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Abstract: Thermal and magnetization state monitoring of
permanent magnet synchronous machines (PMSMs) is important
for control and reliability issues. Magnet resistance can be used
for this purpose as it directly depends on PM temperature and
magnetization state. Injection of a high frequency (HF) signal in
the stator via inverter has been demonstrated to be a viable
option for magnet resistance estimation as it does not interfere
with the normal operation of the drive and can be implemented
therefore in real time. Furthermore, this method can be applied
to both interior PMSMs (IPMSMs) and surface PMSMs
(SPMSMs). This paper reviews the use of magnet resistance for
thermal and magnetization state monitoring of PMSMs, with
special focus on the expected accuracy and sensitivity to
operating condition of the machine.’

Index Terms — High frequency signal injection, permanent
magnet synchronous machines, temperature estimation,
magnetization state estimation.

I. Introduction

PMSMs have sustainably gained importance over the last
three decades due to their high dynamic performance, power
density and efficiency. Torque production capability of
PMSMs depends on the magnetization state of the PMs [1].
PM magnetization state can change during the normal
operation of the machine due to fundamental current injection
[2]-[3] and temperature variations [1], [8]-[15]. Methods for
the monitoring of PMs thermal [8]-[15] and/or magnetization
state have been therefore extensively studied for control and
reliability purposes [24]-[29].

Thermal overloading can severely affect to the
performance of electric drives and is a major source of motor
failures. The consequences of excessive temperatures will
depend on the type of machine. For the case of induction
machines and synchronous reluctance machines, the design of
the rotor is very robust; degradation of the stator windings
insulation due to excessive temperatures being a major
concern in this case [4]-[6]. On the contrary, for the case of
PMSMs, the temperature dependency of PMs shifts the
concerns to the rotor side [7]-[15]. High temperatures of the
magnets result in a decrease of the magnet strength, reducing
therefore the torque production capability. Furthermore,
excessive temperature of the magnets can produce an
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irreversible  demagnetization. Consequently  thermal
monitoring of the machine in electric drives is of great
importance in many applications both for reliability and
control reasons.

Machine temperature can be measured or estimated.
Measurement of the stator temperature is relatively easy and is
often implemented in standard machines [4]-[6], [8]-[11],
[12], [13], [16]. Measurement of the rotor temperature is
significantly more difficult. Contact sensors require cabling to
a rotating part, or some type of wireless transmission, both
options being problematic [10]-[11]. Non-contact sensors
(e.g. infrared) can be used [10] but they also imply price and
reliability concerns.

Alternatively to direct PM temperature measurement, it
can be estimated. PM temperature estimation methods can
be divided into thermal models [17]-[18], BEMF based
methods [19]-[20] and methods that inject some form of test
signal into the stator terminals of the machine [9], [10]-[11],
[14], [15]. Thermal based methods require precise
knowledge of the geometry and cooling system of the
machine, as well as of the environmental conditions [17]-
[18], requiring therefore a careful adjustment for each
machine and application. BEMF methods cannot work at
standstill or very low speeds [19]-[20], and require precise d
and g-axis inductance maps [19]-[20]. Signal injection
methods can be further divided into pulse injection [9], [14],
[15], and high frequency (HF) signal injection methods [10]-
[11]. Pulse injection methods rely on the dependency of the
stator d-axis inductance on the magnet magnetization state,
which is a function of magnet temperature [9], [14]. HF
signal injection methods rely on the dependency of the stator
HF resistance on the magnet resistance [10]-[11], which is
also a function of magnet temperature [10]-[11]. These
methods do not require previous knowledge of the machine
geometry or cooling system, they do not need additional
sensors (and cabling) either; still the need to inject an
additional signal will have adverse effects with must be
considered.

In addition to PM temperature, knowledge its magnetization
state can be also highly relevant for monitoring and control
purposes. Measuring the magnetization state once the machine
is assembled is not easy. This can be done by inserting a gauss
meter in the machine air gap [21]-[22]. However this requires
removing or drilling the end frame of the machine to insert the
field sensor, being only feasible with the machine at standstill.
Use of field sensors inserted between PMs and rotor
lamination combined with a wireless transmission was



Table I. Strengths and weaknesses of temperature and magnetization state estimation methods
Temperature Magnetization state
Thermal BEMF HEF signal Sﬁﬁ?g d BEMF HF signal
models injection Network injection

Addition signal injection x x

Knowledge of the machine geometry and cooling system *

Estimation for the whole speed range, including standstill * *

Specific calibration for each machine * x

Previous knowledge of machine inductance maps * * x

Stator winding or room temperature measurement * * * x x

Suitable for SPMSM and IPMSM

Previous training x

Computational burden [
proposed in [23]. While real time measurement of the v R 0 i
magnetization state and without interfering with the normal SHE = BHF R SAHE 4

. . . . . . v
operation of the machine is possible, its cost is unacceptable sqHF aHF Lgnr
for commercial applications, also compromises the robustness I 0 i
of the drive. P ”SIF I ki B )
. . . . l
Alternatively to direct measurement, PM magnetization qHr sqHF
state can be estimated, use of the BEMF [24]-[26], HF signal 0 —w L i
injection [27]-[28] and structured neural networks (SNN) [29] o L '0 o il
. . . 1

have been reported in the literature. SNN methods require a rdHE sqHE

previous training process of the neural network, requiring
therefore a careful adjustment for each machine; the
computational burden could be also a critical issue. Previous
discussion on BEMF and HF signal injection methods for
temperature estimation also applies in this case, HF signal
injection based methods relying now on the magnetoresistance
effect [27]-[28]. Table I summarizes the strengths and
weaknesses of temperature and magnetization state estimation
methods.

