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Abstract—In this article, a method to estimate the temperature
of an NdFeB magnet in an interior permanent magnet synchronous
motor (IPMSM) has been developed in medium and high speed op-
erating conditions. Fundamental reactive energy is newly brought
out and directly used in the developed method to estimate the
magnet temperature accurately, which results in higher sensitivity
with respect to the magnet temperature variation compared to the
conventional methods. It is because the variation of the reactive
energy caused by the magnet temperature includes variations of
inductances in addition to that of the magnet flux linkage. In the
proposed method, a stator resistance error effect caused by a stator
temperature is inherently removed without any additional temper-
ature sensor on stator winding. Moreover, the proposed method is
robust to an inverter nonlinearity effect and ac resistance effect. As
aresult, the proposed method can estimate the magnet temperature
accurately in real time, even in load variation, regardless of the
stator temperature variation. The magnet temperature estimation
error has been less than 3.7 °C in the online estimation for 10 000 s
under wide speed and torque variations.

Index Terms—Electric vehicles, motor drives, temperature.

1. INTRODUCTION

NTERIOR permanent magnet synchronous machines
I (IPMSMs) have been widely used as a traction motor in
automotive industries for the last 20 years, because of higher
torque density thanks to not only permanent magnet flux linkage
but also the difference of d-axis and g-axis reluctances and wide
operating speed range due to flux weakening capability at a
higher speed.

NdFeB magnets are usually employed in IPMSM:s for traction
because of higher residual flux density and stronger intrinsic
coercivity. However, the magnet is vulnerable to its temperature
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variation. The variations in residual flux density and intrinsic co-
ercivity of magnet can be represented as (1), where temperature
constants, aumag and Bmag, are negative [1], [2]. It means that
both the residual flux density, B,, and the intrinsic coercivity,
H_;, decrease as the magnet temperature, Tm,lg, increases. In
(1), a subscript, “20”, means values at 20 °C.

Br = BT_QO (1 + Qmag (Enag - QOOC))
Hci — 11¢5_20 (]- + ﬁmag (Tmag - 2000)) . (l)

The variations, according to the magnet temperature in (1),
influence the characteristics of IPMSMs [3]-[8]. Torque from
the permanent magnet of IPMSM, proportional to the magnetic
flux of a magnet, would vary with the magnet temperature. The
residual flux density, B, changes with the ratio, c,, g4, of around
—0.1%/°C in the case of NdFeB magnet. Therefore, the magnet
temperature is essential to keep the accuracy of the torque control
[4]-[8]. Besides, in order to prevent an irreversible demagneti-
zation of the permanent magnet, which permanently reduces
the residual flux density, the temperature of the magnet should
be monitored. Therefore, monitoring the magnet temperature
is important in dealing with not only the accuracy of torque
control but also the reliability of a power train of a vehicle.
There has been a lot of research about the magnet temperature
estimation. Those are mainly classified into a thermal model
method, [9]-[14], where lumped parameter thermal networks
with simplified thermal models, a signal injection method, [15]-
[22], and an observation method of permanent magnet flux
linkage, [23]-[27]. These days, a machine learning algorithm is
getting attention. These algorithms have been used to estimate
temperatures, such as linear regression in [28], convolutional and
recurrent neural networks in [29], long short-term memories in
[30], and a difference-estimating feed-forward neural network in
[31]. It is also one of the possible attempts to estimate the mag-
net temperature without explicit knowledge about mechanical
systems.

Thermal models in [9]-[14] require knowledge regarding
mechanical systems such as cooling systems, geometry, and ma-
terials. Therefore, thermal models are affected by environment
and operating conditions [9], [10]. Because of these issues, the
industries have interests in temperature estimation based on an
electrical model such as a signal injection method and a method
observing magnet flux linkage. Therefore, in this article, the
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temperature estimation method has been developed based on an
electrical model of a machine.

In the magnet temperature estimation method based on an
electrical model, a signal injection method is used at a low speed.
In [15], a pulse voltage was intermittently injected, when the
d-axis of a rotor was aligned at a-phase of a motor under no-load
condition. In [16] and [17], influences caused by load current
and speed were compensated. In this pulse injection method,
the d-axis current was biased at a certain level to improve the
sensitivity of the method, and oversampling is employed to
measure current variation. In [18] and [19], the high-frequency
resistance was utilized to estimate the magnet temperature by
injecting high-frequency current or voltage. In [20], the magne-
tization state was estimated by using high-frequency resistance.
In [21], the relation between high-frequency inductance and
the magnet temperature was found and utilized in the magnet
temperature estimation, and in [22], the temperature estimator
based on the relation was implemented and demonstrated by
online estimation. However, these methods are for low speed.
In medium-speed and high-speed regions, the signal injection
is not necessary because the rotating speed is high enough to
calculate the flux linkages from the voltages.

