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Abstract— This paper analyzes the effect of angle estimation 

error on the sensorless torque control of the permanent-magnet 
synchronous motor (PMSM). The actual torque of PMSM may 
differ from the torque reference due to the angle error in 
sensorless control. Furthermore, this torque discrepancy can 
cause instability to the control system, especially in the flux 
weakening region. The instability is highly dependent on the gain 
setting of the controller and observer in the control loop. To 
mitigate the adverse effect of the angle error, a torque feedforward 
method considering the transient angle error is proposed. With the 
proposed torque feedforward method, the gain margin of the 
control loop can be enhanced without modifying the gain of the 
control system. The proposed method is verified through the 
simulation and experimental results. 
 

Index Terms—Observer, permanent-magnet synchronous 
motor, sensorless drive, stability, torque control. 
 

NOMENCLATURE 

( )
( )

( )

s
ds

s
qs

 
  
  

s
dqs  dq-vector variable at stationary 

reference frame. 

ˆ

ˆ

ˆ

( )
( )

( )

r
ds

r
qs

 
  
  

r
dqs  dq-vector variable at estimated rotor 

reference frame. 

( )
( )

( )

r
ds

r
qs

 
  
  

r
dqs  dq-vector variable at rotor reference 

frame. 

(^) Estimated value. 
( )* Reference value. 

(~) 
Error between actual and estimated 
values. 

(~ෝ) Estimated error. 
rm Mechanical rotor angle. 
r Electrical rotor angle. 
rm Mechanical rotor speed. 
r Electrical rotor speed. 
p Number of pole pairs. 

 

I. INTRODUCTION 

HE APPLICATIONS of the permanent-magnet 
synchronous motors (PMSMs) have been widened to 

various industries such as servo drives, home appliances, and 

hybrid/electric vehicles. Most PMSM drives adopt the field-
oriented control (FOC) or the direct torque control (DTC) as 
their control scheme, and they require the information of the 
rotor position. Of course, a position sensor can be installed on 
the rotor shaft, but it often increases the cost and may not be 
available due to mechanical reasons. To shed these limitations, 
the sensorless control technology that estimates rotor position 
without position sensor has been researched and 
commercialized in recent years [1]-[18]. 

Depending on what physical information is used for the angle 
estimation, the sensorless control technology can be 
categorized into two groups, which are the rotor saliency-based 
methods [1]-[8] and the model-based methods [8]-[15]. The 
rotor saliency-based methods exploit the saliency due to the 
rotor shape [2] or the partial magnetic saturation [4] by injecting 
an additional voltage/current signal. On the other hand, the 
model-based methods estimate the rotor position using the 
back-electromotive force (back-EMF) of PMSM, which can be 
calculated from the terminal voltage and the electrical model of 
PMSMs.  

No matter what type of sensorless method is taken, the 
primitive output of most sensorless techniques is not the rotor 
angle itself but the rotor angle error, which is the difference 
between the estimated rotor angle and the actual rotor angle. In 
order to obtain actual rotor angle information from the angle 
error, position estimators such as a PI-based phase locked loop 
(PLL) [5], [8], [9], [13] or state observer [1], [6], [14]-[19] have 
been used. Some research works have reported the sensorless 
observers which directly estimate the rotor angle, instead of 
angle error [14], [18]. However, even in those research works, 
the position estimator was adopted to eliminate the noise in the 
angle estimation and to obtain the rotor speed information. Thus, 
the position estimator cascaded with the sensorless observer is 
the common structure in sensorless PMSM control. 

Although various types of position estimators have been 
proposed, their basic principle is to estimate the rotor angle that 
makes the estimated angle error be null. Therefore, the angle 
error converges to zero in steady-state under the sensorless 
control with the accurate motor parameters [11]-[13]. However, 
there is an inevitable angle error in the transient state due to the 
limited bandwidth of the position estimator [14]- [19]. 

To enhance the dynamics of the position estimator, the torque 
reference was used as a feedforward term in the state observer 
type position estimator [16], [17]. Feedforwarding torque 
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reference can virtually extend the bandwidth of the position 
estimator, and the transient angle error due to torque reference 
change can be conspicuously reduced. 

