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Abstract: 

The permanent magnet synchronous motor (PMSM) control is demanding task because, which 

is a nonlinear multivariable coupling system. The vector control has been widely used in the 

control of PMSM system, where the rotor position information is needed for close loop control 

system. The mechanical sensors are used for rotor position, which increased the cost of the 

system. These sensors can be eliminated by adopting the sensor less control methods. In this 

paper a new continuous terminal sliding mode observer (CTSMO) based speed sensor less 

control method is proposed, which is substitute of the conventional SMO (CSMO). The 

suggested the CTSMO is robust against parametric change and load disturbances, which is 

used to estimate the speed and rotor position from the back EMF (BEMF) of the PMSM 

system. The conventional SMO needs the low pass filter (LPF), position compensation 

techniques and sigmoid function instead of sign function to decrease the chattering 

phenomena. To eliminate the chattering phenomena effectively the new CTSMO based speed 

sensor less method is designed in this paper, which has also ability of minimization of the 

speed and rotor position error. The stability of the proposed technique is analyzed by 

Lyapunov function, the simulation have been carried out for the validation of the suggested 

technique. 

Keywords: PMSM, sliding mode control (SMC), conventional SMO (CSMO), continuous 
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1. Introduction  

Chattering phenomena refer to rapid, 
repeated oscillations or fluctuations that occur 
in dynamic systems, particularly when there 
are discontinuities or switching behaviors[1]. 
This phenomenon is often observed in control 
systems, mechanical systems, and electrical 
systems, where the system rapidly alternates 
between different states due to instability or 
undesirable interactions[2].The significant 
research is being conducting to estimate rotor 
position or speed sensor less drives for 
PMSMs that have equal dynamic effect to 
sensor based drives systems[3, 4]. The PMSM 
drives have been widely applicable from 
servo to traction drives because of many 
distinguishing characteristics for instance 
better controllability, large torque, high power 
density, high efficiency to ruggedness and 
inertia ratio [5-8].The use of PMSM drive 
system in commercial has recently increased 
dramatically. The Field oriented control is 
widely adopted in PMSM drive system, 
which a precise rotor needs position for 
smooth control. 

The resolvers and encoders are generally 
used to provide an accurate rotor position for 
close loop system. However, in some harsh 
environments, these devices are costly and 
unreliable and these encoders and resolvers 
need extra installation space. As a result, 
sensor less control is gaining popularity in 
recent research. The sensor less approaches 
are classified into two types: one is based on 
machine modeling [9-12] and another is 
mathematical model. Anisotropy-based 
methods are appropriate for sensor less 
operation at low and zero speeds [13-15]. The 
rotor position of machine can be determined 
by injecting high frequency signals (IHFS) 
into it. Though, IHFS would increase in 
torque ripple and power losses[16]. The 
techniques based on mathematical model are 
appropriate for sensor less control for medium 
and high speeds. The speed rotor and position 
can be predictable back EMF (BEMF), which 
is regarded as a standard sensor less control 
solution in the industrial sector. When 
machine anisotropy based approaches are 

combined with machine model based 
techniques. Then, the wind range sensor less 
operation would be possible[17]. 

However, the estimated BEMF has high 
current ripple, which is the inherent problem 
of conventional, the estimators. Therefore, it 
is recommended to propose a suitable sensor 
less control method, which has small current 
ripple. The sliding mode based observer 
(SMO) are used many time inside a single 
current control (SCC) cycle to lessen the 
additional inaccuracy in calculating the 
BEMF in the current control loop (CCL) [18]. 
Additional rotor and a LPF position 
compensation are employed in a traditional 
SMO to mitigate the chattering problem 
frequently encountered in SMOs apply a 
signum function. As a switching function, the 
SMO currently employs a sigmoid function. 
The observer responds quickly and has 
robustness built into the design parameters 
[19]. The chattering can be decreased by 
employing the signum function (SF) in SMO 
[20]. The Stability of the SMO is checked 
thorough Lypunov function. The stator 
resistance must be determined because it 

changes when motor runs [18, 19]. One 
CTSMO is suggested to make sensor less 
control method robust beside load disturbance 
and parameter fluctuations. The CTSMO 
estimates the BEMF in a current control 
cycle, which eliminates the current ripples. As 
a result, a quick and precise estimation of the 
BEMF based CTSMO is obtained with small 
chattering in the rotor velocity estimation. 

