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Abstract—The electrical drives for high-performance applica-
tions often present a relevant temperature gradient within the
stator winding. If a thermistor is often embedded in the machine,
the hottest winding point is normally not accessible, leading to
the need for high thermal safety margins, and so arming the full
exploitation of the machine’s torque capability. To solve this issue,
the present work deals with hotspot temperature monitoring and
prediction for synchronous motor drives. An advanced Lumped
Parameter Thermal network is proposed, modeling the thermal
gradient inside the stator. An automatic calibration procedure
is presented, based on simple thermal commissioning tests.
Experimental results on a high-performance traction PMSM
demonstrate the effective capability of dynamically tracking the
hotspot temperature, with a residual error <5°C, thus enabling
the full and safe exploitation of the motor overload capabilities.

Index Terms—Thermal model, Short time thermal transient,
hotspot temperature estimation, temperature observer

I. INTRODUCTION

In modern high-performance motor drives, the increasing
power density requires advanced thermal modeling and man-
agement of the machine [1]–[4]. From a thermal perspective,
the stator winding is commonly among the most critical
components, and its temperature must be limited for avoiding
faults or premature aging of the insulation [5]–[7]. Moreover,
highly compact drives may present a relevant thermal gradient
inside the stator winding, that should be considered [8]. To
prevent thermal failure, the stator winding temperature can be
monitored either through direct measurements or by real-time
temperature observers, to be executed within the motor control
routine [9].

To avoid overheating the drive, even during transient over-
load, several real-time observers are found in the literature
for estimating the inverter [10], PM [11] and winding tem-
perature [12], [13], e.g. based on the estimation of the stator
resistance variation or on the dynamic inductance. This permits
actively limiting the temperature of the sensitive components
by limiting the inverter current, and eventually monitoring

Fig. 1. Example of thermal transient on the MUT.

the state of health of the drive [14]. Anyway, techniques like
[12], [13] are only capable of estimating the average winding
temperature, thus neglecting its thermal gradient. Most traction
motors embed one or more winding thermistors, but the hottest
point is often not accessible in highly compact machines
[15]. Therefore, the measured temperature does not refer to
the most critical point. In particular, the Motor Under Test
(MUT) embeds a single thermistor in the only accessible
winding point, but the motor presents a hotspot reaching
a considerably higher temperature, even larger than 50°C.
In addition, the overtemperature of the hotspot dynamically
varies during operation, depending on the motor operating
conditions. An example is shown in Figure 1, reporting the
thermal response to a step load torque, corresponding to a
step increase in the losses. The picture reports the average
winding temperature θ̄, and the temperatures of the hotspot
θh and measurable θm points. As can be seen, the hotspot
temperature sharply rises, while the measurable point follows
with a remarkable delay and a slower dynamic. In light of



(a) (b)

Fig. 2. Proposed LPTN for the hotspot temperature observer. (a) Physical model, delta connected. (b) Equivalent star connection, for calibration purposes.

this behavior, and since the hotspot temperature is generally
unknown, a large safety margin is often required when defining
the motor current and torque ratings, to avoid thermal failures.

The thermal models available in the literature can be classi-
fied into two main categories [16]. The thermal models based
on Finite Element Analysis (FEA) provide an accurate and
detailed representation of the temperature distribution inside
the machine, but the corresponding computational burden is
excessive for commercial microcontrollers. On the other hand,
the system can be coarsely represented through Lumped-
Parameter Thermal Networks (LPTN) [17], with a low def-
inition of the motor parts, but requiring a largely lighter
computational effort compatible with real-time execution. A
common drawback of most of the LPTN present in the
literature [8] is that the corresponding thermal parameters,
which define the network, are often unknown and difficult to
be evaluated through experimental tests.

This work proposes a novel observer based on an advanced
LPTN, capable of dynamically estimating the temperature
of the hottest point of the stator winding during the drive
operation. This permits fully exploiting the transient overload
capability of the drive, still guaranteeing high reliability and
minimizing the risk of thermal failure. An analytical solution
of the LPTN is provided, thus permitting a simple and fast
implementation in industrial microcontrollers. Moreover, the
proposed observer is directly calibrated based on experimental
measurements. The proposal is verified both through FEA and
experimental tests.

II. MOTOR UNDER TEST AND FEA ANALYSIS

The machine under test is a high-performance PMSM
for traction applications. At first, a thermal analysis of the
motor was conducted using accurate thermal FEAs [18]. This
permitted to identify the position of the most critical winding
hotspot. The detailed motor geometry and materials, which are
essential requirements for the FEA model, have been provided
directly by the carmaker, but are covered by industrial property
and cannot be disclosed here. For the same reason, every
physical quantity is reported in the paper as normalized per
unit (pu), with the rated values defined by the FEA model.

