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Abstract 

 

A complete current loop decoupling control strategy based on a sliding mode observer (SMO) is proposed to eliminate the 

influence of current dynamic coupling and back electromotive force (EMF) in the vector control of permanent magnet 

synchronous motors. With this strategy, current dynamic decoupling and back EMF compensation can be simultaneously 

achieved. Unlike conventional methods, the proposed strategy can avoid the disturbances caused by the parametric variations of 

motor systems and maintain the advantages of proportional integral (PI) controllers, which are robust and easy to operate. An 

improved SMO, which uses a special PI regulator other than a linear saturation function as the equivalent control law in the 

boundary layer of a sliding surface, is proposed to eliminate the estimated errors caused by the quasi-sliding mode and obtain a 

satisfactory decoupling performance. The stability and parameter robustness of the proposed strategy are also analyzed. Physical 

experimental results are presented to verify the validity of the method. 
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I. INTRODUCTION 

Permanent magnet synchronous motors (PMSMs) have been 

widely used in various industrial automation applications [1]- 

[4] due to their high efficiency, large output torque, reliability, 

small size, and other advantages. However, obtaining a high- 

performance PMSM drive control system is difficult due to 

the high order, strong coupling, and non-linear characteristics 

of PMSMs. The rotor field-oriented control is a usual control 

scheme. High performance can be achieved by ensuring that 

the drive control system has the proper current loop dynamic 

response. The stator current of a PMSM can be decomposed 

into flux and torque components through coordinate 

transformation, which allows a high dynamic response to be 

obtained by controlling the motor flux and torque, 

respectively. However, two main factors affect the current 

control loop [5]-[7]. The first factor is the current dynamic 

coupling. The vector control of id = 0 can only statically 

realize current decoupling. As motor speed increases, the 

dynamic coupled component between the d-axis and q-axis 

also increases. This condition means that a change in one of 

the current components leads to a change in the other 

components, eventually worsening the dynamic response of 

the current loop. The second factor is the back EMF. When 

the motor speed slowly changes, the variation of the EMF can 

be ignored. However, with sharp changes in motor speed, the 

back EMF of the motor abruptly changes, thereby increasing 

the adjustment difficulty of the current loop controller and 

reducing the current loop dynamic response. 

Extensive research has been conducted to solve these 

problems. The available methods can be divided into two 

categories according to the different degrees of dependence 

on motor mathematical models. The first category comprises 

methods that depend solely on motor mathematical models 

[8]-[12], and these methods include the feedback decoupling 

method [8] and feedforward decoupling method [9]. These 

methods are simple and easy to implement, and they 

compensate for the theoretical value of the coupling term in 

the current controller output. However, these methods cannot 
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realize current decoupling and back EMF compensation 

simultaneously, and they heavily depend on reliable motor 

parameters, such as resistance, inductance, and flux. With the 

motor running, the parametric variations worsen system 

performance [5]. 

The second category comprises the methods with low 

dependence on motor mathematical models [13]-[33], and 

they include error compensation decoupling and internal 

model decoupling. For the error compensation method in [13], 

two additional proportional integral (PI) controllers were 

used to provide signals for motors’ d-axis and q-axis cross- 

coupling voltage compensation. In the case of parameter 

mismatch, the method with error compensation is more 

robust than the feedforward decoupling controller is, as 

revealed by two appropriate PI regulators in [14]. For the 

internal model decoupling in [15], the internal model control 

method was utilized to construct a robust decoupling current 

controller. The new controller is an extension of the 

traditional PI regulator, which comprises only one controller 

parameter. Although the two methods are better than 

feedforward decoupling in terms of the robustness of the 

parametric variations, they require additional techniques to 

compensate for the back EMF; furthermore, internal model 

decoupling is less effective than the error compensation 

method is in terms of stability [9]. 

