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Abstract— Usually, two phase current sensors are required to 

realize sensorless control of permanent magnet synchronous 

motor (PMSM). However, once the phase current sensor fails, the 

whole system will not work. In this paper, a novel second order 

extended state observer (SO-ESO) based current estimation 

method for realizing PMSM sensorless control and multi-

parameter identification using only B-phase current sensor is 

proposed, which can significantly reduce the system cost and 

improve the reliability. In order to reduce the chattering of the 

system, a sigmoid function is introduced in the SO-ESO. In 

addition, a SO-ESO based parallel speed and multi-parameter 

identification scheme are proposed by using two model reference 

adaptive system observer (MRASO). The first MRASO is 

designed based on super twisting algorithm (STA-MRASO) with 

a corrective feedback loop and is used for estimating rotor speed 

and position. The second MRASO only needs to identify 

inductance and permanent flux because the stator resistance is 

estimated by SO-ESO. The second MRASO and SO-ESO updates 

the three identified electrical parameters and estimation currents 

to the first MRASO to achieve high robustness sensorless control. 

The relevant results show that the scheme gives good results, and 

the system has good dynamic performance and strong robustness. 

Index Terms—Model reference adaptive system, extended state 

observer (ESO), PMSM, sensorless control, parameter estimation, 

fault tolerant control. 

I. INTRODUCTION1 

In recent years, permanent magnet synchronous motor 
(PMSM) have been widely used in industrial production, 
national defense and daily life. Compared with induction 
motor and DC motor, PMSM has the advantages of high 
efficiency, high torque current ratio, compact structure, simple 
mechanical structure and easy maintenance [1], [2]. However, 
in many applications, such as computer numerical control 
machine tools, robots, and electric vehicles, the requirement 
for control performance of PMSM becomes higher [3], [4]. At 
the same time, it is required that the drive system be simple, 
safe and reliable. In doing so, two major issues need to be 
addressed: stable acquisition of current signal and sensorless 
control. 

Generally, one position sensor and two phase current 
sensors (without neutral line) are indispensable to the typical 
permanent magnet synchronous motor (PMSM) drive to 
ensure the normal operation of feedback control [5]. However, 
the control performance of drive system can be deteriorated 
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and even fail to work normally once the phase current sensor 
fails. Therefore, the introduction of multiple physical sensors 
may reduce the security and stability of the system [6]. When 
the rotor speed of PMSM tends to zero or very low, it is 
difficult to control the motor speed accurately without position 
sensor. At the same time, if the output characteristics of 
multiple phase current sensors do not match, the control 
performance of the system can be significantly degraded, such 
as the nonzero offset and the gain drift, which can cause 
torque ripple. Consequently, in order to make the PMSM drive 
system more efficient, economical and safer, reducing the 
current sensor has become an attractive option in recent years. 

One of the key solutions to ensure the stable acquisition of 
current signals is to use fault-tolerant control with current 
sensors. Fault-tolerant control methods for current sensors can 
be roughly classified into two groups [7]: active control and 
passive control. The former responses to a system failure (e.g. 
caused by a current sensor fault) actively by switching the 
system to another control mode (e.g. from the closed-loop 
vector control dependent on the sensor to the open-loop 
control independent of the sensor) to maintain the desired 
performance. The latter is to reconstruct the current signal 
from the observer instead of the incorrect feedback signal, so 
as to continue the closed-loop vector control [8]; in the latter 
method, controllers are usually designed to be robust enough 
to ensure the system not to be too vulnerable or sensitive to 
known system component failures. The first method is simple, 
but the performance of open-loop control is worse than that of 
closed-loop vector control, which reduces the control 
performance of the system to a great extent. In contract, the 
second method does not need to change the structure of the 
closed-loop system, so as to control the driving system with 
high performance. However, the performance of closed-loop 
vector control depends on the quality of the designed current 
observer after the fault occurs. An open question relating to 
current sensor fault-tolerant control is: how to design a high-
quality current observer?  