However, the angle error causes an error between the actual 
torque and its reference. The angle error directly leads to the 
discrepancy between the rotor reference frame (RRF) and the 
estimated RRF (ERRF). Considering that the output torque 
corresponds to the current vector at RRF and the current control 
of the drive system works at ERRF, the angle error can 
deteriorate the torque accuracy. Furthermore, an unidentified 
load torque also disturbs the angle estimation. Therefore, 
feedforwarding torque reference is not enough to eliminate the 
angle error. 

The inevitable error in angle estimation can affect the 
stability of the drive system. As the torque discrepancy due to 
angle error is input to the mechanical system, the speed 
oscillation would occur. Depending on the gain setting of the 
system and the mechanical characteristics, the speed oscillation 
caused by angle error may not be attenuated but make the 
control system unstable. 

In this paper, it is analyzed how the angle error affects the 
stability of the drive system. First, the torque error due to the 
angle error is calculated depending on the operating points. 
Because of this torque error, an undesired feedback term is 
generated in the sensorless torque control. And, it is analyzed 
how this unwanted feedback term changes the pole locations of 
the control loop. Especially in the flux weakening (FW) 
operation, it is revealed that the poles of the control system may 
migrate to the unstable region. 

This phenomenon can be more severe in low-inertia 
applications or when the gains of the position estimator are not 
large enough. However, since the position estimator gains are 
directly related to the bandwidth of the estimator, it is limited 
by the desired noise immunity of the target system. Therefore, 
increasing the gains of the position estimator is not always a 
feasible solution for every industry application. Alternatively, 
this paper proposes a torque feedforward method considering 
the error in angle estimation. The proposed compensation 
method ensures the stability of the system without increasing 
the gains of the observer, which keeps the same noise immunity 
in the high-frequency region as the conventional system does. 
The feasibility of the proposed method is verified with a series 
of simulation and experimental tests. 

In addition to the previously presented paper [19], this paper 

provides the following. 
1) Detailed analysis of the stability condition. 
2) Noise immunity analysis of the proposed method. 
3) Simulation and experimental results under parameter 

errors and those in speed control mode. 

II. STABILITY OF SENSORLESS TORQUE CONTROL 

A. Small-Signal Model of Sensorless PMSM Drives 

When a PMSM operates in the sensorless control mode, the 
torque control block diagram can be illustrated as Fig. 1. rm 
and rm represent the rotor angle and speed in mechanical angle. 
r and r stand for those in electrical angle, respectively. p is 
the number of pole pairs. R() denotes the rotation matrix 
which is 
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 The current reference r̂*
dqsi  can be calculated corresponding to 

the torque reference Te
* and the stator flux reference s

*. 
Through the current controller and PWM inverter, the stator 
current s

dqsi  is regulated, and the actual torque Te is produced. Te 

can be treated as the input to the mechanical system Hmech, 
which has a disturbance of load torque TL. In this paper, Hmech 
is assumed as a single-pole system with free inertia Jm and 
friction constant Bm, as follows. 

 1
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H
J s B




 . (2) 

The typical sensorless observers, such as the extended back-
EMF method [9] or the full-order observer [11], [12], take dq-
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Fig. 1. Block diagram of sensorless torque control. 
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Fig. 2. Simplified block diagram of sensorless torque control system. 
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estimated angle error ˆ
r% . The estimated rotor angle r̂  and the 

speed ˆr  are obtained from the estimated angle error ˆ
r%  

through the position estimator. Focusing on the relation 

between ˆ
r%  and the actual angle error, ˆ

r r r   % , the 

sensorless control system can be simplified as Fig. 2. ˆ
r%  

calculated from the sensorless observer using the voltage and 
current signals reflects r% , but may have an error due to the 

nonideal operation of the sensorless observer. In Fig. 2, the 

phase delay and magnitude distortion of ˆ
r%  compared to r%  

are represented by HSL, equivalently. Similarly, the offset and 

noise in ˆ
r% , caused by the sensorless observer, are indicated by 

d. If the sensorless observer is ideal without delay and 
magnitude error, HSL becomes the unity.  

The rotor angle and speed can be estimated by a position 
estimator. While there are various types of position estimators, 
PI-based PLL (PI-PLL) and the extended state observer (ESO) 
in Fig. 3 have been common solutions. Kp and Ki in Fig. 3 (a), 
and L1, L2, and L3 in Fig. 3 (b) are the gains of each position 
estimator, and Tff stands for the torque feedforward term in ESO. 