2. Mathematical Modeling of PMSM 

Drive Systems 

PMSM sensor less control is dependent on 
the BEMF estimation. Hence, the PMSM 
model must be in stationary frame. The 
PMSM stator comprises of 3Ø windings, 
which are positioned in the stator and 
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displaced 1200 apart in the circle [21]. These 
three phases can be reduced to a fixed axis 
often known as a two-phase model 
(stationary-frame). The stator voltage state 
variable equations in stationary frame are 
written as 
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Where 𝑖𝛼 and 𝑖𝛽 are the actual current of 

𝛼 and 𝛽 − 𝑎𝑥𝑖𝑠, 𝜇𝛼 and 𝜇𝛽 are the actual 

voltage of 𝛼 and 𝛽 − 𝑎𝑥𝑖𝑠. 𝜀𝛼 and 𝜀𝛽 are the 

BEMF of the PMSM and 𝑅, 𝐿 and 𝜆 are the 
parameters of stator resistance, inductance 
and BEMF constant, 𝜃𝑒 and 𝜔𝑟 are the 
position and speed of the rotor [22]. 

2.1. Conventional SMO (CSMO) 

The SMC has the advantage of restricting 
the states variables on the designed sliding 
trajectory, which also changes with structure 
change [23]. The SMC is a well-known 
control approach that is commonly used in 
non-linear control systems due to its 
robustness against the load disturbances and 
parametric variation[24]. In terms of SMO, 
the SMC can be employed for sensor less 
approaches. However, there are some 
drawbacks to the SMO, such as chattering and 
time delay [25]. The two phase stationary axis 

of PMSM drive system for the conventional 
SMO can be stated as [26]. 

Where iα and iβ are the actual currents, îα 

and 𝑖𝛽̂ are the estimated currents of 𝛼 and 𝛽 −
𝑎𝑥𝑖𝑠 and 𝑘 is the constant gain of the SMO. 
The stator equations with the error of the 
stationary axis currents can be rewritten as 
[27]. 
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Where[iα̅iβ̅]
T

= [îα − iα îβ − iβ]
T
 I 

In accordance with structure theory of 
sliding mode variable (SMV), the system 
states will reach on sliding trajectory, 

when k > max (|εα|, |εβ|). Therefore, the 

BEMF obtained as  

( )
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The BEMF equations (5) can be used to 
approximation speed and position of PMSM 
drive system. The sign function is employed 
for the traditional SMO technique, which 
causes the significant chattering in the system 
states. Since, high switching gains are needed 
to approximate the BEMF for speed and 
position of PMSM drive system [28]. As a 
result, the LPF is adopted to eliminate 
chattering from the system states, which is 
depicted in the Fig. 1. 
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Fig. 1.  Conventional SMO diagram 
Therefore, it is required that to present a 

novel SMO to reduce aforementioned 
problems and minimizing the speed and rotor 
errors, respectively [29]. The CTSMO is 
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suggested in this paper, which can solve the 
aforementioned problems from the drive 
systems effectively.  

2.2. CTSMO Design  

The SMV structure has been classified 
into reaching and sliding phase, for the 
reaching phase a control law is required and 
for sliding phase a sliding mode surface is 
needed. Therefore, the CTSMO is chosen as 
SMO to estimate the BEMFs. The CTSMO 
can reduce the chattering phenomena 
effectively from the system state and improve 
the convergence rate, tracking precision than 
that of the conventional SMO, which can be 
written as [30]. 

( )i k i sign i


   = +
 

  (6) 

Where,  

The 𝑝 and 𝑞 are the odd positive numbers, 

and 1 <
𝑝

𝑞
< 2. The reaching law is playing a 

key part in the SMO, and it may be stated as 

[31]. 
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,
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T [    ]   =

are the vector estimated error 
current , vector back EMF and vector input 
control respectively. 

