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Abstract. A novel sliding mode observer (SMO) is presented for sensorless control of permanent 
magnet synchronous machines (PMSM). Compared to conventional sliding mode observers, the 
sigmoid function is used to weaken chattering problem; Kalman filter is substituted for 
conventional low-pass filters. Asymptotical stability is analyzed by Lyapunov stability theory. 
The active-disturbance rejection control (ADRC) speed regulator is designed with a given speed 
and estimated speed by novel sliding mode observer as inputs and iq* as output. The effect of load 
in speed loop is regarded as an external disturbance in the ADRC regulator. The disturbance is 
observed and compensated by ADRC, which leads to good dynamic and static performance and 
robust to load. Experimental results are provided to verify the feasibility and effectiveness of the 
proposed method. 
Keywords: PMSM, sliding mode observer, Kalman filter, phase-locked loop, ADRC. 

1. Introduction 

In recent years, PMSM has been vigorously developing because of its advantages in reliability 
and high efficiency [1-3]. In the high-performance control system of PMSM, the rotor speed and 
position signals used to achieve closed-loop control are collected by mechanical sensors, which 
have the disadvantages in high costs, installation difficulties, larger volume and reduced  
reliability, therefore the research on speed sensorless has a great significance in solving the above 
problems. The observer – based estimation methods of the position and speed of PMSM are as 
follows: adaptive observer [4], Kalman filter [5], sliding mode observer [6-9], and so on.  

In a conventional sliding-mode observer (SMO), a low-pass filter (LPF) and an additional 
position compensation of the rotor are used to reduce the chattering problem commonly found in 
SMOs using a signum function. Currently, a sigmoid function is used for the SMO as a switching 
function. Most of the observer designs focus on the fast response and high tracking accuracy. For 
the fast response, the use of a sigmoid function in a boundary layer is popular. However, the 
observer error cannot be guaranteed to converge to zero within the boundary layer [10-12]. In 
order to get high tracking accuracy a new sensorless control algorithm that uses a sigmoid function 
as a switching function with variable boundary layers and without LPF is proposed [13]. And the 
stator resistance is estimated using an adaptive control scheme to improve the steady-state 
performance. But variable boundary layers and estimating the stator resistance make the observer 
complex. This paper proposes a new sensorless control algorithm for a PMSM based on the new 
SMO which uses a sigmoid function as a switching function with constant boundary layers and 
Kalman filter. Compared to conventional SMO the novel sliding mode observer proposed in this 
paper can reduce system chattering and observer error, and algorithm is more simple than that is 
proposed in reference [13]. Furthermore, the Phase-locked loop (PLL) is used for improving the 
precision of the rotor speed estimation.  

The PID regulator is adopted in the speed loop in the conventional vector control of PMSM. 
The PID regulator has the advantages in simple structure and good stability, but its parameter 
robustness cannot meet the requirements of the speed fast response and high steady state precision 
in the wide speed range. At low speed, the system can't even be normally operated [14]. According 
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to the nonlinear, the multivariable and strong coupling characteristics of PMSM, ADRC speed 
regulator is proposed in this paper, which is based on feature that the ADRC has a good control 
effect on time-varying, nonlinear, strong coupling, large time delay object. Compared to the 
conventional PID speed regulator, ADRC speed regulator achieved the speed fast response and 
high steady state precision at the same time. The output of ADRC extended state observer does 
not distinguish between internal and external disturbance in the system, but the sum of them, thus 
the disturbance can be offset by compensation. It significantly reduces the effects of parameter 
variations and load disturbances on the system. An experimental platform based on the theoretical 
analysis is built, and experimental results are provided to verify the correctness of the designed 
speed sensorless and ADRC control system of PMSM.  

2. Models of PMSM 

The sliding mode observer is designed under the mathematical model of PMSM in two-phase 
stationary coordinate system, and the auto disturbance rejection speed regulator is deduced in 
two-phase rotational coordinate system. The mathematical models of PMSM in two kinds of 
coordinate system are shown as follows. 

