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ABSTRACT The short-time thermal transient (STTT) test is an efficient and precise method for determining
the winding thermal capacitance and winding-to-back-iron thermal resistance in ac motors. Traditionally
validated for industrial motors, the STTT procedure involves a brief dc excitation with motor phases
connected in series, followed by analysis using a first-order lumped parameter thermal network. However, for
traction motor drives where phase terminals may be inaccessible, the standard all-in-series STTT procedure is
not feasible. Moreover, in such highly loaded traction motors, the estimated thermal parameters are sensitive
to dc excitation duration, making the first-order STTT model unsuitable. This article presents an STTT
model of higher order along with an optimized testing sequence and data processing approach, extending
the applicability of this method to traction and high-power-density motors. Experimental validation on two
commercial supercar traction motors demonstrates the effectiveness of the proposed model and procedure,
to be considered an upgrade of wider and more general validity of the existing first-order STTT method.

INDEX TERMS Lumped parameters thermal network, motor design, short time thermal transient, stator

winding temperature, traction motor drives, thermal testing, thermal management.

NOMENCLATURE

Ric DC phase resistance.

6o, Ro Ambient temperature and corresponding Rgc.

0, A6 Winding temperature and temperature rise respect to
6o.

P;, W Joule loss and related dissipated energy.

I. INTRODUCTION

The design of high-performance electric machines, particu-

larly for traction applications, is driven by stringent require-

ments for cost, efficiency, and power density [1], [2], [3]. This

requires a multiphysics approach [4], combining magnetic,

mechanical, and thermal design considerations [5], [6]. As

the power density increases, advanced thermal management

becomes critical, and liquid cooling is a key solution to min-

imize thermal impedance and accelerate thermal transients.

While traditional motor drives testing focuses on magnetic

characteristics [7], increasing attention is being paid to reli-
able methods for experimentally determining motor thermal
properties [8], [9], [10]. Thermal models, based on finite el-
ement analysis (FEA) or lumped parameter thermal networks
(LPTNSs) [11], are essential for both the design and control
stages [12], [13]. While FEA offers high accuracy, it de-
mands detailed geometric and thermal property data, typically
not available to the user. LPTNs provide a less detailed but
computationally efficient approach for estimating temperature
distributions with minimal computational effort. This work
falls within the scope of LPTN models.

An accurate thermal LTPN must include the key parts of
the motor, such as rotor and stator iron, windings, permanent
magnets [14], [15]. Wrobel et al. [9] determined stator iron
thermal capacitance using a dedicated adiabatic chamber and
complex testing. Sciascera et al. [16] proposed an LPTN cal-
ibration based on uncertain parameters, such as convection
coefficients, conductivity, and specific heat capacity, which
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are often unknown to motor manufacturers and users. Other
studies [17], [18] use regression and sensitivity analysis to
extract the LPTN parameters, including iron thermal capac-
itance, by fitting the motor’s thermal response. This requires
numerous embedded thermistors and loss components segre-
gation under ac or pulse with modulation (PWM) excitation,
and may lead to nonphysical parameters, such as unrealistic
resistances or capacitances. A similar approach was intro-
duced in [19] based on a pseudorandom binary power loss
excitation, but requiring a high number of embedded ther-
mistors and a long execution time. Moreover, the impact of
excitation and sampling frequency on the measured thermal
parameters was not clearly established, resulting in a cumber-
some calibration process for the excitation sequence.

The stator winding is a temperature vulnerable component,
due to the strict temperature limit dictated by the isolation
class [20]. The thermal properties of the winding conductors
and the surrounding insulation material and stator iron are
hardly computed analytically or numerically [16], [21], [22].
Despite some methods permit a comprehensive determination
of the full thermal model of the machine, e.g., by temperature
regression during a driving cycle [17], [18], a dedicated test
is often devoted to the slot thermal parameters, given their
crucial role for functional safety. In this context, the short-
time thermal transient (STTT) test procedure was introduced
in [23] and [24], for direct experimental evaluation of the
winding thermal capacitance and resistance, referring to the
first-order temperature model of general purpose induction
motors with all the winding terminals accessible. This article
shows that the STTT method fails describing the transient
behavior of liquid cooled machines having low thermal inertia
and high-performance cooling [25], [26]. In fact, the original
STTT procedure [23], [24] assumes that the winding-to-iron
thermal time constant is much faster than the iron-to-ambient
heat exchange, which does not hold true for the liquid cooled
motors under investigation. As a result, the STTT-derived
winding thermal parameters are highly dependent on the test’s
duration.

