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 
Abstract— Owing to the competitive advantages of cost 

reduction, system downsizing, and reliability enhancement, 
position sensorless control methods for permanent 
magnet synchronous machine (PMSM) drives have drawn 
increasing attentions from academia to industry 
applications. In this paper, a survey of the major 
sensorless control techniques for a wide speed range from 
low to high speeds is presented. The different high 
frequency (HF) signal injection schemes, fundamental 
PWM excitation methods, and model based sensorless 
control are displayed and compared, which is able to 
facilitate the sensorless control implementation. 
 

Index Terms—Permanent magnet synchronous machine, 
sensorless control, saliency based techniques, model 
based techniques, signal injection method, fundamental 
PWM excitation. 
 

I. INTRODUCTION 

ERMANENT magnet synchronous machine (PMSM) has 
been broadly used in industry applications including 

transportation, manufacture equipment, and home appliances 
due to the competitive advantages of high torque density, fast 
dynamic performance, and good reliability, etc. Meanwhile 
sensorless control (also noted as self-sensing) has advantages in 
PMSM drives due to cost reduction, system downsizing, and 
reliability enhancement for PMSM drives. As shown in Fig. 1 
(a), there has been a tremendous effort to develop the sensorless 
control techniques for a wide speed range from low to high 
speeds in the last few decades [1]. 

With the observability analysis performed [2], the full speed 
sensorless control operation has been developed in academia 
and industry. As shown in Fig. 1 (b), there are two main 
categories of sensorless control schemes roughly: model-based 
sensorless control applied in high-speed range and 
saliency-based sensorless control applied in low-speed range. 
Model based method can be implemented using the 
electromotive force (EMF) or flux associated with the 
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fundamental excitation [3-63], and it can be subdivided into 
open loop methods and closed loop methods. The former is 
derived through the integration of the back-emf of the machine 
without any correction term while the latter makes use of the 
error between the estimated and measured quantities as 
feedback to increase their performance [63]. Although model 
based method was proposed and commercialized first, it fails in 
the low-speed range due to the low signal-to-noise-ratio (SNR) 
caused by modeling uncertainty, inverter nonlinearity, etc. 

To expand the sensorless control into the low- to zero-speed 
range, the saliency tracking based method has been developed, 
including signal injection-based methods [64-112], 
fundamental PWM excitation (FPE)-based methods 
[40],[113-135]. 

Because of the increasingly expanding applications for 
position sensorless PMSM drives, this paper discusses the most 
advanced position sensorless control. The rest of this paper is 
organized as follows. In Section II, the saliency based 
sensorless control is introduced. In Section III, the development 
of model based sensorless control is presented. 
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II. SALIENCY BASED SENSORLESS CONTROL METHODS 

A. Signal injection based sensorless control method 

Signal injection based sensorless control is widely adopted to 
obtain the position by tracking the saliency at low-speed region 
for PMSM drives [64-112]. According to the injection 
reference frame, the mainstream HF signal injection can be 
roughly categorized into rotating and pulsating signal injection 
methods. And pulsating injection can be further subdivided into 
pulsating sinusoidal injection and pulsating square-wave 
injection schemes. An intuitive comparison of different HF 
signal injection schemes is listed in TABLE I. 

Since the injection frequency is much higher than the 
operation speed, the voltage drops on the stator resistance and 
the terms associated with ωe can be neglected. Then, the PMSM 
HF model at low-speed region can be obtained in the rotor 
frame and stator frame as 
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where the subscript “h” indicates the HF component, θe is the 
rotor position, Ld and Lq are the d-q axis inductances, L0 = (Ld + 
Lq)/2, ΔL= (Ld – Lq)/2. 
 
1) Rotating Signal Injection 

Fig. 2 shows the block diagram of the rotating injection 
based sensorless control scheme [65-76]. A rotating voltage 
space vector (3) with frequency ωh is injected in αβ-axes. 
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where Urot_h is the injected rotating HF voltage amplitude. To 
ensure a good shape of sinusoidal signal of injected voltages, 
the injection frequency ωh cannot be set too high (usually lower 
than one-tenth of the PWM switching frequency). 
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Fig. 2 Block diagram of rotating signal injection. 