Some methods have also been developed on the basis of 

the models in [18]-[21]. These methods combine the first 

category methods with the online parameter identification 

algorithm to adjust control parameters in real time. For 

example, the current controller in [18] is a combination of a 

PI regulator and feedback decoupling network; this 

combination helps minimize the interactions between the 

d-axis and the q-axis and eliminates the remaining 

interactions through an online adaptive cancellation. This 

method can reduce the sensitivity of the current controller to 

the parameters, but the online parameter identification makes 

the system increasingly complicated. Other studies [22]-[24] 

used intelligent control algorithms to reduce the dependence 

on motor mathematical models. Sliding mode control has also 

been introduced to realize current decoupling and back EMF 

compensation. In [25], a robust decoupling mechanism, 

including an adaptive flux observer and a sliding mode current 

estimator, was investigated to decouple the complicated flux 

and torque dynamics of an induction motor, and a total 

sliding mode control scheme was constructed without the 

reaching phase in conventional sliding mode control to 

enhance system robustness. However, this method depends 

on voltage signals and requires additional voltage sensors. In 

[26], [27], a new approach for current control that uses 

integral sliding mode (ISM) controllers was proposed to 

achieve decoupling. Synchronous frame control voltages are 

synthesized as the sum of the following two controller 

outputs: a traditional one (PI) that acts on an ideal plant 

model and an ISM controller. However, the control law of the 

ISM involves discontinuous sign functions, which will bring 

chattering to the current loop. In [28]-[31], a sliding mode 

observer (SMO) was used to estimate system uncertainties, 

including electrical and mechanical parameter variations, 

external disturbances, and unmodeled dynamics in practical 

applications. In [28], [29], a current controller was used as a 

sliding mode controller and combined with an SMO to realize 

current decoupling. This method depends on the current 

instruction value and involves discontinuous sign functions, 

which will bring chattering to the system. In [30], an internal 

model control was combined with an SMO as the current 

controller; the control law was a linear saturation function. In 

[31], an SMO was combined with generalized predictive 

control to satisfy the required control current loop of the 

motor. The application of the methods in [28]-[31] to actual 

systems is extremely complicated. In [32], a weighted 

integral-type sliding mode control algorithm was used to 

solve the chattering problem and obtain a fast response, but 

the selection of weight coefficients depends on experience. In 

[33], a method combining adaptive fast terminal sliding mode 

control and current feedforward control methods was proposed 

to solve the problems of the d-q current cross-coupling. 

However, this method is strict with regard to parameter 

selection to avoid convergence issues, and the control law 

involves exponential functions that require several arithmetical 

operations. 

By summarizing the available literature, we propose a 

novel method on the basis of an SMO to obtain a complete 

current loop decoupling control and thereby solve the 

aforementioned problems. The proposed strategy can achieve 

current dynamic decoupling and back EMF compensation 

simultaneously. Compared with similar schemes, the 

proposed strategy can avoid the disturbances caused by the 

motor system’s parametric variations and maintain the 

advantages of PI controllers, which are robust and easy to use. 

An improved SMO is proposed to obtain superior decoupling 

performance and eliminate the estimated errors caused by the 

quasi-sliding mode. This SMO uses a special PI regulator 

other than a linear saturation function as the equivalent 

control law in the boundary layer of the sliding surface. In the 

study, the stability and parameter robustness of the proposed 

strategy are also analyzed. The experimental results 

demonstrate that current dynamic decoupling and back EMF 

compensation can be accurately obtained with the proposed 

current loop decoupling control strategy. 

This paper is organized as follows. In Section II, the 

mathematical model of a PMSM is introduced, and the 

influence of current coupling and back EMF is analyzed. In 

Section III, a traditional SMO is derived (part A), and its 

disadvantages are analyzed (part B). One such disadvantage 

is the sliding mode being unable to converge to the sliding 

surface, thereby leading to steady-state errors in the 
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compensation results. An improved SMO is then proposed 

(part C), and its stability is proven. In Section IV, the 

parameter robustness is analyzed. In Section V, the improved 

SMO method is verified by experiments. Finally, in Section 

VI, relevant conclusions are drawn. 

 

II. MATHEMATICAL MODEL OF PMSM 

The PMSM model in a synchronous reference frame (d, q) 

is shown as follows: 

       (1) 

where ud, uq; id, iq; and Ld, Lq are the stator voltage, current, 

and inductance in the d(q)-axis of the PMSM, respectively. 