A further drawback of the original STTT procedure is the
related requirement of series connecting the motor phases
implying the availability of their input and output terminals,
normally not accessible in highly compact traction motors.
A tentative solution was proposed in [27], still requiring the
access to the star point of the machine.

A. ARTICLE CONTRIBUTIONS

This article presents an enhanced thermal model that ad-
dresses the outlined limitations of the method in [23]. By
incorporating back iron temperature variation during the
STTT test, the dependence of estimated thermal parameters
on test duration is reduced by one order of magnitude.

In addition, three novel phase-to-phase testing methods are
introduced, including the test sequence and data analysis.
These techniques remove the necessity for output phase termi-
nals or star point links, allowing them to be applicable to any
practical application, irrespective of its star or delta winding

arrangement. A comparative analysis of five testing configura-
tions, including the three novel ones, is conducted to evaluate
their accuracy and complexity. Practical challenges related
to high-current, low-voltage dc excitation are addressed and
resolved.

Furthermore, a sensitivity analysis is performed to assess
the impact of different testing configurations and dc excitation
durations on the estimated thermal parameters.

A further novel contribution of this work is the direct deter-
mination of stator iron thermal capacitance based on a simple
and rapid test only involving dc power supply and voltage
measurement, without requiring specialized equipment or pa-
rameters regression for a high-order LPTN.

Focusing on the stator thermal model, the proposed ad-
vanced STTT is not dependent on the rotor type. So, it
is applicable to any type of ac machine, including internal
or surface mounted permanent magnet synchronous motor
(PMSM), induction motors, electrically excited synchronous
motors, and switched reluctance motors.

The measured thermal parameters are valuable for fine-
tuning thermal models assisting the design stage, in particular
for accurately calibrating the thermal model of the slot, which
is often one of the most complex parts. Furthermore, these
parameters can be used for control purposes, enabling the
calibration of advanced temperature observers for real-time
thermal monitoring.

The proposed method is deemed highly effective and prac-
tical due to its simple test setup and reliable thermal parameter
estimation. Its validity is substantiated by rigorous experimen-
tal validation on two supercar traction motors of varying sizes.

B. MOTORS UNDER TEST

The machines adopted for validating the proposal are two
liquid cooled PMSMs of different size, labeled MUT1 and
MUT?2, designed for front and rear axles in supercar trac-
tion applications. As common for traction motors, the phase
resistance is in the order of a few m<. In the embarkable
version of the motors, only the three phase input terminals are
accessible, which makes the original STTT procedure of [23]
unfeasible. Both the prototypes under test have an additional
neutral point wire to access the winding star point, for exper-
imentation purposes. Due to manufacturing constraints, such
additional wire has reduced cross-section and limited current
capability, and the associated resistance is comparable to the
resistance of one motor phase. Although not required for the
STTT, each motor encapsulates three thermistors, each one
located between two phases, which will be labeled ab, bc,
and ca.

The design of these machines is proprietary, so every physi-
cal quantity in the article is normalized, and a detailed picture
of the machines and the precise location of the thermistors
could not be disclosed. The nominal thermal parameters are
defined based on the finite element model of the machine,
while the rated temperature rise is defined as the difference
between the maximum winding temperature and the nominal
inlet temperature of the coolant. Specifically, the nominal
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FIGURE 1. Original STTT procedure of [23]. (a) Equivalent LPTN, (b) DC
identification test.

power of MUT1 and MUT2 is on the order of 200 and
350 kW, respectively. The isolation class of the coils defines
the maximum winding temperature, and the nominal coolant
temperature is 70°C, compliant with automotive standards.
The nominal thermal capacitances of the winding and back
iron are in the order of hundreds and thousands of J/°C, re-
spectively.

Il. ORIGINAL FIRST-ORDER LPTN STTT PROCEDURE

The STTT is a test procedure for estimating the slot thermal
parameters of three-phase [23] or multiphase [24] electric
motors. Referring to the first-order LPTN of Fig. 1(a), the
winding thermal capacitance C,,, and the equivalent thermal
resistance Rqq between the winding and the stator iron, in-
cluding isolation and potting, are experimentally evaluated.
The LPTN is designed in terms of winding temperature rise
A6 with respect to the ambient temperature 6. The stator iron
temperature is considered constant at 6y during the test, so it
is not included in the LPTN.