Broadly two types of methods have been reported in the 
literature for fault-tolerant current estimation. The first type 
uses DC bus current method [9], [10]. Although such methods 
are usually effective, their disadvantages are obvious: the DC 
bus current is unmeasurable under the condition of low speed 
PMSM range, because the duration of the active switching 
state very short. At the same time, there are some regions that 
cannot be measured in the output voltage hexagon. Therefore, 
it is difficult to sample the DC bus current. In order to solve 
these problems and obtain high-accuracy reconstruction 
current, a variety of advanced DC-link current reconstruction 
schemes based on PWM technology are offered [11], [12]. 
Although the precision of current estimation is increased  
with these methods, the associated implementation algorithms 
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are complicated. In [13], Xu et. al proposed a field-oriented-
control (FOC) strategy of PMSM drives using single phase 
current. This method proposed a new strategy of 3-phase 
current reconstruction using zero voltage vector sampling, in 
which only an isolated current sensor is needed and DC bus 
current sensor is needless. Unfortunately, the performance of 
current control will be affected because a single current sensor 
is sampled twice in each PWM period. The second type is 
using adaptive observer-based method but their limitation is to 
assume that the stator resistance changes slowly [14]. 

On the other hand, the use of encoders, resolvers, Hall 
effect sensors or other mechanical position sensors can 
increase the maintenance costs and decrease the system 
robustness [15]-[17]. So naturally, the sensorless control 
strategy have attracted extensive attention in the past few 
decades. Depending on the speed range of PMSM operation, 
position sensorless control methods can be divided into two 
categories, namely, saliency-based high-frequency (HF) signal 
injection method and model-based back EMF method. 
Although the HF method is suitable for sensorless control of 
PMSM at low or zero speed range, this method may lead to 
torque ripple and additional loss, which has a negative effect 
on the dynamic performance and operation quality of the 
system [18]. On the contrary, the EMF method has been 
extensively investigated because it does not require the 
injection of additional signals. It is widely recognized that the 
model-based method is appropriate for PMSM to work at 
medium and high speeds. In [19], an extended Luenberger 
observer was proposed which provides a promising scheme 
because of robust to parameter variations. The main 
disadvantage of the method is that it is hard to implement due 
to its complexity. Several intelligent schemes, such as fuzzy 
logic and neural networks have been proposed for estimation 
rotor speed [20], [21]. However, these intelligent method 
usually need large amount of calculation. Another powerful 
method is model reference adaptive system (MRAS) [22]-[25], 
which has the advantages of simplicity, good stability and 
small amount of calculation. MRAS has been testified to be 
one of the best methods introduced in the literature. An 
adaptive PI regulator is commonly used in the traditional 
MRAS and it cannot meet high performance control. 
Therefore, a variety of solutions with more advanced 
algorithms are proposed, which provide alternatives to the 
adaptation mechanism for MRAS scheme. In [22], a fuzzy 
logic controller was employed in MRAS for speed regulation 
so that the system becomes more robust than a PI controller to 
deal with parameter uncertainties and sensor noises. In [23], 
an artificial neural network method was utilized in MRAS 
scheme for stator resistance estimation and good experimental 
results have been obtained. However, the above schemes do 
not solve the adverse impact of parameter changes on MRAS 
from the root. In addition, these schemes need large amount of 
calculation, which is not conducive to engineering practice. 
The steady-state module of PMSM is often utilized as a 
reference; consequently, robustness may be difficult to 
achieve if there is a parameter mismatch or load with a sudden 
change during the working operation under the low speed 
range [26], [27]. Therefore, in order to achieve high-
performance sensorless control, it is necessary to combine 
multi-parameter identification.  

In practical control systems, many factors such as load, 
temperature, and device age can impact the estimation of the 
electrical parameters of PMSMs  including stator resistance, 
inductance, and permanent magnet flux linkage. However, for 
most speed / position sensorless control algorithms, these 
parameters are  needed for estimating the rotor's position; 
changes in these parameters can cause errors in the position 
estimation [28]. As a result, any changes to these parameters 
may have an impact on the actual system's control 
performance. Combining on-line parameter identification 
technology with PMSM speed sensorless control can greatly 
improve the robustness and accuracy of the control system. 
Consequently, a variety of multi-parameter identification 
techniques such as extended Kalman filter (EKF) [29], [30], 
recursive least squares (RLS) [31], [32], and MRAS schemes 
[33]-[36] have been proposed. In [30], the EKF scheme gave 
appropriate experimental result in parameter identification. 
Nevertheless, the control algorithm has some limitations such 
as complex algorithmic structure, requirement of proper 
initialization. The RLS scheme for estimating electrical 
parameters proposed in [31] and [32] has a fast convergence 
speed. However, due to the algorithm involves a large number 
of differential equations, the performance of microprocessor 
decreases and the system response is slow. In [33] and [34], a 
MRAS observer (MRASO) was introduced for estimating 
stator resistance and flux. Although this method has the 
advantages of small amount of calculation, fast response speed 
and high accuracy of identification results, the inductance 
cannot be estimated due to the lack of rank. Therefore, once 
the inductance changes, it is bound to have an impact on the 
vector control of PMSM at low speed. 