The main purpose of this paper is to discuss the potential
of HF signal injection methods for temperature and
magnetization state estimation of PMSM drives, starting from
their physical principles of operation. Extensive experimental
results will be provided.

II. HF model of a PMSM

This section briefly describes the HF model of a PMSM.
The general model of a PMSM in a reference frame
synchronous with the rotor is given by (1) whereR,, R , L,
and L are the d and g-axes resistances and inductances

respectively and A, is the PM flux.
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If the stator is fed with a HF voltage/current, the magnet
flux dependent term in (1) can be safely neglected, as it does
not contain any HF component, the resulting HF model being

2).

If the frequency of the injected HF signal is sufficiently
higher than the rotor frequency, the rotor speed dependent
terms can also be safely neglected, the simplified HF model
shown in (3) being obtained. An indicative threshold for this
assumption can be o, >0,+2-7-500 [11].
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III. Magnet temperature and magnetization state estimation

using a HF signal

The physical principles for PM temperature and
magnetization state estimation in PMSMs using HF signal
injection can be deduced from (2)-(3). The behavior of the
stator and rotor HF resistances with temperatures are given by
(4)-(6) where T, T, and T, are the stator, rotor and room
temperatures, B, is the PM flux, B, is the rated PM flux (i.e. at
room temperature and when no d-axis fundamental current is
injected); R ir(1,) drHF and R iir(r,) AT€ the stator, rotor
d-axis and rotor q axis HF fesistance at 'the room temperature
and rated PM flux; oy, 04 mag » % mag account for the copper, d
and g-axis magnet thermal resistive coefficients [10]-[11]
respectively and S accounts for the magnet magnetoresistive
coefficient [27]-[27].
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The d and g-axis components of the overall HF resistances
seen from the stator terminals R, . and R - (7)-(8), are seen
to be a function of both the stator and rotor HF resistances,
where R, .is the contribution of the stator circuit to the HF
res1stance and R, and R .. are the stator-reflected d and
g-axes components of the rotor HF resistance.

R =R +R (7)

dHF(T,T.,B.) SHF (T,) drHF (T,,B,)

R =R +R (8)
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It is seen from (4)-(6) and (7)-(8) that the magnet
temperature, 7. , and magnetization state, B,, can be estimated
from the overall d-axis HF resistance. Knowledge of the HF
resistance of the machine at the room temperature and of the
stator temperature is required. The HF resistance of the
machine at the room temperature can be measured during a
commissioning process. The stator temperature can be easily
measured via a contact type temperature sensor (e.g.
thermocouple). It is noted that both the temperature and field
induce a variation of the magnet resistance. To the best of
authors’ knowledge, no method has been proposed to separate
the contribution of these two effects on the overall magnet HF
resistance. This is therefore a topic of tremendous interest..

Estimation of the d-axis HF resistance (7) can be done by
injecting a high frequency signal into the stator terminals of
the machine. Use of rotating high frequency voltage injection;
pulsating d-axis high frequency current; and pulsating d-axis
voltage with g-axis current cancellation have been reported in
the literature [10]-[11], the last two options showing superior
performance [11]. Pulsating d-axis high frequency current is
discussed next;.

Magnet HF resistance estimation using d-axis pulsating
current injection

This method uses a resonant controller to inject a HF
current that has to be injected in the d-axis (9), i.e. aligned
with the PMs. The HF voltages commanded by the resonant
controller are (10). By taking only the d—axis component of
the resulting HF voltage complex vector, v/, dgsHF in (10), the
voltage complex vector v/ s » (1), 1s defined. Both (9) and
(11) can be separated into positive sequence (7 and

, dgsHFpe
V:zquFpL ) and negative sequence ( 7/ asHFne and Vv, dsHFne )
components, (12) and (13), each with a magnitude equal to
half of that of the original signal. The d-axis HF impedance,
(14), can be obtained either from the positive or negative
sequence components. The d-axis HF resistance is finally

obtained as the real part of d-axis HF impedance, (15).
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Combining (4), (5) and (7), the rotor d-axis HF resistance
R, can be written as (16), from which the magnet

temperature is obtained using (17).
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The PM magnetization state can be obtained form (16) as

(18).
RdHF(T 1.8) R, HE(T, )(1+ @, (Ts B 7:)))