In [23], the three phases are series connected during the
parameter identification test, as shown in Fig. 1(b). The test
starts with the motor at a uniform ambient temperature 6.
The series of the three phases is dc excited with a current
ige compatible with the rms nominal current, producing a
measurable temperature rise. The series connection ensures
the uniform heating of the three phases. The imposed current
igc and the voltage v4. across the series of the three phases are
measured, computing the winding resistance Ry., Joule loss
P;, and estimated average winding temperature 0

Udc

R4 = 1
dc 3idc ( a)
P; = vqc -+ igc (1b)

Ry
0= R_()C (BCu + 90) — Bey (IC)

where Ry is the winding resistance measured at 6,
Bc,=234.5°C is the inferred absolute temperature (or char-
acteristic temperature) of the copper, and the temperatures 6
and 6y are expressed in °C. Thanks to the dc excitation, the
input power entirely converts into stator Joule loss, and the
energy loss ¥ can be computed as the time integral of P;

t
W= / P; dt 2)
fo

where ¢ is the time where the current step is imposed, associ-
ated with zero energy loss, i.e., W(ty) = 0. The short duration
of the dc excitation permits to assume that the system is ini-
tially adiabatic, so the heat exchange from the winding to its
surroundings is negligible as well as the related thermal time
constants. The adiabatic hypothesis is reasonable considering
that the heat is first generated into the copper winding, and
then transferred to the stator iron. The assumption holds for a
minor initial rise of the winding temperature A6y, where “st”
stands for “short transient”

AO =6 —0) < Aby . 3)

Otherwise said, the initial heating of the copper was con-
sidered adiabatic within a temperature rise A0y in the order
of 3°C—5°C. As a consequence, W grows linearly with A6 in
this first part of the transient, and the energy versus tempera-
ture rise evolution W (A#) is approximated by a straight line
W (AB). The rate of change of the interpolating straight line
estimates the winding thermal capacitance Cy,

W(Al)=a-N0 — Cy=a. (4)

The first-order LPTN, as depicted in Fig. 1(a), represents
the stator winding during the STTT lapse, where the term
Cy, is “charged” by the Joule loss and the thermal resistance
Req dissipates the heat to the surrounding iron. The evolution
of the winding temperature rise is fitted over time with the
analytical solution of the LPTN. This second fitting, carried
over the STTT time horizon [0 Aty], permits estimating the
Req based on the exponential time constant

Tq
Cy

The method assumes that the machine’s thermal parame-
ters remain constant within its typical operating temperature
range, i.e., the LPTN is linear. So, while measured under dc
conditions, the extracted thermal parameters are valid across
real operating scenarios, including ac losses, iron losses, and
PWM effects. DC test excitation simplifies and enhances the
accuracy of measuring dissipated power, leading to more pre-
cise parameter determination. Moreover, the average winding
temperature is retrieved only based on electrical measurement,
thus not requiring embedded thermistors.

An example of STTT test based on [23] for a ventilated
industrial motor is reported in Fig. 2. The figure reports in blue
the dissipated energy and temperature rise characteristics, and
in red the interpolations using (4) and (5), respectively. For
this type of motors the first-order procedure is accurate, as the

RO(t) = PiReq (1 —€7"/™) - Req=

)
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FIGURE 2. Example of STTT test results for an industrial motor drive
according to [23]. Left: dissipated energy versus temperature rise; right:
temperature rise versus time. Blue: measured data; red: interpolations
with (4) and (5), respectively.

two fitting functions match the measurements, and the values
of Cy, and Req are robustly extracted. However, this test tends
to fail for high-performance motors.

1Il. THREE- AND FOUR-TERMINAL IDENTIFICATION TESTS
AND DATA PROCESSING

The motors under test presents several peculiarities making
the traditional STTT procedure unfeasible (the output phase
terminals are not accessible) and unreliable (the first-order
model fails). This section describes how this work addresses
the STTT identification test, with the goal of retrieving the
thermal parameters C,, and Req. Five alternative testing con-
figurations are proposed for such high-performance drives
where the first-order STTT fails.

