
 

Abstract – The work focuses on tuning issues of a recently 
presented sensorless rotor temperature estimation technique for 
Permanent Magnet Synchronous Motors (PMSMs). The method 
implies an intermittent injection of a voltage pulse in the d-axis 
of the motor while keeping the load current zero. Thus, the 
resulting d-current response depends on both the initial value of 
the d-current itself and the actual magnetization level of the 
permanent magnets. Since the magnetization of the magnets 
depends on the temperature, different d-current slopes are 
associated with given temperature levels of the magnets. The 
sensitivity of the method depends strongly on the initial d-
current and the injected voltage pulse width. Several method 
operating conditions will be discussed and compared in terms of 
sensitivity and influence on the motor performance. 

Index Terms—magnet temperature, rotor temperature, 
permanent-magnet synchronous motor, saturation effects, 
voltage pulse injection 

I. INTRODUCTION 

Permanent Magnet Synchronous Motors (PMSM) are 
generally the preferred type of machine when high power 
density and high dynamics are required. It is a fact that 
modern rare-earth magnets, predominantly used in the 
manufacturing of PMSMs, undergo reversible 
demagnetization upon temperature increase. The mostly used 
type of rare-earth magnet in PMSMs is neodymium-iron-bore 
(NdFeB). Depending on the environmental temperature and 
the motor operating conditions, the variation of the 
magnetization of a typical NdFeB magnet can reach up to 
20%. On the one hand monitoring the magnet temperature in 
PMSM is a safety issue, since irreversible demagnetization of 
the machine can be prevented. On the other hand it can play a 
significant role in the torque control of PMSM since a 
decrease of rotor flux linkage due to temperature dependent 
demagnetization effects will lead directly to a lower 
electromagnetic torque output in the machine, [1]. Due to 
rotation, to obtain the temperature of the rotor by direct 
measurements is a very cumbersome task. The most common 
techniques include battery powered devices [2]-[10], infrared 
sensors, [11]-[14], and slip rings, [15],[16]. A big obstacle is 
to transfer the rotor temperature signals to a stationary data 
acquisitioning system. Carrying out such measurements is 
rather expensive and their application is limited to laboratory 
and experimental setups since specific instrumentation is 

normally required. Therefore, significant efforts have been 
performed recently to develop techniques which do not 
require any temperature sensors to capture the rotor 
temperature in PMSMs. Such techniques have been already 
reported in various papers. The most common approach is a 
thermal model of the machine. Thermal models imply good 
knowledge of the geometry, cooling system and especially on 
the material specific parameters. Their usage is rather limited 
to industrial applications where environmental and operating 
conditions are to a great extent known. Some examples of 
thermal models are given in [17]-[23]. An algorithm to 
estimate the rotor temperature in PMSM by using flux 
observer is successfully presented in [24]. This method 
requires an accurate modeling of the nonlinearities of the 
inverter. The nonlinear relation between current and flux is 
defined by a look-up-table (LUT). Furthermore a precise 
acquisitioning of the machine and inverter parameters is 
required. An active parameter estimation method by using 
high frequency signal injection is demonstrated in [13] and 
[14]. This approach is based on changes in the high frequency 
stator and rotor resistances due to temperature variation and 
concludes indirectly the temperature level in the permanent 
magnets. The robustness and accuracy of the method is 
influenced by the non-ideal behavior of the inverter.  

In this context, the paper focuses on newly gained 
research findings on a novel temperature-sensorless 
technique for estimation the temperature of the permanent 
magnets of PMSM. The main idea of the method is to detect 
changes in the degree of saturation in the d-axis of the 
machine which is caused by variation in the magnetization 
level of the permanent magnets. The basic relationships of 
the method together with its integration in a common field 
oriented control (FOC) were first reported in [25]. The 
current work investigates the method sensitivity and 
robustness. An interrelationship between the method tuning 
parameters and their influence on the accuracy of estimating 
a temperature level is given. An accent is put on analyses to 
find optimal operating conditions for various performance 
scenarios and application requirements. The presented results 
are validated on an Interior Permanent Magnet Synchronous 
Motors (IPMSM) by directly measuring the rotor temperature 
via specially designed instrumentation. 
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II. DEFINITION AND IMPLEMENTATION OF THE PROPOSED 