In Fig. 3 (b), ˆ
mJ  and ˆ

mB  denote the estimated mechanical 

inertia and friction constant. Although the gain setting and the 
implementation are more comfortable in PI-PLL, ESO has a 

better dynamic performance and noise rejection. In the 
following analysis, ESO is selected as the position estimator. 
The ESO can be considered as transfer functions from Tff , r, 
and d to r̂  and ˆ

r , as shown in Fig. 4. In Fig. 4, H1 – H6 can 

be deduced as 
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Generally, gains of ESO can be set as follows from Hch,ESO. 
The parameters, 0, n, and n, are set under the consideration 
of stable operation and reasonable dynamic performance of 
ESO. 

   2 2
, 2ch SO n nnE oH s s s        (11) 

where  
 1 2 /ˆ ˆ

o n n m mBL J      (12) 

 12
2 /ˆ2 ˆ

n n n o m mB JL L       (13) 

 2
3 o nL   . (14) 

In the derivation of (3)-(14), HSL is assumed to be unity. It 
implies that the bandwidth of the position estimator is much 
lower than that of the sensorless observer, and the delay of the 
sensorless observer is negligible in the position estimator’s 
point of view. 

B. Torque Discrepancy Due to Angle Error 

In the previous section, the mechanical system and the 
position estimator were represented by the transfer functions. 
Meanwhile, it can be noticed that there is no explicit feedback 
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Fig. 3. Block diagrams of position estimator. (a) PI-PLL. (b) ESO. 
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Fig. 4. Transfer function of ESO. 

*
eT

ˆ*r
dqsi

r̂R( ) rR( )

s
dqsi r

dqsi
eT

( )eTr
dqsi

*
s

ˆ* * *( , ) r
e s dsT i 

ˆ* * *( , ) r
e s qsT i 

 
Fig. 5. Simplified block diagram of current control and motor. 
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loop in Fig. 2. Therefore, if the current controller, inverter, and 
motor operate as an ideal torque actuator, which has the unity 
transfer function, the stability of the sensorless torque control 
of PMSM would be needless to be discussed. However, the 
non-ideal characteristics of the inverter and motor would 
perturb the stability of the control system. Especially in 
sensorless drives, the angle error makes the ideal operation 
more difficult. 

As aforementioned, the current reference generator in Fig. 1 
calculates r̂*

dqsi  corresponding to Te
* and s

*. In this paper, it is 

assumed that the current reference is calculated through a 
precalculated look-up-table (LUT) [20], [21]. Under the 
assumption of a well-regulating current controller and PWM 
inverter, the output current on ERRF can be controlled as r̂*

dqsi

regardless of some errors in parameters and estimated angle. 

And, s
dqsi  would be regulated as ˆ*( )r̂

r
dqsR i . However, the actual 

torque of PMSM corresponds to the current on RRF, not ERRF. 
Therefore, the block diagram from torque reference to output 
torque can be depicted as Fig. 5. 

Fig. 6 illustrates the current vector diagram when an angle 
error is present. The actual current vector on RRF can be 
expressed as 

 ˆ( )r r r
dqs dqsi R i% . (15) 

The PMSM outputs the actual torque corresponding to r
dqsi , 

not r̂
dqsi . Therefore, even if the LUTs for the current reference 

well-correspond to the torque reference, a torque error can be 
caused by r%  depending on the operating condition. 

Fig. 7 (a) and (b) show the torque errors due to angle error in 
various operating points of an IPMSM and a surface-mounted 
PMSM (SPMSM), respectively, where the angle errors are 
assumed as 10° in electrical angle. In Fig. 7 (a), the solid red 
line represents the desired torque Te

*, and the magenta dashed 
line shows the MTPA curve. The dashed arrows are two 
different current reference vectors, r̂*

dqs,Ai  and r̂*
dqs,Bi , which both 

can generate Te
*. r̂*

dqs,Ai  represents the operating point in FW 

region, while r̂*
dqs,Bi  represents the operating point on the MTPA 

curve. If there is a positive r% , the actual current vectors at RRF 

would be rotated to r
dqs,Ai  and r

dqs,Bi . Besides, these shifted 

current vectors cause the torque discrepancy. For example, 

r
dqs,Ai  would produce an excessive torque over Te

*. On the 

contrary, Te would barely differ from Te
* near MTPA curve, as 

shown in r̂*
dqs,Bi  and r

dqs,Bi . 

