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Abstract—Permanent magnet synchronous machines perfor-
mance is highly dependent on the permanent magnets (PMs) tem-
perature. However, PM temperature measurement is not easy and
is not normally implemented in standard machines. Alternatively,
PM temperature can be estimated. PM temperature estimation
methods can be divided into three major groups: thermal model-
based methods, BEMF-based methods, and methods based on the
injection of some form of high-frequency signal into the stator
terminals of the machine. One concern for thermal model-based
methods is that the model often needs to be adjusted for each ma-
chine design and application, knowledge of the machine geometry,
materials, and cooling system being, therefore, required. On the
contrary, BEMF methods and methods based on high-frequency
signal injection estimate the magnet temperature from measur-
able electrical variables, knowledge of the geometry or cooling
system not being required. Though they use the same type of sig-
nals, BEMF and high-frequency signal injection methods present
relevant differences. This paper realizes a comparative analysis of
both methods. Physical principles, performance, and implementa-
tion will be addressed.

Index Terms—High-frequency signal injection, magnet temper-
ature estimation, permanent magnet (PM) flux linkage, permanent
magnet synchronous machines (PMSMs).

1. INTRODUCTION

ESIGN and control of PMSMs have been the focus of
D significant research efforts during the last three decades,
mainly motivated by their superior performance and efficiency
compared to other machine types [1]-[7]. However, PMSMs
performance is highly dependent on the PM temperature, what
have boosted the interest in the development of PM tempera-
ture measurement/estimation methods [8]-[14]. PM tempera-
ture measurement is not practical in commercial machines due
to cost and robustness issues, estimation of the PM temperature
being a more appealing option [8]-[11].
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TABLE 1
ADVANTAGES AND DISADVANTAGES OF TEMPERATURE ESTIMATION METHODS

Thermal ~ BEMF  HF signal
models injection
Addition signal injection Vv v X
Knowledge of the machine geometry X Vv Vv
and cooling system
Estimation for the whole speed range, Vv X Vv
including standstill
Specific calibration for each machine X V Vv
Previous knowledge of machine Vv X Vv
inductance maps
Stator winding temperature measurement Vv X Vv
Suitable for SPMSM and IPMSM Vv Vv Vv

PM temperature estimation methods can be divided into ther-
mal models-based methods [12]-[13], BEMF-based methods
[15]-[18], and methods that inject some form of high-frequency
signal into the stator terminals of the machine [8]—[11]. Table I
summarizes the intended advantages and disadvantages of each
method. The major drawback of thermal models is their de-
pendence on the geometry and cooling system of the machine,
specific calibration for each machine design, and application
being required. This results in large commissioning times and
limited applicability. BEMF methods allow precise temperature
estimation when the machine rotates at medium-high speeds, but
cannot work when the machine operates at standstill or very low
speed. In addition, knowledge of the machine inductance maps
is needed. High-frequency signal injection methods overcome
most of the limitations of BEMF methods, but require injec-
tion of an additional high-frequency signal superimposed on the
fundamental excitation, which can have some adverse effects on
the operation of the machine. Both BEMF and high-frequency
signal injection methods need the stator winding temperature to
compensate for the stator winding resistance variation. However,
this is not a significant drawback in practice, as the stator wind-
ing temperature is usually measured in standard machines for
protection purposes, contact type sensors being normally used.

While both BEMF and high-frequency signal injection meth-
ods are a viable option for magnet temperature estimation, they
respond to radically different principles, significant differences
existing, therefore, in their implementation and performance.

This paper presents a comparative analysis of BEMF and
high-frequency signal injection-based temperature estimation
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methods. The analysis will include accuracy, robustness, and im-
plementation issues. The paper is organized as follows: physical
principles of magnet temperature estimation using the BEMF
and high-frequency signal injection are presented in Sections II
and III. Sensitivity analysis for both methods is presented in
Section IV. Simulation and experimental results are shown in
Sections V and VI, respectively. The combined used of both
methods is analyzed in Section VII, conclusion being presented
in Section VII.

II. MAGNET TEMPERATURE ESTIMATION USING THE BEMF

BEMF-based methods estimate the magnet temperature from
the rotor PM flux linkage, which is estimated form the machine
terminal voltages and currents [15]-[18].

