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Abstract—Thanks to their high torque density, permanent
magnet synchronous motors (PMSMs) currently represent the
most competitive solution in the electrification processes
involving transports and energy production. However, it is
known how the torque production of PMSMs is strictly related
to the temperature of the permanent magnets (PMs) since the
latter affects control performance and efficiency. This issue thus
makes necessary the thermal analysis of the machine under
consideration. In this scenario, the determination of the PM’s
thermal time constant covers a pivotal role in implementing an
accurate thermal model of PMSMs. Therefore, this paper aims
at proposing an experimental test procedure to evaluate the
PM’s thermal time constant of PMSMs. The proposed
procedure can be applied to any PMSM type without being
affected by factors such as rotor lamination, shaft, and PM
distribution. In this way, accurate and reliable results are
obtained. The experimental validation has been carried out on
four PMSMs, with different rotor structures, sizes, power, and
voltage/current levels. Experimental results demonstrate the
validity of the proposed method.

Keywords—permanent magnet synchronous motors, thermal
analysis, thermal time constant, transportation electrification.

I. INTRODUCTION

In recent years, significant development has concerned the
electric solutions for transports and energy production from
renewable [1]. Modern applications like electric and hybrid
vehicles [2], [3], more electric aircraft, and railway traction
require electric motors with a high torque density and a strong
overload capability. Therefore, following the market's needs,
the conventional induction machines (IMs) have been
progressively replaced with the more performant permanent
magnet synchronous motors (PMSMs), increasing efficiency
and reducing weight and volume [4].

However, compared to the IMs, the torque production of
the PMSMs is significantly affected by the temperature of the
permanent magnet (PM), whose effect is to reduce the PM flux
density [5]. Consequently, the torque production is
compromised [6], making it necessary to increase the current
injected in the machine to compensate for the PM flux drop.
However, this action reduces the PMSM efficiency and leads
to higher Joule losses with consequent thermal stress. Besides,
the presented issue gets worse in the case of machine overload,
thus requiring accurate thermal modeling [7], [8].

The thermal model of the PMSM allows for understanding
several aspects, such as the evaluation of the limits in terms of
injected stator currents, avoiding excessive PM overheating.
Indeed, the magnetic proprieties of the PM are thermal-
sensitive under two aspects [5]. The first is related to the
before-mentioned reduction of the PM flux density, although
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this effect is reversible. Indeed, in the case of PM cooling, the
initial magnetic properties are restored fully. Conversely, the
second aspect is related to the non-reversible PM
demagnetization caused by excessive PM heating. Both
aspects get worse in the case of PMSM using fractional-slot
windings, thus characterized by a high harmonic content on
the magneto-motive force of the air gap [9]. In this case, the
harmonic fields induce parasitic currents on the PM surface,
increasing losses and PM temperature.

Therefore, most modern electric drives for PMSMs often
use two kinds of thermal feedback for implementing proper
overload strategies. The first feedback consists of temperature
measurements provided by the thermal sensors embedded
with the machine (e.g., thermocouples). The second feedback
is instead provided by a machine thermal model [7], [10], [11]
implemented in parallel with the motor control algorithm.
However, both feedback types are often focused on the
measured/estimated temperature of the stator winding since
the latter represents the most critical part of the machine.
Indeed, the thermal sensors are usually placed on the stator
winding surface, thus neglecting the thermal effects on the
rotor. Concerning the machine's thermal models, they usually
consist of first- or second-order equation systems that are
focused on the evaluation of the average temperature of the
stator winding [12]-[14].

The literature reports several methods to estimate the PM
temperature in PMSMs, among which injections of high-
frequency signals [15], [16], use of low-cost Hall sensors [17],
or implementation of neural networks [18]. An empirical
method to evaluate the PM temperature distribution using the
harmonic content of the PM-induced back-emf is reported in
[19]. Other methods proposed in the literature concern
estimating machine magnetization [20] since it depends on the
PM temperature, and it may also significantly impact the
machine losses [21].

Alternatively, a simple way to monitor the PM
temperature consists of estimating the PM flux density, i.e.,
the machine flux linkage due to the PM presence only. Indeed,
the PM flux density and the consequent PM-induced back-emf
are proportional to the PM temperature. In this research
context, several contributions are reported in the literature. For
example, [22], [23] propose estimating the PM flux density
using an extended Kalman filter. In [24], the implementation
of a neural network is proposed. Instead, a simple approach is
presented in [25], where the PM-induced back-emf is sensed
in zero current conditions, allowing the estimation of either
PM flux density and the PM overtemperature with respect to
the rated cold thermal conditions.

