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Abstract: Torque estimation in permanent magnet 
synchronous machines is highly desirable in many applications. 
Torque produced by a permanent magnet synchronous machine 
depends on the permanent magnets’ flux and dq-axes 
inductances. Consequently, precise knowledge of these 
parameters is required for proper torque estimation. This paper 
proposes the use of a high frequency signal for both PM flux and 
dq-axes inductances estimation. The high frequency signals will 
be injected in the stator via inverter superposed on top of the 
fundamental excitation. The proposed method can be used 
without interfering with the normal operation of the machine, the 
results being highly insensitive from machine’s working 
condition.1 

Index Terms — High frequency signal injection, permanent 
magnet synchronous machines, online parameters estimation, 
torque estimation. 

I. Introduction 

Design and control of permanent magnet synchronous 
machines (PMSMs) have been the focus of significant 
research efforts during the last decades due to their high 
dynamic performance, torque density and efficiency. Many 
applications require precise control of the torque produced 
by the machine, torque measurement/estimation being 
therefore a highly interesting feature. 

If torque is to be measured, torque transducers based on 
strain gauges are likely the preferred option [1]-[5]. However, 
this type of sensors can introduce resonances into the system, 
are highly sensitive to electromagnetic interference and their 
cost could account for a significant portion of the drive cost 
[6]. Less popular alternatives for torque measurement are 
systems based on torsional displacement [7]. Torsional 
displacement methods are immune to electromagnetic noise 
but they use optical probes, which are expensive and require 
accurate calibration [7]. Regardless of the method being used, 
precise torque measurement is expensive, requires room and 
extra cables, torque estimation being therefore preferred. 

                                                           
1  This work was supported in part by the Research, Technological 

Development and Innovation Programs of the Spanish Ministry Economy and 
Competitiveness, under grant MINECO-17-ENE2016-80047-R and by the 
Government of Asturias under project IDI/2018/000188 and FEDER funds. 

Torque estimation methods can be roughly classified into 
those based on the torque equation [8]-[9] and indirect 
estimation methods [10]-[18]. Torque equation methods 
include methods based on general torque equation [8], flux 
estimation [8] or look-up-tables [9]. Indirect estimation 
methods include methods based on the electric power and 
rotor speed [10], observer based methods [11]-[16] (e.g. 
sliding mode observers [11], model reference adaptive 
systems [12]-[13], model reference observers, reduced order 
observers [14], recursive least square parameters estimation 
[15] or affine projection algorithms parameters estimation 
[16]), methods requiring additional sensors, e.g. giant 
magnetoresistance effect (GMR) based methods [17], or 
neural networks based methods [18]. All these methods [8]-
[18] require previous knowledge of certain machine 
parameters and/or its operating condition (e.g. temperature, 
resistances or inductances). 

It is known that PM remanent flux and dq-axes 
inductances change during the normal operation of the 
machine due to fundamental current injection [19]-[20] and 
PM temperature [19]-[21]. An increase of the PM temperature 
reduces the PM remanent flux (i.e. magnetization state) 
reducing therefore the machine torque for a given stator 
current. In addition PM remanent flux variation changes the d-
axis saturation level (assumed that the PMs are aligned with 
the d-axis), making the d-axis inductance to change [22]. 
Injection of fundamental dq-axes current changes the dq-axes 
saturation level, resulting therefore in dq-axes inductances 
variation [22], [23]. Therefore, to obtain reliable torque 
estimation, knowledge of parameters variation with machine 
operating conditions would be required. 

In this paper, online torque estimation for PMSMs 
combined with parameter identification is proposed. Machine 
parameters are estimated from the response to two HF signals 
injected in the stator terminals of the machine via inverter. 
The HF signals are superposed on top of the fundamental 
excitation, meaning that the method will not interfere with the 
normal operation of the machine, the results being highly 
insensitive from machine’s working conditions (i.e. saturation 
and temperature effects).  

The paper is organized as follows: fundamental model of a 
PMSM is presented in section II. Parameter identification and 



torque estimation in PMSMs using a HF signal is presented in 
section III, whereas implementation of the method and 
experimental results are provided in section IV. Finally, 
conclusions are presented in section V.  