The physical principles of the magnet temperature estimation
using the BEMF can be established from the fundamental model
of a PM machine in the synchronous rotor reference frame
shown in (1), where vg , and i, are the stator voltage and current
complex vectors in the rotor synchronous reference frame, R,
R,, Ly, and L, are the d- and g-axes resistances and inductances,
respectively, w, is the machine speed, Apy, is the PM flux, and

p is the differential operator
Lq 0| |4
oo o))

V' Ry 0 i
v, 0 Ry |

Qsas

P | o O B
vy = Ryig +pLyiy + wrLaig + Apmwr (2)
vy = Ry(r,iy +qu(T,,,i;,7:;,)i; 3)

+ w"Ld(T, T i )72 + Apm (1, )Wr
v = (Ratriy 924 1, iy yis + o Lan iy.1)")

Apm (T, ) = o,

4)
Apm(T,) = Apmry) [L+ B (T, — Tp)]. Q)

The PM flux, A, , only affects to the g-axis. Therefore, only
the g-axis equation is needed for the estimation of the PM flux,
and consequently for temperature estimation, (2). In (2), Iz, is
function of the stator temperature, T, A, is function of the
magnet temperature, 7., while Ly and L, are both function of
T, and ) o current. Equation (2) can, therefore, be expressed as
(3), from which the PM flux can be obtained as (4).

The PM flux variation with the magnet temperature can be
expressed as (5), where Tj is the room temperature and (3 is the
magnet flux thermal coefficient. The magnet temperature 7, is
obtained from (5).

A limitation of these methods is that machine needs to be
rotating [see (3)—(4)]; otherwise, no voltage is induced in the
stator winding. Consequently, the method cannot work at stand-
still, and the errors can be inadmissible at low speeds.

Obtaining A, from (4) when the machine is rotating and
there is no current, i.e., iﬁq = 0 is relatively simple, A, being
given by (6). On the contrary, obtaining A,y when g, 7 0isnot
trivial; knowledge of the stator temperature is needed to estimate
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Fig. 1. Implementation using the BEMF. (top) Power converter control and

(bottom) signal processing.

the g-axis resistance variation using (7), where a, is the copper
thermal resistive coefficient. Also, previous knowledge of d- and
g-axes inductance maps is needed (i.e., variation of the d- and ¢-
axes inductance with ig, ), to compensate their effect in (3)—(4)
[15]-{18]

v
Apm(r) = o 6)
Rq(TH) = Rq(Tg) [1 + Qe (Tb - TO)] . (7)

While the use of nominal machine parameters is possible
[18], it can result in significant errors as they can change with
load and temperature. Alternatively, online parameters estima-
tion methods can be used [15], [17], [18]. Furthermore, variation
of the magnet temperature 7, will induce variations in both the
d- and g-axes inductances and in the PM flux.

Fig. 1 shows the inverter control and signal processing block
diagram for temperature estimation using the BEMF. The in-
puts to the temperature estimation block are the output voltage
of the fundamental current controller vg;s, the actual funda-
mental current igqs’ the estimated magnet temperature 7,., the
measured stator temperature 7, and the stator resistance at the
room temperature Rj. Two band pass filters (BPF1 and BPF2 in
Fig. 1) are used to eliminate high-frequency components of the
fundamental voltage and current. The g-axis resistance R, (r,)
is obtained from (7). Two lookup tables containing estimates of
the d- and g-axes inductances (Lg(r, nin) and LT, i i) are
used to implement (4), from which the PM flux linkage A, (7, )
is obtained. The magnet temperature is eventually obtained
using (5).

III. MAGNET TEMPERATURE ESTIMATION USING A
HIGH-FREQUENCY SIGNAL INJECTION

High-frequency signal injection methods estimate the mag-
net temperature based on the variation of the magnet high-
frequency electrical resistance with temperature. The injected
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high-frequency signals can be either a current or a voltage, three
different waveforms have already been proposed and analyzed
in the literature:

1) Rotating voltage [8]—[9]: it results in a relatively simple
implementation, as the inverter feeding the machine is
a voltage source. Unfortunately, it is only suitable for
SPMSM, the estimation being sensitive to d- and g-axes
inductances (L4 and L,) variations, being also affected
by the machine speed [11].

2) Pulsating d-axis current [11]: its implementation is more
difficult than the rotating voltage injection. However, it is
suitable both for SPMSM and IPMSM. In addition, it is
insensitive to the speed, L; and L, inductance variations.
Consequently, this method can be objectively considered
superior to rotating voltage injection.