2.1. In two-phase stationary coordinate system 

The mathematical model of in two-phase stationary coordinate system is: 

۔ۖەۖ
ݐఈ݀݅݀ۓ = − ܴ௦ܮ௦ ݅ఈ − ݁ఈܮ௦ + ௦ܮఈݑ ,݀݅ఉ݀ݐ = − ܴ௦ܮ௦ ݅ఉ − ఉ݁ܮ௦ + ௦ܮఉݑ . (1)

The equation of back electromotive force is: 

൜݁ఈ = −߰௙߱௥sinߠ,ఉ݁ = ߰௙߱௥cosߠ,  (2)

where ݅ఈ , ݅ఉ ఈݑ , ఉݑ , , ݁ఈ , ఉ݁  are the components of stator current, stator voltage and back 
electromotive force in ߚߙ axis respectively. ܴ௦ is stator resistance; ܮ௦ is stator inductance; ߰௙ is 
the flux of rotor permanent magnet; ߱௥ is the rotor angular velocity; ߠ is the rotor angular position.  

2.2. In two-phase rotational coordinate system 

The mathematical model of PMSM in two-phase rotational coordinate system is: 

ەۖۖۖ
۔ۖ
ݐௗ݀݅݀ۓۖۖ = − ܴ௦ܮௗ ݅ௗ + ߱௥ܮ௤݅௤ + ௗܮ1 ݐௗ,݀݅௤݀ݑ = −߱௥ܮௗ݅ௗ − ܴ௦ܮ௤ ݅௤ + ௤ܮ1 ௤ݑ − ߰௙ܮ௤ ߱௥,݀߱௥݀ݐ = ܬ1 ൤32 ݊௣ଶ൫߰௙݅௤ + ൫ܮௗ − ௤൯݅ௗ݅௤൯ܮ − ݊௣ ௅ܶ − ௥൨߱ܤ ,

௘ܶ = 32 ݊௣ൣ߰௙݅௤ + ൫ܮௗ − ,௤൯݅ௗ݅௤൧ܮ
 (3)

where ݅ௗ , ݅௤ ௗݑ , ௤ݑ ,  are the components of stator current and stator voltage in ݀ݍ  axis 
Respectively; ܮௗ, ܮ௤ is the inductance of surface-mounted in ݀ݍ axis; ܬ is the moment of inertia; 
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 .is the coefficient of friction; ݊௣ is the pole pair of motor; ௅ܶ is the load torque ܤ

3. Design of novel sliding observer  

Based on the mathematical model and the theory of sliding mode, the switching function is: ܵ(ܺ) = ଓሶመ௦ − ݅௦ (4)

where ଓሶመ௦ = ൣଓሶመఈ ଓሶመఉ൧் is the estimated value of current; ݅௦ = ൣ݅ఈ ݅ఉ൧் is the actual feedback value of 
current, choosing the switching surface as: ܵ(ܺ) = ଓሶመ௦ − ݅௦ = 0. (5)

The equation of state of the current observer is: 

۔ۖەۖ
ݐଓሶመఈ݀݀ۓ = − ܴ௦ܮ௦ ଓሶመఈ + ௦ܮ1 ఈݑ) − ݐఈ),݀ଓሶመఉ݀ݖ = − ܴ௦ܮ௦ ଓሶመఉ + ௦ܮ1 ൫ݑఉ − .ఉ൯ݖ (6)

In order to weaken chattering problem, sigmoid function is used to substitute sign function. 
The expressions of ݖఈ, ݖఉ, (ݔ)ܨ are: 

۔ۖەۖ
ఈݖۓ = ൫ଓሶመఈܨ݇ − ݅ఈ൯ = ݇ ൤ 21 + ݁ି௔൫పሶመഀି௜ഀ൯ − 1൨ ఉݖ, = ൫ଓሶመఉܨ݇ − ݅ఉ൯ = ݇ ቈ 21 + ݁ି௔൫పሶመഁି௜ഁ൯ − 1቉ , (7)

(ݔ)ܨ = ൬ 21 + ݁ି௔௫ − 1൰, (8)

where ݇ is the sliding gain, the sliding gain must be large enough, but the excessive ݇ causes 
chattering noise, resulting in unnecessary estimation error, so the switch gain uses the adaptive 
law as follows: 

݇ = ට݁ఈଶߣ + ఉ݁ଶ. (9)

The adaptive rate in Eq. (9) can be easily proved to satisfy the stability, where ߣ is scale 
coefficient. 