Based on (1)-(3), two typical rotating signal injection 
schemes, i.e., negative sequence current method [65-73] and 
zero sequence voltage method [74-76] are introduced in the 
following. 
(a) Negative-Sequence Current Method 

By substituting (3) in (2), the HF response currents under 
rotating HF voltages injection can be expressed as  
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where _ p, nsI  is the positive and the negative terms of the HF 

response currents. 
To extract the position from the HF induced currents in 

negative sequence, a synchronous frame filter (SFF) is used in 
this part. By transforming the HF induced current from αβ-axes 
to HF rotating reference frame, the current can be expressed as 
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where the subscript “dhqh” denotes the component in the HF 
rotating frame.  

Through LPF, the terms associated position can be extracted, 
which can be easily obtained by arctan function as  
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(b) Zero Sequence Voltage Method  
Except the negative sequence currents, the rotor position can 

also be reflected in the zero sequence carrier voltage when 
rotating signal injection based sensorless control scheme is 
adopted. To measure the zero-sequence voltage, one balanced 
resistor network and the access to the machine neutral point are 
needed as shown in Fig. 3.  
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Fig. 3. Carrier current and zero sequence voltage measurements. 

The zero-sequence voltage URN can be expressed as [75] 
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where L1, L2 are amplitudes of DC and 2nd harmonics of phase 
self-inductances. To extract the position from zero sequence 
voltage in (7), the signal processing can be performed as  
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then the rotor position can be calculated by arctan function. 
2) Pulsating Signal Injection 
Pulsating signal injection is another effective additional signal 
injection based sensorless control scheme [77-104]. The initial 
rotor position information is required for pulsating signal 
injection because the HF signals are injected in the rotor 
reference frame. According to the different types of injected 
signals, pulsating signal injection can be divided into two 
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categories: pulsating sinusoidal injection [77-89] and pulsating 
square-wave injection [90-104]. 

 

TABLE I COMPARISON OF DIFFERENT HF SIGNAL INJECTION SCHEMES 

Injection Scheme  Rotating Signal Injection  
Pulsating Signal Injection 

Pulsating Sinusoidal Injection  Pulsating Square-Wave Injection  
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Position Error 
Extraction 

Negative sequence currents; 
Zero sequence voltages. 

Envelope of αβ-axes currents; 
q-axis current; 

45º offset axes currents. 

Features 

Phase modulated;  
Subjecting inverter nonlinearities effect; 

Complex injected signals generator; 
Injected signals are distorted; 

Low injection frequency; 
No initial position information is required.

Magnitude modulated; 
Small effect of the inverter nonlinearities; 

Complex injected signals generator; 
Injected reference signals are distorted; 

Low injection frequency; 
Requiring initial position information. 

Magnitude modulated; 
Small effect of inverter nonlinearities; 

Simple injected signals generator; 
No distortion in injected reference signals;

High injection frequency; 
Requiring initial position information. 

(a) Pulsating Sinusoidal Injection  
As shown in Fig. 4, for the sinusoidal injection based 

sensorless control scheme, the HF pulsating sinusoidal signals 
can be expressed as  
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where Upul_h is the amplitude of the injected pulsating 
sinusoidal HF voltages, and symbol “^” means the components 
of the estimated rotor reference frame.  
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ê

 
Fig. 4. Block diagram of pulsating sinusoidal injection. 

Based on (1) and (9), the HF response currents in the 
stationary frame can be deduced as  
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where ˆ
e e e      is the position error. Supposing Δθe is 

small enough, (10) can be simplified as  
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According to (11), the position information is reflected in the 
envelope of the HF response currents in the stationary frame. 
By choosing demodulation signal as kd = -cos(ωht) [77], the HF 
response currents can be demodulated through LPF as  
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where , _ demi   is the demodulated current in stationary frame. 

(b) Pulsating Square-Wave Injection  
The strucrure of pulsating square-wave injection based 

sensorless control shceme is similar to the pulsating sinusoidal 
injection shceme. While, in this case, the injection voltage is 
modified as a square-wave signal. Whereby, the injected 
frequency can be much higher than the rotating injection and 
pulsating sinusoidal injection schemes, which has advantages 
in HF signal separation and extraction. The PWM frequency 
injection can be implemented when the current sampling and 
updating PWM is done twice in a PWM switching period. If the 
PWM switching frequency is near the audible range for most 
people, the acoustic noise due to the injected signal can be 
virtually eliminated [103]. 