The methods in [23]-[27] can be applied to medium-speed
and high-speed regions. In these methods, the magnet flux
linkage was utilized, which can be obtained by removing the
stator winding resistance from the g-axis voltage equation in
a steady state. In [23]-[26], the stator winding resistance vari-
ation, caused by the stator temperature, was compensated by
measuring the stator winding temperature. Therefore, in this
method, temperature sensors were required at stator windings.
The methods assumed that a nonlinearity effect of an inverter
was perfectly compensated and had no regard for an ac resistance
effect reported in [32]. The other method in [27] removed the
stator resistance effect by using the technique in [33]. In this
method, the magnet flux linkage was calculated as assuming that
the d-axis and g-axis inductances were constants regardless of
the magnet temperature variation. Through these processes, the
magnet flux linkage was obtained, and the magnet temperature
was estimated by using the temperature coefficients, ctpag, in
the previous researches, in [23]-[27].

In this article, it is shown and demonstrated that the induc-
tances are also changed according to the magnet temperature,
and it would result in a considerable error in the method without
considering the inductance variation caused by the magnet tem-
perature [27]. To utilize the inductance variation, fundamental
reactive energy, itself, is newly brought out and exploited to
estimate the magnet temperature [34] instead of directly using
the magnet flux linkage used in the previous research [23]-[27].
Moreover, in the proposed method, the stator resistance effects
are inherently removed without temperature sensors like [27]
and [33]. Additionally, it has been proved that the proposed
method is robust to the inverter nonlinearity effect. The rest
of this article has been organized as follows. In Section II, a
manufactured small scale motor with a magnet temperature mea-
surement system has been briefly described, where the magnet
temperature and stator temperature can be monitored even in
rotating and load variations. In Section III, it is proposed that
the temperature estimation method by using the fundamental
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TABLE I
PARAMETERS OF THE DESIGNED MOTOR

Parameter Value
Pole 4
Rated torque 10 N'm
Rated speed at 310 V 1800 r/min
Magnet flux linkage (Apm) 0.369 Vs
Stator resistance (Rs) 1.6 Q

reactive energy in considering variations of inductances. In
Section IV, the proposed method has been implemented and
verified in the small-scale motor. And the proposed method is
validated and evaluated in an online estimation for 10000 s.

II. MAGNET TEMPERATURE MEASUREMENT SYSTEM

The small-scale test setup for the prototype motor has been
developed to measure the temperature of the magnets in [IPMSM
[35]. A cross-section view of IPMSM under the study is shown
in Fig. 1(a). For measuring the temperature of the magnets, 32
temperature sensors are directly attached at different locations
of magnets. The positions of the magnet temperature sensors in a
pole are illustrated as black circles of the rotor in Fig. 1(a). In this
article, the average value of the measured magnet temperatures
is used and denoted as Tinag_qv, Where a subscript, av, means an
average value.

Furthermore, temperatures of the stator windings are also
measured, which is denoted as green dots in Fig. 1(a). In this
experimental setup, temperatures of all the windings in a pole
are measured. The average value of the stator temperatures is
denoted as Ty, 4. Type of the temperature sensor is a platinum
temperature sensor (PTS), because of the small size and ro-
bustness against electro-magnetic interference (EMI). The error
bound of the selected sensor itself is about £1.1 °C in the
range from —50 to 150 °C. Fig. 1(b) shows the mainboard
in the temperature measurement system. The board has been
equipped with a low power digital signal processor (DSP) and
16 x A/D ports on the front side. On the backside, there are a
Bluetooth module and two batteries. The motor parameters are
listed in Table I. Detailed explanation about the structure and
the performance of the sensing system is described in [35].