It can be seen that back-EMF is obtained by the first-order low-pass filter in conventional  
SMO, which leads to phase lag when it is used to calculate the position angle, thus the phase 
compensation is necessary. In order to overcome the problem, a model with the structure of 
extended Kalman filter Eq. (11) is designed to obtain the back-EMF and calculate the rotor 
position angle by Eq. (15). By using this extended Kalman model to obtain back-EMF, harmonic 
can be removed and the angle with smaller identification error can be obtained. The phase 
compensation is eliminated by this structure. 

Electromagnetic time constant is much smaller than mechanical counterpart, assuming ݀߱௥ ⁄ݐ݀ = 0, then the model of back-EMF is: 



1863. ACTIVE-DISTURBANCE REJECTION CONTROL BASED ON A NOVEL SLIDING MODE OBSERVER FOR PMSM SPEED AND ROTOR POSITION.  
ZHONGCAI QIU, JIAN XIAO, SONG WANG 

4606 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716  

൞݀݁ఈ݀ݐ = −߱௥ ఉ݁,݀ ఉ݁݀ݐ = ߱௥݁ఈ.  (10)

Construct the back-EMF observer: 

۔ۖەۖ
ݐఈ݀̂݁݀ۓ = − ෝ߱௥݁̂ఉ − ݇ଶ(݁̂ఈ − ݁ఈ),݀݁̂ఉ݀ݐ = ෝ߱௥݁̂ఈ − ݇ଶ൫݁̂ఉ − ఉ݁൯,݀ ෝ߱௥݀ݐ = (݁̂ఈ − ݁ఈ)݁̂ఉ − ൫݁̂ఉ − ఉ݁൯݁̂ఈ, (11)

where ݇ଶ is a positive constant, Eq. (12) is derived by subtract Eq. (10) from Eq. (11): 

۔ۖەۖ
ݐ݀(ఈ̃݁)݀ۓ = − ෥߱௥݁̂ఉ − ߱௥݁̃ఉ − ݇ଶ݁̃ఈ,݀(݁̃ఉ)݀ݐ = ෥߱௥݁̂ఈ − ߱௥݁̃ఈ − ݇ଶ݁̃ఉ,݀ ෥߱௥݀ݐ = ݁̃ఈ݁̂ఉ − ݁̃ఉ݁̂ఈ,  (12)

where ෥߱௥ = ෝ߱௥ − ߱௥, ݁̃ఉ = ݁̂ఉ − ఉ݁, ݁̃ఈ = ݁̂ఈ − ݁ఈ. 
Constructing Lyapunov function to verify the stability of Eq. (12): 

ܸ = 12 ൫݁̃ఈଶ + ݁̃ఉଶ + ෥߱௥ଶ൯. (13)

Putting Eq. (12) into the differential equation of Eq. (13), expression Eq. (14) can be obtained: ሶܸ = −݇ଶ(݁̃ఈଶ + ݁̃ఉଶ) ≤ 0. (14)

Therefore, the designed extended Kalman filter observer is stable. According to the back-EMF 
obtained by observer, position angle of the motor can be obtained as Eq. (15), thus the phase 
compensation problem is eliminated: 

෠ߠ = −arctan ቆ݁̂ఈ݁̂ఉቇ. (15)

In order to solve the problem of disturbance in velocity calculated by differentiating the angle, 
the paper uses Phase-locked loop to obtain the velocity of the motor. The expression based on the 
mathematical model Eq. (2) of PMSM is: −݁ఈcosߠ = ఉ݁sin(16) .ߠ

The angle obtained by back-EMF and the Phase-locked loop speed estimation is utilized to 
track the actual position angle. The deviation is defined as: ߝ = −݁̂ఈcosߠ෠ − ݁̂ఉsinߠ෠. (17)

The estimated electric angular velocity ෝ߱௥ obtained by PI regulator, which is used to track the 
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changes of actual position angle after integral operation. The PLL block detecting the rotor speed 
is as shown in Fig. 1. The inputs of the block are the output of the Kalman filter ݁̂ఈ, ݁̂ఉ, the output 
is the observation result of rotor electrical angular velocity. The novel sliding mode observer is 
shown in Fig. 2(b), using sigmoid function to substitute sign function, and PLL to estimate the 
speed after Kalman filter. The observer have the characteristics of simple structure, insensitive to 
motor parameters, fast response of speed identification, and avoiding the calculating errors caused 
by the position angle differential. Conventional sliding mode observer is shown in Fig. 2(a). 