Fig. 7 (b) shows the case of SPMSM. As in Fig. 7 (a), r̂*
dqs,Ai  

denotes the current reference in the FW region, and r̂*
dqs,Bi  is the 

reference at the MTPA line which is the q-axis. It can be noted 
that there is a torque mismatch in the FW region regardless of 
the saliency of the motor. 

The torque discrepancy caused by an angle error which is 
addressed in Fig. 7 can be quantitatively analyzed through the 

small-signal modeling. Assuming a small r% , the discrepancy 

between Te and Te
* can be deduced as 

 * e
e e e r

r

dT
T T T

d



   %%

%  (16) 

In (16), /e rdT d%  can be rewritten in terms of r
dqsi  as 
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changes slowly, /r
ds ri   %  and /r
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Fig. 6. Current vector diagram with an angle estimation error. 

ˆ* ,r r
ds dsi i

ˆ* ,r r
qs qsi i

r
dqs,Ai

r̂*
dqs,Bi

r
dqs,Bi

r̂*
dqs,Ai

r%

r%

 
(a) 

ˆ* ,r r
ds dsi i

ˆ* ,r r
qs qsi i

r
dqs,Ai

r̂*
dqs,Bi

r
dqs,Bir̂*

dqs,Ai

r%r%

 
(b) 

Fig. 7. Torque error due to angle error. (a) IPMSM. (b) SPMSM. 
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In (18) and (19), it is assumed that the actual current vecter at 
ERRF tracks well the current reference through the current 
controller. Applying (18) and (19), (17) can be simplified as 

 r re e e
qs dsr r

r ds qs

dT T T
i i

d i i
 


 

%
. (20) 

If the ideal PMSM model is assumed, (20) can be rewritten 
as 

   2 21.5 r r re
s qs ds f ds

r

dT
L ip i i

d



  %  (21) 

where ΔLs=Lds-Lqs and λf denotes the flux linkage of the 
permanent-magnet. Lds and Lqs stand for the d- and q-axis 
inductances, respectively. Particularly in an ideal SPMSM, 

/ r
e dsT i   becomes null due to lack of reluctance torque, and 

/e rdT d%  can be simplified as 

 1.5 re
f ds

r

dT

d
p i


 % . (22) 

Consequently, in SPMSM, /e rdT d%  is associated with r
dsi , 

not r
qsi . In other words, the magnitude of the torque reference 

does not affect /e rdT d% , and it only depends on how much flux 

weakening is applied. 

C. Effect of Flux Weakening Controller 

In the previous section, the torque discrepancy due to angle 
error is analyzed under the assumption of the LUT-based FW 
control. However, even if the FW control is conducted through 
a premade LUT, a feedback-type controller, e.g., PI controller, 
would assist the FW operation to deal with the unknown 
parameter variation or sensing error [21], [22]. If the PI 
controller intervenes with the flux weakening, the current 
reference would be a time varying variable, which might affect 
the validity of the analysis in (16)-(22). Thus, the current 
reference variation due to the feedback-type FW controller 
should be taken into account in analyzing the torque 
discrepancy. 

Regarding the dynamics of a FW controller, the block 

diagram in Fig. 5 can be modified into Fig. 8. ˆ*r
dsI  and ˆ*r

qsI  denote 

the average current references at the certain operating point, and  

ˆ*r
dsi  and ˆ*r

qsi  represent the small variation of d- and q-axis 

current reference due to the dynamics of the FW controller, 
respectively. Depending on what type of FW controller is 

adopted, the relation between ˆ*r
dsi  and ˆ*r

qsi  would be 

determined. The dq-axis current reference vector r̂*
dqsi at ERRF 

can be represented as follows, considering a small variation of 
the reference. 
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Considering a small r% , the current vector at RRF can be 

expressed with the linearized small-signal model as follows. 
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From (24), the torque output of a PMSM would be calculated 
as follows. 