The HF response currents in rotor reference frame can be 
obtained as 
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From (13), it can be observed that the HF response current in 
q-axis is an alternating triangular wave which contains the rotor 
position information. By forcing the q-axis HF response current 
to zero with PI regulator, the rotor position can be obtained. The 
position can also be extracted in the stationary reference frame 
similar to the pulsating sinusoidal injection scheme, which is 
not described in detail here. Besides, the 45º offset axis currents 
can also be used to track the position information [106]. 

In the practical applications, the influence of the inverter 
deadtime distortion, cross-saturation and secondary inductance 
harmonics should be considered to improve the position 
estimation accuracy [107-110]. As reported in [108], accuracy 
of rotating and pulsating injection is the same when tracking 
multiple saliencies and secondary inductance harmonics unless 
effective terminal attributes have carrier signal dependent 
values. It is proven in [109] that the equivalent HF resistance 
caused by the inverter nonlinearities, determined by the 
characteristic of terminal voltage error, is an extremely 
nonlinear resistance. And it is claimed that pulsating injection 
is potentially less sensitive to dead-time, but further 
investigation is required [108]. 

B. Initial Position and Polarity Estimation 

The position estimation method presented in the previous 
section is not able to detect the polarity at initial start-up 
conditions, which is a common problem for saliency based 
methods. To address this problem, many polarity estimation 
schemes based on the nonlinear magnetization characteristics 
of the stator core (see Fig. 5) were developed [83],[111],[112]. 

The pulse signal injection methods are often based on 
estimating the minimum inductance location using a d-axis 
current obtained during some form of iterative square wave 
voltage injection to arbitrary axes [112]. The hybrid initial 

position and polarity estimation method is usually preferred by 
taking advantage of the position obtained from the signal 
injection. The short pulse injection and second harmonic based 
polarity estimations have been reported. 
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Fig. 5. Nonlinear magnetization characteristics of stator core. 

C. Fundamental PWM Excitation Based Sensorless 
Control 

Saliency tracking based high frequency signals injection 
(HFSI) methods are effective to estimate the rotor position of 
IPMSMs. However, a high frequency signal is injected and 
extra observers for signals processing are required to achieve 
accurate position tracking. The FPE based sensorless control 
method was introduced to simplify the implementation scheme. 
The main three kinds of FPE based sensorless control methods 
are compared in TABLE II and will be introduced in the 
following content. 
1) Indirect Flux Detection by On-line Reactance 
Measurement (INFORM) 

Indirect flux detection by on-line reactance measurement 
(INFORM) was proposed in [113], which is simple and easy to 
accomplish. The main principle is to measure the current 
response induced by the voltage space vectors applied in 
different directions. One test vector is injected during the null 
part of one PWM cycle while another equal vector is injected 
oppositely to compensate the voltage distortion caused by the 
last vector. Three cycles with one di/dt measurement per cycle 
are necessary to guarantee the effectiveness of the INFORM 
method. 

When the injected voltage signals are set as: 
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The induced current can be expressed as: 
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where k=0, 1 or 2, which reflect the injections in a, b or c axes, 
respectively. Combine the current derivatives from three 
injection cycles, the position can be effectively deduced from: 
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One kind of representative INFORM measurement sequence 
is shown in TABLE II, the hollow circles are current sampling 
points. In digital control systems, the current execution lags 
behind the reference command by one control period, hence an 
additional voltage vector ux may be needed or a previous 
calculated FOC command voltage vector is applied instead. If 
so, depending on the INFORM sequence and timing schedule 
the FOC command may be only applied each five control 
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cycles. To lower current ripples and harmonics and decrease 
the switching loss, the INFORM was modified in [114],[115] to 
improve the dynamics of the sensorless method. The current 
slope measurements are fully integrated in the PWM pattern, 
which results in the highest dynamic providing a sensorless 
rotor position signal at every PWM cycle. Further, without any 
pulse injection a low acoustic noise can be achieved. To reduce 
the current distortion, the method was further improved in [116] 
with minimum current deviation and time demand. The 

integration of voltage space phasors into the PWM pattern is 
advantageous in terms of current ripple and acoustic noise. The 
method was modified in [40] by interrupting the PWM pattern 
for a specific period of time to apply the different test space 
phasors with only DC link measurements. Nowadays, the 
computational power of commonly used signal processors for 
electrical drives are able to perform this procedure without 
higher efforts or costs [117]. 