III. TEMPERATURE ESTIMATION BY USING FUNDAMENTAL
REACTIVE ENERGY CONSIDERING INDUCTANCES

An IPMSM model in the rotor reference frame is modeled as
(2), where A, is the magnet flux linkage, Lgs and L,y denote
d-axis inductance and g-axis inductance, respectively, and w, is
the rotating speed of a motor. The flux linkages would change
due to variations of inductances, Lgs and Ly, or magnet flux
linkage, A,,,, by the magnet temperature. It is a well-known
fact that the magnet flux linkage among these components
decreases with the temperature coefficients, avy,,g, as the magnet
temperature increases. It is because the magnet flux linkage is
directly proportional to a residual flux density in magnets in a
motor in (1). The other components are inductances L;s and
L, which are functions of d-axis current and g-axis current,
and include cross saturation effect as (2). In Section III-A, the



JUNG et al.: TEMPERATURE ESTIMATION OF IPMSM BY USING FUNDAMENTAL REACTIVE ENERGY

@ Temperature sensor on stator winding
Tcmpem!ure sensor on
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Fig. 1.

inductances variations by the temperature have been described.

ro_ . r r
Vgs = Rslds + E ds — wT)"qs
T Ry, AT
Ugs = Llslys ar’es Wrids
r s N - -y -
where Al (ifs, is) = Las (ifs: ips) igs + Apm
. o o\ . . -
Al (sta qu) = Lys (zds, zqs) s 2)

A. Inductance Variation Caused by the Magnet Temperature

This section describes the inductance variation due to the
magnet temperature. The stack length of the motor is assumed
to be long enough for a simple explanation. This assumption
makes sense for traction motors of electric vehicles (EVs). The
inductances can be calculated by using a winding function and
permeance. The permeance ideally has only even-order harmon-
ics because an N pole and an S pole in a rotor have the same
geometric structure. The winding function and the permeance
of a-phase of a stator can be defined as (3), where ¢. is an
angle from an arbitrary reference point along an air gap and 6,.
is a rotor angle. The other phases can be represented by using a
phase delay.

Na(¢e) = Y Ny cos (ho.)
h=1

k=1

P (e, 0,) = (Po + 3 Pacos (2 (¢ — 9»)) 3)

3 o0
Las = Lis + 571 (N12 +) 0 (Npgr® + N3k12)>
k=1

37 —
t33 ]; (N3kt1?Paar1)

+ Nak-12Py(ak1)) cos (6k6,)
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(b)

Designed small-scale motor. (a) Its cross-sectional view in a pole and (b) the mainboard in the temperature measurement system.

3 o0
Lgs = Lis + §7rP0 (Nf + ;; (N3jpp1” + N3k12)>

3 o0
- gz (N3k+1°Pogari1)

+ Nak—12Posp_1) cos (6k0,.) . 4)

From (3), the inductances have been derived in (4), and
each inductance consists of dc components and multiples of
sixth-order harmonics components, which is called as spatial
harmonics. In the medium and high-speed regions, 6k0, in (4)
is substituted as 6kw,t. Therefore, the multiples of sixth-order
harmonics in inductances can be easily filtered out by using a
low pass filter. Therefore, only the dc components have been
analyzed in this section, which can be calculated by harmonics
in the winding function and dc component of permeance, P, and
second-order harmonics in permeance, P», as derived in (4).

The permeance is the most sensitive variable with mag-
net temperature variation in (4) because the winding function
variables, N7, N3i_1, and Nsi. 1, are determined by winding
configuration, which means that those variables are constants.
The permeance can be represented by using a reluctance as
(5). The reluctance variation caused by the magnet temperature
variation can be written as (6), where k. and k,,, are geometrical
parameters of flux paths.

1 1
P = ——— 5
R R.+ Ry + Ry )
dR 1 (ke dpre | ko dpie
dTmag a Ho /'I’TCQ dTmag MrecQ dTmag

1 ke km
= —— Qe + Ayrec | < 0. (6)
Ho <,Urc2 . ,Urec2 a >

N40SH magnet has been used in the small-scale motor, and
its B-H curve is shown in Fig. 2(a), where blue lines and red
lines are intrinsic curves and normal curves regarding the magnet
temperature, respectively. The recoil permeability, ficc, can be
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Fig. 2. Recoil permeability of the magnet (N40SH) and permeability of the
core used in the small-scale motor. (a) B-H curve of the magnet. (b) Recoil per-
meability of the magnet (firec). (¢) B-H curve of core material and permeability.