A. CONFIGURATION 1: PARALLEL PHASE CONNECTION
Series connection reported in Fig. 1(b) is not feasible in em-
barkable traction motors, and in general to ac motors with
three phase terminals. As said in Section I-B, in the prototypes
under test, the star point is made accessible through an addi-
tional connection having a resistance Raqq compatible with the
phase resistance, due to the small gauge of the additional wire.
The first alternative to the all-series connection is the parallel
connection of Fig. 3(a). This is still heating the three phases
evenly, but with the following three downsides:

1) controlling a high dc current on a very small resistance;

2) the series resistance R,q¢ must be accounted for;

3) an eventual mismatch in the resistance of the three
phases causes severe unbalance in the current and loss
distribution among the phases.

About point 1), the dc current generator must provide three
times the rated rms phase current of the machine, which is in
the order of hundreds of A, to a load of a few m<2 or less,
seen the paralleled phases. For example, a current between
300 and 700 A must be provided with a voltage between 1
and 5 V. The stable and accurate control of the dc turns out

a
b | Rada
lDC Q +
=
T c
(a)
0.15 . A9 (p-u)
ab
be
01 ca -]
- = -] - -
0.05 } - |
-
-~
r'd
0 st |

0 0.5 1 1.5 2 2.5 3
time (min)

(b)

FIGURE 3. MUT2: STTT identification test according to configuration 1.
(a) Parallel phases with additional resistance in series. (b) Estimated
winding temperature (dashed black) and winding thermistors (colored
lines). The presence of R,44 harms the accuracy of the test.

to be a hard challenge for most of dc sources, and requires
specialized equipment. Dealing with point 2), the term R,qq
is not related to the winding temperature and invalidates its
estimation through (1¢). About 3), being Ry in the order of a
few m€2, a relevant resistance mismatch between the phases
is easily produced, e.g., due to different contact resistance or
cable length for the connection with the de supply.

The parallel connection was tested on MUT2, with the
results reported in Fig. 3(b). The figure reports in black the
average winding temperature, estimated with (lc), together
with the measurements coming from the winding embedded
thermistors of the prototype. The influence of Ryqq is clearly
visible, as the average temperature estimated with (lc) is
unrealistically larger than any measured temperature. This is
explained considering that the additional wire adopted for ac-
cessing the star point, having a reduced section and three times
the phase current, was considerably hotter than the winding,
thus deviating the average temperature estimate. Considering
these issues, the parallel connection of Fig. 3(a) was dis-
missed.

B. CONFIGURATION 2: DUAL SUPPLY CONNECTION

A second option is to use two dc current sources, connected
as in Fig. 4(a). The first dc source, exciting phases @ and b,
permits measuring the phase resistance, loss, and estimated
temperature rise. The second dc source excites the third phase
through the star point connection with the exact same current,
to maintain the thermal homogeneity of the three phases. If
compared to the parallel configuration, this topology requires
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FIGURE 4. MUT2: STTT identification test according to configuration 2.
(a) Dual dc supply for compensation of R,44. (b) Estimated average winding
temperature (black dashed) and winding thermistors (colored lines).

two dc sources with only 1/3 of the current rating to achieve
the same temperature rise, thus simplifying the hardware re-
quirements. Moreover, the weak connection to the star point
needs to sustain the phase current igc, instead of 3ig.. Most
importantly, the measurement branch only includes the phases
a and b, excluding the extraneous term R,qq. This allows for an
independent estimation of the winding temperature via (1c).
The resistance and dissipated power equations are modified
as

Udc

R =
dc ide

(6a)

3 .

Pj = Evdc *ldc -

The temperature evolution during the test is reported in

Fig 4(b). As can be seen, the estimated average winding

temperature (black line) is realistic, as it well tracks the tem-

peratures measured by the embedded thermistors. The layout

of Fig. 4(a) proved to be accurate in [27]. Still, at least a weak
access to the star point is required.

(6b)

C. CONFIGURATION 3: ONE PHASE IN, TWO PHASE oUT
CONNECTION

In this configuration, as illustrated in Fig. 5(a), one of the
phases is supplied with the full dc and the other two with
half of that. This is the first attempt at performing the STTT
without any access to the winding star point. It permits to
measure the average resistance of the three phases, although

0.05 F

0 0.5 1 1.5 2 2.5 3
time (min)

(b)

FIGURE 5. MUT2: STTT identification test according to configuration 3.
(a) Two parallel phases connection. (b) Estimated average winding
temperature (black dashed) and winding thermistors (colored lines).

the corresponding average temperature is not representative of
any of the phases individually

3vdc
C 2ige

Although this solution does not require access to the star
center, the thermal distribution is asymmetric for two reasons:
1) due to the difference between the phase supplied with full
current and the other two, and 2) due to a possible imbalance
of the two phases in parallel. As expected, Fig. 5(b) shows that
the thermistor bc placed between the two phases in parallel
heats more slowly than those involving the phase @, which
is supplied with full current. Moreover, the estimated average
temperature cannot be associated with any of the three phases.
Since this solution has not yielded significant results, it will
not be considered in the subsequent sections.

