,14]
Simulated values
Improved model

95

85

75

50% rated torque Time (hour)
65
49 59 69 7.9
Figure 21. Comparison between measured (RHM60A /2) and computed winding temperatures
during the long transient (50% to 100% of the rated torque) using the original [13,14] and the
improved second-order thermal model.

8%

Relative Temperature Error _____Original Model [13,14]

6% Improved model

4%
2%
100% rated torque
0%

50% rated torque
-2%

Time [hour]

-4%
0 1 2 3 4 5 6 7 8 9 10

Figure 22. Relative temperature estimation error during the thermal test of the original [13,14] and
the improved second-order thermal model.

Table 2. Parameters table for the standard model of [13,14] and the proposed model.

Parameter Standard Model [13,14] Proposed Model
Regw (K/W) 0.07 0.07

Ceq,w J/K) 1708.2 1708.2
Ceq,sr J/K) 10,857 10,857
Regsr (K/W) 0.382 0.382

Rye (K/W) 0.0860 0.167
Rew,a (K/W) - 0.446

5. Considerations for a Correct Use of the Model

The results discussed in this paper have shown that a second-order model can repre-
sent a viable solution for the thermal prediction of an electrical machine in a time interval
that starts from a short transient where only the stator winding is involved up to the
thermal steady-state condition. Two second-order thermal models have been compared.
The first one does not include the forced convection heat exchange in the end winding and
shows an excellent accuracy in predicting the steady-state temperature but a worse fitting
accuracy during the long temperature transient. The improved model allows and excellent
temperature fitting during the long transient but it has a worse accuracy in the prediction
of the steady-state temperature. Anyway the maximum temperature errors found in both
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the models are lower than the 2% and the authors consider this results as an excellent one
taking into account how complex is the thermal system and how simple are the proposed
models. Even if the proposed second model thermal models have been calibrated and
validated on a TEFC induction motor, the models can be used in all the electrical machines
with distributed windings taking into account the following considerations.

Electrical machines with natural convection or constant fluid cooling: The proposed mod-
els can be used excluding the thermal resistances R fe while R.y 4 has to be included in
induction motor because the ventilation fins are present in short circuit rings only.

Electrical machines with separated/assisted ventilation (separated/assisted forces convection
cooling): The thermal models can be used as they are. Ry is constant because the force
convection cooling is constant and does not depend on the rotor speed.

Electrical machines with self ventilation (self-forced convection cooling) (TEFC motors): The
model can be uses as they are, but R fe and Rey,, will be depending on the rotor speed.
In order to evaluate the variation of the two thermal resistances depending on the motor
speed, load tests at different supply frequency have been performed. Since a reduction
in the speed corresponds to a reduction in the cooling air speed the load torque has been
reduced for avoiding a winding over temperature. The obtained values are reported
in Table 3 where is well evident the increase in the thermal resistances values with the
reduction in the frequency.

Table 3. Variation of R fe and Ry, and with the supply frequency.

Rotor
Frequency Torque (%) Speed (rpm) Surface R¢. (°C/W) Rew,a (°C/IW)
(Hz) Speed (m/s)
10 65 220 2.24 0.960 0.729
20 50 565 5.75 0.334 0.527
30 50 866 8.81 0.226 0.496
40 70 1147 11.68 0.189 0.481
50 100 1402 14.27 0.167 0.446

Figure 23 shows the variation of the thermal resistances R s, and Rew,a with the supply
frequency. Even if it is possible to find an equation for correlating the values, this equation
cannot be considered of general validity. Consequently, the values have to be measured
motor by motor. As a final consideration the authors have used a TEFC induction motor
for the definition of a second-order thermal model well aware that that motor is the most
complex for the thermal point of view. Taking into account that TEFC induction motors are
the most complex from the thermal analysis point of view (forced convention on the frame,
rotor Joule losses in the cage), the good results obtained on the TEFC induction motor
guarantee that the proposed thermal model can be extended to other motor typologies.

1
.
°C/W * R
0.8 5
L4 e RCW,&I
0.6
°
L4 °
)
0.4 P y = 1.3543x70-2%
0.2 y=103d6x1080  #7 .
Frequency [Hz
0
0 10 20 30 40 50 60

Figure 23. Thermal resistances Ry and Rew,q values vs. supply frequency.
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6. Conclusions

In this paper, a second-order thermal model is presented and experimental validated.
The thermal tests necessary for the thermal parameters determination are analyzed and
the procedure to determine them is discussed. Starting from an original second-order
thermal model that does not include the cooling effect of the end winding, an improved
model that includes these cooling effects has been found and discussed. The advantage
of this more accurate model is summarized in a higher accuracy during long transient
(i.e., the time interval before reaching the steady-state temperature) at the cost of a slightly
lower accuracy at steady-state.

The comparison between the measured and computed winding temperature demon-
strates that the proposed second-order thermal models can be considered a simple and
accurate approach for predicting the stator winding temperature with an excellent accuracy
always lower than 3% both in short transient, long transient and steady-state conditions.
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Glossary

The following symbols are used in this manuscript:

Pys Stator copper losses

Py Other machine losses, (iron, rotor Joule losses)

Prst Stator Joule losses at the temperature T

Regw  Equivalent thermal resistance between the winding copper and the stator lamination

Ceqw  Equivalent thermal capacitance of the winding including copper and insulating material
Reqsr  Equivalent thermal resistance between stator lamination and the ambient

Cegsr Thermal capacitance of the stator and the rotor not including the stator winding capacitance

Ry Thermal resistance due to forced convection

Rew,a Thermal resistance due to forced convection in the end winding
Ty Stator winding temperature

Ty Ambient temperature

Tsy Temperature of the thermal capacitance Ceq sy

w Winding stored thermal energy

AT Winding temperature rise

I;c(t)  DC current sample at the time ¢
V4.(t)  DC voltage sample at the time ¢

t Time

Vs Stator voltage

Is Stator current

cos¢  Stator power factor

T Mechanical torque

w Mechanical speed

Puechn  Mechanical losses

Leec Coil external connections length

L Stator stack length

D Stator lamination length at the middle of the slots

Rs Phase stator winding resistance at the temperature T
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P, Electrical absorbed power

Piron Iron losses

Pyjor Joule losses in the conductors inside the slots
Py Joule losses in the end winding
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