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Abstract—This paper proposes a spatial harmonic 

compensation method to suppress torque ripple in signal-

injection sensorless control of interior permanent magnet 

synchronous motors (IPMSMs). The proposed method focuses 

on the estimation error between the actual and estimated rotor 

positions caused by spatial harmonics and compensates for the 

sixth-order component by estimating this error. The 

compensation is based solely on an inductance model and does 

not require parameter tuning or trial-and-error adjustment. 

Experimental results demonstrate that the proposed method 

reduces the sixth-order component of the position estimation 

error by up to 98.8% and that of the torque ripple by up to 

95.3%. 

Keywords— Spatial harmonic compensation, sixth-order 

ripple, signal-injection sensorless control, torque ripple 

suppression. 

I. INTRODUCTION 

Recent home appliances require both high efficiency and 
low cost. For this reason, interior permanent magnet 
synchronous motors (IPMSMs) have been widely adopted 
because they are compact, lightweight, and highly efficient 
[1][2]. To reduce manufacturing costs, motors with 
concentrated windings are often used and operated without 
position sensors. However, concentrated-winding IPMSMs 
tend to exhibit spatial harmonics in the armature inductance, 
resulting in increased torque ripple [3][4]. This torque ripple 
can cause mechanical vibration, particularly in the low-speed 
region. 

Signal-injection sensorless control (SISC) is widely 
studied for position sensorless control in the low-speed region 
[5–8]. In SISC, a high-frequency signal is injected into the 
estimated d-axis. Then, only the harmonic component is 
extracted from the estimated q-axis current. The position 
estimator is controlled such that the amplitude of this 
harmonic component becomes zero, which determines the 
rotor position at which the inductance is minimum. This 
position corresponds to the motor’s d-axis. However, when 
cross-coupling exists between the d- and q-axes in the 
inductance, the rotor position at which the inductance is 
minimum does not coincide with the motor d-axis. 
Consequently, an estimation error in the rotor position occurs. 
In particular, in the magnetic saturation region, the influence 
of dq-axis cross-coupling becomes significant. It has been 
reported that an offset error remains in the estimated rotor 
position [5][6]. Furthermore, when SISC is applied to 
concentrated-winding IPMSMs, the inductance is affected by 
not only magnetic saturation but also spatial harmonics. Due 
to this effect, the inductance varies with a period six times that 

of the electrical angle. This implies that both an offset error 
and a sixth-order error exist in the estimated rotor position. 
This phenomenon has been reported in [7] and [8]. These 
estimation errors degrade the current control performance and 
consequently increase torque ripple. 

A compensation method has been proposed for the offset 
error in the estimated rotor position caused by dq-axis cross-
coupling [9]. This method corrects the current command 
values while considering pre-calculated position offset errors. 
This method calculates the offset angle in advance using an 
inductance model that considers magnetic saturation. Then, 
the estimated dq-axis current commands are corrected so that 
the actual dq-axis currents match the desired values. Although 
the offset error in the estimated rotor position remains, this 
approach allows the average dq-axis currents to be controlled 
to the desired values. However, this method does not account 
for the influence of spatial harmonics. Therefore, it cannot 
compensate for the ripple error in the estimated position. 

On the other hand, ref. [10] has proposed a compensation 
method for the position estimation error caused by spatial 
harmonics in the inductance. This method corrects the 
injection angle of the signal and the amplitude of the detected 
harmonic current. This method primarily aims to expand the 
operating range in the zero-saliency region but also considers 
the influence of spatial harmonics. Specifically, correction 
values are analyzed in advance for each small change in the 
rotor position so that the convergence angle of the position 
estimation observer coincides with the actual rotor position. 
These correction values are stored in a table and applied 
during control. However, analyzing the correction values 
requires trial-and-error adjustments, and the procedure is 
complex. Furthermore, it has been reported that, even when 
compensating for the influence of spatial harmonics, a sixth-
order error component remains in the estimated rotor position. 