Although the techniques mentioned above are different
from each other, they can be considered direct methods to



estimate or monitor the PM temperature. However, the
literature also reports indirect methodologies that propose the
implementation of thermal models [10], [11], [26]. Thus,
considering all the machine design data (e.g., materials’
proprieties, geometric dimensions of PM and air-gap).

Both direct and indirect methods present advantages and
disadvantages. The direct methods are not affected by design
factors such as rotor lamination and PM distribution.
However, they often require the online measurement of the
PM-induced back-emf or the implementation of complex
algorithms. On the other hand, the implementation of thermal
models requires estimating the Joule- and iron losses, i.e., the
conventional measurements of stator currents and mechanical
speed (electrical frequency). Also, machine design data must
be known, although these are often not available in practice.

According to the presented state-of-art, this paper aims at
combining the advantages of direct and indirect methods by
evaluating the PM’s thermal time constant experimentally. In
detail, the proposed procedure is based on the measurements
of the PM-induced back-emf, avoiding the need for other
motor losses [27], [28] that hinder the evaluation of PM’s
thermal parameters with high accuracy. In the proposed
procedure, the PM-induced back-emf is measured using a
calibrated data recorder. Thus, estimating the PM’s thermal-
time constant with high accuracy. In this way, a robust
machine thermal model may be implemented, representing a
potential application of the proposed procedure, especially in
PMSM motor drives. Indeed, considering the machine control,
the knowledge of the PM temperature with an adequate level
of confidence allows performing proper overload strategies
and improves the torque regulation's performance.

According to the authors’ best knowledge, this paper
represents one of the first attempts to evaluate the PM’s
thermal time constant experimentally. Therefore, the
contributions of the proposed test procedure to the existing
literature can be summarized as follows:

1) Accurate evaluation of the PM’s thermal time constant
of any PMSM, regardless of the PM distribution inside
the rotor lamination.

2) Simultaneous monitoring of the stator winding
temperature and PM flux density during the thermal
transients, allowing the correlation between them.

The experimental validation of the proposed measurement
technique has been carried out on four PMSMs that present a
different PM distribution on the rotor. This paper builds on
[29], [30] and brings in added value by including:

1) Experimental validation on further PMSMs having a

surface-mount PM distribution.

2) Evaluation of the derating that affects the torque
production of the PMSMs after the PM heating.

3) Further considerations related to the impact of PM
heating on machine efficiency.

4) Comparative evaluation between the PM’s thermal
time constant obtained through the proposed test
procedure and the one computed theoretically using the
machine design data.

The paper is organized as follows. The proposed
measurement technique is described in Section II. The
computation method of the PM’s thermal time constant is
reported in Section III. The test rig to perform the proposed
test procedure is described in Section IV. Experimental
validation is provided in Section V, while the theoretical
confirmation using the machines’ design data is reported in
Section VI. Further remarks are reported in Section VII.
Lastly, Section VIII reports paper conclusions.

II. MEASUREMENT TECHNIQUE

The proposed test procedure performs the heating of the
motor under test (MUT) to monitor the increment of the stator
winding resistance Rs and the decay of the PM flux linkage Am.
The first is related to the average temperature of the stator
winding 7s, while the decay of the PM flux linkage is
representative of the PM’s average temperature. After
performing the heating procedure, the stator winding
temperature should be equal to the rated one. Therefore, the
time duration of the heating procedure can be a few minutes
up to several hours, according to the machine dimensions, i.c.,
its thermal time constant.

A.  Electromagnetic model of a PMSM

To facilitate the understanding of the proposed test
procedure, the electromagnetic model of a generic PMSM in
rotating (dq) coordinates is summarized as follows [31]:

v, =R i, +L, ~iid ~p-o,-L, i,
dt )
v, =R i, +L, -Eiq +p-o, (L, i, +7,)
where (va,vq), (ia,ig), and (La,Lq) are the (dg) values of phase
voltages, phase currents, and inductances, respectively. The
rotor mechanical speed is denoted with . while p stands for
the machine pole pairs. According to (1), the steady-state (dq)
quantities (uppercase characters) are computed as follows:

Vi=R;-1;-p-w,-L, -1,
V=R -I + L,-1,+A @
g — sy p'mm'(d'd+ m)

B.  Test procedure

During the test procedure, the time evolutions of the stator
winding resistance and PM flux linkage are acquired with a
proper time-resolution Af. According to the usual time-
duration of the thermal transients involving the electrical
machines [7], [32], a good compromise consists of evaluating
both variables with a time-resolution of 1-3 minutes.
Consequently, the heating procedure consists of a sequence of
a predefined number » of thermal points.