METHOD 

Although the definition of the method has been already 
reported in [25], for the sake of integrity, the analytical 
formulation is given here again. In a rotating machine the 
proposed method requires the knowledge of the rotor 
position, since the position of the d-axis of the machine 
should be continuously traced. Thus, by applying a voltage 
pulse in the d-axis of the motor, the d-current  response will 
vary with changes of the magnetization level of the magnets. 
The saturation level of the machine experiences the highest 
effect of the permanent magnet magnetization in its d-axis. 
Furthermore, this setup supposes that the d-current  
response is not influenced by the back electromotive force. 
Using a common three-phase two-level bridge inverter, a 
corresponding switching pattern can generate a voltage pulse 
in the pure d-axis of the machine when the angle between the 
stator and rotor reference frames  equals one of the 6 basic 
space vectors angles 0°, 60°, 120°, 180°, 240°, 300° . In 
the current investigation, the definition and implementation 
of the method is derived by considering voltage pulse applied 
on the machine at 0°, which means that dq-rotor 
reference frame is aligned with the αβ-stationary reference 
frame of the stator, as shown in Fig. 1. As a consequence, the 
following relationships for the stator voltage and current 
components are fulfilled upon voltage pulse generation: 

 ;     ;     ;      (1) 

Assuming star connection of the motor, the voltage pulse 
applied on motor terminals has the following components: 
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where    is the inverter dc voltage. Thus, the motor voltage 
equation in the dq-rotor reference frame can be written as 
follows: 
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where  is the stator resistance,     is the flux linkage 
produced by the permanent magnets,  is the speed of the 
rotor reference frame with respect to the stator reference 
frame, and  and  are the inductances in the d- and q-
direction of the machine respectively. Equation (4) is then 
decomposed in its real and imaginary components:  
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Equation (5) and (6) describe the momentary state of the 
machine when the rotor and stator reference frames are 
aligned. The proposed method exploits the resulting 
relationship from (5). By neglecting the stator resistance 
voltage drop, equation (5) becomes 
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It is subject to the condition that at the beginning of the 
voltage pulse the q-current is zero ( 0). Thus, the 
inductance  is predominantly affected by the d-current  
and the d-axis saturation level of the machine, which is in 
turn influenced by the magnetization level of the permanent 
magnets. Cross-coupling effects are neglected here. 
According to (7), by directly measuring the d-current slope 

/ , variation of  can be detected. Thus, /  will 
change upon changes in the magnetization level of the 
magnets and can be used as indicator for the magnet 
temperature   . Since (8) has a non-linear character, a 
distinctive relationship between /   and    for a given 
machine can be established by a LUT. This is identified 
during a commissioning phase by direct measurements of    
or by setting reference temperature levels in the rotor (e.g. in 
an environmental chamber). 

In a practical implementation of the method, detecting the 
d-axis is confined to predicting the moment when the 
electrical rotor position equals zero, 0°. A voltage pulse 
is then applied in phase a of the machine such that the 
electrical rotor position gets zero in the middle of the pulse, 
as shown in Fig. 2. 

 

Fig. 1.  Voltage pulse injection in the d-axis of the machine at θel=0°. 

 

 

Fig. 2.  Time scheduling of the control algorithm and the temperature 
estimation procedure. 

For a given voltage pulse width tpw and inverter pulse width 
modulation (PWM) period PWMprd, the electrical rotor 
position θel is calculated as follows: 
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where  

 ∆ 1   

The last term of (9) accounts for the inverter dead time tDT. It 
is assumed here that change in the machine speed from one 
PWM period to the next is negligible (∆ ∆ ). In 
a 3-phase symmetrical machine, the d-current  is actually 
the phase current  at 0°. In order to determine the d-
current slope, the phase current  is oversampled 
synchronously to the voltage pulse. 

III. METHOD TUNING PARAMETERS 

There are two tuning parameters that define an operating 
point of the method and consequently its sensitivity and 
robustness: the injected voltage pulse width tpw and the initial 
d-current reference component id(ref), which is given by the 
control circuit.  

A. Voltage Pulse Width 

Generally it is valid that the bigger the voltage pulse width 
tpw, the more distinctive is the deviation in the d-current 
response between two different magnet reference 
temperatures. This is visualized in Fig. 3, where a voltage 
pulse of 200µs is applied in the machine at standstill and at 
magnet temperatures of 20°C and 60°C. However, if the 
voltage pulse width is selected too big with reference to the 
maximum operating speed, in a rotating machine the 
electrical relative displacement of the d-axis ∆  within the 
voltage pulse duration, as depicted in Fig. 3, will be no longer 
negligible. In other words, the d-current response will get 
influenced by the speed. This could be experimentally 
validated and the results for magnet temperature Tm=20°C are 
shown in Fig. 5. The displacement of the magnets in radian 
along a voltage pulse with duration tpw [s] is given by 

 ∆ 2  (10) 

where p is the number of motor pole pairs and n [rps] is the 
motor speed. In general, the Δθel should be kept as small as 
possible for the following reasons: 

 In order to keep valid the assumption made in (1) 
along the entire voltage pulse duration, especially at 
higher speeds. 