II. Fundamental model of a PMSM 

The fundamental model of a PMSM in a reference frame 
synchronous with the rotor is given by (1), [19], where Rd, Rq, 
Ld and Lq are the d and q-axis resistances and inductances 
respectively and λpm is the PM flux. The output torque can be 
expressed by (2), where � is the number of poles [19]. The 
first term on the left-hand side of (2), Tsyn, is the 
electromagnetic/synchronous torque, while the second term on 
the right-hand side of (2), Trel, is the reluctance torque. It can 
be concluded from (2) that Tsyn estimation requires λpm 
estimation, while Trel requires differential inductance, i.e. Ld-
Lq, estimation. It will be shown in the next section that λpm, Ld 
and Lq can be estimated by injecting two high frequency (HF) 
signals into the stator terminals of a PMSM. In the 
nomenclature used it this paper, superscripts “s” and “r” 
indicate the stationary and rotor synchronous reference frames 
respectively; subscripts “s” and “r” indicate stator and rotor 
variables, while subscripts “dq” and “HF” indicate fundamental 
and HF components respectively. Finally, * is used to indicate 
commanded values while ^ indicates estimated values. 

0

0

0

0

0 0

0

r r
sd d sd

rr
sqqsq

r
d sd

r
sqq

r
r q sd

r
pm rsqr d

v R i

iRv

L i
p

iL

L i

iL



 

     
      

     

   
   

  

     
     
   

 (1) 

 3

2 2
r r r

out pm sq d q sd sq syn rel

P
T i L L i i T T      

 

(2) 

III. Parameter identification and torque estimation in 
PMSMs using a HF signal 

This section analyzes the physical principles of torque 
estimation in PMSMs using HF signal injection. 

A) HF model of a PMSM 
If the PMSM is fed with a HF voltage/current, the magnet 

flux dependent term in (1) can be safely neglected, as it does 
not contain any HF component, the resulting HF model being 
(3) [23]. 
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If the frequency of the injected HF signal is sufficiently 
higher than the rotor frequency, the rotor speed dependent 
terms can also be safely neglected, the simplified HF model 
shown in (4) being obtained. An indicative threshold for this 
assumption can be 2 500hf r       [23]. 
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B) D-axis inductance identification and electromagnetic 
torque estimation 

As shown in (2), electromagnetic torque (Tsyn) estimation 
requires knowledge of PM flux, λpm. D-axis inductance can be 
used for this purpose as it has been shown to vary almost 
linearly with PM flux [23], [25]. λpm variation with d-axis 
inductance can be expressed as (5). 
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where λpm0 and Ld0 are the PM flux and d-axis inductance at 
the room temperature (Tr0) and when there is no dq-axes 
fundamental current, Ld(Id.Iq,Tr) is the d-axis inductance when 
the magnet temperature is Tr and there is dq-axes current, and 
kdPM is the coefficient linking the d-axis inductance and the 
PM flux. 

D-axis inductance (6) is a function of the fundamental 
current, d and q-axis currents, and PMs remanent flux, which 
varies with its temperature Tr [22]. 
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where αId, αIq, αTr are the coefficients linking the d-axis 
inductance with the d-axis fundamental current ( r

sdI ), q-axis 
fundamental current ( r

sqI ) due to cross-coupling and magnet 
temperature (Tr) respectively. D-axis inductance varies with 

r
sdI and with PM remanent flux due to saturation, the remanent 

flux being affected by magnet temperature [19], [23]. 
Equation (6) evidences the difficulties of modeling the 
behavior of the d-axis inductance, Ld, its estimation from the 
d-axis HF inductance is discussed following. 

D-axis HF inductance can be obtained by injecting a 
pulsating d-axis HF current (7) into the stator terminals of the 
machine. A resonant controller can be used for this purpose 
[23]. The HF voltages commanded by the resonant controller 
are of the form shown in (8), from which a fictitious HF 
voltage vector consisting only of the d-axis component '

1
r
sdqHFv

, (9) is obtained. Both (7) and (9) can be separated into 
positive sequence ( *

1
r
sdqHF pci

 
and '

1
r
sdqHF pcv ) and negative 

sequence ( *
1

r
sdqHF nci and '