Traditionally, the key of Field-oriented-control (FOC) 
strategy can obtain a precise 3-phase current through two 
current sensors to calculate the excitation current id and torque 
current iq. Furthermore, encoders, resolvers or other 
mechanical sensors are indispensable for measuring position 
and speed. However, the introduction of multiple physical 
sensors may reduce the security and stability of the system, 
and increases the cost and complexity of maintenance. 
Therefore, in order to reduce the number of physical sensors, 
it is necessary to estimate the stator current and achieve 
sensorless control with robustness to parameter variation. In 
this paper, a scheme where d-axis inductance is made equal to 
q-axis inductance in surface mounted PMSM is employed. 
There are three electrical parameters need to be estimated: i.e., 
stator resistance, inductance and permanent flux. The main 
contributions of this paper are as follows: 

1) Different from the traditional 3-phase current 
reconstruction strategy, a novel second order extended 
state observer (SO-ESO) scheme is proposed for 
estimating the d-q axis stator current and time varying 
resistance without knowing the precise model 
information. When a fault occurs in the A-C 2-phase 
current sensor, the proposed scheme uses only a B-phase 
current sensor to estimate the information of the d-q axis 
stator current, achieving a high-performance sensorless 
control function. Furthermore, in order to increase the 
dynamic performance and decrease the chattering 
problem, a sigmoid function is introduced to replace the 
traditional sign function in the SO-ESO. As can be seen 



 

in Sections II and III, the principle of this scheme is easy 
to implement. 

2) A SO-ESO based parallel speed and multi-parameter 
identification scheme is proposed, for the first time, by 
using two MRASO. The first MRASO only needs to 
identify inductance and permanent flux because the 
stator resistance is estimated by SO-ESO. The second 
MRASO, based on a super twisting algorithm (STA-
MRASO), is designed to realize sensorless control. 
Furthermore, a corrective feedback loop is added by 
which the convergence speed of the difference between 
the outputs of the reference model and the adjustable 
model is accelerated. The second MRASO and SO-ESO 
updates the three identified electrical parameters and 
estimated d-q axis stator current to the STA-MRASO for 
achieving high robustness sensorless control. To the best 
of our knowledge, no result on such observers have been 
reported in the literature. 

In summary, this control system can simultaneous estimate 
the following seven parameters: 2-phase d-q axis stator current, 
rotor speed, rotor position, time varying stator resistance, 
inductance and permanent flux.  

The paper is organized as follows. In Section II-A, we first 
propose the mathematical model of surface mounted PMSM. 
In Section II-B, the current estimation scheme based ESO is 
introduced. In Section III, we introduce two MRAS observer 
for realizing sensorless control and parameter identification. 
The relevant results and detailed analysis are given in Section 
IV. Finally, a concise conclusion is provided in Section V. 

II. PMSM DRIVE SYSTEM BASED ON CURRENT ESTIMATION 

A.  Modeling of SPMSM 

As we know, the 3-phase surface-mounted PMSM has the 
characteristics of Ld=Lq=Lα=Lβ=L and the mathematical 
model can be expressed as: 
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where p is the number of pole pairs. The subscripts d and q 
represent the d and q axis, respectively. ud and uq are stator 
voltage components, id and iq are stator current components, Ld 

and Lq are the stator inductances, Rs is the stator 

resistance, r
 is the mechanical angular velocity, m

 is the 

permanent magnet flux, and θe is the rotor electrical positions. 
Note that the change of the mechanical angular velocity, r

 , 

can be formulated as: 
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where J and B are inertia and viscous friction, respectively. Tl 
and Tf are load torque and coulomb friction torques, 
respectively. Te is the electrical torque. 