   ˆ ˆ ˆ* *2 *2 *1.5 r r r
e e s qs ds f ds rT T p I I IL      %  

 ˆ ˆ* *1.5 ( )r r
f s ds qsL ip I     

 ˆ ˆ* *1.5 r r
s qs dsIL ip   . (25) 

Compared to (21), the effects of ˆ*r
dsi  and ˆ*r

qsi  are added in 

the torque output, and they should be considered in the analysis. 
However in the SPMSMs, ˆ*r

qsi  can be regarded as null, if a 

simple FW controller which only changes d-axis current 
reference is applied to the SPMSMs, where the d-axis current 
variation does not affect the torque output. Moreover, since 
there is no Ls in ideal SPMSMs, the torque output of an ideal 
SPMSM would be calculated as follows. 

 ˆ* *1.5 r
e e f ds rT T p I   % . (26) 

It can be noticed that ˆ*r
dsi  does not appear in (26), and only 

ˆ*r
dsI  is associated with the output torque. It implies that the small 

variation of ˆ*r
dsi  due to the FW controller’s dynamics would not 

affect the torque discrepancy analyzed in Section II. B. 

D. Stability Analysis of ESO 

Applying the small-signal modeling of (16), the sensorless 
torque control loop in Fig. 2 can be transformed into Fig. 9 (a). 
Focusing on the feedback loop, Fig. 9 (a) can be rearranged into 
Fig. 9 (b). It can be noticed from Fig. 9 (b) that /e rdT d%

generates the undesired feedback loop (FB). By analyzing the 
loop gain of FB, the stability of the sensorless torque control 
can be evaluated. The loop gain of FB can be deduced as 
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Fig. 8. Modified block diagram of current control and motor considering FW 
controller’s dynamics. 
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Since TFB contains H1, the stability of the sensorless torque 
control would be influenced by the type of position estimator. 
In the case of ESO, TFB can be deduced as 

 
 

 ,

,

ˆ
( )

ˆ

ˆ
m me

FB ESO
r m m m ch ESO

Js sdT
T s p

J s B

B

Jd H


 

%
. (28) 

It should be noted that the relative degree of TFB,ESO is two. 
Therefore, for a negative /e rdT d% , the maximum phase delay 

would not exceed -180°, and the system would always be stable 
regardless of /e rdT d% . However, when /e rdT d%  is positive, 

TFB has a negative gain and additional phase delay of -180°, 
which may cause instability. In (21) and (22), the positive 

/e rdT d%  region corresponds to the FW region. 

The gain margin of TFB,ESO can be evaluated to calculate 
/e rdT d%  that makes the system unstable. First, the frequency 

which has -180° of phase delay can be calculated as follows for 
the system with ESO. 

  , 2
o

GM ESO n
n n o

 
  




. (29) 

In (29), ˆ
mJ  and ˆ

mB  are assumed to be identical to Jm and Bm, 

for the sake of simplicity. By applying (29) to (28), the gain 
margin can be calculated as 

 
 2 2

,

20log
2

e
ESO
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d
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%

. (30) 

Therefore, /e rdT d%  to make the system stable can be 

deduced as 

   2 2
,2e m

n o n n GM ESO
r

dT

d

J

p
    


  

%
. (31) 

In (30) and (31), Since the range of /e rdT d%  is determined 

by the operating condition, the limit in (31) should be set larger 
than the expected range of /e rdT d% . When Jm or the gains of 

ESO are not large enough, the gain margin will decrease, and 
the system may be unstable. Since Jm and p are the predefined 
parameters according to the mechanical specification, the only 
adjustable parameter that can enhance stability is the gains of 
ESO. However, 0, n, and n are the decisive parameters 
determining the overall bandwidth of the sensorless control. 
Larger gains could alleviate the instability theoretically, but 
they would be limited by the nature of the system, such as noise 
level or spatial harmonics of the motor under control. 

Fig. 10 shows the Bode plots of TFB,ESO for the target SPMSM, 
of which parameters are in TABLE I. Considering the current 
limit of the target SPMSM, the maximum limit of /e rdT d%  

would be 20 Nm/rad. In Fig. 10, 0, n, and n are set to 72 
rad/s, 60 rad/s and 0.7, respectively. As analyzed in (31), 
increasing /e rdT d%  reduces the gain margin, and the system 

becomes unstable for /e rdT d%  larger than 13.3 Nm/rad. 