3) Pulsating d-axis voltage and q-axis current cancellation
[11]: Tt shares the same strengths and limitations as pul-
sating d-axis current injection.

Due to its superior performance, pulsating d-axis high-

frequency current injection will be considered hereafter.

If a pulsating d-axis high -frequency current is injected in
the stator terminals of a PMSM (8), the resulting stator high-
frequency voltage is given by (9). By taking the d-axis compo-
nent of the high-frequency voltage complex vector, vg ¢ in (9),
a complex voltage vector v;’ﬁlhf, (10), can be defined. Both (8)

and (10) can be separated into positive sequence (z'glthpC and

Uﬁ’thpc) and a negative sequence (iﬁ,thn(: and vﬁthnc) compo-
nents (11)—(12), each of magnitude equal to half of that of the
original signal. The d-axis impedance (13) can be obtained from
(11) and (12) using either the positive or the negative sequence
components (15), where ¢4, (14), is the phase of the d-axis

PMSM high-frequency impedance (13)

T ] [y cos (wnst) .
taqnt = | T 0 ®)
L “qahf
o [ his _ | (Bang + jons Lane) fue ©)
dghf _'Ugif w, thf
T -Ug}if - (Rang + jwnsLang) I cos (wpyt)
Vdghf = 0 = 0
_ Vdrq,h,f cos (wp st + pza) (10)
i 0
Zizth = 7xe./ nrt _~_7(e Jwnrt :Z;fthpc, +Z(,1thnc (11)
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Fig. 2. Temperature estimation in a field oriented controlled ac drive using

d-axis pulsating current injection, including power converter control (top) and
signal processing (bottom).
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The overall d-axis high-frequency resistance (16) is split into
the stator and rotor contributions Ragn¢(7,) and Rapne(r,) (17),
which are function of the stator and rotor temperatures (7
and T).). The d-axis resistance can be expressed as (18), where
Qimag 18 the magnet thermal resistive coefficient. The magnet
temperature 7, can be finally obtained using (19)

a7
(18)

Rant(r,,1,) = Rasni(r,) + Rarne(1,)
Rant(r, 1) = Rasni(ry) (1 + aen (Ts = Tpp)) +
Rdrhf(Tn) (1 + Qmag (ﬂ - TO))

T Rantr, 1) — Rasni(ry) (14 acu (Ts —To)) — Rarne ()

Rdrhf(TU )O¥mag

+ Tp. 19)

Fig. 2 schematically shows the inverter control and signal pro-
cessing needed for temperature estimation using d-axis pulsat-
ing high -frequency current injection. A band-stop filter (BSF1)
is used in the current feedback to prevent the reaction of the fun-
damental current regulator against the injected high-frequency
current, while a band-pass filter (BPF1) is used to isolate the
positive and negative high-frequency current components (11).

The inputs to the temperature estimation block (see Fig. 2)
are the output voltage of the high-frequency resonant current
controller vgp¢ (9), the commanded high -frequency current
iﬁ’&hf (11), the measured stator temperature 7§, and the stator
resistance at the room temperature Ry. Two band stop filters
(BSF2 and BSF3 in Fig. 2) are used to remove the negative
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sequence components. The magnet temperature is estimated
using (19).

IV. SENSITIVITY ANALYSIS

Though both BEMF and high-frequency signal injection
methods use the same terminal electrical variables, there are
significant differences in their parameter sensitivity and con-
sequently in the expected accuracy. This issue is addressed
following.

A. Sensitivity Analysis of BEMF Methods

BEMF methods are sensitive both to stator resistance varia-
tions as well as to inductance variations.
1) Stator resistance (R, (7, )): sensitivity of A, (7, to errors
in the estimated stator resistance is given by

8)‘pm(T,.) _ i

—pmt) - 4 (20)
5)Rq (Ty) Wy

It is observed from (20) that the sensitivity increases with
the g-axis current and decreases with the machine speed.
Since BEMF methods are normally used in the high-speed
region, the sensitivity to errors in the estimated stator
resistance will be in general small.

