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Abstract—This paper presents the developments of sensorless 

control of interior permanent magnet synchronous machine 
(IPMSM) for last 10 years, which could be divided into the past 
and the present for each 5 years. Several popular methods 
developed for last 10 years would be described and evaluated, and 
the limitations with the methods are discussed. In the past a 
concept extended EMF (EEMF) was introduced and it can model 
IPMSM as a non-salient motor, meaning that the representation 
of IPMSM in the estimated rotor reference frame would be much 
simpler and accurate. However, because it still relied on back 
EMF, standstill operation was impossible. And, the position 
control of IPMSM could not be achieved with EEMF concept. For 
sensorless drive, the high-frequency signal injection method 
exploiting inherent saliency of IPMSM has been continuously 
developed for last 10 years and applied to various industry fields, 
where torque control at standstill is essential. Its performance has 
been improved but there are still many problems to be solved. In 
the present, the square-wave signal injection at estimated d-axis 
has improved the control performance conspicuously. However, 
there are strong demands to improve the control performance of 
sensorless drive, yet. Based on the problems in the present, in this 
paper the possible developments of sensorless drive of IPMSM in 
next 5 years are enlightened as the future of sensorless control. 
 

Index Terms—Back EMF, extended EMF method, 
high-frequency signal injection method, interior permanent 
magnet synchronous motor, review, sensorless control.  
 

I. INTRODUCTION 
ENSORLESS drive of interior permanent magnet 
synchronous machine (IPMSM) has been evolved in the 

beginning of the introduction of IPMSM itself. The existing 
methods developed for sensorless control of induction machine 
had been modified and applied to IPMSM [1-3]. Because those 
methods were based on back EMF of the machine, its operating 
range had been inherently limited. But around 20 years ago, a 
sensorless control method based on high-frequency (HF) 
sinusoidal signal injection had opened new horizon of 
sensorless control of IPMSM [4-9]. Thanks to the method, with 
the most of IPMSM the zero frequency operation at full torque 
in transient and steady state had been possible. It had been 
commercialized and proved its effectiveness in many industrial 
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fields. The methods based on back EMF had been evolved too 
and a method based on extended EMF in conjunction with 
observers revealed reasonable performance down to a few 
percent of the rated speed and it also had been used in many 
industrial fields [10-15]. But the accuracy, speed control 
bandwidth, and operating speed of sensorless drive had been far 
limited compared to those of sensored drive with a couple 
hundred pulses per revolution (PPR) encoder. For the last 5 
years, which is the present time in this paper, based on the 
square-wave signal injection the bandwidths of speed and 
position control have been enhanced by at least 5 times and the 
bandwidths are comparable to sensored drive with low 
resolution encoder [16-19]. Not only electrical angle of the 
rotor, but also the absolute angle of IPMSM has been estimated 
with slightly modified design of IPMSM. And, control of the 
absolute rotor position in the sense of the mechanical angle had 
been possible [20-22]. 

But still there are problems and areas for the developments. 
If IPMSM is highly saturated, the saliency disappears and is 
even reversed. And, sensorless control based on the signal 
injection would not be possible in this region [23, 24]. For 
identification of the absolute angle in sensorless control, the 
initial motion is inevitable or there should be extra coils and 
connections for no initial motion, and those are not desirable 
[20-22]. Also, sensorless drive for linear PMSM has not been 
fully investigated yet. Because of the end effect due to its 
limited mover size sensorless control of linear PMSM would be 
still an open question [25-27]. 

 

II. PAST 
Sensorless control methods based on mathematical model 

have been proposed since early 1990s. In the beginning, 
isotropic motors, that is, motors without the inductance 
saliency, were mainly focused on. They can be represented as 
follows in the rotor reference frame. 
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In (1), superscript ‘r’ indicates the rotor reference frame. In 
sensorless drive, however, since it is impossible to accurately 
estimate the position all the time, the mathematical model in (1) 
is generally represented and analyzed in the estimated rotor 
reference frame by 
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In (2), similarly, superscript’ r ’ means the estimated rotor 
reference frame. As seen in (2), the back EMF terms include the 
position estimation error, rθ , defcined as difference between 
the real and estimated positions, i.e., θr and rθ , respectively. 
Using this principle, a sensorless control method [1] was 
proposed where θr was estimated by suppressing the difference 
between (1) and (2). Since this method has shown reasonable 
control performance for decades, it is still widely accepted in 
the industrial fields. However, it encounters some problems 
when applied to the salient motors modeled as (3). 
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(3) 
This is because the transformation of (3) into the estimated 