1
r
sdqHF ncv ) components, (10) and (11), 

each magnitude of half of the original signal. The d-axis HF 
impedance, (12), can be obtained either from the positive or 
negative sequence components. The d-axis HF inductance is 
finally obtained as the imaginary part of (12) (13). 
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In general LdHF(Id.Iq,Tr,fhf) is a function of the fundamental 

current level, magnet temperature and frequency of the HF 
signal. Fig. 1 shows the measured d-axis HF inductance 
LdHF(Id.Iq,Tr) of the test machine that will be used for the method 
verification vs. the frequency of the HF signal, for different 
fundamental current levels and PMs temperatures. For 
fHF=0Hz, LdHF =Ld holds (of course a DC excitation is not 
properly a HF excitation). Note also that Ld = Ld0 when no 
fundamental current is injected and PMs are at room 
temperature (see (6)). It is observed from Fig. 1 that the d-axis 
HF inductance decreases almost linearly as the frequency of 
the HF signal increases, this behavior being modeled as (14). 
λpm variation shown in (5) can be therefore rewritten as (15) 
after substituting (14) into (5). The synchronous torque (16), 
Tsyn, is finally obtained combining (15) and (2). The described 
process is schematically shown in Fig. 2. 
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Fig. 1.- D-axis HF inductance LdHF variation with fHF for different values of 

r
sdI , r

sqI and Tr combinations. ωr = 2·π 50 rad/s. 

Fig. 2.-. Schematic representation of the process followed to estimate the 

synchronous torque using pulsating HF current injection. 

Fig. 3.- Q-axis HF inductance LqHF variation with fHF for different values of 
r
sdI , r

sqI and Tr combinations. ωr = 2·π 50 rad/s. 

Fig. 4.-. Schematic representation of the process followed to estimate the 

reluctance torque using pulsating HF current injection. 

C) Q-axis inductance identification and reluctance torque 
estimation 

As shown in (2), reluctance torque (Trel) estimation 
requires knowledge of the differential inductance (Ld - Lq). D-
axis HF inductance (LdHF) can be estimated as described in the 
preceding subsection. Q-axis HF inductance (LqHF) can be 
estimated by injecting a pulsating q-axis HF current (17), the 
equations describing the process (18)-(23) being equivalent to 
(8)-(13). 
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Fig. 3 shows the q-axis HF inductance LqHF, vs. the 
frequency of the HF signal for the test machine at different 
fundamental current levels and PMs temperatures. As for the 
d-axis inductance, q-axis HF inductance also decreases as the 
frequency of the HF signal increases; Ld-Lq, see (2), can be 
therefore expressed as (24), where kfqHF is the coefficient 
linking LqHF and Lq (i.e. applying (14) to the q-axis); being 
kfqHF also approximately equal for the different machine’s 
working conditions, as shown Fig. 3. Finally, Lq and Trel can 
be estimated from (25) by using (12)-(13), (22)-(24). The 
described procedure is schematically shown in Fig. 4.  
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IV. Implementation and experimental results 

A) Implementation and experimental setup 
Fig. 5 shows the general block diagram used for the 

implementation of the proposed method [23]-[22], including 
inverter control and injection of pulsating HF signals; torque 
estimation requires the injection of two pulsating HF signals 
to estimate LdHF and λpm, and to estimate LqHF respectively. It 
must be noted that the frequency of the HF signals in a 
stationary reference frame will be, ωr + ωhf, which should be 
smaller than half of the switching frequency (i.e. Nyquist 
frequency) as aliasing would occur otherwise [22]-[24]. In 
addition, use of the method near or above the nominal speed 
would imply a slight reduction of the voltage available to 
produce torque, due to the need of a voltage margin to inject 
the HF signal. Fig. 6 shows the signal processing required for 
torque estimation. Inputs to the torque estimation block are the 
output voltage of the HF resonant current controllers 
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sdqHFv  (19), the commanded HF currents 
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1

r
sdqHFi  (7) 

and 
*

2
r
sdqHFi  (17) and the injected fundamental current 

*r
sdqi , see 

Fig. 5. Two band stop filters, BSF1 and BSF2 are used to 
remove the negative sequence components of the HF currents 
and voltages. Implementation details are summarized in Table 
I. The d and q-axis HF impedances are estimated using (12) 
and (22), the d and q-axis HF inductances are estimated using 
(13) and (23), the PM flux is estimated using (15) and the 
output torque, Tout, is finally estimated using (26), by adding 
(16) and (25). Note that the proposed method does not require 
knowledge of PM temperature. 
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The proposed method has been tested in an IPMSM, 
driven by a power converter with 1200V, 100A IGBT power 
modules (7MBP100VDA120-50 [26]). The switching 
frequency is 10kHz, following a Standard Space Vector 
Modulation strategy. The machine used for experimental 
results is equipped with Grade 42-SH PMs. Fig. 7a shows the 
schematic representation of the machine used for the 

 
Fig. 5.- Injection of pulsating HF currents. Dashed lines indicate optional 
functionalities. 