obtained from the slope of the normal curve. The calculated
permeability with respect to the magnet temperature is shown in
Fig. 2(b). From this figure, a derivative of p,e. With respect to
Tmags Qurec, N (6) 1s positive [1]. A static relative permeability
of silicon steel in the core, (., is also strongly affected by the
magnet temperature because an operation point influences the
permeability on a B-H curve of core material in the small-scale
motor, denoted as arrows in Fig. 2(c). The figure shows an
operation point shift in the sequence of A(T1), A(T3), and A(T3)
when the temperature increases from T to Ty and from Ts to
Ts. As a result, permeability, 154, denoted as a red line in the
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figure, increases from figq; to psqs due to the operation point
shift by the magnet temperature increasing, as shown in Fig. 2(c).
Therefore, in (6), the derivative of ji,. with respect t0 Tpag,
Qtyre, 18 also positive. Through the analysis, it is found that a
derivative of reluctance by the magnet temperature, dR/dT g,
is always negative. In other words, the inductances increase
when the magnet temperature increases because the variation
of inductance caused by the magnet temperature is directly
proportional to the inverse of the reluctance (6).

In order to demonstrate the relationship between inductances
and the magnet temperature, an experiment has been designed
and executed in the motor. The IPMSM model in the rotor refer-
ence frame is given in (2). In steady state, the differential terms
in (2) can be eliminated, and the flux linkages can be obtained
from (7) [37]. In the experiment, the g-axis current has been
regulated by null for removing the resistance effect and getting
accurate d-axis flux by (8), where d-axis voltage reference, v}*,
and g-axis voltage reference, v;;, are used instead of v};, and
vgs in (7). In (8), low pass filter (LPF) is the abbreviation of a
low pass filter. The cutoff frequency of the LPF is low enough to
suppress harmonics, including the spatial harmonics and obtain
dc components of d-axis and g-axis flux linkages, A}, , and
Agso- During the settling time, the magnet temperature and stator
temperature would vary. Therefore, the cutoff frequency should
be set as an appropriate value. In this article, first-order low pass
filter is employed, and its cutoff frequency is 11.3 rad/s.

- -
—Vas + Rszds

iy = =t
s = Uqrs_w% @)
heo = LPF <“57§ - qu)

oo = LPF (R, ®)

The experiment results at a rotating speed of 700 r/min are
shown in Fig. 3(a). In this figure, when the d-axis current is
null, the d-axis flux has only the magnet flux linkage by (2). In
this condition, the auyag in (1) is obtained as —0.096%/°C in
the experiment. Also, the d-axis inductance can be calculated
from Fig. 3(a), which is shown in Fig. 3(b). A red arrow in
Fig. 3(b) represents the direction of temperature increase. The
d-axis inductance variation with respect to the temperature can
be described as (9), where a5 is an average sensitivity of
inductance with respect to the magnet temperature. The a 45 1S
shown in Fig. 3(c), and it is larger than that of a,,,g in Fig. 3(a).
It means that the inductance variation could be a considerable
component in the magnet temperature estimation.

Lgs (Tmag) = Ly, (QOOC) (1 + Ards (Tmag — QOOC)) . (9)

This static inductance variation in (9) comes from changing
the saturation level of the core by the magnet temperature. These
saturation level variations have been exploited in the low-speed
region because the magnet flux linkage cannot be used in low
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Fig. 3. Inductance variation with the magnet temperature in experimental re-
sults. (a) D-axis flux. (b) D-axis inductance. (c) Average sensitivity of inductance
with respect to the magnet temperature, «,qs.

speed, [15]-[17] and [21], [22]. Especially, high-frequency in-
ductance was directly used in [21], [22]. In this article, the static
inductances variations like (9) have been used in addition to the
magnet flux linkage variation caused by the magnet temperature
as a form of reactive energy.

B. Fundamental Reactive Energy and the Magnet Temperature

In this article, fundamental reactive energy, Ecact 9, has been
directly utilized. The fundamental reactive energy is defined as
fundamental reactive power, Q, divided by rotating speed, w9,
in (10). In this equation, A;,, and A7 ., are fundamental compo-
nents of d-axis flux and g-axis flux. By substituting the fluxes by
using inductive components and the magnet flux linkage as (2),

5775

the reactive energy can be presented in terms of the inductances
and magnet flux linkage.

Qo

1.5wr0
+ )"250 (7’.2507 Z.ZSO) 7’.250
= Las (1505 Tgs0) i420 + Apm0iiiso
+ Las (if505 hs0) Tpz0-

The fundamental reactive energy is also varied with the
magnet temperature. The derivative of the fundamental reactive
energy with respect to the magnet temperature can be repre-
sented as (11). In this equation, first and second terms in the
right-hand side, inductance variation terms, are positive because
the inductances are inverse of reluctance, and the derivative of
reluctance with respect to the magnet temperature is negative in
(6), as explained in the Section III-A. The third term is larger
than null because oy, is negative, and the fundamental d-axis
current 7}, is less than null in normal operation points of an
IPMSM for traction.