rotor reference frame results in (4) which contains much 
complicated inductance matrices and the difference between (3) 
and (4) does not provide simple information to process any 
more. 
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In [2]-[3], a concept of extended EMF (EEMF) defined as (5) 
was introduced. 
 2 2 .r r

ex r f r s ds s qsE L i L piω λ ω≡ + ∆ − ∆  (5) 

By using the definition of EEMF, the voltage equation in (3) 
can be simplified as follows. 
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The voltage equation in the estimated rotor reference frame 
can be expressed as 
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Note that inductance matrices become symmetric in (6), 
making a salient motor such as IPMSM be seen as a non-salient 
motor. Thanks to this feature, the representation in (7) is much 
simpler than that in (4). Using the EEMF estimator in Fig. 1, the 
EMF terms, r

dqse , can be obtained. Then, rθ  can be easily 
estimated by arctangent or simple arithmetic calculation of r

dqse  

[2]. 
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Fig. 1.  EEMF estimator for IPMSM. 

From the estimated value of rθ ,  ,estrθ , the estimation of the 
rotor position without phase lagging is also necessary [10]. Fig. 
2 shows a position and speed estimator using  ,estrθ  as an input. 
In this position estimator, zero phase lag could be achieved 
under the assumption of accurate mechanical parameters by 
feed-forwarding the torque into the estimator. Enhanced 
estimation performance of the estimator in Fig. 2 was verified 
by experiments where the position estimation error had a little 
transient less than a few degrees even to the rated step load 
change at 2,700 r/min [10]. 
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Fig. 2.  Position and speed estimator including feedforward input. 

The effects of inaccurate parameters on model-based 
sensorless drive has been analyzed [28-30]. From the analysis, 
it has been revealed that parameter errors on the resistance and 
q-axis inductance (i.e., Rs and Lqs) have critical effects on the 
performance; Generally, Rs is very influential at low speed 
where the resistive voltage drop is relatively large compared to 
the EMF voltage. While, the effect of Lqs is independent of the 
rotational speed, ωr. For this reason, parameter identification is 
essential, especially for Rs and Lqs. However, since many 
algorithms have been derived under the assumption that the 
position estimation error is negligible, it may lead to incorrect 
parameter estimation and deteriorates the performance [11, 12]. 

Against the parameter variation, rather than parameter 
identification, robust estimators such as an adaptive observer 
can be used [13, 14]. In an adaptive observer, gains should be 
set considering the stability at each operating point, robustness, 
and response. Even if it could cause instability with the 
improper gains or the parameter error over the allowable range, 
robust estimators against the parameter variation could be 
designed. 

Typically, model-based methods show a satisfactory 
performance above 10% of the rated speed. At lower speed, 
estimated back EMF decreases and the effects of harmonics and 



SUL et al. : SENSORLESS CONTROL OF IPMSM FOR LAST 10 YEARS AND NEXT 5 YEARS 93 
 

noise components increases. Therefore, at lower speed, the 
bandwidth of the position estimator also should be reduced to 
filter o harmonic frequency and trace the fundamental 
component [15]. However, it is hard to expect reasonable 
performance in most industrial drives at lower than a few 
percent of the rated speed. 

Meanwhile, Boldea et al. [31] introduced a concept of active 
flux, Ψa, which is defined as follows. 
 ( )aΨ r

f ds qs dsL L iλ≡ + −  (8) 

Using active flux, the flux equation can be simplified as (9). 
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Similar to EEMF does, active flux makes a salient motor 
such as IPMSM be seen as a non-salient motor. This simplifies 
the flux equation in the estimated rotor reference frame as (10). 
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Since the projected active flux on q-axis r
qsψ  ,is almost 

proportional to the position error, the position and speed can be 
estimated by nullifying r

qsψ  as shown in Fig. 3. 
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Fig. 3.  Active flux estimator and position/speed estimator [31]. 