B.  Design of SO-ESO Using B-Phase Current Sensor 

The purpose of designing second order extended state 
observer (SO-ESO) is to make the PMSM drive system high-
performance work for reducing current sensors. The SO-ESO 
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Fig. 1.  The block diagram of FOC PMSM drive system using SO-ESO 
scheme with B-phase current sensor. 
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Fig. 2.  d-q axis currents and stator resistance estimator using SO-ESO. 
 

based vector control system is shown in Fig. 1. 
The designed SO-ESO is to identify the d-q axis stator 

current and stator resistance varying with temperature while 
B-phase current sensor is working. In the implementation of 
SO-ESO scheme, three assumptions are considered: 

1)Only B-phase current sensor is working and the other 2-
phase current sensors are in fault state. 

2)In practical applications, the stator resistance Rs varies 
with temperature, so Rs is considered as a variable. 

3) There is no saturation in the magnetic circuit. 
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where ia, ib, and ic are 3-phase stator currents in abc coordinate 
system. Based on (5), ib can be reported as 

2 3
b
i i i                    (6) 

Using (2), equation (6) can be further written as: 
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where p
e r

   is the electric angle speed.  

Then the extended state space equation can be deduced 
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where u is the input, 0y is the output, and D is the input matrix. 

Furthermore, the term
1s

R x in (9) can be regarded as an 

unknown quantity due to Rs varies with temperature. Therefore, 

1s
R x

 
could be extended to a new state  
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In addition, equation (9) can be depicted as 
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It can be known that the state-space system (12) is 
observable. By introducing a sigmoid function, the associated 
SO-ESO can be obtained 
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where  is the error, w1 and w2 are the positive gains of 

observer, 1 1̂k x and 2 2 1
ˆˆ ˆ

s
k x x R   ( 1x̂ and 2x̂ are the estimated 

values of 1x and 2x , respectively). τ is a positive number, and 

( , , )sigmoid    is an exponential function:  
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The estimation value of Rs is s 2 1
ˆ /R k k . Therefore, the 

observer of d-q axis currents in (1) can be rewritten as 
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According to [15], if the following inequality holds 
2
1 2 00.25w w h                (16) 

The proposed SO-ESO is stable and can guarantee that k1 
and k2 quickly converges to x1 and x2. Therefore, 
ˆ

s
R converges to the real value Rs. By combining (13)-(15), the 

diagram of the proposed SO-ESO can be depicted using Fig. 2. 
It needs the information of the stator voltage, rotor speed and 
position for estimating the d-q axis current and resistance 
when only B-phase current sensor is available. 

For the proposed SO-ESO, there are three points to note: 

1) From Fig. 2, it can be known that the accuracy of the 
measured B-phase current will affect the quality of ESO (12). 

2) The principles of parameter setting of (13) are generally 
as follows: i) 0 1  . ii) δ represents the interval width near 
the origin; it relates to system steady state error. The selection 
range of δ is [0.0001, 1]. If δ is too small, it may cause high 
frequency pulsation to the system. On the contrary, if δ is too 
large, the effect of nonlinear feedback control can not be 
achieved. In the practical engineering, it is often selected as 
0.01. iii) The value of wj (j=1, 2) should be combined with the 
tracking performance of the system. If w1 is large enough, it 
will reduce the tracking time but may suffer system oscillation 
or overshoot. Generally speaking, the value of w1 is 20~100 
times of w2. There is a compromise between wj (j=1, 2) and δ 
for obtaining better performance.  

3) The d-q axis currents estimated by SO-ESO is used in the 
vector control system of PMSM (shown in Fig. 1). 

III. PARAMETER ESTIMATION BASED SENSORLESS CONTROL   

A.  Design of STA-MRASO with Error Correction Link 

The core mission of the control system is to estimate the 
rotor speed and rotor position accurately even there is a big 
change of working condition. For this purpose, the MRASO is 
employed for calculating the rotor speed and position. An 
adaptive PI regulator is commonly used in the MRASO [23].  
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where ~
sU is a stator voltage vector, and ~

sI is a stator current 

vector. The adjustable model of MRAS can be obtained by 
replacing the estimated values of current and speed in (17) 
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As can be seen from Fig. 3, the output of the reference 
model is the actual value of stator current, which can be 
directly obtained by SO-ESO. The output of the adjustable 
model is the estimated value of stator current. By comparing 
(17) and (20), the error dynamic equation can be deduced as  
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where ed and eq are the estimation errors corresponding to 
excitation current and torque current, respectively. From 
Popov hyperstability theory, the estimated speed is 

 i
r

ˆ ˆ ˆˆ
p d q d q q

m

q

K
K i i i i i i

s L


         

  
   (22) 



 

where Kp and Ki are proportional coefficient and integral 
coefficient, respectively; 1/s is integral operator.  