Theorem 1. The final control law of 
based on CTSMO (10) can be designed from 
(7) and (8). In the final control law there are 

two terms one is equivalent control law ( eq
), 

which is based on machines parameters and 

another is switching law sw
, which based on 

CTSMO. In a finite amount of time, the 
system's state would converge to zero. 
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Therefore, the estimated BEMF based on 

the CTSMO are described as  

1
ˆ ( ( )) ( )i k i sign i k sign i dt = − + − 
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and proposed CTSMO diagram for PMSM 

drive system is depicted in Fig. 2. 
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Fig. 2. Proposed CTSMO 

2.2.1. Stability Analysis 
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To verify permanence of the suggested 
observer, the Lyapunov function has been 
selected, which can be described as[32]. 

1 / 2 TV  =  (14) 

The stability according to Lyapunov 
function is expressed as  
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3. Design of Phase Locked Loop (PLL) 

For Speed Estimation 

From (9), the estimated ε = [εαεβ]
T
 are 

used to approximate the speed and position 

ω̂e and θ̂e  by applying the arc-tan function. 
ˆ ˆ ˆarctan( / )e    =

 
(16) 

ˆˆ ( )e e

d

dt
 =

 
(17) 

The main limitation of the conventional 
SMO is chattering, which is produced by the 
switching function and the derivation of the 
position produced the chopping in the speed 
of the system. These limitations can be solved 
by using CTSMO and PLL respectively.  

 
The PLL has the significant advantages 

over the frequency and phase is illustrated in 
Fig. 3, which can be obtained from equation 
(17) and described as in equation 18. 

 

Fig. 3. Equivalent diagram of PLL 

Where ω̂e and θ̂e are the predictable 

position and speed of rotor, which are 

associated with back EMF, 𝜃̂ is the rotor 

position which is predictable by PLL. When 

𝜃̂𝑒 − 𝜃̂ <
𝜋

6
 , then the approximation taken as 

𝑠𝑖𝑛(𝜃̂𝑒 − 𝜃̂) ≈ 𝜃̂𝑒 − 𝜃̂ Fig. 4 illustrates the 

PPL diagram. 
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Fig. 4. PLL Equivalent Block diagram 

By utilizing the PLL approach, the 
proposed senseless control method can 
improve industrial applications. The regulator 
can directly determine the speed from the 
angle error, and the integrator can estimate 
the rotor position [33]. The input signal of 
PLL can the estimated from BEMF, and the 
position signal can be derived from the 
BEMF, respectively. The PLL's bandwidth is 
determined by the rated speed, motor inertia, 
speed and current controllers. The bandwidth 
of the PLL must be within the mid band of 
speed and current controllers for the 
nonsensical technique to work. According to 
the literature, the band width of a PLL is 
often varied from 10-20 times the speed loop 
bandwidth, ensuring faultless tracking. The 
bandwidth of the PLL is based on the kp  and 
ki gains, the transfer function closed loop of 
PLL can be described as [34]. 

2
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k s k
H s

s k s k
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(19)              

Where the operating factor and damping 
frequencies expressed as 
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p
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k
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k
 = =

 

    (20) 

4. Results and Discussions 

To verify the suggested control scheme a 
model is developed in the MATLAB. 
Parameters of simulation for the proposed 
PLL-based CTSMO method for sensorless 
PMSM control are illustrated in Table 1.  

TABLE I.  Parameters of the PMSM 
Factors Quantity and unit 

Supply  phases 3 

Machine pole pairs 3 

Rated Power 3.0 𝑘𝑊 

Armature Resistance 0.8Ω 

Rotor flux linkage 0.35 𝑤𝑏 

Stator induction 0.005 𝐻 

Moment of inertia 3.78 × 10−4𝑘𝑔. 𝑚2 

Viscous density 1.74 × 10−5𝑁𝑚𝑠/𝑟𝑎𝑑 

To check the robustness of the suggested 

technique, the drive performance is assessed 
in dynamic condition under the speeds of 
1000 rpm, which are illustrated in Figs. 5 and 
6, respectively.  