This paper proposes a compensation method for rotor 
position estimation errors caused by spatial harmonics of the 
inductance in order to suppress torque ripple in SISC of 
IPMSMs. The proposed method focuses on the fact that the 
position estimation observer converges to the rotor position at 
which the inductance is minimum. The convergence angle is 
defined as the saliency shift angle, which is calculated online 
using the inductance model. The estimated rotor position is 
then corrected using the calculated saliency shift angle to 
obtain a more accurate value. Then, a current command is 
generated based on the corrected rotor position. Torque ripple 
is suppressed by adding a sixth-order current component to the 
current command, thereby canceling the torque ripple. 
Although the proposed method requires the inductance profile 
obtained in advance, only the sixth- and twelfth-order 



components are used in the modeling. Therefore, the 
computational cost during estimation can be significantly 
reduced. Additionally, since the saliency shift angle is 
calculated using a mathematical formula, it does not require 
trial-and-error analysis. Consequently, the proposed method 
can easily compensate for the influence of spatial harmonics 
and effectively suppress torque ripple. 

II. SIGNAL-INJECTION SENSORLESS CONTROL 

Fig. 1 shows the relationship between the rotor reference 
frame (RRF) and the estimated rotor reference frame (ERRF). 

In this paper, the error 
r  is defined as the difference between 

the actual rotor position r and the estimated rotor position ˆ
r . 

The symbol r

dqL  in Fig. 1 represents the inductance ellipse 

proposed in [10], which illustrates, on the reference frame, the 
saliency ratio of the inductance and the relationship between 
the rotor position and the angular position of the saliency as 
an amplitude. The harmonic model of the IPMSM in the RRF 
is given by 
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where r

dqL  and r

qdL  are cross-coupling inductances. When a 

position estimation error 
r  exists between the RRF and the 

ERRF, eq. (1) can be transformed into the ERRF as follows, 
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Here, superscript “ r̂ ” stands for the ERRF.  is the saliency 
shift angle. The saliency shift angle represents the angular 
deviation between the d-axis of the RRF and the orientation of 
the inductance ellipse shown in Fig. 1. In this paper, the 

square-wave signal-injection method proposed in [11] is 
applied. The signal injected into the ERRF is expressed by, 
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Here, Vh is the amplitude of the injected square-wave signal. 
clk[n] is a clock signal that outputs 1 and -1 at every sampling 
period Ts. The harmonic current amplitude at the sampling 
instant n is expressed as follows using (2) and (3), 

 
( )

( )

ˆ ˆ ˆr r r

dqh dqh dqh

ˆ

ˆ

Δ [ ] [ ] [ 1]

cos 2 2
[ 2]

sin 2 2

[ ]

[ ]

r

r

r

dh

r

qh

n n n

I I
clk n

I

i n

i n

 

 

  

 

= − −

 + −
 =  −
 −
 

 
=  

  

i i i




 ....... (5), 

where 

 

2

2 2

2

h s

dd qq dq

h s dq

dd qq dq

V T L
I

L L L

V T L L
I

L L L






= −




+ 
= −

 .............................................. (6). 

The calculated value of the position estimation error 
, [ ]r calc n  

can be obtained using ˆ
[ ]r

qhi n  as follows, 
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In SISC, the position estimation observer is controlled so that 

,r calc  becomes zero. Under this condition, the following 

relationship holds, 

 ˆ
r r r r    = −  −  ................................................ (8). 

Eq. (8) indicates that the estimated rotor position is offset from 

the actual rotor position by . 

Table 1 shows the specifications of the test motor, Fig. 2 

shows its inductance characteristics, and Fig. 3 shows the  
characteristics. Fig. 3 is obtained from the inductance data in 
Fig. 2 using (3). The test motor has a 6-pole, 9-slot salient-
pole concentrated-winding structure. As shown in Fig. 2, the 
inductance exhibits a sixth-order error that varies with the 
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Fig. 1.  Relationship between RRF and ERRF. 



rotor position. In addition, comparison between Fig. 2(a) and 
(b) shows that magnetic saturation also causes inductance 
variation. From Fig. 3, it can be seen that the position 
estimation error includes a sixth-order component caused by 
the spatial harmonics of the inductance, and that in the high-
torque region, an offset component due to magnetic saturation 
is superimposed. 