 
Another main category for sensorless control is based on 

magnetic saliency of the motor. Since spatial inductance 
distribution mainly has 2nd harmonic in one electrical period as 
shown in Fig. 4, many position estimation algorithms using the 
inductance characteristics have been proposed [4-9], [32-35]. 
In saliency tracking methods, since the speed-dependent 
information such as back EMF is not required, operating region 
of sensorless drive can be extended to very low speed including 
standstill. 
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Fig. 4.  Spatial inductance distribution of IPMSM at θr = 30°E. 

In its embryonic stage, current ripple was utilized to 
calculate inductances during one PWM period [32-34], or 
discrete test voltage was injected to obtain the position 
information [35]. However, these methods required the variable 
switching period or the manipulation of PWM methods. Then, 
continuous sinusoidal injection methods were addressed 
without any variation of PWM methods or switching frequency 
[4-9]. Continuous injection methods are generally classified 

into two categories depending on where and how the signal is 
injected: rotating voltage signal injection in the stationary 
reference frame [4-6] and pulsating voltage signal injection in 
the estimated rotor reference frame [7-9]. These sensorless 
control methods have their unique characteristics according to 
the injection signal. 

Firstly, in rotating signal injection case, injected rotating 
signal is expressed as (11) and current response can be derived 
as (12). 
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In HF range where the additional signal is injected, the 
injection frequency, ωh, is much larger than ωr and resistive 
drop in (3) can be neglected. Therefore, in (12), the motor is 
modeled as an inductive load. From (12),  ,r estθ can be obtained 
through a demodulation process such as (13). 
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Then, the estimated error in (13) is used as an input to the 
estimator in Fig. 2 and the position and speed can be estimated 



94 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 1, NO. 2, JUNE 2017 

in the direction that the error in (13) is nullified. 
Meanwhile, there is another approach to the saliency 

tracking based on the injection of pulsating signal at the 
estimated d-axis as expressed in (14). 
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Similar with the rotating signal case in (12), HF current 
response and  ,r estθ can be expressed as (15) and (16), 
respectively. 
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In HF signal injection sensorless methods including rotating 
and pulsating signal injection, two methods seem to be similar 
with each other. However, many comparison results were 
presented [36-40]. From various researches, it has been 

revealed that pulsating signal injection is more robust to 
different geometry per pole, i.e., mechanical asymmetry among 
electrical periods [36] and dead time [37, 38]. Also, naturally, 
pulsating signal injection methods generate less torque ripple 
[39] and less additional loss under the same magnitude of  ,r estθ . 

In addition, in HF signal injection sensorless drive, the 
importance of the cross-coupling effects has been emphasized 
for better performance [23], [41, 42]. Considering the 
cross-coupling effect, off-diagonal elements in the inductance 
matrix should be taken into account. Then, HF equivalent 
voltage equation can be expressed as (17). 
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Transforming (17) into the estimated rotor reference frame, 
HF current variation induced by the voltage injection can be 
derived as (18). 
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From (18), the resulting estimation error in steady state can 
be deduced as (19) by replacing the q-axis current variation 
with zero [41]. 
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On top of the cross-coupling inductance, inherent spatial 
inductance harmonics and reduced saliency by saturation 
should be considered for high performance sensorless drive 
[23], [42]. Basically, in IPMSM case, each phase inductance 
mainly consists of DC and multiples of 2nd harmonic 
components which appear as multiples of 6th harmonic 
components in the rotor reference frame. Since these 
components result in the position estimation error mainly with 
6th harmonic from (19), operating performance could be 
enhanced by decoupling these major harmonic components 
according to the operating conditions and tracking the 
fundamental component [42]. In addition, the saliency is 
getting smaller as the load increases due to the magnetic 
saturation. And, the feasible operating region needs to be 
investigated considering the reduced saliency. Ref. [23] 
analyzed the feasibility region of signal injection sensorless 
control for IPMSM in machine-design point of view. 
 