 According to (6), at higher speeds the induced 
voltage in the q-axis of the machine will produce a 
rise of the q-current along the voltage pulse. 
Therefore the voltage pulse should be kept small in 
order to avoid significant q-current rise that can 
affect the d-current response /  due to cross-
saturation effects. 

 Along the voltage pulse, the α-axis of the motor 
should see quasi the same permanent magnet flux 
linkage in a rotating machine as in a machine at 

standstill. 
 A good practice is to keep the resulted d-current 

response as small as possible for less influence on the 
motor performance. 

 

Fig. 3.  Current ia response upon voltage pulse of 200µs in the motor d-axis, 
with d-current initial value id(ref)=0 at standstill. 

 

Fig. 4.  Relative displacement of the motor d-axis along a voltage pulse. 

 

Fig. 5.  Current ia response upon voltage pulse of 100µs in the motor d-axis, 
with d-current initial value id(ref)=0 at standstill and at nominal speed 
n=4800rpm (Tm=20°C). 

B. Initial d-current 

Figure Fig. 6 demonstrates a simplified presentation of 
flux saturation effects that occur in the machine upon voltage 
pulse injection in the d-axis of the motor while iq(ref)=0. By 
varying the initial d-current id(ref) different initial saturation 
levels in the d-axis of the motor can be set before the voltage 
pulse is generated. An initial d-current id(ref) for a given pulse 
width (tpw=constant) provides the most sensitivity when the 
deviation of the d-current slopes /  at two different 
temperatures is the highest. This is the case when the 
inductance  from (7) starts to decline or in other words, 
when the stator core starts to saturate in the d-axis along the 
voltage pulse, as visualized in Fig. 6. 
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Fig. 6.  Simplified presentation of flux saturation effects in the d-axis of the 
motor due to permanent magnet flux linkage and the d-current excitation 
(iq(ref)=0). 

IV. ESTIMATION OF METHOD SENSITIVITY 

A. Experimental Setup  

The motor under test is an IPMSM with parameters listed 
in Table I. The rotor is specially manufactured to 
accommodate thermal sensors. Before the magnets were 
assembled, holes through the rotor steel with diameter of 
2mm were laser drilled in different locations. The used 
sensors are thermocouples of type K. Fig. 7 shows a rotating 
instrumentation that measures and converts the 
thermocouples signals to absolute temperature values and 
transmits these via infrared optical data link to a stationary 
receiver. A detailed description of the device is given in [2]. 

The field oriented space vector control together with the 
proposed voltage pulse generation is implemented on C6747, 
a floating point digital signal processor (DSP). The sample 
rate for the motor currents during the voltage pulse 
generation is set to 500ns. The inverter operating PWM 
frequency is set to 20KHz, while the injected voltage pulse 
width tpw for the magnet temperature estimation can be set 
arbitrary. 

For the validation of a d-current slope /  when 
estimating the magnets temperature, the measured phase 
current ia curve is linearized by polynomial interpolation  

 , (11) 

where the weighting factor Sa represents the estimated slope 
of the curve upon voltage pulse generation and the offset P 
represents ia(t=0), which is assumed to be almost equal the 
initial d-current id(ref). Since the voltage pulse is in the range 
of µs, the unit of the estimated slope Sa is kept here current 
per unit per µs [pu/µs]. 
 

TABLE I: PARAMETERS OF THE IPMSM UNDER TEST 

Nominal power 10 KW 
Nominal voltage 440V 
Nominal current 25 A 
Nominal frequency 320 Hz 
Nominal speed 4800 rpm 
Magnet type NdFeB (Vacodym 

655 HR) 

 

Fig. 7.  Realization of contact temperature measurements in the IPMSM 
under test. 

B. Experimental Results 

The current slopes Sa for two reference temperatures 
(Tm=20°C and Tm=60°C) are captured at standstill at various 
method operating points. A method operating point is called 
here a couple of id(ref) and tpw values. The deviation of the 
current slopes between two reference temperatures as a 
function of the method operating point is depicted in Fig. 8. 
According to Fig. 8, for id(ref)=0.4pu and tpw=30µs, the 
deviation of the current slope is the highest which would 
imply at first sight the highest sensitivity of the method 
among the investigated operating points.  

 

Fig. 8.  Current slope deviation upon temperature estimation between two 
reference magnet temperatures (Tm=20°C and Tm=60°C) as a function of the 
method operating point. 