2) d-axis inductance (Lq(r, ir i) )’ sensitivity to d-axis in-
ductance estimation is given by (21), and is equal to the
d-axis current:

Pomir) g @1

OLa(z, iy.i5)

For SPMSMs operating below the base speed, the d-axis
current is normally zero, increasing with the rotor speed
in the flux-weakening region. On the contrary, the d-axis
current is normally different from zero in IPMSMs uisng
MTPA or other optimized strategies, independent of the
speed. Consequently, for SPMSMs operating below their
base speed, the method is not affected by errors in the
estimated d-axis inductance; however, such errors must
be considered when the machine operates above the base
speed. For IPMSMs, the effect of d-axis inductance vari-
ation needs to be considered in the whole speed range.
Comparing (20) and (21), it can be also concluded that
the sensitivity of BEMF methods to d-axis inductance
estimation errors will be in general larger than that to
resistance estimation errors.

3) g-axis inductance (LT, in) ): sensitivity to g-axis in-
ductance estimation errors is given by

pm(r,) 1 0%
oL ( ) B w, Ot~

q(Ty iy i

(22)

It is observed that the sensitivity to g-axis inductance es-
timation errors will be zero in steady state operation. On the
contrary, inadmissible estimation errors can occur if the estima-
tion is realized during transients in the g-axis current, especially
considering the high bandwidth typically used by the current
regulators in ac drives.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 5, MAY 2017

Fig. 3. IPMSM design.
TABLE 1T
MACHINE PARAMETERS
Pratea [KW]  VRatea [V]  Iratea [A]  w, [rpm]  Poles
7.5 350 14 1800 6
IPMSM.

B. Sensitivity of Pulsating d-Axis High-Frequency Current
Injection Methods

Only the stator resistance affects to the estimated magnet
temperature and needs, therefore, to be compensated for, when
the pulsating d-axis high-frequency current is used for temper-
ature estimation (17)—(19) [11]. The sensitivity of the estimated
magnet temperature 7). to errors in the estimated d-axis high-
frequency resistance is given by (23). It observed that the sensi-
tivity is inversely proportional to the d-axis rotor high-frequency
resistance at the room temperature Rq,y¢(7,), and to the magnet
thermal resistive coefficient oy, ., the sensitivity being, there-
fore, independent of the speed and I; and I, currents. It can
be concluded that errors in the estimated d-axis high-frequency
resistance will induce a constant temperature error, i.e., a dc
offset in the estimated temperature

or, 1

ORans(r, 7,)  Ramf(r,)¥mag

(23)

V. SIMULATION RESULTS

Finite element modeling (FEM) will be initially used for the
verification of the conclusions reached in the previous section.
Fig. 3 shows the machine design used for simulation, the pa-
rameters being shown in Table II. The same design will be used
for the experimental verification.

A. BEMF -Based PM Temperature Estimation

As already mentioned, inductance maps are needed to es-
timate the PM flux from the BEMF (4). Fig. 4 shows the d-
and g-axes inductance maps as a function of I; and I, for the
test machine. As expected, I; strongly affects to Lq while I,
strongly affects to L,. A small coupling between the d- and
g-axes is also observed.
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Fig. 4. FEM results. D- and g-axis inductance maps as a function of the d-
and g-axes currents. (a) Ly and (b)L,. T, = 20 °C.

Fig. 5(a) shows the PM flux as a function of the PM temper-
ature. As expected, an almost linear relationship exits, meaning
the estimation of the magnet temperature from the estimation
PM flux linkage is expected to be straightforward.

As already mentioned, A, also changes with 1. Fig. 5(b)
shows the variation of A,,,, when I; changes from —1to 1 p.u.,
for two different magnet temperatures of 20 °C and 100 °C. The
change of A, with I; is seen to be smooth but nonlinear.

Similarly, Fig. 5(c) shows the variation of A,,, with I, for
two different PM temperatures. The effect of I, on A,,,,, is seen
to be significantly less relevant compared to the effect of 1.

Finally, Fig. 5(d) shows the variation of A, with the mag-
nitude of the stator current vector for the case of Iyq, —1; =
I, (B = —45°). As expected, the overall effects can be predicted
from the combined effects of I; and I,,.

It is concluded from the previous analysis that estimating
the magnet temperature from A, is not straightforward, some
type of nonlinear function or lookup tables being needed to
compensate the effects of I; and I, on A,,.