When the error between the reference model output and the 
adjustable model output converges to zero, the estimated value 
of rotor speed will reach the corresponding actual value. From 
(22) it can be seen that the estimated speed is an adjustable 
parameter in the adjustable model. 

In order to further improve the convergence speed of the 
error between the outputs of the two models in the traditional 
MRASO, this paper improves the MRASO structure by 
introducing an error correction term, so that the output of the 
adjustable model is continuously corrected by feedback and 
improve the convergence speed of the error between the 
outputs of the two models. Similarly, an adjustable model is 
constructed based on (17) containing speed information. Now 
re-write equation (17) as  

s s
  si Ai Bu d             (23) 

r

01/ 0
, , ,

0 /1/

d d

s s

q q m

i u L

i u LL 
      


         

      
i u B d   (24) 

Then, replace the variable in (23) by the estimated value 
and add the error correction to the equation, then the 
adjustable model in the form of state observer is 
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where  s sK i i  is the added error correction term K is the 

feedback correction gain matrix, and the selection of K should 
meet the stability requirements of the observer. Arraignment 
(23) and (25), yields  
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Similarly, the actual value of the stator current can be 
obtained by coordinate transformation of the measured 3-
phase current. According to Popov’s hyperstability theory, in 
order to meet the stability requirements of the observer and 
combined with the principle of pole assignment, the feedback 
correction gain matrix K can be selected as 
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where k is a constant greater than 1, which can be obtained  
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It can be seen from (29) that the diagonal elements of the 
matrix are negative, meeting the stability requirements. 
Further, comparing the matrices A and (A+K) in (23) and (29), 
the adaptive observer used in this paper forms a closed-loop 

state estimation due to the addition of feedback correction 
term compared with the traditional MRASO, so it speeds up 
the convergence speed of the error between the output of the 
reference model and the output of the adjustable model. In 
order to avoid introducing excessive modeling error and 
affecting the smooth operation of the system, the selection of k 
should not be too large. 

The adaptive mechanism represented by (22) can be 
regarded as a PI controller. Then, in order to improve the 
robustness of the observer and alleviate the chattering problem 
of traditional sliding mode, a super twisting algorithm (STA) 
is introduced to replace the PI adaptive mechanism. STA is a 
second-order sliding mode algorithm. Owing to its structural 
characteristics, STA has good robustness and can alleviate the 
chattering problem of traditional sliding mode to a certain 
extent. Its basic form is 
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where x1 and x2 are state variables; 1x and 2x are derivatives of 

corresponding variables; k1 and k2 are sliding mode gain. The 
chattering problem of sliding mode is largely caused by the 
discontinuous symbolic function. However, as shown in (30) 
and as will be shown in the experimental results (next section), 
STA can alleviate the chattering problem of traditional sliding 
mode to a great extent by adding a continuous term before the 
symbolic function and putting the symbolic function into the 
higher-order derivative. The sliding mode surface is 
constructed based on the output error of the reference model 
and the adjustable model 
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Combined with the mathematical model of PMSM, the 
derivative of (31) can be obtained as 
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(32) 

It can be seen that when the system state enters the sliding 

mode, i.e., t 0
t

S S  , the error between the output of the 

reference model and the adjustable model will converge to 
zero, and the estimated speed obtained by the observer will 
reach the actual value. After some further arrangement of (31)  
and (32), the adaptive mechanism for speed estimation based 
on STA can be expressed as 

   r t t 0

0
t

.5ˆ | | sign sign d
t

p i
k S S k S t           (33) 

r0

ˆ ˆ d
t

t                    (34) 

where ̂  is the estimated rotor position and the structural 
block diagram of STA-MRASO is shown in Fig. 3.  
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Fig. 3. The block diagram of STA-MRASO with error correction link. 
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Fig. 4. The proposed SO-ESO based parallel rotor speed and multi-parameter estimation with B-phase current sensor. 
 