 
Fig. 1. Structure diagram of PLL 

ê ê

ˆr

̂î îu

u

i i

z
z

 
a) Conventional SMO 

 
b) The novel SMO 

Fig. 2. Structure diagram of SMO 

4. ADRC speed controller 

4.1. Design of ADRC Speed Controller 

ADRC, consisting of nonlinear tracking differentiator (TD), extended state observer (ESO), 
nonlinear state error feedback (NLSEF) is a practical nonlinear control synthesis method [15-17]. 
As for the ݊th order controlled object, the ADRC control structure is as shown in Fig. 3. (ݐ)ݒ is a 
given signal, a smooth signal ݒଵ(ݐ) can be derived from it by a transition progress arranged by 
TD. And its ݊ − 1 order differential signal can be obtained as ݒ௡(ݐ). ESO is utilized to estimate 
the output of controlled object, which can obtain not only the estimation of each state variables ݖଶଵ,…, ݖଶ௡, but also the real time estimation of internal and external disturbance in system ݖଶ௡ାଵ. ߝଶଵ,…, ߝଶ௡, are the error signals between ݒଵ,…, ݒ௡ and ݖଶଵ,…, ݖଶ௡.The initial control signal of 
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controlled object ݑ଴(ݐ)  is derived from the NLSEF. After compensating for the real-time 
disturbance by ݑ଴(ݐ) − ܾ can be obtained, where (ݐ)ݑ ଶ௡ାଵ/ܾ, the final control valueݖ  is the 
compensation factor. 

 
Fig. 3. Block diagram of ADRC 

Considering the first-order system: ൜ݔሶ = ,ݔ)݂ (ݐ + ݕ,ݑܾ = .ݔ  (18)

The first-order system TD is: ቄߝ଴ = ଵݒ − ሶଵݒ,ݒ = ,଴ߝ)݈݂ܽݎ− ,଴ߙ .(଴ߜ (19)

The second-order system ESO is: 

൝ߝ = ଶଵݖ − ሶଶଵݖ,ݕ = ଶଶݖ − ,ߝ)଴ଵ݂݈ܽߚ ,ଵߙ (ߜ + ሶଶଶݖ(ݐ)ݑܾ = ,ߝ)଴ଶ݂݈ܽߚ− ,ଶߙ .(ߜ , (20)

The NLSEF is: 

൞ߝଵ = ଵݒ − ଴ݑ,ଶଵݖ = ,ଵߝ)ଵ݂݈ܽߚ ,ଷߙ ݑ,(ଵߜ = ଴ݑ − ଶଶܾݖ . (21)

The nonlinear function ݂݈ܽ can be expressed as: 

,ߝ)݈݂ܽ ,ߙ (ߜ = ൝|ߝ|ఈsign(ߝ),ߜߝଵିఈ , (22)

where ݒ is the given signal of ADRC, ݒଵ is the tracking signal of ݎ ,ݒ is the tracking speed factor, ݕ is the output of the controlled object, ݖଶଵ is the tracking signal of ݖ ,ݕଶଶ is the estimation value 
of disturbance, ߚ଴ଵ  and ߚ଴ଶ  are the correction gains of output error, ߙ଴ ଵߙ , ଶߙ , ଷߙ ,  are the 
nonlinear factors, ߜ଴, ߜ ,ߜଵ are the filter factors, ߚଵ is the gain error. The expression of speed in 
the mathematical model Eq. (3) in the motor rotating coordinate system can be rewritten as: ݀߱௥݀ݐ = ܬ1 ൤32 ݊௣ଶ൫߰௙݅௤ + ൫ܮௗ − ௤൯݅ௗ݅௤൯ܮ − ݊௣ ௅ܶ − .௥൨߱ܤ (23)