- -
OErcacto (%1507 Lqs0s Tmag)

EreactO [VAR‘ : S] = = )‘250 (’L'ZsOa 'LESO) iZsO

(10)

0T mag
- OLas (iglsov iZSOv Tmag) 2
- aTmag ds0
8Lq5 (igs()’ iZSO’ Tmag) 2

(1)

Tgs0 T Cmaghpmotso-
0T mag a8 s

The fundamental reactive energy has an inherent limitation.
The reactive energy is null under a no-load condition, as seen
from (10). Therefore, in a no-load condition, this method cannot
estimate the magnet temperature.

C. Fundamental Reactive Energy and Stator
Winding Resistance

When calculating fluxes by using (8), stator winding resis-
tance, Rg, is utilized. R, varies according to a stator winding
temperature, T, in (12), where R, o9 is the value of R, at
20 °C. If AR (Tsy), which is the stator winding resistance
variation caused by 7', is not compensated, then the fluxes are
calculated with errors, which is denoted as A7, . and Ay ¢
in (13). The errors can be calculated in (14). These terms could
make no negligible estimation errors. Therefore, the stator wind-
ing temperature has been measured in [23]-[26] to compensate
for the flux errors caused by the stator resistance variation. In
these methods, the stator winding temperature sensors should
be installed in a motor.

R = Rs_20 (]— + ey (Tsw - ZOOC)) = Rs_20 + AR, (Tsw) 5

where AR (Tsw) = ey Rs 20 (Tsw — 20°C) (12)
r ’UT — R _QOiT
A hat = (‘”w—sqs) and
v _ [ vas — Rs 20ig
)‘qs_hat - (_ . W s) (13)
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where Ry o is a stator winding resistance at 20 °C.

. <AR5 (Tsw) i’;s)

r J— —_—
ds ds_hat — W,

)\;8 _ 3T (ARS (Tsw) Z:ls) . (14)

hat —
gs_ha wr

The stator resistance might vary by a rotating speed, which is
called as the ac resistance effect [32]. It is reported that the ac
resistance effect has a considerable influence on stator resistance
in a motor with hairpin type stator winding, which is widely
employed in a traction motor [32]. However, the conventional
method in [23]-[26] compensates only the stator resistance
variation due to not the rotating speed but the stator temperature
variation by measuring the stator winding temperature. It might
cause considerable errors in the estimation of the temperature in
a traction motor with hairpin type winding. In this article, it can
be expected that the stator resistance variation caused by the ac
resistance effect can make the flux errors in the same process in
(14).

However, in the proposed method, the fluxes are not directly
used. The reactive energy can be calculated with the stator
resistance error, Ry ¢, including AR (Ts,) in (12) and the
ac resistance effect are inherently removed in (15), which is the
same principle in [33]. It means that no temperature sensor at
stator winding is required to estimate the magnet temperature in
the proposed method.

EreactO [VAR ' S] = 122}

- T -y -
RS_ET’T‘quO + wT}‘dsO (stO7 quO) 7

W, s0

T ST T
B w?”)‘qso (st()» quO) .
Wy qs0

Rs_errigso

= )"230 (igsm iZSO) Z.250 + )"250 (i2s07 iZsO) 7;;80' (15)
D. Fundamental Reactive Energy and Inverter’s
Nonlinearity Effect

* T

The d-axis voltage, v};;, and g-axis voltage, Ugs» are used
in calculating the fluxes in (8) under the assumption that an
inverter accurately synthesizes voltages, and these fluxes are
used to calculate the reactive energy by (10). However, due to
the inverter nonlinearity effect, output voltages of an inverter,
vy, and vgs, are not the same as reference voltages, v);% and
vgs- The voltage error due to the inverter nonlinearity effect
at x-phase, dv,, can be defined in (16), where x is a certain
phase among a-, b-, and c-phases. The x-phase voltage error
can be approximated as an arctangent function with Vg, and
Katan, which are tuning factors, [36]. A scaling factor, k4, is
newly defined in (16), which is usually unity. Fig. 4 shows the
nonlinearity effect of the inverter used in experiments. In this
figure, the approximation accurately represents the inverter’s

nonlinearity effect
2Vatks
=2 Tsathat (16)
0

* .
OVan=Us,—Van atan(Katan « tas)-
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Voltage distortion due to the nonlinearity effect
6 : : . ‘ : . :

i [A]

Fig. 4. Nonlinearity effect measured in the inverter connected to the small-
scale motor.
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Fig. 5. Inverter nonlinearity effect on the proposed method analyzed by
simulations when k,; = 1, kp; = 1, and k., = | in (16), where x-axis is an
angle of current, 6;. (a) Three phase currents, i4s, igs, and i.s. (b) Three phase
voltage distortions due to the inverter nonlinearity effect in (16), dVan, 0Vbn,
and §v.y,. (c) Reactive power, active power, and their average values.