B.  ESO-MRASO for Parameter Estimation 

From (35), it can be noted that the estimation of rotor speed 
is largely affected by the PMSM parameters (i.e., stator 
resistance, inductance, and flux). These parameters change 
with load current and motor temperature. This is why the 
MRASO is not robust to parameter variation. Therefore, the 
second MRASO only needs to identify the inductance and 
permanent flux parameters because the resistance is estimated 
by SO-ESO. The second MRASO and SO-ESO update the 
identified electrical parameters to the second MRASO to 
achieve high robust sensorless control as shown in Fig. 4. 
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According to the above structure, three state space elements 
a, b, and c are introduced. Let 
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Introduce three coefficient matrices A, B, and C as follows 
di

Ai Bu C
dt

                 (37) 

where , , ,
T T

q d q di i u u ui         are the stator current vector 

and stator voltage vector, respectively. 
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When identifying the parameters of the PMSM, it can be 
assumed that the value of the speed is available, so equation 
(37) can be expressed as an adjustable  form: 

ˆ ˆ ˆˆˆ
ê

di
Ai Bu C Ki

dt
             (38)  

where ˆ ˆ,ˆ T

q di ii     , K is the gain, Â , B̂ and Ĉ are the estimated 

values of A, B and C, respectively. 
According to (37) and (38), the following equation can be 

obtained:  
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Let 
 ˆd i i

H
dt


 then (39) can be expressed as 

ˆ( )H A K e Ai Bu C             (40) 

where ˆe i i  is the error vector. The coefficient matrix is the 
expression form of each difference. 
   Now we adopt and apply Popov’s hyperstability theory to 
analyze the stability of the system.  In order to construct the 
Popov integral inequality, equation (40) is simplified as 

( ) +H A K e W 
              

(41) 

where ˆW Ai Bu C    .  
According to Popov stability theorem, the transfer function 

matrix of the system must meet the positive real condition, and 



 

the designed parameter adaptation rate must meet the 
requirements of Popov integral inequality:  
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Equation (43) can be decomposed into the following parts 
1 1 1t t t

2 2 2
1 2 30 0 0

ˆ , ,T T T

rAe Iidt Be Iudt Ce dt               (44) 

To design the parameters 1 , 2  and 3  
to be identified in 

the form of proportional integral, define: 

0 0 0

ˆ ˆˆ ˆ ˆ ˆ( ) (0), ( ) (0), ( ) (0)
t t t

a b ca e d a b e d b c e d c              

And introduce the following formula: 
t

2 2 2

0 0

( ) 1 1
( ) ( ) ( ) ( ) (0) (0)

2 2

tdf t
f t dt f t df t f t f f

dt
        (45) 

Let 
( ) ˆTdf t

e i
dt

  and we can obtain 

 

       1 10

ˆ ˆ(0)
t

i d d d q q q p d d d q q q
b K i i u i i u d K i i u i i u b                   

   2 20
ˆ ˆ(0)

t

i r q q p r q q
c K i i d K i i c       

Adaptive law

Adjustable model

ˆ ˆ,b c

1

1 2 1 1

2 2

1

sigm i ( , , )o d

e k x

k Du w e
L

w e

k

k  

 

   

 
 

ˆˆ ˆ ˆ

ˆˆ

p

pˆ ˆ

d d s d

r

q

q

r d mq s q

di u R i
i

dt L L

Lidi u R i

dt L L L



 

  


  

ˆ
s

R

Reference model

i

i

ˆ/ ˆ
d s d r q d

di bR idt i bu     
ˆ ˆˆ ˆ/

q sq q r r d
di bd u bRt zi b i     

1k

2k
2

1

k

k

Fig. 5.  The block diagram of SO-ESO based MRASO for parameter 
estimation with B-phase current sensor. 
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Fig. 6.  The used prototype PMSM. 
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Note that â , b̂ , and ĉ are mathematical related to the 

parameters to be identified. The adaptive rates of resistance, 
inductance and flux can be obtained simultaneously. Also note 

that when only one or two parameters need to be identified, 

the identification accuracy can be improved. Since the stator 
resistance is obtained by SO-ESO, the second MRASO only 
needs to identify the inductance and permanent flux as shown 
in Fig. 5. 

IV. EXPERIMENTAL WAVEFORMS AND ANALYSIS 

A. Configuration of the Platform 

The DC bus is connected with the dc power source whose 
output is fixed to 311V, and the sampling frequency is set to 
11.5 kHz. The TMS320F28335 DSP is employed for 
parameter estimation of the prototype machine. All 
experiments are carried out on the same computer with intel(R) 
core(TM) i5-7500, four-core processors, RAM 16 GB and 
GPU of NVIDIA GeForce GTX 1050 Ti. The design 
parameters are exhibited in Table I. The schematic 
diagrams of the hardware and software platforms are shown 
in Fig. 6 and 7. The relevant simulation results are exhibited 
to demonstrate the robustness of SO-ESO based parallel 
parameter estimation and sensorless control. In all the tests, 
the double-closed-loop system is adopted and the load torque 
is set to 20N. 
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Fig. 7.  The schematic structure of hardware and software platform 
framework. 