TABLE II COMPARISON OF DIFFERENT FPE BASED METHODS SCHEMES 

Types Implementation procedure Features 

INFORM Simple 

ZSCD 

High performance, 
requirement for extra 
hardware devices or 
complex algorithms 

ZVVI 
No acoustic noise, 

insensitive to parameters 
variation 

2) Zero Sequence Current Derivatives (ZSCD) 
Measurements Method 

When the test vector signals are injected to the machine, the 
resulting zero sequence current derivatives (ZSCD) can be 
derived as a function of the instantaneous value of the d,q-axis 
inductances from which the rotor position of the PMSM can be 
extracted [118-125]. The ZSCD method involves applying the 
voltage test vectors corresponding to six nonzero switching 
states of the voltage source inverter (VSI) and the 
implementation procedure is shown in TABLE II, where the 
test vectors are only applied for a short period and between the 
normal PWM waveform. The vectors are all injected in pairs 
and with the same amplitude but opposite directions. The 
induced transient currents contain the zero sequence 
components of which the derivative could be measured by 
Rogowski coil and the rotor position information can be then 
derived as: 
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where P is the position scalar and n is the number saliency 
cycles per revolution. 

Since the method is always applied for the low- and 
zero-speed range, the resistive voltage drop and the variation of 

EMF can be neglected. The ZSCD method is simple and 
possess high performance, however, the access to the neutral 
point is necessary for the zero sequence component excitation, 
which makes the method not available for some industrial 
applications. The method was further improved in [124] to 
leave out the specialist transducers and acquire the derivatives 
from measurements made with standard hall-effect sensors. 
The artificial neural network approach for estimating current 
derivatives from standard current measurements contaminated 
with high frequency oscillations was introduced. 
3) Zero Voltage Vector Injection Method 

The acoustic noise and torque ripples caused by the injected 
high-frequency signal limit the application of the HFSI based 
methods. To deal with these drawbacks, the FPE based methods 
are compared with the HFSI based methods, the zero voltage 
vector injection method was introduced [126-130]. It combines 
the derivation calculations of current and zero voltage vector 
injection which is especially effective for zero- and low-speed 
operation of sensorless PMSM drives. Additional zero-voltage 
vector switching periods are inserted between the PWM 
periods commanded by the FOC PI controllers and the 
implementation procedure is shown in TABLE II. The period 
of zero voltage vector is extended compared with normal PWM 
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switching pattern for improving the precision of the sampling, 
still there is no active vectors injection. Compared with normal 
PWM switching pattern, the current fluctuation is indeed 
enlarged, however, the switching frequency of PWM is kept the 
same which is the main contributor for the acoustic noise. 
Hence, the noise induced by the ZVVI method could be omitted 
[126]. The current in the αβ-reference frame can be measured at 
the beginning of each switching period, and then transferred to 
the dq reference frame. The current variations during both the 
FOC period and the zero-voltage vector injection period may 
then be obtained. Based on the voltage equations of the motor 
during zero voltage switching period, the rotor position 
information can be extracted as: 

 ( )sin ( )cos f r
r r

q q q

didi dR R
i i

dt L dt L L dt


 

 
      (18) 

The input-output relationship among the rotor position, the 
stator currents and the current derivatives can be established. 
The electrical rotor position is calculated by integrating terms 
related to stator currents and current derivatives. The current 
differential can be obtained easily since the period of the zero 
voltage is relatively long in the low- and zero-speed regions 
with a PWM inverter. The pole position is estimated by 
applying the current derivative to PI controllers or phase lock 
loop. In this method, the acoustic noise is not generated as no 
extra test signal is injected, and the estimation algorithm is 
quite simple. In addition, this method is not influenced by the 
parameter fluctuation. The accuracy of sampled currents and 
current derivatives will decide the level of position error of the 
method. There are some papers presented current derivatives 
detection or calculation methods based on special designed 
current differential detectors or extra high resolution current 
sensors [128]. In this method, the current sampling speed is 
lower and cannot achieve continuous sampling in the zero 
vector interval. Therefore, the current oversampling technology 
can be utilized, and the accuracy of current derivative can be 
further improved by using chips such as FPGA. Further, the 
performance of sensorless control can also been improved. 
Actually, this method has not yet been commercialized. 

III. MODEL BASED SENSORLESS CONTROL METHODS 

As aforementioned, the saliency based sensorless control has 
proven to be effective at low- and zero-speed ranges. However, 
there are some negative effects of the injected signal, such as 
increased losses, torque ripples and acoustic noises. Besides, 
the maximum output voltage of inverter at higher operating 
speed range could possibly limit the additional injected signal. 
Consequently, in sensorless control, it is recommended to use 
saliency based methods with signal injection only at low- and 
zero-speed ranges, and seamless switch to a model-based 
method above a certain threshold speed [5],[6]. 