By using this approximated model in Fig. 4, the fundamental
reactive energy error caused by the nonlinearity effect can be
simulated. Fig. 5 is a simulation result when the inverter non-
linearity effect with k. = ky = koy = 1. It means that §v,
0Vpp, and Ov., are balanced voltages, as shown in Fig. 5(b).
Incases of kyy = 1.2, ke = 1, ket = 0.8, 0Vn, OVpn, and 0V,
are unbalanced as shown in Fig. 6(b). The fundamental reactive
energy is denoted as “Reactive power0,” whose value is null in
both cases in Figs. 5(c) and 6(c). It means that the calculated
fundamental reactive energy is theoretically not affected by the
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Fig. 6. Inverter nonlinearity effect on the proposed method analyzed by
simulations when kq; = 0.8, kp; = 1, and k.y = 1.2 in (16), where x-axis is
an angle of current, ;. (a) Three phase currents, i4s, iqs, and i.s. (b) Three
phase voltage distortions due to the inverter nonlinearity effect in (16), dvan,
Vb, and Ovey . (¢) Reactive power, active power, and their average values.

inverter nonlinearity effect. These results explain that the funda-
mental components of voltage distortion due to the nonlinearity
effect are in phase with the current. Therefore, it can be modeled
as a stator resistance component. It results in changing not the
fundamental reactive energy but the fundamental active energy.
However, in the experiment, the nonlinearity effect generates
harmonics, which make the phase delay in the voltage distortion,
OVgn. This delay makes the nonlinearity effect influence the
fundamental reactive energy, which results in the estimation
error. This effect is too complex to analyze in the simulation
and small enough to be negligible. The effect is shown in the
experimental result in Section V instead of the simulation result.

E. Implementation of a Magnet Temperature Estimator

In this section, a temperature estimator is implemented based
on the fundamental reactive energy. The fluxes can be modeled
as functions of torque, speed, and the magnet temperature, where
torque is a function of d-axis and g-axis currents. In this article,
it is assumed that the currents are determined under maximum
torque per ampere (MTPA) condition, and that the MTPA con-
dition is not changed according to the magnet temperature and
speed to simplify the implementation and verification of the
proposed method. The fluxes can be approximated by a second-
order polynomial of the magnet temperature with coefficients
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in (17). The coefficients will be found and shown in the next
section.

23 = Ad (Tea wrpm) Tr?nag + Bd (Tea wrpm) Tmag
+ Cd (T€7 wrpm)
)‘Zs = Aq (Tea wrpm) Tgxag + Bq (Te? wrpm) Tmag

+Cy (T, Wepm) - (17)

Fig. 7 shows a block diagram of the proposed temperature
estimator. Voltage references, v); and vgz, are used instead
of actual voltages. Instead of the actual current, the current
reference is utilized for the calculation of the reactive energy
because the current reference might be dc component of actual
current in steady state and actual current would have a lot of
ripple components, which are not the fundamental frequency
components. Otherwise, a low pass filter should be employed
to extract the dc value of the currents. By using these com-
ponents and coefficients, the calculated fundamental reactive
energy, Ereact_cal and the estimated fundamental reactive energy
Elcact_est can be calculated from (18) and (19), respectively.

T a7 T oaT
E _ Ygstaso — Vdslqso

react_cal — —
Wro

THITH o TR TR THRSTR Tk
quzds vdslqs o quzds Ugs?

Wro

T
qs

krpm2r X Wrpm0

2
where Erpmar = % X pole pair.