However, as already mentioned in Section III, the pulse width 
should be long enough so a distinctive deviation in the 
corresponding current slopes of two reference temperatures 
can be generated. This is validated in the following 
experiment where the influence of the voltage pulse width is 
investigated in respect to the repetitiveness and the 
probability to correctly estimate a magnet temperature. For 
the purpose, measurements are carried out at two operating 
points with significantly different voltage pulse width: 
operating point 1 (id(ref)= 0.4pu, tpw = 30µs) and operating 
point 2 (id(ref)= 0.3pu, tpw = 90µs). As Fig. 8 shows, the 
selected operating points will characterize with most 
sensitivity for the respective voltage pulse width. A 
temperature estimation procedure is conducted in heat-up test 
at various rotor reference temperatures. Every procedure 
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consists of 50 measurements. The time interval between two 
measurements is set to 100ms, thus a whole procedure takes 
about 7 to 10 seconds to complete. Temperature estimation is 
conducted at standstill and at motor nominal speed 
(n=4800rpm). The results from the temperature estimation at 
operating point 1 are depicted in Fig. 9 and Fig. 10. The slope 
values in Fig. 9 are the mean values over 50 measurements. 
For n=4800rpm, the distribution of the 50 measurements for 
each rotor reference temperature is shown as histogram in 
Fig. 10. The gray lines in Fig. 10 represent the mean values 
of Sa. The results from the temperature estimation at 
operating point 2 are depicted in analogical manner in Fig. 11 
and Fig. 12. 

C. Interpretation of the Experimental Results 

As already mentioned in Section III, at higher speeds the 
voltage pulse width plays a significant role in the accuracy of 
the proposed temperature estimation method. This is clearly 
visualized in Fig. 9 and Fig. 11. While at operating point 1 
with voltage pulse width of 30µs there is small speed 
dependency, at operating point 2 with voltage pulse width of 
90µs there is a clear offset between the slopes Sa estimated at 
standstill and at n=4800rpm. If the slopes gained at standstill 
are considered valid for the entire speed range, the offset will 
clearly lead to erroneous estimation of the magnet 
temperature at higher speed. For the machine under test the 
deviation between temperature estimation at standstill and at 
nominal speed is less than 6°C for operating point 1 and in 
the range of -12°C to -15°C for operating point 2. However, 
at operating point 1, due to the short voltage pulse, the 
estimated current slopes Sa are not as distinctive as it is the 
case at operating point 2. This is obvious when comparing the 
distribution of the measurements in Fig. 10 and Fig. 12. Upon 
single measurement, the probability to capture the correct 
temperature of the magnets is lower with shorter voltage 
pulse than with a bigger one. 

From the obtained results, two major strategies for good 
temperature estimation sensitivity of the method can be 
concluded. Either a method operating point with short voltage 
pulse but with higher number of measurements for mean 
value estimation of the current slope, or a method operating 
point where a single measurement will give sufficient 
accuracy but with bigger voltage pulse and obligatory speed 
compensation.  

V. DISCUSSIONS 

In the presented method the stator voltage drop is 
neglected in (7) so far. If this is considered, the sensitivity of 
the method can be further slightly increased. However, 
knowledge of the stator temperature would be required. It is 
opinion of the authors that due to the short voltage pulse 
duration no noticeable motor performance degradation is to 
be expected in a practical application. Currently the presented 
method can be applied only in applications where the load 
current can be set to zero for a time duration bigger or at least 

 

Fig. 9.  Mean current slope over 50 measurements at operating point 1 
(id(ref)=0.4pu, tpw=30µs) as a function of the magnet temperature. 

 

Fig. 10.  Distribution of the 50 measurements for each temperature 
estimation procedure at operating point 1 (id(ref)=0.4pu, tpw=30µs) and 
n=4800rpm. 

 

Fig. 11.  Mean current slope over 50 measurements at operating point 2 
(id(ref)=0.3pu, tpw=90µs) as a function of the magnet temperature. 

 

Fig. 12.  Distribution of the 50 measurements for each temperature 
estimation procedure at operating point 2 (id(ref)=0.3pu, tpw=90µs) and 
n=4800rpm. 
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equal 3 to 5 times the electrical motor constant. Subject of 
ongoing research is to define method applicability under load 
conditions by investigating the inherent influence of the q-
current iq on the d-current response due to cross-saturation 
effects. 

With respect to a field weakening control, the proposed 
pulse injection can be implemented by considering negative 
initial d-current, id(ref)<0. However such investigation is not 
considered here since the machine under test needs additional 
d-current excitation (id(ref)>0) to reach a favored saturation 
level in its d-axis for satisfactory method sensitivity. 

VI. CONCLUSION 

An estimation of the permanent magnet temperature in an 
IPMSM has been achieved by detecting the change in the 
degree of magnetic saturation caused by temperature 
dependent demagnetization. An extensive investigation of the 
sensitivity of the method has been presented. It is the opinion 
of the authors that with the proposed tuning strategies, 
magnet temperature estimation with very high accuracy can 
be achieved for the entire motor speed range. The method can 
be adopted to almost every type of PMSM and easily 
integrated into a common digital motor control. 
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