Most of the model based sensorless control could apply to 
the position/speed estimation procedure shown in Fig. 6 [7]. As 
can be seen, the position/speed estimation procedure could be 
divided into two parts conventionally, i.e., EMF or flux 
estimation and position/speed observer. 

 

EMF or Flux
Estimation

Position/Speed
Observer

Open loop methods
Closed loop methods
Reference frame
Stationary (αβ) frame
Synchronous (dq) frame

Model
Extended EMF model
Active flux model

Error convergence
Sliding mode observer
State observer

Direct calculation

Phase-locked loop (PLL)

PI-style observer

Easy-to-implement structure

Poor dynamic performance

Luengerber observer

PID-style observer

Moment of inertia required

High dynamic performance

ê

e̂

sê

sψ̂

abci

abcS

dcU

 
Fig. 6. General block diagram of position/speed estimation procedure 
for model based sensorless control. 

A. EMF or Flux Estimation 

In the model based sensorless control, both the EMF or flux 
information could be directly calculated with the open loop 
method and the closed loop methods. The closed loop 
estimation is preferred due to its strong robustness and high 
accuracy. The EMF or flux estimation imposes a great impact 
on the position/speed estimation, and it can be featured by 
reference frame implemented, mathematical model, and error 
convergence method, etc. [7-10]. 

The model based sensorless control could be implemented 
either in the stationary (αβ) frame or in the synchronous (dq) 
frame. It is noteworthy that the misaligned or estimated dq 
frame has to be established, and the EMF or flux can be 
estimated by forcing the error between the actual and estimated 
dq frame to zero for the implementation in the dq frame. 

In case of salient PMSM, the position information is 
contained not only in the EMF, but also in the stator inductance. 
Therefore, the conventional model based sensorless control 
cannot be applied directly. To address this problem, the 
extended EMF [11],[12] and the active flux model [13-15] have 
been proposed. 

Generally, in the closed loop estimation methods, the law has 
to be constructed to force the estimated-measured output error 
to zero. To this end, different techniques can be used. Among 
others, linear state observers [17-20] and sliding mode observer 
[12],[15],[16] can be used to improve the estimation process. 

The EMF or flux estimation is comparatively mature, the 
research focus has been shifted to the dynamic and robustness 
improvement, low frequency ratio operation at the current stage. 
The inverter nonlinearities and the flux spatial harmonics are 
the influential factors and should be carefully dealt with. Also, 
the EMF and flux estimation is facing the critical challenges on 
the stability and reliability at the low frequency ratio. 

Estimated position can be obtained via estimated flux 
calculated by integrating the flux model as a function of estator 
current and voltage [58],[59]. 

B. Position/Speed Observer 

If the observer error converges to zero, the EMF or flux can 
be estimated, and then the position/speed can be obtained. 
Straightforwardly, the arctan function can be used directly to 
calculate the rotor position. Conventionally, to improve the 
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estimation accuracy, the position/speed observer is often 
preferred. The position error signal serves as the observer input, 
which could be extracted through vector cross-product or other 
simple arithmetic. Then, the PI-type phase-locked loop (PLL) 
or PID-type Luenberger observer can be used to force the 
position error signal to zero and extract the position/speed 
information [21-24]. Compared with the PLL, although the 
moment of inertia is required, the PID-type Luenberger 
observer can provide better dynamic performance. 

Often, in above mentioned cases, estimated position is 
obtained and the speed is estimated using a time derivative 
approximation, typically first order Euler approximate is used, 
resulting in a sequential estimator. This approximation 
amplifies high frequency uncertainty, typically noise.  

This problem can be solved in another way, since it is 
possible to estimate speed and position at the same time. To this 
end, a widely used estimator is the identity observer. These 
estimators use the information provided by EMFs in αβ-axes. 
Most of them introduce a high-gain observer structure. 
Assuming the system is given by 

      ;px f x g x u y h x   . (19) 

Then, the equation describing high-gain observer dynamics can 
be written as follows:  

         
prediction term correction term

ˆ ˆ ˆ ˆ ˆpx f x g x u G x y h x   
 

. (20) 

Two terms can be identified: the prediction term which 
copies the dynamics of the variables to be estimated; a 
correction term where a high-gain multiplies the error between 
the measured variable y and the same variable evaluated on 
estimate states. The key for obtaining good estimates lies in a 
structure which guarantees that the estimation error converges 
to zero. It must be noted that EMFs dynamics relating EMFs 
with rotor position and speed are nonlinear. Different high-gain 
observers can be found in the literature.  