ωe, R, ψf, and p are the electrical angular speed of the rotor, 

stator resistance, permanent magnet flux linkage, and 

differential operator, respectively. In Eq. (1), the term of the 

back EMF is −ωeψf , and the current dynamic coupling terms 

between the d-axis and q-axis are ωeLqiq and −ωeLdid, 

respectively. The vector control of id = 0 statically realizes 

current decoupling by ignoring the terms of the back EMF 

and current dynamic coupling. 

Fig. 1 shows the current control loop of the PMSM, in 

which the current controller is a PI regulator, Td is the system 

delay time, and the part in the dotted box is the PMSM 

mathematical model. Given that the current dynamic coupling 

terms and back EMF are related to motor speed, the influence 

of coupling can be ignored when the motor speed is low. 

However, when the motor speed increases, the coupling 

worsens the system performance. For the back EMF, if the 

motor speed sharply changes, then the back EMF will 

abruptly change, ultimately increase the adjustment difficulty 

of the current loop PI controller, and reduce the current loop 

dynamic response. Employing several methods is important 

to realize current decoupling and back EMF compensation. 

The coupling term in the d(q)-axis is defined as follows to 

simplify the discussion: 

             (2) 

where ed is the coupling term of the d-axis current and eq is 

the sum of the coupling term of the q-axis current and back 

EMF. According to Eq. (2), the mathematical model of the 

PMSM can be rewritten as follows: 

             (3) 

 
Fig. 1. Current control loop of PMSM. 

 

III. DECOUPLING METHOD 

Compensating for the coupling terms mentioned in Section 

II is necessary to ensure the high performance of the current 

loop. Therefore, a complete current loop decoupling control 

strategy based on an SMO is proposed. With this strategy, the 

current dynamic decoupling and back EMF can be 

compensated for simultaneously. 

A. Mathematical Model of Sliding Mode Decoupling 

According to sliding mode control theory [34], the SMO in 

the d(q)-axis is defined as follows: 

         (4) 

                 (5) 

where σd, σq are the sliding surface functions in the d(q)-axis; 

the definitions are shown in Eq. (5). H(σ) is the equivalent 

control law. kd, kq and Îd, Îq are the gains and current 

observations of the SMO, respectively. The error equation is 

obtained by subtracting Eq. (3) from Eq. (4) as follows: 

          (6) 

where ��  is the derivative of the sliding surface function. 

Once the system moves to the sliding surface, the terms ���, 

���, σd, and σq in Eq. (6) are evidently equal to zero, and the 

coupled EMF can then be obtained as Eq. (7). 

                (7) 

Eq. (8) must be satisfied to guarantee the stability of the 

aforementioned SMO [34]. Eq. (8) can also be rewritten as 

Eq. (9). 
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Fig. 2. Block diagram of the proposed control strategy. 

 

 
Fig. 3. Sliding mode trajectory with discontinuous H(σ). 

 

 
Fig. 4. Commonly selected equivalent control law H(σ). 

 

              (8) 

                    (9) 

Fig. 2 is the block diagram of the proposed decoupling 

strategy based on an SMO. The current dynamic decoupling 

and back EMF compensation are realized by substituting the 

estimated values of ed, eq into the current controller output. A 

first-order low-pass filter (LPF) is commonly used in SMOs 

to improve the results degraded by the discontinuous control 

law. Eq. (7) will then be changed to Eq. (10). 

            (10) 

where ωc is the cut-off frequency of the LPF and ed
*
, eq

*
 are 

the filter outputs of the coupled EMFs ed, eq. 

The equivalent control law H(σ) is a discontinuous 

function in traditional sliding modes. Owing to the time delay 

and space lag in an actual system, the sliding mode is always 

accompanied by chattering, as indicated by the red trajectory 

in Fig. 3. Finding a way to weaken the inherent chattering is 

important in sliding mode control, and the most common 

method is to replace H(σ) with a continuous function. Fig. 4  

 
Fig. 5. Quasi-sliding mode trajectory. 