2
Ereactfest = AerTmagfest + BerTmagfest + Cer,

. o
where A = Agigs + Agigs,

(18)

Bey = Byily, + By,

and Cer = Cyigs + Cyig,. (19)

The estimated magnet temperature, Ti,ag_cst, 1S obtained from
a closed-loop function of the estimator, which is configured by
using an integrator. The closed-loop function can be represented
as (20), which is first-order low pass filter. The integral gain, k;z,
can be determined by (21). The bandwidth is set as 1 rad/s. It
means that the estimator can reach 95% of the final estimated
magnet temperature after three seconds, which would be the real
temperature if there is no steady-state error.

Tmagfest o (errTmagfest + Ber) kiE o wr (20)
Tmag 5+ (QAeTTmag_est + Ber) sz s+ wr
kip = o 1)

2AciTT’magfest + Ber '

V. EXPERIMENT RESULTS

Fig. 8(a) and (b) shows the fundamental components of cal-
culated d-axis flux linkage, A}, ;..0- and g-axis flux linkage,
Ags_hato» in the small-scale motor, which are dc components
extracted from (13) by using the same low pass filter in (8).
Rotating speed varies from 700 to 1700 r/min, and torque varies
from no load to full load (10 N-m) following the MTPA line. In
)‘Zs, nato and )‘Zs, hato+ the stator resistance error due to variation
of stator temperature in (14) is included. The error due to
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Fig. 7. Block diagram of the overall system with the proposed temperature estimator.
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stator resistance can be eliminated by using measured stator
temperature, and A; ., and Ag, are achieved like (8). These
results are shown in Fig. 8(c) and (d). Through a comparison
of Fig. 8(a) and (c), it can be said that calculated fluxes are
severely contaminated with the stator resistance error. There-
fore, to apply conventional methods in [23]-[26], the stator
resistance error should be considered and decoupled. The re-
active energy is exactly the same regardless of whether fluxes
include the resistance error or not by (15). In other words, the
reactive energy is not affected by the stator resistance varia-
tions. As a result, the magnet temperature can be estimated by
using the reactive energy without information of stator winding
temperature.

Fig. 9(a) and (b) shows the measured flux linkages and the
curves fitted by a second-order polynomial with respect to the
magnet temperature at rated torque, 10 N-m and 1700 r/min.
In this figure, red dots are measured data, and the blue line

is a trend curve fitted as a second-order polynomial. By this
process, the coefficients in (17) are achieved, as shown in
Fig. 10. These coefficients are implemented as look-up tables
(LUTs), in the coefficients block in Fig. 7. Installation of the
LUTSs would be a burden to a DSP. The maximum estimation
error can be calculated with these coefficients by using (22),
and the result is shown in Fig. 11(a). The maximum error is
about 2.6 °C.

Tmag_err_max

Ber2 _ 4Aercer
24,

_Ber +

= MAX | |Tinag — 22)

The conventional method in [27] does not consider the induc-
tance variation in Section III, which would result in a colossal
error. The estimation error with the conventional method can

be calculated as (23). The results are shown in Fig. 11(b). The
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Fig. 9. Curve fitted flux linkages by second-order polynomials with respect to the magnet temperature. (a) D-axis flux linkage. (b) Q-axis flux linkage.
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Fig. 11.  Estimation errors of the proposed method and the conventional method. (a) Maximum estimation error with the proposed method by (22). (b) Estimation

error conventional method by (23) at 1100 r/min.
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estimation error with the conventional method increases over
140 °C. It can be explained by Fig. 12. In the reactive energy
variation, there are two components, a magnet flux linkage
variation term, AXp,,i., and the inductance variation term,
ALggily,* + ALysiy,?. The conventional method only used the
magnet flux linkage variation component, and the inductance
variation component was neglected.

Tmag_err - Tmag_est - Tmag

_ QO (Tmag) - QO (2000)

WTOiZSO)\pWLQO Omag

+20°C — Thag. (23)

Moreover, the inductive component increases with the magnet
temperature increase, like the magnet flux component, which
coincides with the analysis in (9). It results in that the funda-
mental reactive energy is sensitive enough to be used in the
estimation. It can be demonstrated by calculating the sensitivity
of the reactive energy, S(Eeact). The sensitivity is calculated
by (24) and shown in Fig. 13. The calculated sensitivity is
larger than 0.2%/°C, which is the minimum value in Fig. 13.
The conventional method uses only the magnetic flux link-
age, and its sensitivity is determined as yag, Whose value in
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Fig. 14. Bandwidth test of the temperature estimator at 10 N-m and 1100 r/min.
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Fig. 15.  Transient performance of the temperature estimation at repetitive step
torques command.

the motor used in this experiment is —0.096%/°C, as shown
in Fig. 3(a).

