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A Torque Compensation Method Considering Temperature Variation
of SPMSM
Tae-Uk Jung* and Chang-Seok Park†
Abstract – This paper analyzed the effect of temperature on the permanent magnet flux and output
torque. The major parameter which will impact the torque control accuracy of a surface mounted
permanent magnet motor is the variation of the permanent magnet temperature. In addition, the
temperature variation of the permanent magnet will also influence the maximum torque per ampere of
the motor. To analyze the effect of temperature on the permanent magnet, the rotor of the motor was
directly heated to measure the temperature and the permanent magnet flux was measured. As a result,
the output torque of the motor decreases as the temperature of the rotor permanent magnet increases.
Therefore, this paper proposes a technique to compensate the phase current of the motor by estimating
permanent magnet flux, and it is proved through theoretical basis and several experiments.

Keywords: Torque control, Maximum torque per ampere, Rotor, Temperature, Permanent magnet,
Magnetic flux

1. Introduction
The permanent magnet synchronous motor (PMSM) is
widely used in various industries such as automobile and
aviation due to high efficiency and power density [1-3].
The PMSM is divided into a surface type (SPMSM) and a
built-in type (IPMSM: Interior PMSM) according to the
permanent magnet (PM) attachment method of the rotor.
The IPMSM can be driven in a wider operating range than
the SPMSM, and additional reluctance torque is induced.
On the other hand, since the SPMSM is easier to control
than the IPMSM, it may be preferred over the IPMSM
depending on the application field.
One of the most important performance requirements for
a surface mounted permanent magnet motor (SPMSM) and
its drive is the efficient and accurate torque control over a
wide range of environmental conditions [4]. The major
parameter which will impact the torque control accuracy of
a SPMSM is the variation of the permanent magnet (PM)
temperature. In addition, the temperature variation of the
PM will also influence the maximum torque per ampere
(MTPA) of the SPMSM. As a result, if the temperature
effects are not compensated properly, both the torque
accuracy and the efficiency of the SPMSM will be mortally
affected [5, 6]. Therefore, the monitoring of the PM
temperature is very important to prevent degradation in
performance, efficiency and reliability of the SPMSM.
The temperature estimation has been studied through
thermal model based method [7, 8], based on the injection
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of some from of test signal [9, 11], and using non-connect
sensors [12]. The thermal model requires many variables
such as the eddy current loss of PM, core losses of the rotor.
In addition, a long time is demanded because electromagnetic analysis is needed [7, 8]. The signal injection
methods require injection of an additional high frequency
signal superimposed on the fundamental excitation. This
method can have some extra losses, noise and vibration
effects on the operation of the machine [9-11]. Finally the
method using non-connect sensors demands an additional
hall sensor. Therefore, there are disadvantages of the space
constraints and additional costs. Also, it can not be applied
to the sensorless system [12].
In this paper, a Gopinath style flux observer is applied
to the motor control system to compensate for the torque
error due to temperature rise. To apply this method, the
temperature of the PM is estimated by the magnetic flux of
the PM. In addition, the proposed magnetic flux estimator
uses a mixture of voltage and current models. The
proposed torque compensation algorithm does not require
any additional hardware and the off-line experimental. The
experimental results are presented to verify the usefulness
of the proposed algorithm.

2. System Modeling
2.1 Torque equation of SPMSM
The output torque of the PMSM can be calculated from
the stator voltage equation modeling of the PMSM. The
stator voltage equation of the PMSM is obtained as
follows:
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Where vabc is the phase voltage of the stator winding,
Rabc is the resistance of the phase winding, iabc is the
stator phase current, Laa ,?Lbb and Lcc are the total
inductance of the phase winding, Lab , Lba , Lbc , Lcb , Lca
and Lac are the mutual inductance between phase winding,
eabc is the back electro motive force(BEMF) induced by
the PM, respectively.
If the three-phase winding is balanced, Rabc can be
shown Rs . when the equation of the BEMF and the stator
inductance are written in magnetic flux type, (1) is
rewritten by (2).
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Eq. (2) can be transformed into a rotor reference frame
that rotates at an arbitrary angular velocity as follows:
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Where r is the angular speed of the motor, dq is the
d-q axis magnetic flux, respectively.
Also, dq in (3) can be expressed by (4). In (4),  pm is
the magnetic flux due to the PM.
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The output torque of the PMSM can be obtained from
the mechanical output of the motor. In the d-q axis
coordinate system, the input power of the motor is
expressed as (5).
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In SPMSM, the inductance of d-axis and q-axis are the
same Ld  Lq , so the torque formula can be rewritten as
follows:
Te 

3P
r
 pm iqs
2 2

(8)

When (8) is examined it is seen that electromagnetic
torque produced by the motor can be controlled depending
upon q axis current, number of poles and magnet flux. The
number of poles is a parameter that cannot be changed after
the motor is produced. Therefore, the only q axis current
remains as a control parameter because the magnetic flux
 m is considered as constant. However, the magnetic flux
 m is directly influenced by the temperature.