In each thermal point, three actions are performed as
follows: /) MUT heating, ii) identification of the stator
resistance followed by iij) identification of the PM flux
linkage. An application example is presented, facilitating the
understanding. A machine having an overall thermal time
constant of 60 minutes is considered. Therefore, for reaching
the steady-state thermal conditions, the time-duration of the
heating procedure should be at least five times the value of the
thermal time constant, corresponding to 300 minutes.
Consequently, assuming that time evolutions of the stator
winding resistance and PM flux linkage must have a time-
resolution of 3 minutes (Af), the resulting number of thermal
points composing the heating procedure is » = 100 (300/3).

In each thermal point, the heating action is performed by
injecting a predefined combination of (dg) currents in the
MUT, using a conventional field-oriented control (FOC)
scheme [31]. The amplitude of the current vector Iy« should
be set for injecting the RMS thermal current Zi,ms of the MUT
(Iinpk =\2-I,rms). Therefore, this value usually corresponds to
the rated current of the machine. Although there are no
constraints on distributing the thermal current amplitude on
the (dq) axes, the g-axis current component is set at zero. In
this way, the torque production of the MUT is avoided. The d-
axis current component is conventionally set positive, thus
having a flux-intensifying action.
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Therefore, the proposed test procedure consists of actively
controlling the d-axis current component, leading to the
profile shown in Fig. 1. In each thermal point, it is noted that
after the MUT heating, the identification of the stator
resistance followed by that of the PM flux linkage is
performed. Concerning the identification of the stator
resistance, the d-axis current is set at a predefined target /.

This value should guarantee the proper identification of
the stator resistance, avoiding excessive MUT heating.
Therefore, it is recommended to set the value of the current
reference Irs lower than the thermal current, as shown in
Fig. 1. Each thermal point ends with the identification of the
PM flux linkage Ax. This variable is estimated by sensing the
PM-induced back-emf, thus requiring to control both (dg)
current components at zero (Fig. 1). Since the PM-induced
back-emf need to be sensed, the proposed test procedure is
performed by rotating the MUT at a constant mechanical
speed. Therefore, a driving machine (DM) acting as prime
mover must be connected to the MUT rotor. Concerning the
machine speed, this value must allow proper back-emf
sensing. However, the mechanical speed must be kept low to
avoid significant losses on the MUT lamination (stator core).

The flow diagram summarizing the main steps of the
proposed test procedure is shown in Fig. 2.

C. Identification of stator resistance and PM flux linkage

The measurements of phase currents, line-to-line voltages,
and mechanical rotor position are performed for each thermal
point. Such quantities are sampled and stored using a
calibrated data recorder. According to the pole pairs number p
of the MUT, the d-axis position is computed from the
mechanical rotor position. The mounting offset of the
mechanical sensor (e.g., resolver or encoder) is compensated
using the commissioning procedures usually implemented in
electric drives. Once the d-axis position is known, the Park
transformation on the sampled values of phase-currents and
line-to-line voltages is applied [31]. In this way, the (dg)
components of stator currents (is,i;) and stator voltages (va,vq)
are computed.

1)  Identification of the stator resistance: The generic
thermal point k (k=1,...,n) is considered. The steady-state
values of d-axis voltage Vs and d-axis current /s are computed
as the average of all measurements performed in one
mechanical revolution. In this way, the effects of the stator
slots are mitigated. In summary, the stator resistance in the
generic thermal point k (k = 1,...,n) is computed as:
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1,(k) " 1y
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Fig. 2. Flow diagram of the proposed test procedure (At is the heating time,
lower than the time-resolution of thermal point Af).

The approximation in (3) is valid since the d-axis current
is closed-loop controlled at the value Irs using the FOC
scheme. The value of stator resistance is then used to evaluate
the average temperature of the stator winding as [34]:

R (k
7:(k)=#-(1<r+7;,0)—1<7 @)
5,0
where Ryp is the stator winding resistance evaluated at the
starting of the heating procedure and related to the initial
winding temperature 7Tso. Finally, K7 is the “characteristic
temperature” of the conductive material (K7 = 234.5 °C for
copper, Kr= 225 °C for aluminum).