(a)Actual speed 

(b) Predictable Speed 

Fig. 5. PMSM's dynamic speed response under the 

CSMO simulation  
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(a)Actual speed 

(b) Predictable Speed 

Fig. 6. CTSMO-simulated dynamic speed response of 

the PMSM 

Fig. 7. Simulated dynamic rotor position ( ̂ ) response 

and actual of the PMSM under the CSMO 

Fig. 8. Simulated dynamic rotor position ( ̂ ) response 

and actual of the PMSM under the CTSMO 

Fig. 9. Simulated dynamic estimated alpha-beta Xαβ 

response of the PMSM under the CSMO 

 

Fig. 10. Simulated dynamic estimated alpha-beta (  
) 

response of the PMSM under the CTSMO 

 

 

 

 

 

 

 

 

Fig. 11. Simulated circular axis alpha-beta (  
) 

response of the PMSM under the CSMO 

 

 

 

 

 

 

Fig. 12. Simulated circular axis alpha-beta   (  
) 

response of the PMSM under the CTSMO. 

It can be easily seen in the same picture 
that the speed deviation smaller with 
proposed method than of the conventional 
technique. Moreover, the predictable and 
actual rotor positions are evaluated under 
proposed method and conventional method, 
which are shown in Fig. 7 and 8, separately. 
It is observable that the predictable error in 
the position signal under proposed technique 
is very small than that of conventional 
technique. It is observable that the 
predictable error in the position signal under 

proposed technique is very small than that of 
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conventional technique as shown in Figures 9, 
10, 11, 12. 

Furthermore, it can be observed from 
Figs. 14, 15, and 16 that the estimated alpha-

beta (𝑋𝛼𝛽)  voltage response, estimated 

alpha-beta (𝑖̂𝛼𝛽) current response and 

estimated speed error response of the PMSM 
under conventional and proposed method that 
the suggested technique has better response 
that the conventional method, respectively. 

 

Fig. 13. Simulated dynamic estimated alpha-beta (𝑖̂𝛼𝛽) 

response of the PMSM under the CSMO 

 
Fig. 14. Simulated dynamic estimated alpha-beta (𝑖̂𝛼𝛽) 

response of the PMSM under the conventional 

SMO 

 
(a) Under CTSMO 

 
(b) Under conventional SMO 

Fig. 15. Simulated dynamic estimated speed error 

response of the PMSM 

5. Conclusion  

In this paper, a novel continuous 

terminal sliding mode observer 

(CTSMO) technique has been developed 

and applied for sensor less speed control of 

permanent magnet synchronous motors 

(PMSMs) integrated with a phase-locked loop 

(PLL). The proposed CTSMO overcomes the 

traditional limitations of the conventional 

Sliding Mode Observer (SMO), particularly 

the issue of chattering, which is effectively 

minimized. Chattering, a well-known 

drawback of conventional SMOs, can lead to 

undesirable high-frequency oscillations and 

degraded system performance. By adopting 

the CTSMO, the system achieves smoother 

control dynamics, enhancing the overall 

operational reliability and robustness. 

The results demonstrate that the proposed 

CTSMO offers superior performance in terms 

of speed error and position error 

compared to the conventional SMO. This 

improvement is attributed to the inherent 

characteristics of the CTSMO design, which 

ensures more accurate estimation and robust 

control, even under varying operating 

conditions. 

To ensure the stability of the proposed 

approach, the Lyapunov stability 

criterion was employed. The use of the 

Lyapunov function validates that the system 

remains stable throughout its operation, 

providing theoretical support for the 

robustness and reliability of the CTSMO 

methodology. 

The simulation results validate the 

advantages of the proposed sensor less speed 

control approach. The CTSMO outperforms 

the conventional SMO in critical performance 

metrics, including precision, stability, and the 

ability to handle system uncertainties. These 

results highlight the effectiveness and 

potential of the CTSMO as a viable 
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alternative for high-performance, sensor less 

PMSM speed control applications, paving the 

way for advancements in motor drive 

systems. 
 

 

 

Abbreviations/ Nomenclature 

BEMF Back EMF 

CTSMO                                                              Continuous Terminal Sliding 

Mode Observer                                                              

CSMO                                                  Conventional Sliding Mode 

Observer                                                              

CCL Current Control Loop 

IHFS Injecting High Frequency 

Signals 

LPF Low Pass Filter 

PMSM Permanent Magnet 

Synchronous Motor 

PLL Phase Locked Loop 

SMO Sliding Mode Observer 

SCC Single Current Control 

SF Signum Function 
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