B. Pulsating d-Axis High-Frequency Current Injection-Based
PM Temperature Estimation

Fig. 6 shows the estimated rotor high-frequency resistance,
Rarneer,) (18), as a function of the PM temperature. A linear re-
lationship of ¢y, is observed. No lookup tables or decoupling
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Fig.5. PM flux (A, ) versus (a) magnet temperature (I; = I, = 0), (b) I,
current, (c) I, current, and (d) Iqq with -I; = I;. In all the cases, w, = 1p.u.
Plots 5b, 5c, and 5d show the results for two different temperatures of 20 °C and
100 °C.
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Fig. 6. Estimated rotor high-frequency resistance (Rq,¢) variation versus
magnet temperature. Pulsating d-axis current injection. wy¢ = 2 - 7 - 250 rad/s
and I,y = 0.05p.u., w, = 1p.u.

functions are, therefore, needed in this case, which is an advan-
tage compared to BEMF methods.

VI. EXPERIMENTAL RESULTS

Experimental tests have been conducted on the IPMSM
shown in Fig. 7(a). Machine design and parameters are the
same as for simulation (see Fig. 3 and Table II). The IPMSM
is equipped with 13 thermocouples located along one PM [see
Fig. 7(b)]. The average of the temperature provided by the 13
sensors will be used as the base temperature to evaluate the ac-
curacy of both methods. The stator temperature was measured
using a PT-100 temperature sensor. All the experimental results
presented in this section were obtained with the machine
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Fig.7. (a) Experimental test bench (IPMSM) and (b) thermocouples location.

operating in steady state. For each operating condition, the tem-
perature is measured 30 min. after the current Iy, is injected.
This time was found to be enough for the machine to reach its
steady-state thermal condition. The signal processing required
for the estimation of the magnet temperature consumes <5 ms,
which can considered negligible compared to the machine ther-
mal time constant.

Fig. 8 shows the measured stator [see Fig. 8(a)] and magnet
[see Fig. 8(b)] temperatures for different values of the speed and
torque.. The operating points of the machine cover from zero
to the corresponding speed and torque rated values in steps of
0.1 p.u. It is observed that the machine temperature increases
with the speed, see Fig. 8(a) and (b), due to the increase of
the eddy-current and hysteresis losses with frequency. The most
critical working condition (higher temperatures) occurs at high
speeds, in the flux-weakening region.

Fig. 8(c) shows the magnet temperature estimation error when
using a pulsating d-axis high -frequency current injection. It is
observed that the maximum estimation error is approximately
2.5 °C, occurring in the low-torque, high-speed (flux weaken-
ing) region. Fig. 8(d) shows the magnet temperature estimation
error when a 0.1 p.u. error is introduced in the estimated d-axis
high-frequency resistance (pulsating d-axis high-frequency cur-
rent injection being used). As predicted by (23), this induces a
constant (dc offset) temperature error, the maximum estimation
error increasing to approximately 6.1 °C.

Fig. 8(e) shows the magnet temperature estimation error when
the BEMF is used, L, and L, contours shown in Fig. 4, where
used to estimate Ap,,. Contrary to the pulsating d-axis high-
frequency current injection method, the maximum temperature
estimation error occurs in the low-speed region, i.e., when the
speed is below approximately 0.1 p.u., due to the reduced BEMF.
The estimation error is seen to decreas quickly as the speed
increases, the estimation error being smaller than approximately
2.5 °C for speeds >0.45 p.u.

Fig. 8(f)—(h) shows the magnet temperature estimation er-
ror when the BEMF is used for different errors in the model.
Fig. 8(f) shows the magnet temperature estimation error when
a 0.1 p.u. error is introduced in the estimated stator resistance.
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As predicted by (20), the sensitivity to the stator resistance is
in general low; no significant differences are observed between
Fig. 8(e) and (f). For values of the speed w, > 0.4 pu, the max-
imum estimation error is approximately 2.58 °C.

Fig. 8(g) shows the magnet temperature estimation error when
a 0.1 p.u. error is introduced in the estimated d-axis inductance.
As predicted by (21), the estimation error is proportional to ;.
MTPA is notimplemented, i.e., I; = Oforw, < 1 puandl; # 0
for w, > 1 pu. The reason for not using MTPA with the IPMSM
is to analyze the effects of changes in I, I;, and w, separately.
As expected, the maximum estimation error, approximately
5.8 °C, occurs in the high-speed (high flux weakening) region.

Finally, Fig. 8(h) shows the magnet temperature estimation
error when a 0.1 p.u. error is introduced in the estimated g-axis
inductance. As the measurement are made with the machine op-
erating in steady state, i.e., pi;, = piy = 0, the sensitivity to Lg
estimation errors is zero. Due to this, no significant differences
between Fig. 8(e) and (h) are observed.