2) Identification of the PM flux linkage: The evaluation
of the PM flux linkage is performed by sensing the PM-
induced back-emf. Therefore, by imposing the zero-current
condition through the FOC scheme, the (dgq) voltages of the
MUT coincide with the PM-induced back-emf. Similarly to
the identification of the stator resistance, the variables of
interest are computed as the average of all measurements
performed in one mechanical revolution, mitigating the
effects of the stator slots. Therefore, the PM flux linkage An
at the generic thermal point &k (k = 1,...,n) is computed as:
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where V; and Q. are the average values of g-axis voltage and
mechanical speed, respectively. The variables (3)-(5) are so
computed in the continuous-time domain as:

X(1)=X(k-At) X =(R,.T,,\,) (6)

According to the presented methodology, the following
considerations can be made:

e The proposed test procedure automatically accounts
for the PM distribution in the rotor lamination since the
PM-induced back-emf is directly sensed. Indeed, as
known from the literature, these voltages correspond to
the average spatial effect of the PM flux distribution
along the airgap. Therefore, it is possible to assume
that the decay of the PM flux linkage is directly related
to the average PM temperature, thus supporting the
proposed methodology.

e Since the evaluation of the PM flux linkage is
performed in no-load conditions, the saturation effects
usually caused by the stator currents are avoided.
Therefore, the machine heating can be performed
regardless of the sign of the d-axis current.

Finally, it is further highlighted how the time windows in
which the stator resistance and the PM flux linkage are
evaluated last just one mechanical revolution. Therefore,
assuming a mechanical speed of 100 rpm, the PM flux linkage
is evaluated in only 0.6 s. If comparing this time with the 1-3
minutes in which the MUT is heated by injecting the rated
current, it can be assumed that the average PM temperature is
practically constant in the time window in which the PM flux
linkage is evaluated.

©)

III. PM THERMAL TIME CONSTANT COMPUTATION

The experimental results that will be shown in Section V
demonstrate how a first-order time-differential model can
describe the decay of the PM flux linkage as:

Do (£) =My +[ Doy = €7 )

where T is the PM’s thermal time constant while A0 and Am,co
are the values of PM flux linkage at the starting and end of the
test procedure, respectively. Hence, the value of the PM flux
linkage at the procedure end corresponds to the steady-state
thermal condition of the MUT. The PM’s thermal time
constant T, is computed using the least-squares method on (7)
and the experimental time-evolution (5), (6).

Although it consists of an approximation, also the time-
evolutions of the stator winding resistance and stator winding
temperature can be described by a first-order time-differential
model as:

R (1) =Ry +[R .~ R, J-(1-¢")
T,(t)=T, +[T...~T., ] _(l_e*t/'rj )

where Rs is the stator winding resistance at the end of the
heating procedure, corresponding to the steady-state thermal
condition of the MUT windings T .

Concerning 15, it can be considered as an equivalent
thermal time constant of the MUT. Therefore, it represents the
thermal path between the stator winding and the external
environment. The equivalent thermal time constant ts is
computed by using the method of the least squares on (8) and
experimental time-evolutions (3), (4), (6).

®)

IV. EXPERIMENTAL TEST RIG

The test bench to evaluate the PM’s thermal time constant
is shown in Fig. 3, and it corresponds to the experimental setup
usually used to identify the magnetic model of synchronous ac
motors [33], [35], [36]. As stated in Section III, the MUT is
connected to a driving machine (DM) that usually consists of
a speed-controlled spindle drive. It is highlighted how the
DM's rated power can be meager, as the proposed procedure
does not require the torque production of the MUT.

Two possible configurations of the test rig can be adopted.
The first one consists of a back-to-back configuration (Fig. 3,
top) where the inverters feeding the MUT and DM share the
dc bus, i.e., dc-link voltage vac. Alternatively, a dedicated test
rig for the DM (Fig. 3, bottom) can be used. According to the
test bench used for the experimental validation, the second
configuration is considered, whose layout is shown in Fig. 4.
Compared to Fig. 3 and Fig. 4 that show the test rig to identify
the flux linkage maps of the MUT, the presence of a torque
sensor along the mechanical connection between MUT and
DM is not necessary to perform the proposed test procedure.
As stated in Section III, the MUT is current-controlled using
a FOC scheme [31] implemented on a conventional digital
controller that also provides the DM's reference speed.

The proposed measurement system consists of a data
recorder that collects the samples of MUT phase currents,
MUT line-to-line voltages, and mechanical position (using a
resolver or an encoder). The measurements of phase currents
and mechanical position are also necessary to implement the
FOC algorithm that performs the MUT control (Fig. 4). The
direct measurement of the MUT line-to-line voltages is
strongly recommended [33]. In this way, the compensation of
the voltage errors introduced by the inverter feeding the MUT

is avoided [37].
T, g o
Reference
generator
MUT DM
controller controller [
PWMl TiabcA/IUZ‘ Vae PWMl TiabcDM Vie
+ +
C 3 |Ac T"d” MUT Vg T DM
_ DC Inverter - Inverter
Mains -
Torque
@, sensor
Sm,Mlﬂ' n ensor sm‘DM

Reference
generator

MUT
controller

PWMl T Labereur Vae

3 |ac MUT
3
@ ’ DC T i Inverter

Mains

Ac/ac |3 C
converter

Mains

Torque
@), sensor

Fig. 3. Test rig for the determination of the PM’s thermal time constant:
back-to-back configuration (top), dedicated test rig for DM (bottom).
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Therefore, using the proposed measurement system, the
line-to-line pulse-width modulation (PWM) voltages of the
MUT are directly measured using high-voltage/high-speed
acquisition channels [36]. Finally, the time-fundamental
components of these voltages are reconstructed by elaborating
the sampled data with the software integrated with the data
recorder.