III. TORQUE FEEDFORWARD CONSIDERING ANGLE ERROR 

A. Stabilization with Modification on Torque Feedforward 

For the sensorless control system with ESO, not only H1 but 
also H2 are involved in angle estimation. However, in Fig. 9 (b), 

TABLE I. MOTOR PARAMETERS 
Number of pole pair, p 24  

Maximum speed 1500 r/min 
Base speed 400 r/min 

Rated torque 20 N∙m 
Rated power 840 W 
Rated current 3.2 Arms 

Equivalent inertia, Jm 45 g∙m2  

Friction constant, Bm 13 mN∙m/(rad/s) 
Stator inductance, Ls 30 mH 

Back-EMF constant, λf 0.12 Wb∙t 
 

/e rdT d%

 
Fig. 10. Bode plot of TFB,ESO for various /e rdT d%  (Conventional). 
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Fig. 9. Small-signal model of sensorless control loop (Conventional).
(a) Linearized model. (b) Transformed model with feedback loop, FB. 
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H2 is located outside of the feedback loop, and it does not 
contribute to enhancing stability. It is because Tff is set to Te

*, 

and does not reflect the torque discrepancy due to r% . If Tff is 

modified considering r% , the stability of the sensorless torque 

control could be improved. 
Conventionally, the torque feedforward is the same as torque 

reference. If the current reference generator is based on the 
accurate motor parameters and the current reference is well-
regulated, the conventional torque feedforward Tff,conv can be 
rewritten with the current reference at ERRF as 

 
ˆ ˆ* * *

,conv ( , )r r
ff e ds qsT T i i   (32) 

where ( , )r r
ds qsi i denotes the output torque corresponding to r

dqsi . 

The actual torque can be calculated with dq-axes currents at 
RRF as follows. 

 ( , )r r
e ds qsT i i . (33) 

Unfortunately, it is not easy to apply ( , )r r
ds qsi i  to Tff directly, 

because r
dqsi  is unknown in sensorless control. Instead, the 

estimated current at RRF ˆr
dqsi  can be calculated from r̂

dqsi  and 

ˆ
r%  as follows. 

 ˆˆ( )ˆ
r r r

dqs dqsR ii % . (34) 

ˆ
r%  is the estimated angle error which is obtained from the 

sensorless observer. The block diagram of the proposed 
estimator is illustrated in Fig. 11. The proposed torque 
feedforward Tff,prop can be obtained from the torque equation as 
follows. 

  ,prop
ˆˆ ˆ( , ) 1.5 ˆ ˆ ˆr r r r

ff ds qs s ds qsf L iT i ii p    . (35) 

In the case of a magnetically saturated PMSM, the torque 
equation using constant motor parameters in (35) might not 
reflect the actual torque precisely. To avoid the torque 
mismatch due to magnetic saturation, Tff,prop can be calculated 

from ˆr
dqsi  using the LUT, which would be the table used in the 

control loop in Fig. 5. 
Fig. 12 depicts the modified control loop with the proposed 

torque feedforward. The difference from the conventional 
control loop in Fig. 9 (b) is the location of H2. Unlike Fig. 9 (b), 

an additional transfer function 21/ (1 )e

r

dT

d
H


 %  is inside the new 

feedback loop FB’, and the loop gain can be reformed as 

 
 

  
',

2 ,1

ˆ ˆ

ˆ
( )

e

r

m me
FB ESO

r m m m ch ESd O
dT

J Bs sdT
T s p

d H J s B HJ





 

 %
% . (36) 

The Bode plot of (36) is shown in Fig. 13. When /e rdT d%  is 

5 Nm/rad, the shape of the FB’ is quite similar to that in Fig. 10. 
However, unlike the conventional torque feedforward, the gain 
margin is secured even when /e rdT d%  increases. In (36), 

GM,ESO is identical to (29), and the gain margin is reformed as 

 
 2 2

, ,

o
2

20l g
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r
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m e
n o n n GM ESO GM ESO
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%

%

.  

  (37) 

In (37), no matter how large /e rdT d%  is, the gain margin has 

the lower bound of 20 log(GM,ESO). Since GM,ESO in (29) 
would be larger than 1 rad/s, the modified torque feedforward 
secures the stability of the system regardless of the magnitude 
of /e rdT d% . 