B.I Kalman Filter, Extended Kalman Filter and dirty 
derivator 

At this point, it must be mentioned that the Kalman Filter and 
its nonlinear version known as Extended Kalman Filter 
[47],[48], can be considered as high-gain observers. In addition, 
many researchers based the speed estimation in a “dirty” 
derivator. In this case, position is estimated and the speed 
estimate is calculated approximating the estimate position time 
derivative. Obviously, it is necessary to use an approximation 
because the time derivative operator is not causal. This kind of 
estimator can be included in the high-gain observer class. There, 
the prediction term equals to zero.  

B.II Linear Luenberger Observer and Nonlinear 
Luenberger-Like Observer  

By the end of 80s many high-gain observers were based on 
Taylor linearization [44-46]. However, as it is well-known this 
technique fails in obtaining good performance in a wide region 
of the state space. For this reason, during 90s nonlinear 
techniques were introduced. Among others, it is possible to 
mention sliding mode observers and nonlinear Luenberger-like 

observers. Many techniques can be found in references listed in 
[30],[31]. 

Nonlinear Luenberger-type observers were introduced in 
[32-34]. In this kind of observer, the prediction term copies the 
EMFs dynamic equations and a correction term including a 
nonlinear gain is added. By assuming exact model, i.e. 
parameters in the prediction terms equal parameters in the 
motor and there is no uncertainty in the measured variable, the 
estimation error exactly converges to zero when nonlinear 
observer gain is designed as proposed in those papers. The main 
advantages are that convergence is guaranteed in a wide region 
of the state space. In addition, speed of convergence can be 
arbitrarily fixed.  

B.III Sliding Mode Observer 

Sliding mode observers (SMOs) are based on a well-known 
variable structure design. In this case, correction term uses a 
discontinuous gain value, generally a sign function is 
introduced. Estimation error reaches a given surface and then, it 
slides on this surface reaching the zero value in a finite time. 
SMOs applied in rotor position and speed estimation of 
PMSMs can be found, among others in [53-57]. It must be 
noted that discontinuous function such as sign function 
produces an undesirable behavior named chattering. For this 
reason, different modifications were proposed for diminishing 
chattering effects. For instance, sign function can be changed 
by a sigmoid function [54]. Other times a low pass filter (LPF) 
can be used for filtering high frequencies (see [53] and 
references therein). There, EMFs are estimated based on an 
approximated prediction term that assumes acceleration is 
equal to zero. This assumption only satisfies the constant speed 
behavior, but does not cover acceleration and deceleration 
periods. In [55] an extended sliding-mode disturbance observer 
is proposed to estimate lumped uncertainties directly, to 
compensate strong disturbances and achieve high servo 
precisions, but it must be remarked that speed is only estimated 
and position is measured though a sensor. In another sensored 
scheme parameters are estimated using a SMO. In [57], it is 
proposed to replace the LPF including a mechanism for 
extracting the fundamental components of EMFs, for instance a 
PLL, for eliminating EMFs harmonic components. In this way, 
observer performance is improved. 

C. Non modeled dynamics and parameter uncertainties 

In previous subsections, different kinds of observers have 
been presented. Observers are based on system model. Then, 
the best performance to be obtained is only convergence to 
mechanical variables described by the model. Consequently, 
estimation error will be ever present because model can only 
approximate the actual systems. There exists unmodeled 
dynamics, the smaller unmodeled dynamics smaller estimation 
error. Then, uncertainty allows to compare observer 
performances. 

Note that Luenberger-like observers include two terms. One 
of them is the prediction term which copies the model dynamics. 
The other one is the correction term, it contains the error in the 
measured variable weight by a given gain. As mentioned above, 
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the key issue to study the performance of estimators is taking a 
look to uncertainties in the model. Assume model given by (19) 
is modified for representing uncertainty. There are different 
ways of representing uncertainties; in this paper additive 
uncertainty is used. Then, by considering uncertainty 
representation, the model results 

             ;px f x f x g x g x u y h x x        .(21) 

then, taking in consideration the observer equation given by 
(20), the estimation error ( ˆe x x  ) dynamics results 

 

        

       
nominal term

uncertainty term

ˆ ˆ, ,

ˆ

pe f x e g x e u G x y h x

f x g x u G x x  

     

  





. (22) 

with    ˆf f x f x    and    ˆg g x g x    and δf(x), δg(x) 

and γ(x) representing uncertainties.  
(22) is analyzed for understanding how both correction term 

design and uncertainty influence the observer performance. In 
what follows, a qualitative explanation will be presented. A 
numerical bound can be found in [38]. 