VII. COMBINED USED OF HIGH-FREQUENCY SIGNAL
INJECTION AND BEMF-BASED METHODS

The results shown in Fig. 8(b) and (c) suggest that com-
bined use of pulsating d-axis high-frequency signal injection and
BEMF methods can provide increase accuracy and reduced pa-
rameter sensitivity. Pulsating d-axis high-frequency signal injec-
tion would be used in the low-speed range (e.g., w, < 0.4 p.u.),
while BEMF would be used in the mid-to-high speed region
(e.g.,w, > 0.6 pu). A combination of both methods can be used
in the transition region. It is noted in this regards that although
in the mid-to-high speed range both methods provide similar
accuracy, BEMF would be preferred, as it does not require the
injection of test signal.

Fig. 9 shows the implementation when high-frequency sig-
nal injection and BEMF are combined. For w, < 0.4p.u. (see
Fig. 9), i.e., low-speed region, only the high-frequency sig-
nal injection method is being used, as its accuracy is clearly
superior than the BEMF-based method. For w, > 0.6p.u.
(see Fig. 9), i.e., in the mid-to-high speed region, only the
BEMF-based method is being used. For 0.4 < w, < 0.6p.u.,
(25) (see Fig. 9), there is a linear transition between high-
frequency signal injection and the BEMF. Fig. 10(a) shows
the magnet temperature estimation error combining BEMF and
high-frequency signal injection methods. The maximum tem-
perature estimation error is approximately 2.7 °C, which occurs
in the transition region between both methods.

Finally, Fig. 10(b) shows the magnet temperature estima-
tion error when there is a 0.1 p.u. error d-axis high-frequency
resistance (Rane(7, 7,))s g-axis resistance (Ry(r,)), d-axis in-
ductance (Ld(T,,J;g A and g-axis inductance (L7, 77;577;;)). It
can be observed from Fig. 10(b) that the error corresponds to
the combined effect of the errors observed in Fig. 8(d) and (f)—
(h). The maximum estimation error is approximately 5.8 °C,
and occurs in the low-torque high-speed (high flux weakening)
region due to the sensitivity of the BEMF method to the d-axis
inductance variation.
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Fig. 8. Experimental results. Measured stator and rotor temperatures and magnet temperature estimation errors as a function of speed and torque. (a) Stator
and (b) rotor temperatures. (c) Magnet temperature estimation error using d-axis pulsating high-frequency signal injection without parameter estimation error, (d)
error when a 0.1 p.u. error is introduced in the estimated d-axis high-frequency resistance. wys = 2 % 7 * 250 Hz, V3 = 0.1 p.u. and I, = 0.05 p.u. (e) Magnet
temperature estimation error using the BEMF without parameter estimation error, (f) the same introducing a 0.1 p.u. error in the estimated d-axis resistance,
(g) the same introducing a 0.1 p.u. error in the estimated d-axis inductance, and (h) the same introducing a 0.1 p.u. error in the estimated g-axis inductance.
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region and does not require the injection of a test signal. Com-
bined use of both methods is, therefore, a viable and promising
alternative. Experimental results that confirm the concepts dis-
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Fig. 9. Signal processing for the combined use of high-frequency signal
injection and BEMF.
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Fig. 10. Experimentally magnet temperature estimation errors when combing

the pulsating d-axis high-frequency signal and the BEMF without introducing
parameter estimation errors (a) and (b) introducing parameter estimation errors:
0.1 p.u. error in the estimated d-axis high-frequency resistance, in the estimated
d-axis resistance, in the estimated d-axis inductance, and in the estimated g-axis
inductance. wyf = 2 * 7 * 250 Hz and I,y = 0.05 p.u.

VIII. CONCLUSION

Comparative analysis of BEMF and pulsating d-axis high-
frequency current injection methods for magnet temperature
estimation in PMSMs is presented in this paper. Parameter sen-
sitivity analysis for both methods has been provided. It has been
shown that the d-axis pulsating high-frequency current injection
can potentially provide higher performance compared to BEMF,
due to its reduced parameter sensitivity and its capability to
operate in the low-speed region. However, BEMF-based meth-
ods exhibit an excellent performance in the mid-to-high-speed

cussed in this paper have been provided.
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