III. PRESENT 

In both model-based and HF signal injection methods, 
improvement of the position estimation accuracy and dynamic 

performance has been an important issue since sensorless drive 
has begun to be considered in the servo application. For better 
position estimation accuracy, various research has been 
conducted: more precise modeling of IPMSM considering the 
cross-coupling inductance, compensation of voltage 
disturbance by the inverter nonlinearity, identification of 
system parameters, etc., as aforementioned in the previous 
chapter. 

Regarding the dynamic performance, some of the recent 
studies have contributed to the enhanced control performance. 
In HF sinusoidal signal injection methods, generally, the 
injection frequency should be set between the current control 
bandwidth and the PWM switching frequency. Using a general 
purpose IGBT inverter with 10 kHz switching frequency, the 
injection frequency had been set as 500 Hz~700 Hz, which 
confined the current control bandwidth under 100 Hz ~200 Hz. 
Sequentially, it had been difficult to increase bandwidths of 
speed and position controllers. 

This limitation can be overcome by increasing the injection 
frequency, making it possible to increase bandwidths of current, 
speed, and position controllers. In order to do this, Yoon et al. 
[16] proposed square-wave signal injection method increasing 
the injection frequency to a half of the PWM switching 
frequency. Fig. 5 shows typical voltage and current waveforms 
under square-wave signal injection. Eq. (20) represents the 
injection voltage reference in a discretized form according to 
the sampling count n [17, 18]. 
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and m is an integer 
HF current variation induced by the injection voltage (20) 

can be expressed as 
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From the q-axis current variation in (21),  ,r estθ  can be 
directly obtained as follows. 
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Fig. 5.  HF signal injection voltage and HF current in square-wave signal 
injection sensorless drive. 

Using the square-wave signal injection,  ,estrθ can be obtained 
with a delay of two sampling periods, which makes it possible 
to increase overall control bandwidths. Ref. [16] reported that 
the bandwidths of speed and position controllers could extend 
up to 40 Hz and 10 Hz, respectively, with an 80-Watt 
general-purpose IPMSM. Fig. 6 shows speed and position 
responses to sinusoidal 50 Hz speed and 10 Hz position 
references, respectively. 
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Fig. 6.  Speed and position control performance with square-wave signal 
injection [16]. 

In [19], Kim et al. increased the injection frequency up to the 
PWM switching frequency. This makes it possible to increase 
the injection frequency almost above the range of human 
hearing in the case of over 16 kHz switching frequency. Thus, 
the audible noise by the signal injection can be virtually 
eliminated. Under switching-frequency signal injection, the 
injection frequency is a half of the sampling frequency. Fig. 7 
shows current and voltage waveforms under 
switching-frequency signal injection. Separation of 

fundamental and HF currents is difficult since it is impossible 
to implement the notch filter due to the Nyquist theorem. 
Considering current variations by both fundamental and HF 
signal injection voltages, Kim et al. [19] had proposed a simple 
demodulation method utilizing recent three samples of the 
current to separate fundamental and HF components as shown 
in Fig. 7. 
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Fig. 7.  dq-axes currents and voltages under PWM switching frequency signal 
injection [19]. 

In signal injection sensorless drives, the signal injection 
causes undesirable effects such as acoustic noise, reduced 
voltage margin of the inverter, and HF losses. These problems 
can be relieved by reducing the magnitude of the injection 
voltage, Vh. However, Vh cannot be lower than a certain value 
due to the inverter nonlinearity. In [18], Kim et al. proposed HF 
current ripple regulator shown in Fig. 8 to attenuate voltage 
disturbance by the inverter nonlinearity. In conventional signal 
injection sensorless methods using fixed Vh, HF current ripple 
signal can be severely distorted due to the inverter nonlinearity. 
In [18], Vh is adjusted to regulate HF current ripple. This makes 
the voltage disturbance more evenly distributed, reducing rms 
value of the voltage disturbance. The proposed method 
conspicuously reduces the position estimation error without 
increasing the current ripple. 
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Fig. 7.  Block diagram of proposed HF current ripple regulator [18]. 
Most research conducted into sensorless control so far has 

focused on the estimation of the rotor position in electrical 
angle, θr since it has been enough for most applications only 
requiring the torque/speed control. However, the absolute rotor 
position, θrm, should be identified and controlled in some 
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applications such as control of robot arms and machine tools. In 
usual AC motors, their inductances are repeated per every 
electrical revolution (θr = 2π), which makes it difficult to 
identify θrm. Thus, modification of the motor design is essential 
for the absolute rotor position estimation. 