(7

Rc

D. CONFIGURATION 4: PHASE-TO-PHASE CONNECTION

In this test configuration, as illustrated in Fig. 6(a), the ma-
chine is again heated asymmetrically as the third phase is not
supplied with any power. However, the two powered phases
heat homogeneously and with the same dynamics. It is thus
possible to monitor their resistance and average temperature

Vg
Ric = — . 3
2igc

The nonsupplied phase remains colder. The average tem-
perature [see Fig. 6(b)] shows a reasonable trend: the phases a
and ¢ heat up homogeneously, and their average temperature
well corresponds to the thermistor ca placed between them.
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FIGURE 6. MUT2: STTT identification test according to configuration 4.
(a) Phase-to-phase connection. (b) Estimated average winding
temperature (black dashed) and winding thermistors (colored lines).

The phase b remains colder, as confirmed by the thermistors
ab and bc. In this configuration, the power losses generated in
the phases a and c are partially dissipated directly through the
stator iron and partially through the “cold” phase b. Therefore,
a lower Req would be evaluated by the STTT procedure, and
the thermal transient is faster with respect to the cases of
configuration 2, where all three phases are excited. Still, with a
proper postprocessing of the measurement, this configuration
remains interesting for determining the thermal parameters
without any access to the star center. Further details will be
provided in Section I'V-C.

E. CONFIGURATION 5: PHASE-TO-PHASE CONNECTION
AND THIRD PHASE MONITORED

Configuration 4 lacks information on the nonexcited phase.
This is overcome by the setup proposed in Fig. 7(a), where a
calibrated resistance R, is added to the phase-to-phase con-
figuration to monitor the third-phase temperature. The value
of R, is chosen to be much higher than the phase resis-
tance, thus forcing almost all the current of the dc source
to flow into phase ¢ (*0.95 iy.), leaving minimal current in
phase b (~0.05 i4.). From a thermal perspective, configuration
4 (phase-to-phase power supply) is replicated, as the Joule
losses in phase b are negligible. This is confirmed by the
embedded thermistors, measuring almost the same thermal
transient in Figs. 6(b) and 7(b). The R,, branch is intended
for monitoring the resistance variation of the phase 5. The re-
sistance Ry, and average temperature 6 of the powered phases
are distinguished from the resistance R}, and temperature 6’

0.2
0.15
0.1

0.05
0

0 0.5 1 1.5 2 2.5 3
time (min)
(b)

FIGURE 7. MUT2: STTT identification test in configuration 5. (a)
Phase-to-phase connection and third phase monitored. (b) Estimated
average winding temperatures (black and light blue) and thermistors (solid
lines).

of the not supplied phase

Udc

Rs,a = Rs,c = Rdc = 5
2ige — lge

(9a)

’ . -/
Vo — Rac(ige — 1)
Rs,b — Rac — dc C C dc .

> (9b)
de
The two average temperatures are reported in dashed lines
in Fig. 7(b), in black and light blue, respectively. As per con-
figuration 4, the heat is partially dissipated directly through
the back iron and partially through the nonexcited phase. The
temperature monitoring of the phase b permits to distinguish
the two contributions, as will be discussed in Section IV-C.

IV. SECOND-ORDER IMPROVED MODEL AND
PARAMETERS EXTRACTION

In [23], the duration of the initial thermal transient, i.e., the
adiabatic temperature rise range Afy and time interval Aty
where the system follows a first-order transient, was easy to
be chosen arbitrarily. The technique showed its robustness for
industrial motors, forgiving even large temperature and time
interval variations. Conversely, compact and highly loaded
traction machines are designed for an extremely high rate
of heat extraction. The fundamental hypothesis of the STTT,
i.e., that the initial part of the thermal transient is adiabatic,
tends to fail. In particular the function W (A6) immediately
starts growing nonlinearly, and cannot be approximated with
a straight line to determine the thermal capacitance C,, with
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FIGURE 8. Proposed LPTN for STTT procedure in configuration 2.