It can be seen that the rotation rate is affected by ݅ௗ, ݅௤, ௅ܶ. Based on the theory of ADRC, 
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ଵ௃ ቂଷଶ ݊௣ଶ ቀ൫ܮௗ − ௤൯݅ௗ݅௤ቁܮ − ݊௣ ௅ܶ −  (ݐ)ݓ ௥ቃ can be regarded as an external disturbance named߱ܤ
in speed loop, which can be observed by ADRC to be compensated, so Eq. (23) can be expressed 
as: ݀߱௥݀ݐ = ܬ1 32 ݊௣ଶ߰௙݅௤ + ,(ݐ)ݓ (24)

where: 

(ݐ)ݓ = ܬ1 ൤32 ݊௣ଶ ቀ൫ܮௗ − ௤൯݅ௗ݅௤ቁܮ − ݊௣ ௅ܶ − .௥൨߱ܤ (25)

It can be seen from Eq. (25) that the use of ADRC controller can well and effectively estimate 
the load disturbance and the load sudden change and thus compensate. It is also of good robustness 
for load. If an ESO can do a good estimation for (ݐ)ݓ, then it can restrain the influences caused 
by the load disturbance.  

The structure of PMSM ADRC speed controller is as shown in Fig. 4. 

 
Fig. 4. Block diagram of ADRC speed regulator 

In Fig. 4, ߱௥∗ is the given signal of speed, ݒଵ the tracking signal of ߱௥∗, ߝଵ is the error signal of 
speed loop, ݖଶଵis the tracking signal of ߱௥, ݖଶଶ is the observations of the unknown disturbance 
signal ݑ ,(ݐ)ݓ଴  is the output of the nonlinear feedback, ݑ is the torque current component ݅௤∗  
compensated by the disturbance. 

4.2. Stability analysis 

4.2.1. 2nd-order ESO error model 

Assume that there is a 1st order controlled object: ݔሶ = ݂൫ݔ, ൯(ݐ)ݓ + ,(ݐ)ݑܾ (26)

where ݂(ݔ, ((ݐ)ݓ  is an unknown function, (ݐ)ݓ  is an unknown disturbance and (ݐ)ݑ  is the 
control input. 

Set: 

ଵݔ = ଶݔ   ,ݔ = ݂൫ݔ, ,൯(ݐ)ݓ (ݐ)ݒ = − ∂݂൫ݔ, ݔ∂൯(ݐ)ݓ ሶݔ − ∂݂൫ݔ, ݓ∂൯(ݐ)ݓ ሶݓ .
System Eq. (26) is extended by one dimension into: ൜ݔሶଵ = ଶݔ + ሶଶݔ,(ݐ)ݑܾ = .(ݐ)ݒ−  (27)
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To simplify the calculation, make: ݂݈ܽ(݁, ,ߙ (ߜ = |݁|ఈsign(݁).
Construct an ESO for Eq. (27) as: ൜ݖሶଶଵ = ଶଶݖ − ଴ଵ݁ߚ + ሶଶଶݖ,ݑܾ = .(݁)଴ଶ|݁|ఈsignߚ− (28)

Eq. (28) minus Eq. (27) is the system: ൜ ሶ݁ଵ = ݁ଶ − ଴ଵ݁,ሶ݁ଶߚ = (ݐ)ݒ − ,(݁)଴ଶ|݁|ఈsignߚ (29)

where ݁ = ଶଵݖ − ଵݔ = ଶ݁ ,ߝ = ଶଶݖ − ,varies within a bounded range and Plane (݁ଵ (ݐ)ݒ ,ଶݔ ݁ଶ) is 
divided into 5 parts: 

ەۖۖۖ
۔ۖ
ଵܩۓۖۖ = ሼ(݁ଵ, ݁ଶ)|݁ଵ > ,଴ݎ 0 ≤ ݁ଶ ≤ ଶܩ,ଵሽ݁ߚ = ൜(݁ଵ, ݁ଶ) ฬ݁ଶ > 0, ݁ଶ ≥ 2ߚ (݁ଵ + ,(଴ݎ ݁ଶ ≥ ଵൠ݁ߚ ଷܩ, = ሼ(݁ଵ, ݁ଶ)|݁ଵ < ,଴ݎ− 0 ≥ ݁ଶ ≥ ସܩ,ଵሽ݁ߚ = ൜(݁ଵ, ݁ଶ) ฬ݁ଶ < 0, ݁ଶ ≤ 2ߚ (݁ଵ − ,(଴ݎ ݁ଶ ≤ ଵൠ݁ߚ ଴ܩ, = ൜(݁ଵ, ݁ଶ) ฬ݁ଵ < ,଴ݎ 2ߚ (݁ଵ − (଴ݎ ≤ ݁ଶ ≤ 2ߚ (݁ଵ + ଴)ൠݎ .