V. EXPERIMENTAL VALIDATION

The proposed measurement technique has been
experimentally validated on four PMSMs.

The first machine (MUT 1) is a spoke-rotor interior
permanent magnet (IPM) motor having 8 poles. The second
machine (MUT 2) is a fractional-slot surface-mount
permanent magnet (SPM) motor having 36 poles. Finally, the
third (MUT _3) and fourth (MUT_4) machines are SPM
motors with distributed windings, having 8 and 10 poles,
respectively. TABLE . lists the primary data of the MUTs.

Views of MUT 2 and MUT 4, both considered for the
computation of the PM’s thermal time constant using the
design data, are shown in Fig. 5 and Fig. 6, respectively.

Finally, all the motors used for the experimental validation
are air-cooled without the presence of fans (natural
convection).

A.  Test Setup

The reference speed of the DM has been set at 300 rpm
and 100 rpm for MUT 1 and MUT _2, respectively, while 500
rpm for MUT 3 and MUT 4.

A view of the test rig when MUT 4 has been tested is
shown in Fig. 7. The mechanical rotor position has been
measured with an incremental encoder having a resolution of
3600 pulses/rev for MUT 1 and MUT 2, and 2500 pulses/rev
for MUT 3 and MUT 4.

The MUT inverter has consisted of a three-phase insulated
gate bipolar transistors (IGBTs) power module. It has been fed
by a reversible dc source at 500 V (60 V for testing MUT _3).
The switching frequency has been set at 16 kHz, with software
implemented dead-time of 1 ps. The digital controller has
consisted of the dSPACE® DS1103, while the sampling
frequency has been set at 16 kHz (single-edge PWM).

Finally, the data recorder has consisted of Genesis 7tA
(Gen7tA) from HBM [38]. It consists of a high-performance
transient recorder and calibrated data acquisition system to
perform the measurements of line-to-line voltages, phase
currents, and mechanical rotor position (Fig. 8). Thanks to its
high-voltage/high-speed acquisition channels (voltage card
GN610B, 18 bit, 2 MS/s), the Gen7tA allows the direct
measurement of the PWM line-to-line voltages.

TABLE L. PRIMARY DATA OF THE MACHINES UNDER TEST

MUT_1 MUT 2 MUT_3 MUT _4

IPM SPM SPM SPM
Rotor type Spoke Outer Internal Internal

Rotor Rotor Rotor Rotor
Winding type” C C D D
Poles number 8 36 8 10
Rated power 600 W 800 W 1 kW 2.3 kW
Rated speed 3000 rpm 166 rpm 3000 rpm | 4400 rpm
Rated voltage 190 V 220 28 350
Rated current 2.75 5 30 4.4

* C = Concentrated, D = Distributed

Fig. 7. View of MUT 4 (left) and DM (right).

Fig. 8. View of the data recorder Gen7tA from HBM [38].

Finally, using the software integrated with the instrument
(HBM Perception), the reconstruction of the time-
fundamental voltage components has been performed.



B.  Experimental results

In the following, experimental results obtained on the
MUTs are presented, thus reporting the computed values of
the thermal time constants of PM t, and stator winding .

1) MUT 1: The decay of PM flux linkage and the
increment of the stator winding temperature for MUT 1 are
shown in Fig. 9 and Fig. 10, respectively. Both PM and stator
winding are in steady-state thermal conditions. The steady-
state stator winding temperature is near 132.6 °C, while the
overall decline of the PM flux linkage is about 24.7 %.
Therefore, the PM of MUT 1 shows a significant
temperature-dependent behavior. According to (7), (8) the
computed values of thermal time constants are t,» = 48 min
and t; = 36 min.

2) MUT 2: The decay of PM flux linkage and the
increment of the stator winding temperature for MUT 2 are
shown in Fig. 11 and Fig. 12, respectively. The steady-state
stator winding temperature is near 100.7 °C, while the overall
decline of PM flux linkage is about 5.9 %. Therefore, the PM
of MUT 2 shows a robust temperature-independent
behavior. Regarding the thermal time constants, according to
(7), (8), the computed values are t» = 44 min and ts = 32 min.