 
Fig. 6.- Schematic representation of the signal processing for torque 

estimation using pulsating HF current injection. 

TABLE I. EXPERIMENTAL TESTS CONDITIONS 
IHF`[pu] ωdHF [rad/s] ωqHF [rad/s] bwBSF1 [rad/s] bwBSF2 [rad/s] 

0.05 2·π·500 2·π·1000 2·π 10 2·π 10 
TABLE II. MACHINE PARAMETERS 

PRated [kW] VRated [V] IRated [A] r [rpm] Poles 
4 350 14 1000 6 



verification of the method, the parameters being shown in 
Table II. The test machine was loaded with a commercial 
40kW axial PMSM machines (EMRAX 228 [27]) driven by a 
BAMOCAR-PG-D3 power converter [28]. Fig. 7b shows a 
picture of the test bench. Output torque of the test machine has 
been measured with an Interface Torque transducer [1] as 
shows Fig. 7b (T5 model, 12-Bit resolution, 10kHz, ±100Nm, 
0.2% combined error). Test machine currents have been 
measured with standard 1% accuracy current transducers [29] 
and 12-bit analog-to-digital converters [30]. PMs temperatures 
were measured in real time using a wireless on-line 
measurement system [22], to assess the accuracy of the 
method. 

a)  

b)  
Fig. 7.- (a) Schematic representation of the test machine and (b) picture of the

test bench. 

a)

b)

c)

d)

e)
Fig. 8.- Experimental results: (a) Estimated d-axis HF inductance LdHF, (b)

Estimated PM flux, λpm; (c) Estimated differential inductance, i.e. Ld – Lq;

(d) Estimated and measured torque; (e) Estimated torque error. 0< r
sqI <1pu,

r
sdI =0pu, IHF = 0.05 pu, ω dHF = 2·π 500 rad/s and, ω qHF = 2·π 1000 rad/s, ω 1

= 2·π 50 rad/s, kfdHF ≈ 1.058, kfqHF  ≈ 1.119 and kdPM = -0.372 Vs. 

B) Experimental results 
Fig. 8 shows experimental results when the magnitude of the 
q-axis component of the fundamental current, r

sqI , changes 
from 0pu to 1pu. Fig. 8a shows the estimated d-axis HF 
inductance (13), LdHF. Fig. 8b shows the estimated PM flux, 
λpm; LdHF shown in Fig. 8a being used to estimate λpm (15). λpm 
is used to estimate the electromagnetic/synchronous torque 
(16). Fig. 8c shows the estimated differential inductance Ld- 
Lq, (24), obtained from the estimated d-axis HF inductance 
(13), and q-axis HF inductance LqHF, (23). The reluctance 

a)

b)



c)

d)

e)
Fig. 9.- Experimental results: (a) Estimated d-axis HF inductance, LdHF; (b) 

Estimated PM flux, λpm; (c) Estimated differential inductance, i.e. Ld – Lq; 

(d) Estimated and measured torque; (e) Estimated torque error. r
sqI =1pu, 

r
sdI

=0pu, 20<Tr<65ºC, IHF = 0.05 pu, ω dHF = 2·π 500 rad/s and, ω qHF = 2·π 

1000 rad/s, ω 1 = 2·π 50 rad/s, kfdHF ≈ 1.058, kfqHF  ≈ 1.119 and kdPM = -0.372 

Vs. 

torque (25) is estimated from the differential inductance. Fig. 
8d shows the estimated, (26), and measured torque of the 
machine while Fig. 8e shows the error in the torque 
estimation. It is noted that the error is <0.5 Nm, which is 
within the tolerance band of the torque sensor of 0.2%. 
Another potential explanation for this error would be that the 
estimated torque is the electromagnetic torque, (26), while the 
measured torque is the shaft torque (see Fig. 7), which is 
affected by windage and friction losses. However, the fact that 
the sign of the error in Fig. 8e varies for the different 
operating points makes this explanation arguable. 

Fig. 9 shows analogous results to Fig. 8 but when r
sqI = 1pu 

( r
sdI = 0) and PM temperature changes from 20ºC to 65ºC. An 

increase of the PM temperature results in a reduction of PM 
flux, λpm, and consequently of the output torque. It is observed 
from Fig. 9e that the error in the estimated torque in this case 
is <0.1 Nm. 