 (30)

Construct piecewise smooth functions respectively for ܩ௜ (݅ ∈ (0, 1, 2, 3, 4)) as: 

௜ܸ(݁ଵ, ݁ଶ) =
ەۖۖ
۔ۖۖ
2ߚۓۖۖ (݁ଵ − ,(଴ݎ (݁ଵ, ݁ଶ) ∈ ଵ,݁ଶܩ − 2ߚ (݁ଵ + ,(଴ݎ (݁ଵ, ݁ଶ) ∈ −,ଶܩ 2ߚ (݁ଵ + ,(଴ݎ (݁ଵ, ݁ଶ) ∈ ଷ,−݁ଶܩ + 2ߚ (݁ଵ − ,(଴ݎ (݁ଵ, ݁ଶ) ∈ ,ସ,0ܩ (݁ଵ, ݁ଶ) ∈ .଴ܩ

 (31)

It’s easy to prove that ௜ܸ(݁ଵ, ݁ଶ) is positive definite and continuous on a full plane when it is 
outside ܩ଴. Parameter selection method is analyzed respectively in the are ܩ௜ (݅ ∈ (0, 1, 2, 3, 4)), 
and come to a conclusion ௜ܸ > 0, ݀ ௜ܸ ⁄ݐ݀ < 0 in [18]. 

4.2.2. Multiple Lyapunov function method 

Assume the switch system: ݔሶ = ௜݂(ݔ, ݅   ,(ݐ ∈ (32) .ܫ

It satisfies the following conditions: 
1) Every ௜݂ is globally Lipschitz continuous. 
2) Select ݅ to make the System switch for finite times in the limited time. 
Definition 1. Sequence ܵ|݆ denotes the switch-to-entry and exit time sequence that subsystem 
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No. ݆ corresponds to: ܵ|݆ = ൛(ݐ௝ଵ, ,(௝ଵାଵݐ ,௝ଶݐ) ,(௝ଶାଵݐ ⋯ , ,௝௡ݐ) ,(௝௡ାଵݐ ⋯ ൟ. (33)

For the strictly increasing time sequence ܶ = ሼݐ଴, ଵݐ ⋯ , ௡ݐ ⋯ ሽ,  define the Set  ܫ(ܶ) = ⋃ ,ଶ௝ݐ] ଶ௝ାଵ௝∈௓శݐ ) as a set of all the time sequences that the system runs along Subsystem 
No. ݆, in which ܼା is a non-negative integer.  

Definition 2. Set the strictly increasing time sequence in ܴ  as ܶ , then call the radially 
unbounded function ܸ for the vector field f and the locus ݔ(−) as Lyapunov-class function if the 
constants ∀ߛ ,ߚ ,ߙ makes: 

൞ݔ்ݔߙ ≤ ܸ൫(ݐ)ݔ൯ ≤ ൯(ݐ)ݔ൫ܸ,ݔ்ݔߚ ≤ ܸ,ݔ்ݔߛ− ቀݔ൫ݐଶ௝ାଶ൯ቁ ≤ ܸ ቀݔ൫ݐଶ௝ାଵ൯ቁ . (34)

The definition of Lyapunov-class function is like the common Lyapunov function and it is 
required that when Subsystem No. ݆  switches to exit, Function ܸ  is strictly monotone non-
increasing. 

Theorem 1. Assume that ௜ܸ (݅ ∈ (1, 2,…)) is an undetermined Lyapunov function and that the 
vector field ௜݂(ݔ) satisfies that ௜݂(0) = 0. For every switch sequence ܵ and each ݅, if ௜ܸ  is the 
Lyapunov-class function for ௜݂ and ݔ(−) on ܵ|݅, then System Eq. (32) is the asymptotic stability 
based on the meaning of Lyapunov [19].  