 

is a linear saturation function that is usually selected as the 

equivalent control law [11]. The shadow region between [−Δ, 

Δ] is marked as region I, and the other region in Fig. 4 is 

marked as region II. As shown in Eq. (11), H(σ) is a 

proportional function in region I. 

              (11) 

B. Convergence of Quasi-sliding Mode 

When H(σ) is selected as Eq. (11), the sliding mode is 

changed as the quasi-sliding mode, which is divided into two 

parts by H(σ): regions I and II. Region I is a linear feedback 

control system, which is called the boundary layer of the 

sliding surface; the width of the boundary layer is denoted by 

Δ. Region II is a switch control system outside the boundary 

layer. The quasi-sliding mode must converge to the sliding 

surface. The expected convergent trajectory is shown in Fig. 

5. The blue and red trajectories are the expected convergent 

trajectories in regions I and II, respectively. Owing to the 

addition of region I, the control system is considerably changed, 

and the convergences of the system in the two regions must be 

analyzed and deduced again. 

As shown in Fig. 5, the convergence of region II should be 

discussed. Take the d-axis in Eq. (6) as an example. Two new 

sliding mode functions are defined, as shown in Eq. (12). 

          (12) 

where σ�d1 and σ�d2 are the upper and lower boundaries of 

the boundary layer, respectively; the width of the boundary 

layer Δ is constant. Therefore, Eq. (13) can be obtained as 

follows: 

             (13) 

By substituting Eq. (6) into Eq. (13), we replace H(σd) with 

1 and −1 in region II. 
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According to Eq. (8), the sufficient condition to keep the 

boundary layer reachable is described in Eq. (15). 

          (15) 

As defined in Eq. (12), σ�d1→0+ is equivalent to σd→∆+. 

If σd→∆+ is substituted into the first equation in Eq. (14), 

then σ�� d1<0 will be true when Eq. (16) is satisfied. Similarly, 

σ�d2→0- is equivalent to σd→-∆
-

. If σd→-∆- is substituted 

into the second equation in Eq. (14), then σ�� d2>0 will also be 

true when Eq. (16) is satisfied. Thus, Eq. (15) will be 

established when Eq. (16) is satisfied, and the boundary layer 

in the d(q)-axis is reachable in region II. That is, the red 

convergent trajectory in Fig. 5 can be achieved under certain 

conditions. 

               (16) 

Given that the red convergent trajectory is achievable, if 

the blue convergent trajectory in region I is also performed, 

then the proposed decoupling control strategy will be realized. 

Fig. 6 shows the closed loop of the linear feedback system in 

region I. êd(q) is the observed result of the d(q)-axis coupled 

EMF ed(q). E(s) is the error’s Laplace transform between the 

current observed result and the system feedback value. The 

delay is evident in the closed loop due to the iteration in the 

algorithm implementation. Ts is the cycle time of the current 

loop control. 

According to Fig. 6, the transfer function from êd(q) to ed(q) 

can be obtained as follows: 

 (17) 

According to the closed-loop characteristic equation of the 

system, we can easily obtain the Routh criterion list shown in 

Table I. 

kd(q), Ts, and Δ are positive, along with the parameters in 

the first column of the Routh criterion list; therefore, the 

system is stable. After discussing the stability of the system, 

we can then deduce the current error equation as follows: 

      (18) 

where R(s) is the input function. When R(s) is the unit step 

function, the system steady-state error can be obtained as Eq. 

(19). 

 (19) 

The steady-state error ess is clearly not zero and is 

unrelated to the boundary layer width Δ. The width Δ cannot  

 
Fig. 6. Linear feedback system in region I. 

 

TABLE I 

ROUTH CRITERION LIST 

 

1st 2nd 

s
2 ΔTs Ld(q) ΔR+kd(q) 

s
1 Δ(Ts R+ Ld(q)) 0 

s
0
 ΔR+kd(q) 0 

 

 
Fig. 7. Quasi-sliding mode trajectory. 

 

be extremely small; otherwise, the obtained chattering will be 

extremely large, and the performance of the system deteriorates. 