Clearly, the correction term design should guarantee 
convergence to zero of the error dynamics in absence of 
uncertainty. Assume absence of uncertainty, i.e. exact 
representation with exact parameters. Then, it is necessary to 
build a correction term for guaranteeing convergence in a wide 
region of the state space. The nonlinear Luenberger-type 
observer introduced in [32-34] satisfies this requirement. In this 
observer, the prediction term copies the EMFs dynamic 
equation and a correction term including a nonlinear gain is 
added. The estimation error exactly converges to zero when 
nonlinear observer gain is designed as proposed in those papers 
when there is no uncertainty.  

Many observers were designed under different assumptions. 
Most times acceleration has been approximated [26],[35-37] 
and/or a linear observer has been used [51].  

Consider [26],[35], it must be noted that during acceleration, 
an estimation error appears because the acceleration was 
assumed to be zero in the prediction term [35]. This drawback 
was detected and the estimator was improved in [26] by adding 
an acceleration prediction term. Another example can be found 
in [36]. There, acceleration prediction term is not equal to zero, 
but the prediction term was built by assuming motor 
acceleration equals to zero. Consequently, an error appears 
when acceleration is not equal to zero (see [37]). Then, a 
necessary condition for obtaining zero estimation error is to 
formulate a prediction term such that evaluated in the same 
value of the actual rotor position and speed, equals the value of 
the model describing the PMSM (i.e. the right hand side term in 
(19) equals the prediction term in (20) when ˆx x ) avoiding 
structural uncertainties.  

In previous paragraphs, it was commented that the errors 
introduced by an approximated prediction term result in 
estimation errors. However, when the correct prediction term 
copies PMSM dynamics, it is unavoidable to include 
parameters (e.g. permanent flux value, inertia, viscosity). In 

these cases, the estimation error value depends on the 
parameter uncertainties. This estimation error diminishes when 
the gain in the correction term is higher (see bound in [38]). 

Regarding observers based on Taylor linearization, Kalman 
Filter and EKF, it must be remarked that structural uncertainty 
is given by neglecting high-order terms when the prediction 
term is formulated. Then, a high value of the gain in the 
correction term helps to improve the performance in presence 
of structural and parameter uncertainties in the prediction term. 
In addition, it improves the speed of convergence, such that 
convergence is faster. Then, the correction term is needed, 
mainly, for two reasons. One of them is to fix the speed of 
convergence of the estimation error. The other one is to 
diminish the error produced by the prediction term 
uncertainties. It must be noted that while higher is the gain in 
the correction term, smaller is the steady estimation error and 
faster is the speed of convergence.  

However, the measurement uncertainty (γ(x) in (21)) must be 
considered. Note that if gain G in the correction term is 
increased then measurement uncertainty is amplified. 
Consequently, the maximum value of the gain is limited by 
measurement uncertainty. This kind of uncertainty was also 
considered in [38] for calculating a numerical bound.  

High-frequency uncertainty in the measured variable can be 
reduced by using a filter [61], but this changes the bandwidth of 
the observer. Low-frequency uncertainty in the measured 
variable can be reduced via high-pass filters or reduced order 
observer based on the measured variable time-derivative [32]. 

Consider the correction term in a sliding mode observer. 
When it is working in sliding mode the incremental gain equals 
to infinity. It is well-known that it is not possible to slide on the 
surface when the switching frequency is finite. In addition, to 
avoid chattering designers change the incremental infinity gain 
into a finite gain. Consequently, this observer does not allow to 
obtain zero estimation error in presence of uncertainties 
[54-56]. 

Another proposal for designing the correction term is to use 
optimization techniques [52]. However, speed of convergence 
depends on the estimation horizon selected. 

Another approximation to deal with uncertainty is to extend 
the observer model. Consequently, the dynamic order of the 
model is increased. Then, an observer for the extended model is 
designed. It was done in [50], where a nonsinusoidal EMF was 
considered. There, an unknown load torque was assumed. In 
[56] a sliding mode observer is introduced where parameters 
are estimated but it is sensored (mechanical sensors are used).  