III. PROPOSED SPATIAL HARMONIC COMPENSATION METHOD 

A. Principle of Proposed Compensation Method 

Fig. 4 shows an overview of the proposed method. From 
(8), it is evident that the estimation error corresponds to the 

saliency shift angle . Therefore, by estimating , it is 

possible to correct the error in ˆ
r , denoted as

r . In the 

proposed method,  is estimated separately in addition to ˆ
r , 

and ˆ
r  is corrected using ̂  to obtain more accurate position 

information. Since  is estimated without a speed-dependent 
resonance filter, the method remains stable even at zero speed. 
The computation relies solely on the inductance model and 
does not require parameter tuning or trial-and-error 
adjustment. 

To account for the effects of spatial harmonics, this paper 
employs an inductance model for control that is formulated 
using a constant term and pulsating components for each 
harmonic order. When the motor only operates on the MTPA 
trajectory, the motor inductance can be expressed as a function 

of the torque Te and rotor position r as follows, 
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When the estimation error between the compensated 

estimated rotor position ,
ˆ
r cmp  and the actual rotor position r 

is sufficiently small, the following relationship holds, 
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Here, Te
* is the torque command within the controller. 

Following the same procedure as in (3), the estimated saliency 

shift angle ̂  is obtained as follows, 
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Eq. (6) and (7) are derived under the assumption that 

,
ˆ
r cmp r  , and under this condition, ̂    holds. In the 

proposed method, ̂ is calculated using ,
ˆ
r cmp , and the phase 

error is compensated as ,
ˆ ˆ ˆ
r cmp r  = + . To prevent recursive 

computation in the calculation process of ̂ , a low-pass filter 

(LPF) is placed after the  estimator. The inductance 
identification of the actual machine is performed using the 
method described in [12]. 

Fig. 5 shows the block diagram of the proposed control 
system. In the proposed method, different estimated rotor 
positions are used for the position estimator and the current 
controller; thus, the two reference frames are implemented 

Table 1.  Specifications of test motor. 

Winding Resistance
dq-axis Inductance (no-load)

Overall Inertia
Pole / Slot

DC Link Voltage

Rated Torque
Rated Current

Rated Power
Base Speed

Parameter Value

307 mW
Ld=5.4 mH, Lq=9.5 mH

170×10-4 kg m2
6 / 9

300 V

4.0 Nm
4.4 Arms

1.5 kW
3600 r/min
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Fig. 2.  Inductance characteristics. 
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separately. In addition, based on the accurate rotor position 
information, a current command capable of suppressing 
torque ripple as proposed in [13] is applied. 

B. Stability Analysis 

In this section, the stability of the proposed  estimator is 
analyzed. Assuming that the dq-axis currents are not affected 
by the rotor position error, the response from the estimated 

rotor position ˆ
r  to the compensated estimated rotor position 

,
ˆ
r cmp  can be expressed as follows, 
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where c is the cutoff frequency of the LPF. By linearizing 
(14) around the steady-state operating point, the following 
equation is obtained, 
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Subscript “0” stands for the steady-state value. 

Fig. 6 shows the results of the pole placement analysis. In 
Fig.6, the stability is evaluated by pole placement using (16). 

In the analysis, c=1500 rad/s was used, and the evaluation 
was conducted while varying the torque from 0 to 1.5p.u. 
Since the motor inductance exhibits periodic symmetry, the 
rotor position is analyzed in the range of 0-20 degrees. From 
Fig. 6, it can be observed that the poles always remain on the 
negative real axis even when the rotor position changes, 

confirming that the proposed  estimator is stable at all 
operating points. 
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Fig. 5.  Block diagram of proposed method. 
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Fig. 6.  Stability analysis results of  estimator. 