(4). Similarly, the temperature evolution is badly described by
a first-order thermal transient, impeding the adoption of (5) for
determining A@(r) and Regq. This is confirmed by the thermal
transients measured with the configurations described above.
To solve this issue, two actions were adopted as follows.
1) The hypothesis of the initial adiabatic transient was
moved from the winding alone to the full stator.
2) The iron capacitance was introduced in the LPTN, lead-
ing to a second-order system.

A. DISSIPATED ENERGY AND THERMAL CAPACITANCE
Based on the first point, i.e., a nonadiabatic winding during
the STTT, a nonlinear W (A) function is assumed, and ap-
proximated with its third-order Taylor series expansion

W(AO)=a3 A0 +ay-AO> +ay-A6.  (10)

The initial derivative of W (A0) still corresponds to the
winding thermal capacitance C,,, and can be analytically de-
termined as

dw

IR = —
AA0 |y !

Cy=ay. (11)
This method applies for all the considered STTT configu-
rations 2, 4, and 5. As said, configurations 1 and 3 proved to

be inaccurate, and will not be further discussed.

B. EQUIVALENT LPTN IN CONFIGURATION 2

Dealing with the second-order LPTN, with the STTT exe-
cuted in configuration 2, the iron thermal capacitance Cr, is
introduced, as shown in Fig. 8, to include the nonnegligible
temperature rise of the stator iron. Still, the stator is consid-
ered adiabatic during the STTT, as the heat dissipation from
the iron to the ambient (or to the coolant) is not considered,
being negligible in the initial part of the thermal transient. The
temperature rise is interpolated through the analytical solution
of the LPTN in Fig. 4(a), permitting to estimate Req from the
time constant 7eq

. P; C2 ,
800 = g PR e g (=)
w Fe w Fe
(12a)
CyCr.,
Toq = ﬁ “Req ~ Cyy - Req - (12b)

In addition, this interpolation permits estimating the ther-
mal capacitance of the stator iron, extracted from the linear

Ryy

A qh =—=Cre
M

Pja C_W ij C_W P/‘c C_W
A8, 3 AGbT 3 AB, 3

FIGURE 9. Proposed generalized three-phase LPTN for STTT procedure
with asymmetrical configurations 4 and 5.

2 Req
ANNNN—
p.I — —Tn
Jj —C Fe
A® 37"

FIGURE 10. Approximated LPTN for STTT procedure in configuration 4.

coefficient % Such Cg, estimation resulted consistent
with the analytical calculation based on the stator geometry.
It should be noted that the original procedure in [23] does not
provide any information about C,.

C. EQUIVALENT LPTN IN CONFIGURATIONS 4 AND 5

In the cases where the phases are not equally excited, as
in the single-phase configurations 4 and 5, the temperature
difference between the three phases must be considered. A
generalized LPTN is proposed in Fig. 9. Each phase is associ-
ated with 1/3 of the winding capacitance C,, /3 and three times
the winding-to-iron resistance 3R.q. Different Joule losses
Pja, Pjp, and Pj. are associated with each phase, depending
on the excitation and testing configuration. Specifically for
the configurations 4 and 5, P;, = Pjc = P;/2 and Pj, = 0.
The phase-to-phase thermal resistance R,, is introduced to
model the heat dissipation through the nonexcited phase. In
the case of symmetrical supply (Pj, = Pj, = Pjc = P;/3) the
three phase temperatures are equal, and the LPTN collapses
to the one in Fig. 8.

In the case of STTT executed in configuration 4, no in-
formation is given about the temperature rise in phase b.
A suitable approximation can be assumed by neglecting the
thermal coupling between the phases (R,, — o0). Under this
assumption, the heat transferred to the disconnected phase
can be neglected, and the system reduces to the approximated
LPTN reported in Fig. 10. Based on this network, the winding
thermal capacitance and the resistance Req can be retrieved
following the same procedure described in Section III-B, i.e.,
from (11) and (12). This corresponds to computing the ther-
mal parameters relative to two phases; the thermal parameters
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FIGURE 11. Test bench for the experimental validation.

of the full stator are computed applying a rescaling factor of
2/3, as indicated in Fig. 10.