B. Effect of Noise in Sensorless Observer 
ˆ
r% is the signal obtained from the voltage and current 

information, and it is usually a raw signal with a lot of noise. 
The position estimator tracks the rotor position rejecting high 
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Fig. 12. Sensorless control loop with the proposed torque feedforward. 
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Fig. 13. Bode plot of TFB’ for various /e rdT d%  (Proposed). 
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frequency noise in ˆ
r% . Observing Fig. 11, the proposed method 

exploits ˆ
r%  as a feedforwarding value without filtering, and 

there may be concerns that the proposed method would be 
vulnerable to the noise of the system, such as current sensing 
noise. 

In order to analyze the effect of noise in the angle estimation, 

the noise susceptibility in r̂  is calculated for both systems. 

Considering a noise d in the sensorless observer, ˆ
r%  can be 

replaced as  

 ˆ
r r d  % % . (38) 

For the conventional control loop in Fig. 9, the small-signal 

gain from d to r̂  is illustrated in Fig. 14 (a). It has a resonance 

around 6 Hz for the high /e rdT d% , and it decreases with the 

slope of -20 dB/dec. Meanwhile, Fig. 14 (b) shows the noise 
susceptibility of the proposed system. With the proposed torque 
feedforward, the resonance has been resolved while keeping the 
noise susceptibility in high frequency region at the same level. 
It should be noted that the effect of d also decreases with -20 
dB/dec above 0. Therefore, the proposed system has 
reasonably strong immunity for the high-frequency noise, 
similar to the conventional method. 

As analyzed in Section II. C, without applying the proposed 
method, the stability can be enhanced by simply increasing the 

gains of position estimator. Fig. 14 (c) depicts the noise 
susceptibility of the conventional control loop with increased 
gain, which is set to 0 =150 rad/s and n =125 rad/s. Similar 
to the proposed method, the increased gain reduces the 
resonance and the instability has been resolved. However, 
unlike the proposed method, the noise susceptibility is 
worsened in overall frequencies, including the high-frequency 
region. 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

To verify the analysis and the effectiveness of the proposed 
method, the simulation and experiments have been conducted. 
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Fig. 16. Simulation results. (a) Conventional method. (b) Proposed method. 
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Fig. 15. Block diagram of sensorless observer in [12]. 
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The SPMSM in TABLE I is selected as the target motor, and the 
observer gains are also set as listed in Section II. C. The state 
feedback type current controller has been adopted, and its 
bandwidth is set to 200 Hz for both simulation and experimental 
setup. The switching frequency of the voltage source inverter 
(VSI) is set to 10 kHz, and the current sensing and PWM update 
are conducted twice per every switching period. 

For the sensorless observer, the full-order observer in [11] 
and [12] has been implemented. The block diagram of the 
sensorless observer in [12] is depicted in Fig. 15. It is 
constructed on ERRF, and it estimates the back-EMF vector 

ˆˆ r
dqse . ˆ

r%  is obtained by applying arctangent operation to ˆˆr
dqse . 

K1 and K2 are the two by two gain matrices determining the 
bandwidth of the sensorless observer, which is set to 800 Hz in 
this paper. Since the bandwidth of the sensorless observer is 
much higher than that of the position estimator, it can be 
assumed that the estimated angle error has no delay in terms of 
the position estimator. Therefore, HSL can be treated as unity, 
where there is no parameter error. 

A. Simulation Results 

Fig. 16 depicts the simulation results for the target motor. 
The motor operates with constant ˆ*r

qsi  with 1 A, varying ˆ*r
dsi  

from 0 A to -4 A. And the load machine regulates the speed at 
300 r/min with low control bandwidth, which is 1 Hz. The 
mechanical system with low bandwidth of speed control can be 
modeled as free inertia with friction in the small-signal model 
while keeping the average speed. For the proposed torque 
feedforward, the torque equation in (35) has been adopted for 
the sake of simplicity. 

As analyzed in Section II. C, in Fig. 16 (a), the angle 
estimation fails, and the instability is caused in the deep FW 
region. When ˆ*r

dsi  is -4 A, /e rdT d%  is expected to be 17.25 

Nm/rad, which exceeds the limit of the stability condition in Fig. 
10. Because of the severe angle estimation error, the output 
torque also loses its control and the mechanical speed oscillates. 
On the other hand, in Fig. 16 (b), the proposed system keeps 
stable even in the deep FW region. In addition, even when ˆ*r

dsi  

is larger than -4 A, the ripple in the angle estimation error is 
reduced compared to the conventional method. 