Fig. 10 shows the performance of the proposed method in 
the whole r

sqI - r
sdI  map. Fig. 10a-c shows measured and 

estimated torques and the estimation error respectively. 
Current circle limit, i.e. 1r r

sdq sdqi I  pu, as well as Maximum 
Torque per Ampere (MTPA) trajectory (OA), constant power 
region (1st flux weakening region, AB) and Maximum Torque 
per Volt (MTPV) trajectory (2nd flux weakening region, BC) 
are also indicated in the figure. It can be seen from Fig. 10c 
that q-axis current has almost no impact on the torque 
estimation error, larger errors occurring in the deep flux-
weakening region, 0< r

sqI <0.1 pu and -1< r
sdI <-0.9 pu; the 

maximum error being <6Nm. It must be noted however that 
this region does not belong to the trajectory OABC which 
would be followed normally. Errors in the estimated torque 
along the OABC trajectory are shown in Fig. 11. Fig. 11a-c 
shows the estimated torque error when the fundamental dq-
axis current, r

sdqI , changes from 0 to 1pu following the MTPA 
trajectory (OA), when the fundamental dq-axis current, r

sdqI  
follows the constant power region trajectory (AB) and r

sdqI
following the MTPV trajectory (BC), respectively. The 
maximum estimated error is seen to be <2.5Nm. 

a)

b)

c)
Fig. 10.- Experimental results: (a) Measured torque vs r

sqI and 
r
sdI ; (b) 

Estimated torque; (c) Estimated torque error. 0< r
sqI <1pu, -1<

r
sdI <0pu, Tr 

=20ºC, IHF = 0.05 pu, ω dHF = 2·π 500 rad/s and, ω qHF = 2·π 1000 rad/s, ω 1 = 
2·π 50 rad/s, kfdHF ≈ 1.058, kfqHF  ≈ 1.119 and kdPM = -0.372 Vs. 

 



 

a)  

b)  

c)  
Fig. 11.- Experimental results. Estimated torque error: (a) MTPA trajectory 
(OA); (b) constant current trajectory (AB); (c) MTPV trajectory (BC), Tr 

=20ºC, IHF = 0.05 pu, ω dHF = 2·π 500 rad/s and, ω qHF = 2·π 1000 rad/s, ω 1 = 

2·π 50 rad/s, kfdHF ≈ 1.058, kfqHF  ≈ 1.119 and kdPM = -0.372 Vs. 

 

a)

b)

c)

d)
Fig. 12.- Experimental results: Estimated torque error at (a) Tr =20ºC; (b) Tr

=35ºC; (c) Tr =50ºC; (d) Tr =65ºC. 0< r
sqI <1 pu, -1<

r
sdI <0 pu, IHF = 0.05 pu,

ω dHF = 2·π 500 rad/s and, ω qHF = 2·π 1000 rad/s, ω 1 = 2·π 50 rad/s, kfdHF ≈
1.058, kfqHF  ≈ 1.119 and kdPM = -0.372 Vs. 
 

a)  

b)  

c)  
Fig. 13.- Experimental results: Estimated torque error at Tr =20ºC; 35ºC; 

50ºC and 65ºC: (a) MTPA trajectory (OA); constant current trajectory (AB); 

(c) MTPV trajectory (BC). IHF = 0.05 pu, ω dHF = 2·π 500 rad/s and, ω qHF = 



2·π 1000 rad/s, ω 1 = 2·π 50 rad/s, kfdHF ≈ 1.058, kfqHF  ≈ 1.119 and kdPM = -

0.372 Vs. 

 
Finally, Fig. 12a-d shows the torque estimation error for four 
different PMs temperatures of 20, 35, 50 and 65ºC. The 
estimated error when the fundamental dq-axis current moves 
along the OABC trajectory being shown in Fig. 13. It can be 
observed from both figures that torque estimation error is 
barely affected by PM temperature variation. 

V. Conclusions 

This paper proposes permanent magnet synchronous 
machines online torque estimation based on the torque 
equation combined with parameter identification. The 
proposed method uses a modified torque equation, which 
relies on the high frequency d and q-axes inductances of the 
machine. The inductances are estimated from the response to 
two high frequency signals, which are superposed on top of 
the fundamental excitation applied by the inverter. The 
proposed method operates therefore without interfering with 
the normal operation of the machine. Extensive experimental 
results under different operating conditions have been 
provided to demonstrate de viability of the proposed method. 
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