Since the heat dissipation through phase b was neglected,
this approach leads to underestimating Req. The entity of this
underestimation depends on the thermal promiscuity of the
three phases, and so on the winding configuration being, for
example, a concentrated or distributed winding stator. The
entity of the underestimation could be corrected as follows:

1) based on thermal FEA;

2) based on experience on similar motors;

3) performing the STTT in configuration 5.

In this latter case, the equivalent thermal resistance is still
computed from the thermal time constant and capacitance, but
corrected to compensate for the heat transferred through the
nonexcited phase

/ - —
Tc;q ~ Udelde + vécléc
Cw Vdcide

where vgc, idc, V), and i, are the voltages and currents mea-
sured in configuration 5 averaged over the time Atg.

Req = (13)

V. EXPERIMENTAL RESULTS

The proposal was validated on two high-performance traction
motors. Fig. 11 depicts the test bench. All the five pro-
posed configurations were tested. The results are reported in
Figs. 3(b), 4(b), 5(b), 6(b), and 7(b), respectively, all referred
to the MUT?2. Per each test, although only the initial thermal
transient is of interest for the STTT procedure, the dc excita-
tion was maintained for a largely longer time, to evaluate the
effect of Af and Aty calibration.

A. SENSITIVITY TO A6 AND Aty CALIBRATION

This section investigates the effect of the fitting intervals A6
and At on the measured thermal parameters. Fig. 12 reports
in blue the experimentally measured energy variation versus
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FIGURE 12. STTT results. (a) Method in [23]: W(A#) interpolated with (4)
and A4(t) interpolated with (5). (b) Proposed configuration 2: W (A6)
interpolated with (11) and A4(t) interpolated with (12).

temperature rise and the temperature rise versus time curves,
with the STTT executed in configuration 2 on the MUTI.
In Fig. 12(a), data were interpolated as in [23] using (4)
and (5), under different fitting domains, with A0 spanning
from 2 to 10 K and At; from 10 to 200 s. As the estimate
of Cy, is the slope of the interpolating straight line (4), this
strongly depends on the adopted Afg. Also, based on (5), the
Req estimate derives from the time constant of the first-order
temperature rise fit, which considerably varies with the choice
of the time horizon used for the interpolation Afg. This con-
firms that the existing STTT procedure [23] leads to unreliable
estimation of the STTT parameters.

The same set of measurements was analyzed with the
proposed procedure, i.e., using (11) and (12), under the
same ranges of fitting domains. The results are reported in
Fig. 12(b). In this case, C,, is the initial slope of the fitting
function W (A®). As can be noted, the thermal capacitance
is consistently evaluated independently by the interpolation
domain. Moreover, almost the same thermal time constant
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FIGURE 13. MUT1: Dispersion of the estimated parameters on varying A6y
and Atg. Blue: method in [23]; red: proposed analysis.

TABLE 1. Mean Value (x) and Standard Deviation (o) of the Measured
Thermal Parameter in the Original and Proposed STTT Procedures

" o
[23] Proposed [23] Proposed
Cw (p-u.) 1.220 0.859 0.222 0.021
Teq (P-u.) 1.389 1.091 0.299 0.051
Req (pu) | 1177 1.272 0.331 0.067

(and so Req) is estimated on the A6 evolution, regardless of
the calibration of Af.

The thermal parameters obtained with [23] and with the
proposed procedure are reported in Fig. 13, in blue and red
dots, respectively, while Table 1 presents their average values
w and dispersion o. The proposed method offers a significant
improvement in parameter sensitivity compared to the original
procedure, reducing the standard deviation by an order of
magnitude when compared to the method in [23].

The same sensitivity analysis was conducted for the MUT?2,
again varying the time interval and the maximum temperature
rise. It should be remembered that MUT?2 is significantly
larger in power ratings and volume respect to MUT1. The
results are illustrated in Fig. 14, and are in line with those
obtained for MUT1. This confirms that the sensitivity to the
calibration is significantly reduced using the proposed proce-
dure regardless the size of the machine.

B. EFFECT OF TEST CONFIGURATIONS

The impact of testing configurations on the estimated thermal
parameters is investigated, again referring to MUT2. The re-
sults are depicted in Fig. 15, referring to the STTT executed
in configuration 2 (red dots), configuration 4 (green dots), and
configuration 5 (black dots).