After this first analysis, a motor prototype was manufactured
and thermally characterized according to [19], [20]. The ther-
mal characterization included a Short-Time Thermal Transient

(STTT) test [20] and a steady state (SS) test, both requiring
DC motor supply.

In the remarkable version, only one thermistor is employed
in an accessible point of the winding thermally close to the
cooling system, so the measured temperature is lower than
the average and hotspot temperatures. This is in accordance
with the plot depicted in Figure 1. In the prototype under test,
six additional thermistors permit experimentally mapping its
thermal gradient, including the hotspot point identified by the
FEA analysis.

A. Motor Model and FEA Simulations

The motor under test was accurately simulated both through
a 3D LPTN and through dedicated thermal FEAs, using the
software provided by [18]. The 3D LPTN presents a high
number of nodes, permitting a precise representation of the
motor and the cooling system. The 3D LPTN well describes
the radial and longitudinal thermal gradients, with the thermal
resistances and capacitances of the network defined by the
motor geometry and materials. On the other side, the FEA
analysis was carried in 2D, focusing on the motor section.

III. PROPOSED HOTSPOT TEMPERATURE OBSERVER

The goal of this work is to design a temperature ob-
server capable of dynamically estimating the winding hotspot
temperature based on the thermistor placed in an accessible
point of the winding and the estimate of the stator losses.
With this respect, the thermal coupling between the stator
and the rotor can be disregarded, being the stator-to-rotor
thermal time constant considerably slower than the thermal
coupling between the measurable and hotspot winding points.
This assertion was confirmed both by FEA and experimental
evidence. Therefore, the proposed observer only considers the
stator thermal model.

The proposed LPTN is presented in Figure 2a. The key
assumption is to split the stator winding in two sections, each
of them considered at uniform temperature. The first section,
labeled with the subscript m, is at the measurable temperature
θm, while the second one, indicated with the subscript h, is
at the unknown hotspot temperature θh. Each section has a
thermal capacitance Cm, Ch and the associated Joule loss
Pjm, Pjh, both proportional to the corresponding winding



volume. The aggregate of Cm and Ch constitutes the total
winding thermal capacitance Cw:{

Ch = x · Cw

Cm = (1− x) · Cw
(1)

0 < x < 1 (2)

being x the fraction of the winding associated with the hotspot.
Similarly, for copper losses:{

Pjh = x · Pj

Pjm = (1− x) · Pj
(3)

where Pj aggregates the stator AC and DC copper losses.
The stator iron thermal capacitance CFe and temperature θFe

are also introduced. The thermal resistances Rmf and Rhf

model the thermal coupling between the cold and hot winding
sections and the stator iron, Rmh the interaction between the
two winding sections and Rfa represents the iron-to-ambient
thermal resistance.

The problem is solved in terms of overtemperature with
respect to the ambient temperature θa: ∆θh = θh − θa

∆θm = θm − θa
∆θFe = θFe − θa

(4)

The adopted LPTN, depicted in Figure 2a, is a good
representation of the physical thermal behavior of the stator
winding. Anyway, for calibration and real-time implementa-
tion purposes, it is convenient to apply a ∆−Y transformation
to the three resistances Rmf , Rhf and Rmh, leading to the
LPTN reported in Figure 2b:

Rm =
Rmf ·Rmh

Rmf +Rmh +Rhf

Rh =
Rhf ·Rmh

Rmf +Rmh +Rhf

Rf =
Rmf ·Rhf

Rmf +Rmh +Rhf

(5)

It is worth mentioning that the two LPTNs in Figures 2a and 2b
are analytically equivalent.

IV. OBSERVER DESIGN AND CALIBRATION

The proposed observer, reported in Figure 3, is a Multiple
Input Single Output (MISO) system with three inputs, i.e. the
measured overtemperature ∆θm and the estimated Joule and
iron losses Pj , PFe, and a single output, i.e. the observed
hotspot overtemperature ∆θh. Since the thermal parameters
do not considerably vary with the temperature, at least in the
feasible range of operation of the drive, the system is linear and
the effects superposition holds. The observer dynamic is based
on the LPTN in Figure 2b, solved in the Laplace domain:

θ̂h =
θ̂h
θm

∣∣∣∣∣
θm

· θm +
θ̂h
Pj

∣∣∣∣∣
Pj

· Pj +
θ̂h
PFe

∣∣∣∣∣
PFe

· PFe (6)

∆̂θh = Hθ ·∆θm +Hj · Pj +HFe · PFe (7)

Fig. 3. Block diagram of the MISO hotspot temperature observer.