 
TABLE I 

DESIGN PARAMETERS AND SPECIFICATION OF THE PMSM 

Parameters Values Parameters Values 

Nominal speed 3000 rpm Stator resistance  1.204 Ω 
Nominal current IN 6.8 A d/q axis inductance  15.86 mH 

Nominal voltage UN 380 V Permanent flux  79 mWb 
Nominal power 4.0 kW Number of pole pairs  4 



 

 

B. Experimental Results and Analysis 

In order to show the superiority and robustness of the 
introduced sensorless control based on current estimation, the 
following two schemes are introduced and investigated. 

The Step Change of Reference Speed: In this experiment, 
the speed was set to be step signal but the stator resistance 
remains to be 1.204Ω. The step response (10 rpm → 20 rpm 
→ 30 rpm → 40 rpm → 50 rpm) and the estimated values of 
the rotor speed are exhibited in Fig. 8(a). It exhibits that the 
overshoot and rise time is small in the speed transition. 
Furthermore, the scheme based on MRASO-STA has smaller 
overshoot and shorter rise time. The error is large only when 
the speed suddenly changes such as at 1s, 2s, 3s, and 4s. Fig. 
8(b) shows that the rotor position estimation error based on 
MRASO-STA is smaller than that of MRASO-PI. Because the 
speed error is large in the beginning, the estimated error of 
position is also large. In addition, it can be seen that the 
estimated d-axis current using SO-ESO is very close to 0 as 
shown in Fig. 8(c). The reference speed is set as 500 rpm → 
1000 rpm → 1300 rpm → 1200rpm → 500 rpm, and these are 
shown in Fig. 9(a), where it can be seen that the dynamic 
performance is excellent based on MRASO-STA. Fig. 9(b) 
exhibits the corresponding rotor position estimation error and 
Fig. 9(c) shows the estimated d-axis current. Because the ‘id = 
0’ control strategy is adopted, 'Ref id' is zeros. It can be seen 
that the estimated d-axis current is  closer to  zero based on 
MRASO-STA. It shows that the SO-ESO based sensorless 
control with  
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Fig. 8.  The experimental results for speed estimation based on STA-
MRASO at 1.204Ω. (a) Step change of reference speed (10 rpm → 20 rpm → 
30 rpm → 40 rpm → 50 rpm). (b) The measured error of estimated rotor 
position. (c) The measured and estimated d-axis current wave. 
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Fig. 9.  The experimental results for speed estimation based on STA-
MRASO at 1.204Ω. (a) Step change of reference speed (500 rpm → 1000 rpm 
→ 1300 rpm → 1200 rpm → 500 rpm). (b) The measured error of estimated 
rotor position. (c) The measured and estimated d-axis current wave. 
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Fig. 10.  The experimental results for the estimation of stator resistance and q 
axis current using SO-ESO under 1000rpm. (a) under resistance variation 
(1.204Ω → 1.806Ω → 1.204Ω → 0.903Ω → 1.204Ω). (b) Speed estimation 
based on STA-MRASO. (c) The measured and estimate Q-axis current wave 
 

B-phase current sensor has an excellent control performance, 
and can be further improved based on MRASO-STA. 

2) The Step Change of Stator Resistance: In practice, the 
resistance of PMSM usually varies with the temperature. To 
reflect this fact and verify the robustness of control 
performance, in the experiments the big change of stator 
resistance is considered accordingly, and the reference speed  
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Fig. 11.  The experimental results for the estimation of stator resistance and 
d/q axis current using SO-ESO under 1000rpm. (a) under resistance variation 
(1.204Ω → 2.408Ω → 1.806Ω → 1.204Ω → 0.903Ω). (b) Speed estimation 
based on STA-MRASO. (c) The measured and estimate q-axis current wave. 
 