When the model is extended, the number of states increases. 
However, the number of outputs is kept. Consequently, 
depending of the uncertainty selected for the extension the 
observability condition could be lost and persistent condition 
could be not satisfied, in such cases states estimated by the 
observer for the extended system do not converge to system 
states. Moreover, in order to guarantee the convergence to zero 
of the estimation error, the extended model should represent the 
uncertainty exactly. 

Then, there is a trade-off for selected the gain in the 
correction term. The magnitude of uncertainties plays a key 
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role. It must be noted that above paragraphs refer to unmodeled 
dynamics, because true uncertainty is unknown and nothing can 
be done. 

Some researchers have proposed to estimate rotor position 
by integrating stator flux [58-60]. In such a case, drift must be 
compensated for obtaining good estimates. Speed can be 
estimated by using time-derivative approximators.  

D. Combination of Low Speed and High Speed 
Observers 

As mentioned above, an EMF based observer presents good 
performance at medium and high-speed; whereas a saliency 
observer performs well at low speed. Then, it seems a natural 
solution to combine both techniques to attain an estimator 
performing well in the whole speed range. For this reason, 
many researchers have introduced observers combining two 
different techniques from those mentioned in previous 
paragraphs. In [39], a signal injection and a Luenberger-like 
observer were combined. In [40], INFORM provides estimates 
to low speed and it is combined with an EMF based observer. 
The integration of high frequency signal injection and extended 
electromotive force based techniques for sensorless control can 
be found in [41]. In [73] an observer based on the information 
provided by saliencies was introduced. [42] combines an 
injection estimate for low speed with an estimate based on the 
voltage-model. A current injection method and an EMF 
estimator were combined in [43]. 

IV. DISCUSSION 

This paper reviewed state-of-art position sensorless 
permanent magnet synchronous machine drives. The sensorless 
control methods can be mainly divided into two categories: 
saliency based sensorless control methods and model based 
sensorless control methods. Both are widely applied for 
commercial applications such as home appliance motors, 
injection molding machine and lift, and there are several 
commercial general-purpose inverters available for industrial 
applications [136]. Considering the customer needs and 
application requirement, the future development trends are 
supposed to be focused on these aspects: 

1) High dynamic performance in whole-speed range 
Compared with the motor drives with position sensor, it is a 

big challenge to improve the dynamic performance of position 
sensorless drives. In the future, the dynamic performance is 
drawing more attention to fit for high-performance 
applications. 

2) Ultra-high-speed sensorless PMSM drives 
Ultra-high-speed sensorless PMSM drive is essential for 

some specific applications, how to obtain the position 
information and under low carrier ratio is a new challenge for 
the researchers. 

3) High-robustness to load torque disturbance 
Similar with the demand for the dynamic performance, 

robustness to disturbance is another index to evaluate the 
sensorless control performance. High robustness to load torque 
disturbance, even adaptive algorithm can wide the application 
range of the sensorless PMSM drives. 

4) High-robustness to motor parameter variation 
It is known that the PMSM parameters may vary severely 

with the load change. To obtain the rotor position precisely in a 
wide load range, it is necessary to increase the robustness of the 
sensorless PMSM drives to motor parameter variation. 

5) Intelligent self-commissioning of motor parameters 
As stated in last future trend, other than improving adaptivity 

of the sensorless control method, precise acquirement of motor 
parameter during the self- commissioning is another effective 
way to decrease the difficulty of controlling PMSM. Intelligent 
self-commissioning of motor parameters is meaningful 
improve sensorless PMSM drives performance in many 
aspects. 

V. CONCLUSION 

Because of the increasingly expanding applications for 
position sensorless PMSM drives, there has been a tremendous 
effort to develop the sensorless control techniques for a wide 
speed range. This paper discusses the state of the art of position 
sensorless control techniques. In the low-speed range, the 
saliency based techniques including the injection based 
methods and the fundamental PWM excitation methods have 
been introduced with comparison. Then, the model-based 
position/speed estimation procedure has been illustrated. In 
addition, a brief comparison among different high-gain 
observers based on EMF information was introduced and it was 
illustrated how they are related. Generally, EMFs based 
observers are used to high and medium speed; whereas saliency 
observer performs well at low speed for these reasons papers 
combining both techniques were presented. The main goal of 
combining both techniques is to obtain an estimator performing 
well in the whole state space.  
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