The three transfer functions can be explicated as:

∆̂θh =
(aθs+ bθ)∆θm + (ajs+ bj)Pj + bfPFe

p1s2 + p2s+ p3
(8)

The two transfer functions Hθ and Hj present one zero,
the numerator of HFe is real and the three transfer functions
share the same two poles, i.e. the poles of the physical
system. Altogether, the LPTN solution (8) presents seven
parameters, which can be analytically determined based on
the four thermal resistances and three capacitances:



aθ = RfaRfCFe

bθ = Rfa +Rf

aj = Rfa (RfRm +RfRh +RmRh)CFe

bj = RfRm +RfRh +RmRh +RmRfa +RhRfa

bf = RmRfa
p1 = CFeChRfa (RhRf +RmRf +RhRm)
p2 = CFeRfa (Rf +Rm)+
+Ch (RhRf +RmRf +RhRm +RhRfa +RmRfa)

p3 = Rf +Rm +Rfa

(9)
An experimental-based calibration procedure is proposed

here for determining the LPTN parameters. The calibration
procedure is based on two simple characterization tests: the
STTT [19] and the SS tests, as described in the following
Sections. In both cases, the motor is excited with a DC power
supply, but if the STTT focuses on the initial part of the
thermal transient, the SS test detects the regime measured,
average and hotspot temperatures.

A. Parameters measurement

1) Short Time Thermal Transient test: The improved
STTT described in [20] permits to determine the three ca-
pacitances Cm, Ch and CFe and an equivalent winding-to-
iron thermal resistance, called Req . This procedure well covers
the case of high-power traction motors with advanced cooling
systems and high-rate heat exchange.

The three phases are connected in series, in order to
ensure an homogeneous heating of the machine. If the output
terminals of the three phases are not available, as common
for traction motors, and the series connection of the phases is
not possible, [20] proposes an alternative testing configuration,
equivalent to the series excitation. The series of the three



Fig. 4. Results of the STTT test [20]: W (∆θ) and ∆θ(t). The measured
energy and temperature rise are interpolated on varying ∆θst and ∆tst
respectively.

Fig. 5. Equivalent LPTN for the improved STTT test.

phases is supplied with a DC current, having an amplitude
compatible with the nominal thermal current of the motor, thus
producing a measurable temperature rise. During the test, the
DC current idc and voltage vdc are measured, computing the
DC resistance Rdc and the corresponding Joule loss Pj . The
average winding temperature is estimated from the resistance
variation:

θ =
Rdc

Ro
(234.5 + θo)− 234.5 (10)

where θo is the motor starting temperature, and Ro the corre-
sponding winding resistance. The energy loss is computed by
integrating Pj with respect to the time:

W =

∫ t

t0

Pj dt (11)

where t0 corresponds to the start of DC excitation, associated
with zero energy loss.

The STTT only considers the first time frame of excitation,
called ∆tst [20], which is in the order of a few minutes. In
this initial transient only, the thermal behavior of the motor
is interpreted with the simplified LPTN in Figure 5. The total
winding thermal capacitance Cw is computed from the initial
derivative of the dissipated energy Vs overtemperature, while
the iron capacitance CFe and the equivalent resistance Req are
retrieved from the temperature rise evolution. All the details
can be found in [20], where the same motor prototype was
adopted. The plots show the measured energy and temperature
rise (in blue) fitted considering different over temperature ∆θst

and time ∆tst intervals, as defined in [20]. Note that the
computed Cw, CFe and Req are almost independent of the
considered time and temperature intervals.

2) DC Steady State test: The DC Steady State test requires
the same excitation and measurement setup used for the STTT,
so the STTT and SS tests can be combined into a single test. If
the STTT focuses on the initial thermal transient, i.e. the first
few minutes of DC excitation, the SS test aims at measuring
the winding temperature when the thermal regime is reached.

The thermal system is again interpreted through the LPTN
in Figure 2b. Being at steady state, all the capacitances act
as an open circuit and can be removed, while there are not
iron losses due to the DC motor excitation. Therefore, for the
SS test only the LPTN in Figure 2b can be simplified as the
equivalent circuit shown in Figure 6. The series of the thermal
resistances Rf and Rfa is called Rff .

Fig. 6. Equivalent LPTN for the DC steady state test.

The steady state solution of the network, again written in
terms of temperatures, is:{

∆θssm = PjRff + (1− x)PjRm

∆θssh = PjRff + xPjRh
(12)

Where ∆θssm and ∆θssh are the steady state over temperatures
of the measurable and the hotspot points. The equivalent
steady state resistances Rss

m and Rss
h and the parameter y are

introduced as follows:
Rss

m =
∆θssm
Pj

= Rff + (1− x)Rm

Rss
h =

∆θssh
Pj

= Rff + xRh

(13)

y =
Rf

Rff
(14)

B. Hotspot observer calibration

To summarize, the STTT permits estimating Cw, CFe and
Req , while the SS test provides Rss

m and Rss
h . Based on these

measured quantities, and on the two coefficients x and y,
the thermal parameters of the proposed hotspot temperature
estimator in Figure 2b can be analytically retrieved, thus
calibrating the hotspot observer through (9).