In such a case, the blue convergent trajectory in Fig. 5 is 

unattainable. 

The actual convergence of the quasi-sliding mode, as 

described previously, is illustrated in Fig. 7. The system can 

converge to the boundary layer of the sliding surface by 

choosing an appropriate kd(q). However, the blue convergent 

trajectory region I cannot be realized. The green trajectory 

shows the actual convergent trajectory in region I. A steady- 

state error ess exists between the observed current and the 

feedback current. As ess cannot be neglected, the system must 

eliminate it; otherwise, it will worsen the performance of the 

proposed decoupling control strategy. 

C. Improved Quasi-sliding Mode Method 

As discussed in part B, the quasi-sliding mode cannot 

converge to the sliding surface because the control law of the 

SMO is only a proportional element in region I. An 

integrating element is introduced to design a novel equivalent 

control law and eliminate steady-state errors ess effectively. 

The linear saturation function is replaced by a special PI 

regulator in Eq. (20), where kpd(q) and kid(q) are the proportional 

and integrating coefficients, respectively. The improved 

control law also has a boundary layer and is divided into two 

parts. Region II is the same as that in part B. Region I is still 

a linear feedback control system; however, unlike the  
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Fig. 8. Linear feedback system with special PI regulator in region I. 

 
TABLE II 

 ROUTH CRITERION LIST 
 1 2 

s3 TsLd(q) R+kd(q)kpd(q) 

s2 (Ts R+Ld(q)) kd(q)kid(q) 

s1 C 0 

s0 kd(q)kid(q) 0 

 

equivalent control law in Part B, the presented PI regulator is 
expected as mentioned above. Notably, when the system runs 
outside the boundary layer, the integral term is cleared. That 
is to say, each time the system moves into the boundary layer, 
the integral term is rebuilt. 

       (20) 

The convergence in region II is the same as that analyzed 
above. The boundary layer becomes reachable when Eq. (16) 
is satisfied. For region I, the analysis procedure is similar to 
that in Part B. Fig. 8 shows the block diagram of the system 
with the special PI regulator in region I. 

According to Fig. 8, the transfer function from êd(q) to ed(q) 
of the linear feedback system with the special PI regulator 
can be obtained as Eq. (21). 

  (21) 

      (22) 

The Routh criterion list according to the closed-loop 
characteristic equation of the system in Eq. (21) is shown in 
Table II. 

c in Table II is obtained with Eq. (22). The parameters in 
the first column of the Routh criterion list must be positive to 
maintain system stability. Given that kpd(q), kid(q) are positive, c 
is positive, and the system is stable when Eq. (23) is satisfied. 

 
Fig. 9. Convergent trajectory of improved quasi-sliding mode 
method. 

 

            (23) 

After establishing the stability of the system, the error 
equation of the linear feedback system with the special PI 
regulator can then be similarly calculated as follows: 

  (24) 

where R(s) is the input function. When R(s) is the unit step 
function, the system’s steady-state error can be obtained as 
Eq. (25). 

              (25) 

Eq. (25) shows that the presented improved quasi-sliding 
mode method with a special PI regulator can eliminate a 
system’s steady-state errors. Hence, the proposed method can 
increase observation accuracy and improve system performance. 

The convergent trajectory of the improved quasi-sliding 
mode method is shown in Fig. 9. The light green curve is the 
convergent trajectory in region I when the control law is a 
linear saturation function. The dark green curve is the 
convergent trajectory in region I when the control law is the 
special PI regulator, which can stably move to the sliding 
surface. Thus far, the proposed control law can eliminate 
steady-state errors and ensure that the system moves to the 
sliding surface. Such capabilities prove that the convergence 
of the proposed improved quasi-sliding mode method is 
effective. Once the system moves to the sliding surface, the 
coupled EMF can be clearly observed. The current is then 
decoupled, and the back EMF is compensated for. 

 

IV. PARAMETER DESIGN AND ROBUSTNESS 

ANALYSIS 

A motor’s parameter robustness is an important evaluation 
for the proposed method. The parameter design must be 
presented first prior to its discussion. In this section, the 
parameter design and robustness analysis of regions I and II 
are separately provided. 
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A. Parameter Design and Robustness Analysis in Region II 

Only the SMO gains kd and kq must be designed in region 

II. The design rule of kd(q) should satisfy Eq. (16) and should 

be as small as possible. 