3) MUT 3: MUT 3 exhibits a temperature-independent
behavior, thus obtaining experimental results similar to those
of MUT 2, as shown in Fig. 13 and Fig. 14. The steady-state
stator winding temperature is near 69.5 °C, while the overall
decline of PM flux linkage is about 3.9 %. The computed
values of thermal time constants of PM and stator winding
are T» = 39 min and ts = 38 min, respectively. Finally, it is
noted how for MUT 3, the use of a single time constant to
represent the time-evolution of the stator winding is an
approximation. Indeed, the time constants that characterize
the thermal path between the stator winding and the external
environment are comparable to each other [8], [13], as
confirmed by the small-time duration of the thermal transient,
too. Further considerations are not reported here since this
paper focuses on evaluating the PM’s thermal time constant.

4) MUT 4: The decay of PM flux linkage and the
increment of the stator winding temperature for the MUT 4
are shown in Fig. 15 and Fig. 16, respectively. The steady-
state stator winding temperature is near 58.9 °C, while the
overall decline of the PM flux linkage is about 2.8 %.
Although the decay of the PM flux linkage is negligible, it has
been measured with high accuracy with the proposed test
procedure, thus allowing the computation of the related
thermal time constant. Therefore, from Fig. 15, it is noted how
the PM of MUT _4 shows a temperature-independent behavior
in the rated supply conditions, i.e., injection of the rated
current.
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Concerning the thermal time constants of MUT 4,

according to (7), (8), the computed values are T = 59 min and
Ts = 44 min.



TABLE II. summarizes the results obtained for the MUTs,
together with the main settings of the proposed test procedure
in terms of thermal points’ number # and their time-length Az,
the latter corresponding to the time-resolution whereby the
thermal transients have been identified.
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TABLE II. SUMMARY OF THE OBTAINED EXPERIMENTAL RESULTS
MUT_1 MUT 2 MUT 3 MUT 4

n 90 135 90 90

At 2 min 2 min 3 min 3 min
Ry 340Q 7.40 Q 26.0 mQ 1.05Q
R 481 Q 9.56 Q 30.4 mQ 1.19Q
T 25°C 25°C 25°C 25°C
T 132.6 °C 100.7 °C 69.5 °C 58.9°C
Ts 36 min 32 min 38 min 44 min
A0 76.4 mVs 240.9 mVs 12.87 mVs 112.9 mVs
Mmoo 57.5 mVs 226.7 mVs 12.37 mVs 109.7 mVs
T 48 min 44 min 39 min 59 min

VI. THEORETICAL VALIDATION

The proposed methodology allows computing the PM’s
thermal time constant without separating thermal resistance
and thermal capacitance contributions. However, for MUT 2
(see Fig. 5) and MUT 4 (see Fig. 6), the machine design data
were available, allowing the computation of these parameters.
In this way, the PM’s thermal time constant has been
computed theoretically. Thus, comparing this value with the
one obtained experimentally (see TABLE II. ), the theoretical
validation of the proposed methodology has been carried out.

The computation of the thermal parameters has been
performed as follows. The PM is heated due to the stator Joule
losses, as schematically shown in Fig. 17. Therefore, the heat
flow crosses the air gap before reaching the PM and the rotor
lamination. Consequently, the thermal resistance that
represents the heat path is composed of the sum of the
contributions of i) air-gap, if) PM, and iii) rotor lamination.
However, since the thermal conductivity of the air, i.e., 0.026
W/(mK), is much higher than the ones of rotor lamination and
PM, only the air-gap thermal resistance R is considered.
According to [39], this parameter is computed as:

1 7
R = -In i 9
“ 2m- kair 'Ls {rzs _lag J ( )

where ris is the inner stator radius, L is the air gap thickness,
kair 1s the thermal conductivity of the air, while Ls is the
lamination length. Concerning the thermal capacitances of PM
Cpy and rotor laminations Cy, both involved in the thermal
transients, they are computed as:

Crl =6y my (10)

where mpy and my are the overall masses of PM and rotor
lamination, respectively, both computed using the machine
design data. The specific heat capacity of the rotor lamination
cn corresponds to the one of the iron, i.e., 452.2 J/(kgK).
Regarding the specific heat capacity cpy of the PM, it is
necessary to consider its magnetic material as [40], [41]:

o cpn=334.9 J/(kg'K) for hard ferrite;
e cpnu=355.9 J/(kg'K) for Sm-Co;
o cpn=>502.4J/(kg'K) for NdFeB.
Finally, from the values of thermal resistance and thermal

capacitances, the theoretical value of the PM’s thermal time
constant Teu 4 is computed as:

Toaan = Rog (Cpay +Cyy) )

Cry =Cpyr ~Mpy

rotor iron

Fig. 17. Heat flow (red arrows) from stator to the rotor in an SPM machine.