2.2 Temperature effect on magnet materials [13, 14]
The influence of the temperature variation on the
characteristics of magnetic flux  pm is briefly discussed in
this section. Both remanence Br and intrinsic coercivity
H ic of the magnet material will vary when the temperature
changes. The remanence of magnet material has a
temperature dependent relationship as:

 0 

Br  Br 0 1  

100 


(9)

Where Br is the magnet remanence at the actual
operating temperature [T], Br 0 is the magnet remanence
at nominal temperature [T], τ is the magnet actual
operation temperature [ºC],  0 is the nominal temperature
[ºC], and α is the temperature coefficient for remanence
[%/ºC], respectively.
Fig. 1 shows the B-H curves of the DAIDO
ELEXTRONIS NP-8R 6kOe bonded NdFeb magnet at
different temperature. The Br is 0.128[T] at 25[ºC], [T] at
25[ºC], and [T] at 25[ºC]

(5)

The mechanical output Pout can be calculated by
rearranging the previously calculated d-q axis stator
voltage and flux linkage into (5).
Pmecha 





3
r
r r 
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The torque is the mechanical output Pmecha divided by
the speed r of the motor. It can be expressed as:

Fig. 1. B-H curves of the NP-8R 6kOe bonded NdFeb
magnet
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Fig. 2. Demagnetization ratio curves of the NP-8R 6kOe
bonded NdFeb magnet according to temperature

Fig. 3. MTPA curve of SPMSM

The motor’s mechanical time constant changes inversely
with the motor’s temperature dependent BEMF and torque
functions, K E and KT . In reference [15], it is shown that
both K E and KT have the same functional dependence
on the magnetic flux produced by the motor’s magnets.
Reversible thermal demagnetization depends on each
specific magnet material. In bonded NdFeb magnet, the
expression for the, reversible linear decrease in both K E
and KT with increasing magnet temperature amounts to:

K E ,T T   K E ,T T0  1  B T  T0  
@ B  NdFeB   0.001/℃

Fig. 4. Magnetic flux linkage observer

(10)

Where T , T0 , and B present the temperature, the
room temperature and the temperature constant of the PM
materials, respectively.
Fig. 2 displays the PM demagnetization ratio due to
repeated temperature rise. The results from five repeated
experiment, it can be seen that when the temperature rises
to a high temperature even once, the PM is demagnetized.
As the temperature rises, the magnetic flux  pm
decreases and directly affects the output torque Te by (8).
Therefore, the temperature rise of the PM reduces the
output torque of the SPMSM and makes precise torque
control impossible.

3. Proposed Torque Compensation Algorithm
In general, the PMSM applies vector control techniques,
and the vector control is based on independent current
feedback control for the d-q axis currents. As shown in fig.
3, since SPMSM uses only magnetic torque, the d-axis
r
current satisfying MTPA is 0 and the q-axis current is iqs .
In the SPMSM control, After calculating the MTPA current
command using the fixed permanent magnet flux value, the
MTPA current command is input to the table and applied to
the control system. However, when the value of the PM
flux changes, an error also occurs in the current command
because the change of the PM flux is not reflected in the
MTPA, resulting in an error in the output torque.
162 │ J Electr Eng Technol.2018; 13(1): 160-167

3.1 Magnetic flux estimation
In this paper, a Gopinath style flux observer as shown in
Fig. 4 is used to implement the motor constant estimation
and compensation method.
As shown in Fig. 4, the magnetic flux observer used in
this paper estimates the magnetic flux of PMSM using
current model and voltage model. The voltage component
of the motor at low speed is not suitable for estimating
the magnetic flux using the voltage because it contains
the external noise and the distorted voltage component
due to the switching of the power converter. Therefore,
the magnetic flux is estimated using the current and the
motor estimation constant at low speed. However, there
is a disadvantage in that the magnetic flux estimation
value is directly affected by the accuracy of the motor
estimation constant. On the other hand, at high speed, the
magnetic flux is estimated using only the voltage of the
motor, which is less influenced by the accuracy of the
motor estimation constant. Fig. 6 shows the frequency
response characteristics for the motor estimation constant
error of the flux observer.
As shown in Fig. 6, the accuracy of the magnetic flux
estimation is affected by the motor estimation constant
error below the cross over frequency of the flux observer,
and the accuracy of the magnetic flux estimation is not
affected by the motor estimation constant error above the
cross over frequency. Therefore, in the medium speed and
high speed operation region, in the case of the flux
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Fig. 5. Block diagram of the proposed torque compensation algorithm

follows (13). Like the current, the voltage model can be
written in discrete time form as in (14).
d r
r
r
dqs  vdqs
 Rs idqs
dt

(13)

r
r
dqs
 k  1  dqs
k 
r
 vdqs
 k  Ts 

Fig. 6. Frequency response characteristics of flux observer

observer implemented based on the voltage model, since
the estimated magnetic flux includes information on the
change in the motor constant, the motor constant can be
calculated relatively accurately in real time using the
estimated magnetic flux and the current.