It can be noted that the phase-to-phase power supply in con-
figuration 4 allows for a correct estimation of the winding’s
thermal capacity and a limited but systematic underestima-
tion of the equivalent thermal resistance, as expected. As
mentioned, this systematic discrepancy could be compensated
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FIGURE 14. MUT2: Dispersion of the estimated parameters on varying A6y
and Atg. Blue: method in [23]; red: proposed analysis.
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FIGURE 15. MUT2: Dispersion of the estimated parameters on varying Afs
and Atg. Red: configuration 2; green: configuration 4; black:
configuration 5.

either through corrective coefficients, determined based on
experience or on FEA, or through the temperature monitoring
of the phase b (configuration 5).

The results obtained in configuration 5 show a minor
deviation respect to the thermal parameters measured in con-
figuration 2. This demonstrates the effective capability of the
proposed method to extract the stator thermal parameters from
a single-phase dc excitation of the machine, thus without re-
quiring access to the star point.

C. ESTIMATION OF IRON THERMAL CAPACITANCE

The STTT in configurations 4 and 5 permit the estimation of
the iron thermal capacitance, retrieved from the linear coef-
ficient in (12). The sensitivity of Cr, estimation on varying
Aty is investigated in Fig. 16. As can be seen, the estimated
Cr. is weakly dependent on the duration of the STTT test, and
coherent with the FEA analysis. It should be remarked that the
original STTT procedure in [23] does not permit estimating
the iron capacitance.
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FIGURE 17. Example of temperature prediction through a LPTN calibrated
with [23] (left) and with the proposed analysis (right).

D. APPLICATION EXAMPLE: REAL-TIME TEMPERATURE
OBSERVER

Finally, an application example is given in Fig. 17, where
the parameters C,, and Ry, extracted from the STTT were
adopted for calibrating an advanced hotspot temperature ob-
server. Both the MUTs present a hotspot, which location has
been determined in collaboration with the carmaker. For these
compact motors used in hypercar traction, it is not feasible
to place a thermistor directly at the winding hotspot, so this
temperature is estimated through the real-time observer. Still,
a thermocouple was embedded in both prototypes for devel-
opment and testing purposes.

The real-time hotspot temperature observer presented
in [28] was employed. While many temperature observers
in the literature face significant calibration challenges, a key
advantage of [28] is that the observer can be fully calibrated
using the STTT parameters Cy, Cre, and Req. The observer
relies on the machine’s loss estimates and a thermistor placed
at the only accessible point of the winding, near the inverter
connection and thermally distant from the hotspot. The results
are reported in Fig 17, showing the measured and estimated

hotspot temperatures in blue and red lines, respectively, with
the motor operating under a complex load cycle. The plot
compares the temperature estimate obtained while calibrating
the temperature observer based on [23] (left subplot) and
with the proposed procedure (right subplot). The comparison
clearly illustrates the impact of the observer’s calibration on
the accuracy of the predicted hotspot temperature and demon-
strates the superiority of the proposed method.

VI. CONCLUSION

The STTT model permits to determine the thermal capac-
itance of the stator winding and the equivalent thermal
resistance between the winding and the stator iron, which are
key building blocks for an accurate LPTN transient thermal
model of an ac machine. This work proposed and validated
an improved STTT testing procedure for high-performance,
liquid cooled motor drives, without requiring the access to
the windings output terminals. A novel experimental setup is
proposed, to guarantee the thermal symmetry of the motor,
but it still needs at least a weak connection with the star
point. Two alternative phase-to-phase configurations are also
proposed, permitting the retrieval of the three-phase thermal
parameters without any access to the star point. Furthermore,
per each of the novel testing configurations, a newly proposed
second-order LPTN and postprocessing method are developed
to accurately retrieve the winding thermal parameters inde-
pendently from the domain of the thermal analysis, dropping
the adiabatic hypothesis of previous methods. In addition, the
proposal permits estimating the stator iron thermal capaci-
tance based on a rapid test only involving dc power supply
and voltage measurement, without specialized equipment.
The proposed STTT approach is validated with experiments
on two synchronous high-performance motors for supercars
traction, demonstrating its accuracy and robustness regardless
the size of the machine, the duration of test excitation and
testing configuration.

The proposed method can be commercially exploited for
thermal characterization of machine prototypes embedding
star-point connection, targeting a refinement of the design
procedures and thermal models, as well as for fast end-of-line
thermal testing in applications where the star point is not
accessible.
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