B = S -

Riir(r,n,)
(18)
RdrHFTB [ BB0+amag(71r_T;))j|

RdrH[-(TO B,O)ﬁ

IV. Experimental results

TABLE 1. MACHINE PARAMETERS
Prated [KW] Vratea [V] IRatea [A] @, [rpm] Poles
1000 6

7.5 350 14

Fig. 1.- Test bench.
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Fig. 2.- Temperature estimation using HF signal injection. (a) Measured stator temperature. (b) Measured rotor temperature. (c) Estimated stator high
frequency resistance, Ry (7). (d) Estimated stator-reflected magnet high frequency resistance, R+ (5). (e) Estimated magnet temperature. (f) Magnet
temperature estimation error. (g) d-axis high frequency inductance. (h) Magnet temperature estimation error after decupling the magnetoresistive effect.

wye =27 - 250 rad/s and Iy = 0.05 p.u..

Experimental results showing the performance of
temperature and magnetization state estimation in an IPMSM
are shown in this section. Machine’s parameters are given in
Table 1; Fig. 1 showing the test bench.

A) Temperature estimation

Fig. 2 shows experimental results showing the performance

of temperature estimation in the test machine. Data was

collected with both torque and speed being varied from zero to
their corresponding rated value in steps of 0.1 pu. The stator
temperature was measured using a contact type thermometer
(PT-100) and further compensated. To assess the accuracy of
the method, the magnet temperature was obtained as the
average of the measurement provided by the system described
in [23]. MTPA is not implemented, (i.e. 1, =0 for w, <lpu and



1/#0 for w>1pu). This allows analyzing the effects of
changes in [, I; and o, separately.

It is observed from Fig. 2 that both the stator, a), and rotor
temperatures, b), increase with the load due to the copper,
eddy current and hysteresis losses, this was an expected result
[10]-[11]. The machine temperature also increases with the
speed, due to the increased eddy currents and hysteresis losses
with frequency. The most critical working conditions (higher
temperatures) occur therefore in the flux-weakening region.
Fig. 2¢c shows the estimated d-axis high frequency resistance
(Raar (7)), and Fig. 2d shows the stator reflected rotor high
frequency resistance (Ruur (5)), (0mag¥0.0023/°C).  Fig. 2¢
shows the estimated magnet temperature using (17) while Fig.
2f shows the estimated magnet temperature error; speed and
load (/,) are seen to have negligible impact on the temperature
estimation error. It is interesting to note the increased error in
the estimated temperature in the field-weakening region (/).
This behavior is due to the magnetoresistive effect, since the
injection of d-axis current changes the magnetization state of
the machine. Fig. 2g shows the d-axis high frequency
inductance, which can be easily obtained from the induced g-
axis high frequency voltage when injecting a pulsating d-axis
high frequency current (10). The d-axis high frequency
inductance is a reliable metric of the magnetoresistive effect,
i.e. of the magnetization state of the machine, meaning that it
can be used to compensate for the magnetoresistive effect in
the estimated magnet temperature. Fig. 2h shows the error in
the estimated magnet temperature after decoupling the
magnetoresistive effect, the error being limited to ~2°C.

B) Magnetization State estimation

Fig. 3 shows the estimated d-axis stator-reflected magnet
HF resistance and magnetization state estimation error vs. the
magnetization state and speed for the test machine (see Table
1). Magnetization state was varied between the maximum
(128 T for N32SH) and minimum permissible limits,
~0.804T. To assess the accuracy of the method, the magnet
magnetization state was obtained as the average of the
measurement provided by the system described in [23]. For
each magnetization state condition, the speed was varied in
steps of 0.1pu from zero up to the maximum permissible
speed. It is observed that the speed has a negligible impact on
the estimated d-axis stator-reflected magnet HF resistance and
consequently on the magnetization state estimation error. The
method provides therefore similar performance in the whole
speed, including standstill. The magnetization state estimation
error is observed to slightly increase with the magnetization
level. This is due to the reduction of the sensitivity of the
estimated HF resistance variation with the PM magnetization
for high magnetization states [27]-[27]. The maximum
magnetization state estimation error is ~0.052T.

V. Conclusions

This paper reviews the use of magnet resistance for thermal
and magnetization state monitoring in PMSM drives. Injection
of a HF signal via inverter superposed on top of the
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Fig. 3.- Magnetization state estimation. (a) Estimated d-axis stator-reflected
magnet resistance. (b) Magnetization state estimation error Vvs.
magnetization state & speed. wne=2-x - 250 rad/s and I, = 0.05 p.u..

fundamental excitation is used for this purpose. The method
does not require to discontinue the normal operation of the
machine, can be used in the whole working range (speed and
torque), and has a reduced impact on the performance of the
machine (losses, vibration, ...). While magnet temperature and
magnetization state estimation has been shown to be feasible
separately, simultaneous estimation of both is perhaps the
major challenge for these methods. Experimental results using
pulsating d-axis HF current injection have been provided to
demonstrate the feasibility of the method.
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