For the robustness analysis in region II, Eq. (6) can be 

rewritten as follows: 

                (26) 

, , 

, ,  

If the system parameters change, then the error Eq. (26) 

changes to Eq. (27). 

             (27) 

According to sliding mode theory, the necessary and 

sufficient condition for the sliding mode to be independent of 

the parameter change ΔA is 

             (28) 

Then 

       (29) 

Although u in Eq. (29) contains motor parameters Ld and 

Lq, the deviation of u is viewed as part of ΔÃσ when Ld and Lq 

change. Therefore, the deviation caused by parameter 

variations can be compensated for by the discontinuous 

control law u; the same is true for the traditional SMO [34]. 

The unit matrix B satisfies Eq. (28); therefore, parameter 

variations do not influence the convergence in region II. 

B. Parameter Design and Robustness Analysis in Region I 

kd, kq and the parameters of the PI regulator must be 

designed in region I. According to Fig. 9, the system open- 

loop transfer function is obtained as Eq. (30). 

           (30) 

kd(q) should be selected as the same value as that in region 

II to avoid chattering when the system switches among the 

regions. 

                (31) 

          (32) 

 

Fig. 10. Bode diagram of the SMO during resistance variation. 

 

 

Fig. 11. Bode diagram of the SMO during inductance variation. 

 

kid(q) and kpd(q) must satisfy Eq. (31) to transform Eq. (30) to 

a second-order system. The simplified function is shown in 

Eq. (32). Compared with the standard second-order system in 

Eq. (33), the Eq. (34) can be derived. kpd(q) can be calculated 

by Eq. (34), and kid(q) can be obtained by Eq. (31). 

Furthermore, kid(q) must satisfy Eq. (35); therefore, c in part C 

of Section III is positive, and the system is stable. 

             (33) 

          (34) 

             (35) 

In addition, ωn and ξ are called the undamped natural 

frequency and damping ratio of the standard second-order 

system, respectively. The overshoot decreases when ξ 

increases, and the response becomes fast when ωn increases. 

kpd(q) and kid(q) are generally decided by ωn and ξ. Notably, if ξ 

and ωn are designed to be extremely large, then kpd(q) and kid(q) 

will not be correctly calculated, leading to system instability. 

The selection of ωn and ξ should make a compromise 

between the response and overshoot to obtain a good 

performance. 

With the aforementioned design strategy of parameters, the 

influence of resistance and inductance variation is analyzed. 

Fig. 10 is the Bode diagram of the open-loop feedback 

control system in region I when resistance variation occurs. 

For the simulation system, R is 2.88Ω, Ld(q) is 6.4 mH, Ke is 
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Fig. 13. Block diagram of overall system. 

 

 
Fig. 14. Observed current and feedback current response: (a) 

Common quasi-SMO; (b) Improved quasi-SMO. 

 

 
Fig. 15. Observed coupled EMF when the system is convergent. 

 

Fig. 13 when the module improved quasi-SMO is removed, 

the current controller is a no decoupling PI regulator. The 

system parameters, such as the PI controllers, are similar in 

the contrast experiment to verify the validity of the proposed 

decoupling control strategy effectively. The instruction motor 

speed is a step signal from 0 rpm to 2000 rpm in the startup 

stage and suddenly increases from 2000 rpm to 2500 rpm at t 

= 1 s. The instruction value of the q-axis current is 2 A in the 

accelerated stage because of the limited output of the PI 

controller speed. The instruction value of the d-axis current is 

zero. 

Figs. 16 (a), (b), and (c) show the contrast of the current  

 
(a) 

 
(b) 

 
(c) 

Fig. 16. Current and speed response with or without the proposed 

decoupling control strategy with no load: (a) Current in q-axis 

response; (b) Current in d-axis response; (c) Speed response. 