In [20-22], Kwon et al. proposed possible solutions for 
absolute position sensorless drive. In [21], two asymmetric 
IPMSMs named as hole-type and shaving-type motors were 
proposed for absolute position sensorless drive. Fig. 9 shows 
the structure of the hole-type motor. At the stator, coils with 
non-uniform turns (N2>N1) are wound. The rotor has two 
characteristic regions denoted as CR1 and CR2 where small 
holes are dug. Due to the asymmetry at both stator and rotor, 
synchronous inductances, Lds and Lqs, vary according to θrm. 
Utilizing this feature, the absolute rotor position can be 
estimated from the information of HF current ripple induced by 
HF voltage injection. However, the rotor has to be aligned to 
distinct positions to obtain HF current ripple information. This 
brings about undesirable initial motion of the rotor which is 
30°M in the worst case. 
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Fig. 8.  Hole-type motor for absolute position sensorless drive [21]. 

In [22], an IPMSM design named as search-coiled motor for 
absolute position sensorless drive without the initial motion had 
been proposed. Fig. 9 shows the structure of the search-coiled 
motor. At the stator, the search coils are wound at a-phase teeth. 
The search coils work as voltage transformers converting the 
input voltage applied to the main winding to another 
three-phase voltage. In order to measure the voltage signal, two 
analog-to-digital converter (ADC) channels are required. The 
rotor consists of differently shaved rotor pieces. The airgap 
length along the rotor circumference can be modulated by the 
shaving the surface of the rotor. In the proposed motor, the rotor 
dimension is optimized to selectively increase 1st order 
inductance according to θrm, i.e.,L1cos(θrm+ φ ). This 1st order 
inductance can be reflected in the voltage signal at the search 
coils. Using the search-coiled motor, the absolute rotor position 
can be estimated without any initial motion of the rotor. 

Meanwhile, in model-based sensorless drive, there was 
recent study to enhance the robustness to the load disturbance 
during sensorless operation. In [43], Lee and et al. proposed a 
model-based sensorless method utilizing the speed error 
information as well as the position error information. Using this 

method, abrupt load disturbances to the sensorless drive system 
can be effectively handled. Based on the extraction of the 
position and speed errors in manipulated voltage equation, the 
position and speed are estimated in separated estimators as 
shown in Fig. 11. The auxiliary speed estimator in Fig. 11 
enhances the speed estimation without increasing the noise 
sensitivity of the estimated position in the main estimator. Fig. 
12 shows the improved dynamic performance of the method. In 
the figure, the conventional method means that there is no 
additional speed estimator and input to the observer is  ,estrθ  
only. While, in the proposed 1 method both speed and position 
errors are used as inputs to the observers without auxiliary 
speed estimator. The proposed 2 method means that there is an 
auxiliary speed estimator and its output is used as input to the 
observer.  Fig. 12(a) shows the estimation capability during the 
abrupt speed variation (20,000 r/min/s) in current control mode 
and Fig. 12(b) shows the speed control performance against the 
load torque variation at 500 r/min with three different methods. 
It shows that the method with the auxiliary estimator (proposed 
2) reveals much faster response and the robustness to abrupt 
load variation as well as speed variation. 
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Fig. 9.  Search-coiled motor for absolute position sensorless drive [22]. 
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(a) Auxiliary speed estimator. 
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(b) Position estimator. 

Fig. 10.  Position and speed estimator including the auxiliary speed estimator 
[43]. 
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Fig. 11. Experimental verification for increased robustness [43]. 