4.2.3. Use of multiple Lyapunov function method in stability analysis of 2nd order ESO 

Consider System Eq. (29) as the switch system consisting of 5 subsystems on Plane (݁ଵ, ݁ଶ) 
and design that the switch principle is to select the corresponding ௜ܸ according to ܩ௜ i.e. the region 
that the system state (݁ଵ, ݁ଶ) belongs to: (ݔ)ߪ = ௜ܸ, (݁ଵ, ݁ଶ) ∈ ,௜ܩ ݅ = 0, 1, 2, 3, 4. (35)

According to the stated conclusions, if any other Region ܩ௜  except Region ܩ଴  has ௜ܸ > 0, ݀ ௜ܸ ⁄ݐ݀ < 0
 
and each subsystem is asymptotically stable, then System Eq. (29) is definitely 

converged to Region ܩ଴ [20]. 
Also, the model of every subsystem is System Eq. (29) of which the state is continuously 

variable and the energy trend is degenerative through any of the subsystems. Therefore, when the 
system switches to Subsystem No. ݅, ∀݅, ݇ has: 

௜ܸ൫ݔ(ݐ௞ାଵ)൯ ≤ ௜ܸ൫ݔ(ݐ௞)൯, ௞ݐ ∈ ܶ. (36)

That is, by the function of the switch principle Eq. (35), the value of ௜ܸ for Subsystem No. ݅ 
when it switches to exit at the time ݐ௞ାଵ of the time sequence is always less than the value of ௜ܸ 
when it switches to exit at the previous time ݐ௞. 

To sum up, by the function of the switch principle Eq. (35), the undetermined Lyapunov 
function of every subsystem except Region ܩ଴  is a Lyapunov-class function and satisfies 
Theorem 1. System Eq. (32) is asymptotically stable based on the meaning of Lyapunov.  

5. Experimental and simulation analysis 

Experiments based on the novel sliding mode observer and the ADRC speed regulator 
proposed in this paper have been carried out. The experiments structure is as shown in Fig. 5. The 
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experimental object is surface-mounted permanent magnet motor. The PMSM model is 
SMTP100L1. The parameters are as shown in Table 1.  

Table 1. Parameters of PMSM 
Parameters Value Parameters Value 

Rated voltage (V) 380 Inductance (mH) 12 
Rated current (A) 5.1 Resistance (Ω) 3.45 
Rated power (kw) 2.2 Pole pairs 2 
Rate speed (r/min) 1500 Rated flux (Wb) 0.55 
Rate torque (N·m) 14 Moment of inertia (kg·m2) 0.0154 

 
Fig. 5. Block diagram of system 

 
a) Main circuit and control circuit 

 
b) PMSM-DC motor unit 

Fig. 6. Experimental platform 
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In the AC-DC-AC main circuit, AC-DC link is achieved by three-phase autotransformer and 
uncontrolled rectifier, the intermediate DC link utilizes capacitor to realized filter, DC voltage is 
adjusted through the automatic coupling voltage regulator. The inverter is composed of 3 IGBT 
and buffer circuit. DSP2812 and 2SC0108T is utilized in the core control circuit and the driving 
circuit respectively. The circuit is worked in the half bridge mode as shown in Fig. 6 [21]. 

In the experimental system, PMSM and DC motor are coaxially connected, with the DC motor 
power 2.2 KW, separately excitation mode. The DC motor armature winding connected to 
resistance box. DC motor is used as generator and the load of PMSM, which is shown in Fig. 6(b). 
The motor is equipped with OMRON incremental photoelectric encoder which is used to measure 
speed and position as actual values comparing to results of the designed sliding mode observer. 

In the experiment, the given speed is 450 r/min, and the incremental photoelectric encoder is 
used to achieve vector control of the motor by detecting the motor position angle and speed. When 
the motor is running stably, the signals of position and speed obtained by the designed sliding 
mode observer instead of the incremental photoelectric encoder are used to control the motor. 

 
a) Real and estimated angle at the speed  

of 500 r/min with conventional SMO 

 
b) Real and estimated angle at the speed  

of 500 r/min with the novel SMO 

 
c) Real and estimated angle at the speed of 750 r/min with the novel SMO 

Fig. 7. Experimental results about real rotor position angle and estimated rotor position angle 

The waveforms of estimate and actual rotor position angle at the rotation rate of 500 r/min and 
750 r/min are as shown in Fig. 7 respectively. Compared with the results obtained by the 
conventional sliding model observer shown in Fig. 7(a), the results obtained by the novel SMO 
shown in Fig. 7(b) have smaller static error. By analyzing the waveforms in Fig. 7(b) and Fig. 7(c) 
obtained by the novel SMO in different speed, the actual waveform ߠ is in line with the estimation ߠ෠, which proves the correctness of the novel SMO.  