IV. EXPERIMENTAL RESULTS 

Fig. 9 shows the experimental system. An induction 
machine is used on the load side of the test system, and the 
torque control performance of the test motor is evaluated by 
controlling the speed of the induction machine. To validate the 
proposed method, the behavior of the proposed estimator is 
first verified through simulation. Then, the position estimation 
performance and torque ripple are evaluated using 
experimental results. 

Fig. 10 shows the behavior of the position estimator and 

the  estimator in simulation. In both the simulation and 
experimental verification, the switching frequency is set to 5 
kHz, the current control bandwidth to 1500 rad/s, the position 
observer bandwidth to 150 rad/s, and the cutoff frequency of 
the LPF for recursive computation suppression to 1500 rad/s. 

As shown in Fig. 10, although ,r est  is regulated to zero by the 

position observer, the conventional method results in a sixth-

order error with an additional offset superimposed on 
r . In 

contrast, in the proposed method, these components are 

suppressed by correcting ˆ
r  to ,

ˆ
r cmp  using ̂

. Furthermore, 

̂
 accurately estimates , confirming the effectiveness of 

the  estimator. The residual ripple in 
r  is of the 18th order, 

which arises because the inductance was modeled using the 
sixth- and twelfth-order components. Thus, the proposed 
method selectively compensates for specified harmonic 
components in the rotor position estimation error. 

Fig. 11 shows the experimental results at a speed of 
0.01p.u. and a torque of 0.5p.u. As in Fig. 11, the proposed 
method effectively compensated for the sixth-order 
component of the position estimation error. In addition, the 

output torque was kept constant by the current command 
designed to suppress torque ripple. 

Fig. 12 shows the experimental results when a step torque 
command at rated torque is applied at zero speed. The 
proposed method successfully followed the command without 
losing synchronism, similar to the conventional method. 

Fig. 13 shows the analysis results of the sixth-order 
component of the position estimation error and torque ripple. 
With the proposed method, the sixth-order component of the 
position estimation error was reduced by up to 98.8%, and that 
of the torque ripple by up to 95.3%. Although the reduction 
effect slightly decreases under high-torque operation, this was 
considered to result from the limited response of the position 
observer. Even at very low speeds, it is difficult to completely 

eliminate the ripple component appearing in r, and in 
simulations, the reduction ratios of the sixth-order position 
estimation error were 80.6% and 81.3% at operating points of 
0 and 1p.u. torque at a speed of 0.01p.u., respectively. The 
reduction in compensation performance caused by the 
observer’s response limitation will be addressed in future 
work. 

Load motor (IM) Test motor (IPMSM)

Torque meter (HBM T40B)
 

Fig. 9.  Experimental system. 
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Fig. 10.  Simulation: Position tracking performance and behavior of  estimator (m = 0.01p.u., Te = 0.5p.u.). 

 

r [0.2 rad/s]
~

^
r [2 rad/div] r [2 rad/div]

r [0.2 rad/s]
~

^
r [2 rad/div] r [2 rad/div]

ir
q ir

q

ir
dir

d

Te Te

 
(a) Conventional method.                                                    (b) Proposed method. 

Fig. 11.  Experiment 1: Steady-states operation (m = 0.01p.u., Te = 0.5p.u.). 



V. CONCLUSION 

This paper has proposed a model-based spatial harmonic 
compensation method for torque ripple reduction in signal-
injection sensorless control of IPMSMs. The proposed method 
compensates for the sixth-order position estimation error 
caused by spatial harmonics. The compensation is achieved by 
estimating the phase to which the position observer converges, 
i.e., the minimum inductance phase. Experimental results 
demonstrated that the proposed method reduced the sixth-
order component of the position estimation error by up to 
98.8% and that of the torque ripple by up to 95.3%, thereby 
confirming its effectiveness. 
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(a) Conventional method.                                                     (b) Proposed method. 

Fig. 12.  Experiment 2: Step torque response at standstill (m = 0, Te = 0 to 1p.u.). 
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Fig. 13.  Comparison results of sixth-order component in experiment. 