TABLE III. COMPUTED THERMAL PARAMETERS AND

COMPARISON WITH EXPERIMENTAL DATA

MUT 2 MUT_4
R 4.93 KW 8.68 K/W
Cru 282.1 J/K 94.7 J/K
Cu 223.9 J/K 340.3 J/K
Temn @ Ca=0 23.2 min 13.9 min
TPMth 41.5 min 63.6 min
TrMexp (See TABLE I1.) 44 min 59 min

TABLE III. summarizes the results that have been
computed for MUT 2 and MUT 4. Also, the comparison
between the theoretical and experimental values of PM’s
thermal time constant is reported. It is noted how without
considering the thermal capacitance of the rotor lamination Cy
in (11), the theoretical value of the PM’s thermal time constant
mismatches to the experimental one significantly. However,
by applying (11) rigorously, the theoretical and experimental
values of PM's thermal time constant slightly differ from each
other. In detail, considering the experimental values as the
reference ones, differences of 5.7 % for MUT 2 and -7.8 %
for MUT 4 are obtained, resulting in both acceptable and so
providing the theoretical validation of the proposed test
procedure.

VII. ASSESSMENTS ON THE PM TEMPERATURE VARIATION

The time evolutions of the stator winding temperature and
PM flux linkage allow performing some assessments. The first
one is related to the derating of the torque production caused
by the decay of the PM flux linkage. Indeed, according to the
FOC theory [31], the torque produced through the PM Mpy is
computed as:

3 ;
MPM :E.p.}\‘m.lq (12)

Therefore, supposing that MUT is in steady-state thermal
conditions and isothermal with the external environment
(Ts=Tsyp), the injection of the rated MUT’s current 7, (RMS)
leads to the decay of the PM flux linkage as in (7). Although
the proposed identification procedure injects the rated current
along the d-axis, such a current is distributed on both (dq) axes
to maximize the torque production in a real application.

Since this paper focuses on the thermal behavior of the
PM, it is supposed that the MUT current is injected only on
the g-axis, thus maximizing the torque produced through the
PM. Consequently, considering a continuative duty (S1) of the
drive [42], the time evolution of the torque produced through
the PM is:

— 1
Mpy (t):MPM,oo"'[MPM,o_MPM,oo]'e /o (13)

where the initial Mpyo and steady-state Mpu torques are
computed as:

3
Mpy :\/E'E'P'Km,o'ln

. (1)
MPM,oo :\/E'E'p'xm,w 'In

It is noted how the torque produced in steady-steady state
thermal conditions depends on the decay of the PM flux
linkage as:

k,, ZM = 7‘";“’ (15)
Mpyo Mo
where ki stands for the derating factor of the torque
production related to the PM heating.

Therefore, thanks to the proposed test procedure, the
evaluation of this parameter can be performed, as
demonstrated in (15). However, the derating of the MUT
performance can also be evaluated in terms of efficiency.
Indeed, considering that the MUT operates at the rated speed
®m,n, the mechanical power Pou is computed as:

})out (t):MPM (t)'(om,n (16)

Concerning the input power of the MUT Pi,, by neglecting
the iron and mechanical losses, this is computed as:

By (1) =Py (1) + Py (1) 7

where according to (8), the Joule losses P are computed as:
)
Py (t)= Py +[ P —Pj,o]'(l_e % j (18)

It is noted how the Joule losses depend on the initial and
steady-state values of the stator resistance as:
P, =3-R,-I.
J,0 5,0 n2 (19)
PJ,ao :3'R,y,oc'[n

Finally, the MUT’s efficiency is computed as:

Pt (1)
t — ou 20
=0 .
Therefore, the derating factor of the MUT’s efficiency related
to the PM heating A1 can be computed as:
t—>
k=22 = n(r—>) Q1)
Mo M (f = 0)

where 1o and - are the initial and steady-state efficiency
values. The results of the above-presented analysis on the
MUTs are shown in the following.