is set as 1000 rpm. The experimental results based on two 
sets of resistance changes are shown in Fig. 10 and Fig. 11, 
where ‘Real resistance’ represents the reference value of 
stator resistance. In Fig. 10(a), the change process of 
resistance is as follows: 1.204Ω (initial value) → 1.806Ω 
(1.5 times of the initial value) → 1.204Ω → 0.903Ω (0.75 
times of the initial value) → 1.204Ω. It shows that the SO-
ESO has a higher accuracy for estimating the stator 
resistance. Fig. 10(b) shows the relevant estimated speed 
when the resistance changes. It can be seen that the steady-
state and dynamic performance based on MRASO-STA is 
better than that with MRASO-PI. When the resistance varies 
from 1.204Ω to 1.806Ω, the speed oscillates at the time of 1s 
and only takes 0.1 seconds to recover. Similarly, the speed 
changes at the time of 2s, 3s, and 4s due to the changes of the 
resistance. The waveforms of q axis current are shown in Fig. 
10(c) and the estimated q-axis current is very close to the 
actual current, showing that the method can accurately 
estimate the actual current without current sensor. In Fig. 
11(a), the change process of resistance is as follows: 1.204Ω  
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Fig. 12.  The experimental results for parameter estimation at 1.204Ω under 
1000rpm. (a) Speed estimation based on STA-MRASO. (b) The estimation 
of inductance. (c) The measured error of estimated rotor position. (d) The 
measured and estimated d-axis current wave. 
 

(initial value) → 2.408Ω (2.0 times of the initial value) → 
1.806Ω (1.5 times of the initial value) → 1.204Ω →0.903Ω 
(0.75 times of the initial value). It shows that the steady-state 
error is less than 5.2%. Since the real resistance is doubled at 
1s, the response of speed drop is larger than Fig. 10(b) but it 
returns to stability immediately as shown in Fig. 11(b). Fig. 
11(c) exhibits the corresponding q axis current. It shows 
good robustness to the sudden change of stator resistance. 

3) The Step Change of permanent flux and inductance: In 
addition to the sudden change of stator resistance, PMSM 



 

may have a demagnetization fault, resulting in the reduction 
of flux linkage. Therefore, the flux linkage step change needs 
to be taken into account. The inductance does not change 
during the flux linkage mutation process. Fig. 12 shows the 
scenario where the inductance reduces to 80% of its initial 
value at t =1 s, while the permanent magnet flux chain 
reduces to 80% its initial value at t = 2 s. The real value of 
inductance is 15.86mH. Due to the sudden change in 
inductance and flux linkage, the speed vibrates for a short 
period and then returns to the initial value, as shown in Fig. 
12(a). Furthermore, the speed estimation based on MRASO-
STA scheme is more robust to parameter perturbation 
compared with MRASO-PI. It can be seen from Fig. 12(b) 
that high-precision parameter identification can be achieved 
based on the second MRASO, and the sudden change in 
permanent magnet flux linkage will have little effect on 
inductance identification at the second jump (t = 2 s). As can 
be seen from Fig. 12(c) and (d), MRASO-STA has better 
dynamic performance and steady-state performance under 
parameter perturbation than MRASO-PI. Therefore, the 
performance of the muti-parameter estimation for PMSM is 
effective in the proposed MRASO. 

V. CONCLUSION 

In this paper, a SO-ESO based parallel rotor speed and 
multi-parameter estimation method with B-phase current 
sensor is introduced for PMSM, which can reduce the 
overshoot of stator resistance tracking and enhance the 
reliability of sensorless control. Experiments under variable 
speed and variable electrical parameters have been carried 
out. The following results have been obtained: 

1) The introduced SO-ESO can accurately estimate the d/q 
axis current with a small steady-state error. In addition, the 
MRASO-STA with error correction term can obtain better 
dynamic performance and has a strong robustness to 
parameter variation compared to the traditional MRASO-PI. 

2) When the stator resistance changes from a range 
between of 0.9 to 2.0 times of an initial value, the SO-ESO 
can track closely and the estimation error is less than 4.8%. 
In addition, the overshoot of the estimated stator resistance is 
small even if there is a sudden change.  

3) Even when the inductance reduces to 80% of its initial 
value, it can still be accurately identified. Furthermore, the 
inductance and permanent magnet flux are identified and 
then iterated into the MRASO-STA to update the parameters 
in real time, so that strong robustness control for the motor 
can be achieved when parameters change. 

In conclusion, with the proposed scheme, the performance 
of PMSM sensorless control is more robust and reliable. In 
future, more experiments will be performed on an actual 
platform to further test the performance of the proposed 
control scheme and extend its applications. 
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