To see the effects of parameter errors on the proposed 
method, 20 % of Ls error and 10 % of f error have been applied 
in Fig. 17 and Fig. 18. The current references are set equal to 
those in Fig. 16. In Fig. 17 (a) and (b), despite the inductance 
error and the resulting angle error, the proposed torque 
feedforward helps the system keep stable. Fig. 18 (a) and (b) 
show the simulation results under the error in f. Since the 
sensorless observer in [12] does not use f information, the f 
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Fig. 18. Proposed method under f error (Simulation).  
(a) Underestimated case (0.9f). (b) Overestimated case (1.1f). 
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Fig. 17. Proposed method under Ls error (Simulation).  
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Fig. 19. Experimental setup. 
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error only induces the error in the scale of ff. Although the f 
error causes the dc error in torque feedforward, the system still 
keeps the stability regardless of the direction of f error. 

B. Experimental Results 

The motor-generator set used in the experiments is shown in 
Fig. 19. The specification of the target motor is the same as the 
simulation, and 3.9 kW SPMSM is selected for the load 
machine. The proposed control algorithms are implemented on 
TMS320F28377 DSP board, and the phase current and dc-link 
voltage are measured through 16 bit A/D converter. 

The experimental results corresponding to the simulation are 
depicted in Fig. 20. The shaft speed is regulated at 300 r/min by 
the load machine, and the q-axis current reference is set to 1 A. 
As in the simulation, the conventional system loses control at 

ˆ*r
dsi = -4 A in Fig. 20 (a). Besides, when ˆ*r

dsi = -3 A, it is not 

unstable but ˆ
r%  is oscillatory in transient. It can be noticed that 

ˆ
r%  in experimental results is much noisier than that in the 

simulation. It would be the noise d of the sensorless observer in 
Fig. 2, which might be from the current sensing noise or the 
spatial harmonics of the motor. 

On the other hand, Fig. 20 (b) shows the experimental results 
of the proposed method. Unlike the conventional torque 

feedforward, Tff in Fig. 20 (b) has a ripple in FW region to 
compensate the torque error due to r% . This ripple not only 

stabilizes the system when ˆ*r
dsi = -4 A, but also reduces the 

oscillation when ˆ*r
dsi = -3 A. 

Since the speed control is the outer loop, in which the torque 
control is inside, the instability of torque control loop also 
adversely affects the speed control, as shown in Fig. 21. The 
load torque of 7 Nm is applied by the load machine, and the 
target motor accelerates from 100 r/min to 900 r/min. In Fig. 21, 
the LUT-based FW control has been conducted. In FW region, 
the d-axis current increases in negative direction. In Fig. 21 (a), 
the system has the resonance, and it loses control at 900 r/min, 
while the proposed torque feedforward stabilizes the system as 
depicted in Fig. 21 (b). 

As analyzed in Section II. C, even if the feedback-type FW 
controller is applied, the instability phenomenon would still 
remain. Fig. 22 shows the experimental results with the 
feedback-type FW control. The operating conditions are the 
same as those in Fig. 21 except the FW controller. A simple PI-
controller in Fig. 23 is used for FW operation. Vlim denotes the 
limit of the output voltage, and Imax denotes the magnitude of 
the maximum output current. Similar to LUT-based FW control, 

r̂
dsi

r̂
qsi

rm

r%

ffT

 
(a) 

r̂
dsi

r̂
qsi

rm

r%

ffT

 
(b) 

Fig. 21. Experimental results of speed control with LUT-based FW control. 
(a) Conventional method. (b) Proposed method. 
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the conventional control algorithm loses its stability in the deep 
flux weakening region. And, it can be noted that the proposed 
method is still effective in stabilizing the control system in the 
flux weakening region regardless of the method of the FW 
control. 

V. CONCLUSION 

This paper analyzes the torque control stability in sensorless 
PMSM drives. Due to inevitable angle estimation error in 
sensorless control, there is a difference between the actual 
torque and the reference. This torque error deteriorates the 
stability of the torque control loop in the flux-weakening region. 

This phenomenon can be more severe in low-inertia 
applications. To migrate this instability, it is proposed to modify 
the torque feedforward term considering angle estimation error. 
The proposed compensation ensures the stability of the system 
without increasing the gains of the observer, which helps to 
keep the same noise immunity in the high-frequency region as 
the conventional system. The simulation and experimental 
results verify the feasibility of the proposed method. 
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