3.2 Proposed torque compensation algorithm
First, the stator flux linkage can be estimated through the
current model. By (4), the current model is developed
based on the stator flux linkage and the current equation as
(11). The current model can be written in discrete time
form as in (12).
r
r
ds
 Ld ids
  pm

r
r
 qs  Lq iqs
r
dsr  k   Ld ids
 k    pm

(11)
(12)

The second step in estimating stator flux linkage is the
development of a voltage model based observer. Stator flux
linkage is separated to simplify the stator flux link observer
model and eliminate the effects of cross-linking. Then the
voltage model of continuous time can be approximated as

Ts
r
r
Rs {idqs
 k  1  idqs
 k }
2

(14)

However, the SPMSM controls the d-axis current to 0
for MTPA, so PM flux  pm is calculated as shown in (15).

dsr   pm

(15)

4. Experimental Results
Fig. 7 shows the result of measuring the temperature
change of the PM for the demagnetization test. The
temperature was raised uniformly using a heating gun for
the experiment. The no-load BEMF was measured to
analyze the influence of the BEMF due to the temperature
rise. As a result of the measurement, the average
temperature of the PM having no temperature change was
measured to be 7.1[Vpk] at room temperature.
Fig. 8 shows the result of the BEMF variations due to
the temperature rise. As a result, BEMF displayed about
10[%] reduction at 100[ ℃ ].
The proposed torque compensation algorithm was
implemented with a SPMSM drive system. The parameters
given in Table 1. The drive system for experimental is
shown in Fig. 9.
In order to verify the torque control characteristics in
the room temperature region, a speed load of 3000 [rad/s]
was applied to the SPMSM to be tested, and then a torque
command was inputted to confirm the output result. At
http://www.jeet.or.kr │ 163
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Fig. 7. Experimental Measurement of the Permanent-Magnet (PM) Temperature of the Test SPMSM

Fig. 8. Variation of BEMF by temperature

Fig. 9. Experimental test setup

this time, the torque feedback value was calculated using
the estimated parameters. Fig. 10 shows the dynamic
characteristics of the torque controller with varying load
torque at room temperature. According to the load torque
variable, the torque controller performs MTPA with quick
response characteristic. Also, the magnetic flux of the PM
is assumed to be constant regardless of the load variable.
Fig. 11 displays the dynamic characteristics of the
torque controller where the load torque changes at a rotor
temperature of 100[°C]. Depending on the load torque
variable, the torque controller shows fast response
characteristics, but the output torque does not perform
MTPA. This is because the magnetic flux of the PM is
164 │ J Electr Eng Technol.2018; 13(1): 160-167

Fig. 10. Output waveform with variable torque load at
room temperature. (A) load torque : 10[mNm], (B)
load torque : 127[mNm]
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Table 1. The properties of a SPMSM drive parameter
Properties
Rated voltage
Rated current
Rated speed
Poles
Rated Torque
Torque sensor capacity
Stator resistance
Stator inductance
PM flux
Control processor
Switching frequency
Control period

Details
25 [V]
2.8 [A]
3000 [r/min]
4
0.127 [N.m]
0.5 [N.m]
0.75 [  ]
0.85 [mH]
0.128 [T]
DSP TMS320F28335
10 [kHz]
100 [  s ]

Fig. 11. Output waveform with variable torque load at
100[°C]. (A) load torque : 10[mNm], (B) load
torque : 127[mNm]

Fig. 13. Output waveform of motor performance tester. (A)
22 [°C], (B) 100 [°C], and (C) (A) vs. (B)

Fig. 12. Output waveform with variable torque load at
100[°C]. (A) load torque : 10[mNm], (B) load
torque : 127[mNm]

reduced due to the high temperature.
Fig. 12 describes the result of applying the proposed
torque compensation method when the PM is 100[°C]. In
order to compensate the reduced output torque due to the
decrease of the PM flux, the output torque was
compensated by increasing the phase current of the motor.
At this time, the magnetic flux of the PM shows a reduced
result. Since the permanent magnet flux is reduced by the
influence of temperature, it is not satisfied with the MTPA
http://www.jeet.or.kr │ 165
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[3]

[4]

Fig. 14. Output waveform of motor performance tester at
100[°C]

command torque.
Fig. 13 illustrates the output waveform of the motor
performance tester. As shown in Fig. 13(a), the rated torque
is output at room temperature. However, in Fig. 13(b), the
rated torque is not output even though the same input
current flows as in 13(a).
Fig. 14 displays the result of motor performance tester of
applying the proposed torque compensation method when
the PM temperature is 100[°C].

[5]

[6]

[7]

5. Conclusions
In this papers, the output torque reduction due to the
temperature increase of the PM is analyzed and an
algorithm for compensating the torque is proposed. The
proposed algorithm is comprised of the flux observer with
the general PI current regulator. The proposed torque
compensator is a technique to compensate the phase
current by estimating the PM flux in real time.
This algorithm does not require any external hard ware,
off-line experimental measurements. The validity of the
proposed algorithm is proved by the several experimental
tests.
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