The waveforms of estimate and actual motor speed obtained by the PI speed regulator and the 
ADRC speed regulator are as shown in Fig. 8 respectively. The results of the experiments shown 
SMO can estimate the rotor position and speed accurately, which verifies the correctness and 
effectiveness of the designed observer. Compared with the PI speed regulator, ADRC speed 
regulator has better dynamic characteristics in speed overshoot and response speed. 
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a) Real and estimated rotor speed  

with PI speed regulator 

 
b) Real and estimated rotor speed  

with ADRC speed regulator 
Fig. 8. Experimental results about real and estimated rotor speed 

 
a) Steady state speed with ADRC speed regulator 

 
b) Steady state speed with PI speed regulator 

Fig. 9. Steady state performance comparison 

The waveforms of maintaining 500 r/min constant speed are shown in Fig. 9. It can be seen 
that the speed fluctuations of the ADRC speed regulator is in the range of ±3 r/min in Fig. 9(a) 
and the speed fluctuations of PI speed regulator is in the range of ±7 r/min in Fig. 9(b). It proves 
that ADRC speed regulator has the better static characteristics. 

Fig. 10 shows the speed response of PI and ADRC speed regulators under load step. As shown 
in Fig. 10(a), ADRC speed regulator has the maximum speed dip of 12 r/min and takes 500 ms to 
reach steady under the positive load step of 5 N∙m. The PI speed regulator has the maximum speed 
dip of 40 r/min and takes 1.2 s (shown in Fig. 10(b)). The waveforms in Fig. 10(c) and Fig. 10(d) 
are under the condition of negative load step of 5 N∙m. The results prove that the ADRC speed 
regulator has better anti-disturbance performance than the PI speed regulator. 

The numerical analysis of the experimental results are as shown in Table. 2 

Table 2. Experimental results (N presents novel control system, C presents conventional control system) 
Items of the comparison N C 

Static error of position angle Δ27 5 (°) ߠ 
Dynamic response overshoot Δݒ (r/min) 19 45 
Dynamic response time ݐ (s) 0.6 1.5 
Velocity static error Δݒ (r/min) ± 3 ± 7 
Speed dip under positive load step Δݒ (r/min) –18 –55 
Response time under positive load step ݐ (s) 0.5 1.5 
Overshoot under negative load step Δݒ (r/min) 24 65 
Response time under negative load step ݐ (s) 0.5 1.5 

Simulation studies are performed to investigate the ability of the controller to operate in the 
presence of external noise: such as load step etc. The simulation results and experimental results 
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are consistent. The simulation results show that the ADRC controller can estimate the load 
disturbance and mutation. The controller has a good robustness to load because that the load 
disturbance and mutation are compensated. Simulation results are shown in Fig. 11. 

 
a) Speed response under positive load step  

with ADRC speed regulator 

  
b) Speed response under positive load step  

with PI speed regulator 

  
c) Speed response under negative load step  

with ADRC speed regulator 

 
d) Speed response under negative load step  

with PI speed regulator 
Fig. 10. Speed response under load step 

 
a) Speed response under negative and positive speed step 

 
b) Speed response under negative and positive load step 
Fig. 11. Simulation results for ADRC and PI regulator 
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6. Conclusion 

A novel SMO and ADRC speed regulator of PMSM are presented in the paper. Compared to 
conventional SMOs, the proposed SMO uses sigmoid function to weaken chattering problem; 
utilizes Kalman filter to acquire back EMF. Phase compensation can be omitted and the 
identification error is smaller when calculating the rotor position angle; uses Phase-locked loop to 
achieve rapidly identify of speed response characteristics and improvement of rotor speed 
estimation precision. The ADRC speed regulator is designed to substitute for conventional PI 
speed regulator, which achieves better response rates, small overshoot and better control effect. 
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