Sensitivity of x = S(x)

& (Thag) — 2 (20°C) 100 o
© Toag —20°C 2(20°0) %/°Cl-
(24)

The magnet temperature has been estimated in real time
by using the proposed method to verify the effectiveness and
validity of the proposed method. First, an experiment has been
done to confirm the bandwidth of the estimator. The bandwidth
of the proposed temperature estimator is shown in Fig. 14, when
torque and speed are 10 N-m and 1100 r/min, respectively. In
this figure, after 2.92 s, the estimated magnet temperature has
reached 95% of the final value, which is the measured magnet
temperature. As a result, the estimator can estimate the magnet
temperature as designed bandwidth by using (21).

A step torque is repeatedly applied 1 to 10 N-m, to demonstrate
transient performance. In Fig. 15, the estimation error varies
according to repetitive step torques. However, the maximum
error is less than 2 °C.

Fig. 16 shows the inverter nonlinearity effect on the online
estimation by using the proposed method at 1100 r/min and
the rated torque, 10 N-m. On the left side of a black dashed
line in Fig. 16, the nonlinearity is compensated by using the
arctangent function, as shown in Fig. 4. On the right side of the
black dashed line, the inverter nonlinearity is not compensated.
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Fig. 17.  Experimental results of the online estimation by using the proposed method for 10000 s (=2.8 h).

A and B in Fig. 4 are the steady-state points of the left side, linkage in [23]-[26], the magnet temperature error, Ti,ag errs
and right side of the black dashed line, respectively. Differences can be obtained from (25), which is about 81 °C. Therefore, the
in d-axis and g-axis fluxes between A and B are 8.3% and change in d-axis flux linkage would make a considerable error
6.6%, respectively. This difference comes from only the inverter  in the estimation in previous studies.

nonlinearity effect because the other conditions are the same,

including the magnet temperature and the stator temperature. _ Ajsaa — Misan 25)

If the magnet flux linkage is calculated from the d-axis flux Tnag er = Qmaghpm, 20
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When the operating point is changed from A to B, the
estimated magnet temperature slightly increases from 28 to
28.7 °C. In other words, the fundamental reactive energy slightly
increases by 0.8% from A to B. It is because the nonlinearity
effect can generate harmonics, which make the phase delay in the
voltage distortion, 6v,,,. This delay makes the nonlinearity effect
influence the fundamental reactive energy and estimation error.
In this experiment, the inverter nonlinearity effect increases the
reactive energy due to this phase delay. As a result, the estimated
temperature increases, which reduces an estimation error in this
case.

The magnet temperature has been estimated in real time by
using the proposed method to verify the effectiveness and valid-
ity of the proposed method. This online temperature estimation
in Fig. 17 has been done for 10000 s, where an abbreviation
of ”mid” represents the center values of each waveform. The
measured stator winding temperature, denoted as a blue line in
this figure, is plotted with a scale of 16 °C per division, which
is twice the measured magnet temperature’s division, denoted
as an orange line. In this figure, there exists a discontinuous
point in the waveforms at 5000 s to save the waveforms. The
magnet temperature increases from 33 to 78 °C. After the stator
winding temperature reaches 98 °C, cooling starts, and load
torque and speed are kept as low, which results in decreasing
both temperatures to about 50 °C as fast as possible. In this
condition, the error of estimation, Tiag crr, 1S less than 3.7
°C. The online estimation results in Fig. 17 demonstrate that
the proposed method can estimate the magnet temperature even
in torque variation, speed variation, and severe stator winding
temperature variation.

VII. CONCLUSION

In this article, the fundamental reactive energy is defined and
used to estimate the magnet temperature of IPMSM. Moreover,
based on the concept, the magnet temperature estimation method
has been proposed. In order to prove the relationship between
the magnet temperature and the fundamental reactive energy, the
experimental setup has been configured to measure the magnet
temperature directly and accurately. Through the theoretical
analysis and experimental verification, the correlation between
the magnet temperature and the fundamental reactive energy
has been demonstrated, and it is also clarified that the proposed
method is robust to the practical issues such as the stator re-
sistance variation due to the stator temperature, ac resistance
effect, and inverter nonlinearity effect. Moreover, the proposed
method has higher sensitivity because the variations of magnet
flux linkage and inductances are simultaneously considered. As
a result, regardless of wide speed and torque variations, the
maximum estimation error is less than 3.7 °C during the online
estimation for about 10000 s without any temperature sensor at
the stator winding.
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