In particular, considering the results of the STTT, the
capacitance Ch and Cm are determined according to (1). Still
based on the STTT, i.e. on the initial part of the thermal
transient, the winding temperature can be considered uniform,
thus neglecting the difference between θm and θh. Therefore,



based on the LPTN in Figure 2b, the equivalent thermal
resistance estimated by the STTT can be interpreted as:

Req = Rf +Rm ∥ Rh (15)

Moreover, by manipulating (13), all the resistances of the
LPTN can be evaluated and expressed as a function of the x
and y parameters: 

Rfa = Req ·
1− y

y

Rm =

Rss
m − Req

y

(1− x)

Rh =

Rss
h − Req

y

x

(16)

To guarantee a physical meaning of the LPTN parameters,
i.e. imposing all the thermal capacitances and resistances being
greater than zero, and considering Rss

h > Rss
m , the parameter

y is bounded as follow:

Req

Rss
m

< y < 1 (17)

Overall, the LPTN parameters are fully calibrated based
on the STTT and SS tests and the two parameters x and
y, which are the only two coefficients determined based on
the user’s experience. Nevertheless, according to (2) and (17),
the parameters x and y are bounded in a narrow range, thus
simplifying the tuning procedure.

Once the coefficients are determined, the hotspot tempera-
ture observer is implemented following the block diagram in
Figure 3, which can be easily discretized according to (8),(9)
and embedded in the motor control algorithm, for real-time
hotspot temperature monitoring during the drive operation.

V. SIMULATION AND EXPERIMENTAL RESULTS

The validation of the proposal was run in parallel based on
the motor FEA model and in experiments. The adopted test
bench, depicted in Figure 7, is capable of finely regulating the
coolant temperature of the machine.

The STTT and SS tests were executed, both in FEA
simulation and in experiments, and for each case the pro-

Fig. 7. Test bench adopted for experimental validation.

Fig. 8. Temperature prediction based on FEA simulation. Blue and red:
measured and estimated hotspot temperature; green: accessible measurement
point. Lower plots: temperature estimation error.

Fig. 9. Temperature prediction based on the experimental test. Blue and red:
measured and estimated hotspot temperature; green: accessible measurement
point. Lower plots: temperature estimation error.

posed temperature observer was calibrated according to the
procedure detailed in Section IV-B. It should be noted that the
simulations and the experiments led to two different parame-
ters set for the observer calibration, due to the discrepancies
between the FEA model and the real machine.

Once the hotspot temperature observer was calibrated, a
typical load cycle was considered, depicted in Figures 8
and 9 for the FEA and experimental test respectively, where a
sequence of different idle periods and load torques are applied,
corresponding to different motor losses. Due to hardware limi-
tations, only a partial load could be applied in experiments, so
the motor did not reach its maximum temperature. Anyway, the
difference between the measurable and hotspot temperatures
was clearly visible, both in simulation and in experiments.

The simulation and experimental results are reported in
Figure 8 and 9, respectively. As said, the prototype embeds
a number of thermistors, which permit monitoring the hotspot



Fig. 10. Sensitivity of temperature estimation error under uncertain Pj .

temperature, while only one thermistor is available in the
final application. In both simulation and experimental tests,
the hotspot temperature dynamic is considerably faster than
the measurable point, with a significant thermal gradient.
Nevertheless, the proposed observer is capable of accurately
tracking the hotspot temperature both under transient and
steady state conditions, with a transient estimation error in
the order of 5°C.

Finally, based on the same load cycle, a sensitivity analysis
was conducted based on experimental results, assuming a
±20% error in the Joule loss estimation. Figure 10 reports the
corresponding errors in the θh estimation. Despite the relevant
inaccuracy of the input losses, which is over the realistic
scenario in automotive, the estimation error remains within
acceptable ranges.

VI. CONCLUSION

High power density motors frequently present relevant
winding temperature hotspot, so the thermal gradient cannot
be neglected. A direct measurement of the hotspot temperature
is often unfeasible, as this is normally not accessible. To avoid
thermal failures, a relevant safety margin is often required
in the definition of the rated current and torque. This work
proposes an effective observer for real-time monitoring of the
hotspot winding temperature, based on an advanced LPTN
and calibrated based on experimental commissioning tests, to
enable a full exploitation of the machine. The LPTN consists
of 7 parameters: 3 capacitances and 4 resistances and their
evaluation and calibration procedure is fully described in-
cluding experimental tests and post-processing computations.
The hotspot observer is validated both against simulated and
experimental drive cycles, showing good accuracy even under
erroneous Joule loss estimation. Moreover, the observer can
be directly implemented into the motor control due to its very
low computational effort.
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