 

response of the q(d)-axis and the speed response curves with 

or without the proposed decoupling control strategy, 

respectively. For the control system without the SMO in the 

startup stage and in the stage with a sudden speed increase,  
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(a) 

 
(b) 

 
(c) 

Fig. 17 Current and speed response with or without the proposed 

decoupling control strategy with load: (a) Current in q-axis 

response; (b) Current in d-axis response; (c) Speed response. 

 

 
(a) 

 
(b) 

Fig. 18. Current response with the proposed strategy when the 

motor inductance changes: (a) Current in q-axis; (b) Current in 

d-axis. 

 
(a) 

 
(b) 

Fig. 19. Current response with the proposed strategy when the 

motor resistance changes: (a) Current in q-axis; (b) Current in 

d-axis. 

 

the feedback current of the q-axis cannot rapidly follow the 

instruction value to the limited output due to the influence of 

the back EMF, as shown in Fig. 16(a). Meanwhile, the 

sudden change of the q-axis current exerts an influence on the 

d-axis current response because of the coupling between the 

two axes, as shown in the black curve of Fig. 16(b). When the 

proposed decoupling control strategy is utilized in the system, 

the q-axis current follows the instruction value well, as 

indicated by the red curve in Fig. 16. Moreover, the d-axis 

current no longer has the disturbance, as shown in the black 

curve in Fig. 16(b). According to the mathematical model of 

the PMSM in Fig. 1, the improvement of the q-axis current 

response depends mainly on the back EMF compensation, 

and the decrease in the d-axis current disturbance in the 

sudden speed change stage is completely dependent on the 

dynamic decoupling. The speed response is also improved 

due to the enhanced current response (Fig. 16(c)). 

The third experiment compares the differences with or 

without the proposed decoupling control strategy when the 

motor is run with load. The instruction motor speed is 1000 

rpm. The load torque is 0.96 N.m and suddenly increases to 

1.2 N.m at t = 1 s. The limited instruction value of the q-axis 

current is 3 A. The current and speed response curves are 

shown in Fig. 17. 

Similar to the no-load experiment, the black curves 

correspond to the current and speed response in the control 

system without the SMO, and the red curves correspond to 

the proposed strategy. We compare the black and red curves 

in the startup and load changing stages. The results show that 

with the utilization of the proposed strategy, the current of the 

q-axis has a fast response, and the current of the d-axis no 
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longer has the disturbance, which is evident in the control 

system without the SMO. Thus, the second and third 

experiments show that the proposed strategy can achieve 

current dynamic decoupling and effectively compensate for 

the back EMF, ultimately leading to a satisfactory current 

response. 

The fourth experiment compares the influences of the 

SMO on the motor parametric variations. In this experiment, 

the instruction motor speed is a step signal from 0 rpm to 

2000 rpm. Fig. 18 shows the current response when the 

inductance changes to 80% of the original value. Fig. 19 

shows the current response when the resistance changes to 

120% of the original value. In Fig. 18, the black curve 

corresponds to the current response in which the motor 

inductance does not change when the proposed strategy is 

implemented. By contrast, the red curve corresponds to the 

current response in which the change of motor inductance is 

80% when the proposed strategy is implemented. The current 

responses are clearly almost the same. Therefore, the proposed 

decoupling strategy is robust to inductance variations. The 

same conclusion can be drawn when the motor resistance 

changes according to Fig. 19. Therefore, the proposed 

decoupling strategy is evidently robust to parametric 

variations. 

 

VI. CONCLUSIONS 

A novel decoupling and compensation method based on an 

SMO is proposed. This method can reduce the negative 

influence from current dynamic coupling and back EMF in 

the vector control systems of PMSMs. The new method has a 

reduced dependence on motor models and is robust to 

disturbances from systems’ parametric variations. Moreover, 

an improved SMO, which uses a special PI regulator other 

than a linear saturation function as the equivalent control law 

in the boundary layer of the sliding surface, is proposed to 

eliminate the estimated errors caused by the quasi-sliding 

mode. The stability and robustness of the proposed strategy 

are analyzed, and the experimental results confirm the 

validity and advantages of the decoupling and compensation 

method. 
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