1) MUT 1: According to the experimental results
obtained on MUT 1 (see Fig. 9 and Fig. 10), the decay of the
PM flux linkage leads to a significant derating of the PM
torque, as shown in Fig. 18. It is noted how using (13), (15),
the torque derating factor is near to k» = 0.753, corresponding
to a drop of the PM torque of about 24.7 %. Concerning the
evolutions of the input and output MUT powers in rated
operating conditions, together with the related efficiency, the
expected results are shown in Fig. 19. It is noted how,
supposing to inject the rated current of MUT to produce the
PM torque, the increment of the stator winding temperature,
and the simultaneous decay of the PM flux linkage, lead to a
reduction of the MUT’s efficiency near to 10 %. Indeed, the
expected MUT’s efficiency starts from a value of n=0.88 up
to reduce itself at a value near to 1 = 0.79 in steady-state
thermal conditions, i.e., kn = 0.898.

2) MUT 2: Compared to MUT 1, the decay of the PM
flux linkage of MUT _2 is more reduced (see Fig. 11), further
confirmed by the derating of the PM torque shown in Fig. 20.
In this case, the torque derating factor is about iy = 0.941,
corresponding to a PM torque drop of 5.9 %. Concerning the
evolutions of the MUT’s input- and output- powers in rated
operating conditions, together with the efficiency, the
expected results are shown in Fig. 21. It is noted how the
MUT’s efficiency starts from a value of n = 0.59 and
decreases to m = 0.51 in steady-state thermal conditions,
corresponding to a derating factor of kn = 0.864. In this case,
the MUT’s efficiency is strongly affected by the high value
of the stator resistance (see TABLE II. ), whose increment
has a higher impact than the decay of the PM flux linkage.
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MUT 3: The expected results of MUT 3 in terms of PM
torque derating are shown in Fig. 22. In this case, the torque
derating factor is about k» = 0.961, thus confirming the
temperature-independent behavior of the PM (see Fig. 13).
The evolutions of the input and output MUT powers, together
with the related efficiency, are shown in Fig. 23. Thanks to
the reduced Joule losses, it is noted how the MUT’s
efficiency is practically constant since it starts from a value
of n = 0.936 and decreases to n = 0.923 in steady-state
thermal conditions, i.e., corresponding to an efficiency
derating factor of kin = 0.986.

MUT 4: The expected results of MUT 4 are similar to
those obtained on MUT 3, as the decay of the PM flux
linkage is negligible (see Fig. 15). The PM torque derating is
shown in Fig. 24, thus confirming the excellent value of the
torque derating factor, i.e., ksy= 0.972. The evolutions of the
input and output MUT powers, together with the related
efficiency, are shown in Fig. 25. Like MUT 3, the small
value of the Joule losses makes the MUT’s efficiency
practically constant. Indeed, the latter starts from a value of
1N =0.975 and decreases to 1 =0.9715 in steady-state thermal
conditions, i.e., corresponding to an outstanding efficiency
derating factor of kin = 0.996.
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TABLE IV. SUMMARY OF THE EXPECTED MUTS PERFORMANCE

DUE TO THE PM HEATING

MUT_1 MUT 2 MUT 3 MUT 4

Mpuo 1.78 Nm 46.2 Nm 3.28 Nm 5.27 Nm

Mpy 1.34 Nm 43.5 Nm 3.15 Nm 5.12 Nm
ke 0.753 0.941 0.961 0.972
P 78 W 559 W 72W 62 W
P 110 W 723 W 82 W 69 W
N0 0.88 0.59 0.936 0.975
N 0.79 0.51 0.923 0.9715
ky 0.898 0.864 0.986 0.996

TABLE IV. summarizes the results obtained for the
MUTs, showing a potential application of the proposed test
procedure.

VIII. CONCLUSION

The paper proposed a novel measurement technique to
identify the permanent magnet’s (PM) thermal time constant
of synchronous ac motors. The proposed test procedure
performs the heating of both stator winding and PM by
injecting the rated current in the machine under test (MUT).
In this way, thanks to a dedicated test rig that uses a calibrated
data recorder, the time-evolutions of both stator windings
temperature and PM flux linkage during the thermal transient
are evaluated. Based on the experimental results, the
increment of the PM temperature can be described by a first-
order model, so defining a single thermal time constant.

Experimental results for four permanent magnet
synchronous machines have been presented, demonstrating
the validity of the proposed measurement technique. For
MUTs where the design data were available, a comparison
between the PM’s thermal time constant obtained through the
proposed test procedure and the one computed theoretically
has been presented, getting the theoretical validation of the
proposed methodology, too.

Finally, a preliminary analysis of the derating of MUTs
performance due to the PM heating has been reported,
demonstrating the effectiveness and a possible application of
the proposed measurement technique. Other application
examples of the results obtained with the proposed
measurement technique concern the definition of robust
thermal models directly implemented in parallel with the
machine control. In this way, the performance of the torque
regulation can be improved, as well as it is possible to
implement proper overload strategies of the drive. These
aspects consist of the future development of this work.
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