IV. FUTURE 
For last 20 years the technology for sensorless drive of 

IPMSM has been evolved and it has been matured. But still, 
there are many unsolved issues and problems. At first, 
sensorless control of linear motor has not been much 
investigated. The initial position of the mover of the linear 
motor is essential in the torque control of the motor and it is 
critically important especially in vertical motion. Contrary to 
the rotary motor, where slot and coil are continued infinitely, 
linear motor has end slots and end coils at left and right ends of 
the mover as shown in Fig. 13. For this reason, two phases with 
an end coil at each side would have different characteristics 
from another phase. Fig. 13 simply shows a simple flux path at 
0°E mover position where the flux path in each core connected 
in same phase is different due to the end effects. Meanwhile, it 
can be easily expected that the flux path at 120°E or -60°E 
mover position would be more symmetric compared to other 
positions. Therefore, characteristics in linear motor are 
dependent on the position. Fig. 14 shows the extracted HF 
inductances according to the mover position. Especially, it can 
be noted that the linear motor has both characteristics of 
IPMSM and SPMSM: for example, while the motor has enough 
saliency in 30°E, Ldsh and Lqsh are identical in 120°E and -60°E. 
It means the feasibility of the HF signal injection sensorless 
methods also depends on the mover position. Even if some 
researches have been conducted, most of them require the 
motion of the mover for initial position detection, or unusual 
design of the mover [25-27]. Therefore, studies on more 

practical sensorless drive would be needed. 
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Fig. 12.  Structure of the linear motor. 
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Fig. 13.  HF inductances of the linear motor. 

It has been well known in industry that the capability of 
sensorless control based on HF signal injection could be lost in 
heavy-load condition due to the magnetic saturation of IPMSM. 
Bianchi et al. [23-24] analyzed this issue considering 
inductance variation according to the load condition and 
introduced criteria for sensorless control feasibility. This is a 
challenging issue especially in the traction application; since 
the motors are designed to be heavily saturated for higher 
power density, sensorless operation range cannot cover full 
torque at low speed. The papers clearly mentioned the problems 
but there is no solution about the problems. Maximizing 
feasible output torque in low-speed sensorless drive using 
signal injection with heavily saturated IPMSM is still an open 
question for the future. The problem might be easily solved by 
less saturated design of the motor at heavy load condition. But, 
it cannot be accepted in the traction application, where torque 
and power density is the premium. However, the performance 
of sensorless drive can be remarkably improved with the 
modified design of IPMSM itself, so called sensorless friendly 
motor. In some application the modified design of IPMSM 
would be acceptable with its higher performance. With the 
proper design of IPMSM, the performance of sensorless drive 
would match to that of the sensor drive with 1024 PPR or 
higher PPR encoders. In this case the accuracy of the estimation 
of the rotor position could be better than 1o in electrical angle 
with 6 pole IPMSM.  

As mentioned before, the absolute angle of the rotor was 
estimated and controlled in sensorless mode. However, there is 
still necessity of initial rotation for angle identification or extra 
sensing circuit. Both would be not preferable in the most 
application. And, the control and motor design for sensorless 
control of absolute angle of the rotor should be further 
investigated to remove such disadvantages. 

V. CONCLUSION 
In this paper, the developments of sensorless control of 
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interior permanent magnet synchronous machine (IPMSM) for 
last 10 years have been briefly discussed. Because of intense 
research and developments there are huge references and 
industry results in this subject. However, in this paper, only 
some limited results have been introduced. Most of them in this 
paper have been developed by a few research groups including 
the author’s one. Authors believe that there are many excellent 
research results not introduced in this paper. Due to the 
tremendous effort of peoples in this area, the technology of 
sensorless drive of IPMSM has been developed rapidly for last 
20 years. It has been fully matured and used in various industry 
fields such as elevators, oil pumps, washing machines, robots, 
machine tools, etc. The HF signal injection methods have 
extended the application area of sensorless control remarkably. 
And, for last 10 years, with better signal processing with higher 
performance control electronics, and improved understanding 
of dynamics of IPMSM drive system, and sensorless-friendly 
design of IPMSM itself, dynamic control range of IPMSM 
sensorless drive was extended 10 times wider and the accuracy 
increased 5 times better. For next 5 years, sensorless drive in 
traction application would be intensively developed with 
expansion of the market for hybrid and electric vehicle where 
main tractive effort comes from IPMSM. The sensorless drive 
system with higher power density IPMSM robust to severe 
operation conditions and parameter variations should be 
developed to fulfill the strong demands from automotive 
industry. 
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