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Abstract 
In this paper, a novel robust nonlinear speed control technique is proposed 
for EMA-oriented SPMSM drives. Under harsh operating conditions, includ-
ing unexpected torque disturbances, parameter uncertainties and unmodeled 
actuator-side effects, current limiter activation, and speed reversal through the 
zero-speed region, the controller is required to provide precise speed tracking 
and strong load disturbance rejection. To achieve this objective, an intelligent 
FACI-STSMC control scheme integrated with an SMESO-KF fusion estimator 
is developed. A conditional integral term is incorporated into the sliding sur-
face to eliminate the steady-state speed error while avoiding excessive integral 
accumulation, integrator windup, and transient overshoot. The super-twisting 
control gains are adaptively tuned through a fuzzy logic algorithm, which sup-
presses chattering effects while preserving the disturbance rejection capability 
of the system. In addition, the SMESO reconstructs the total lumped disturb-
ance acting on the speed loop, while the Kalman-filter-based fusion estimator 
provides a clean and reliable disturbance estimate for speed control. To im-
prove practical implementation, anti-windup current limitation and zero-speed 
reversal hold-off mechanisms are also introduced. MATLAB/Simulink simu-
lation results validate the effectiveness of the proposed approach, demonstrat-
ing improved robustness against parameter uncertainties and unmodeled ac-
tuator-side effects, enhanced disturbance rejection, and stable closed-loop per-
formance under demanding EMA operating conditions compared to conven-
tional PI and classical sliding mode controllers. 
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1. Introduction 

The Surface Mounted Permanent Magnet Synchronous Motor (SPMSM) has been 
identified as one of the most efficient electric drive motors available on account 
of its excellent power density, high efficiency, small size, and rapid torque re-
sponse capabilities. This makes it ideal for use in applications, such as the aero-
space industry, military, and various industrial operations, particularly EMAs that 
demand speed control and dynamic performance [1]-[4]. From a control design 
perspective, the mechanical loads associated with an EMA system appear as com-
plex, time-varying disturbances acting on the SPMSM shaft. In practical operating 
conditions, these actuators experience sudden load torque changes, parameter 
variations, such as shifts in stator resistance and inductance, nonlinear friction 
effects, inverter current saturation, sensor noise, and zero-speed reversal transi-
tions. These factors collectively degrade the speed tracking performance of con-
ventional linear controllers and motivate the development of advanced nonlinear 
control strategies [2]-[4]. 

The Field-Oriented Control (FOC) is a widely used control scheme for SPMSM 
motor drive system which works on the principle of conversion of the nonlinear 
three-phase quantities into the synchronous rotating reference axis, which per-
mits the control of the d-axis flux-producing current component and the q-axis 
torque-producing current component separately [5]-[7]. The traditional cascade-
type FOC system consists of inner loops of current control of the d-axis and q-
axis currents, and the outer speed loop provides the q-axis reference current input. 
The most commonly utilized controller in the outer speed loop for its simplicity 
in design, easy tuning, and robustness is the PI controller. However, the PI-based 
control technique has several drawbacks such as susceptibility to parameter changes 
and disturbances when dealing with sudden changes in shaft load and nonlinear-
ities in actuator behavior. 

Sliding Mode Control (SMC) is widely recognized as a robust control strategy 
for speed regulation and is often considered an effective alternative to conven-
tional PI-based controllers. The primary benefit of this approach is due to its im-
munity to uncertainty in matched parameters and bounded external disturbances. 
Nevertheless, the primary disadvantage of first-order SMC is the effect of chatter-
ing caused by the signum function in the feedback controller. In high precision 
SPMSM-driven EMA, chattering poses a significant issue because it causes ripples 
in the current flow, resulting in vibrations in the motor and producing extra stresses 
on the gear train. As a result, it can shorten the lifetime of drive components and 
degrade the overall control performance.  To overcome the trade-off between ro-
bustness and control-signal continuity, several higher-order sliding mode control 
techniques have been developed. Among them, the second-order Super-Twisting 
Sliding Mode Control (STSMC) algorithm is regarded as one of the most suitable 
approaches. It generates a continuous control output through an integral-based 
structure while preserving the robustness and disturbance rejection capability of 
sliding mode control methods [8]-[13]. 
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In recent years, several advanced nonlinear speed-regulation strategies have 
been investigated to improve the robustness and dynamic performance of PMSM 
drives. For example, a super-twisting sliding mode control integrated with a dis-
turbance observer was presented in [12] to enhance disturbance rejection under 
matched uncertainties. However, high observer or control gains may increase sen-
sitivity to measurement noise and generate oscillatory feedback signals. Similarly, 
a variable-gain fractional-order super-twisting control method was proposed in 
[13] to reduce chattering and improve robustness, but the observer structure still 
depends on deterministic disturbance-bound assumptions. Cascaded extended state 
observer-based control was also developed in [14] to estimate lumped uncertain-
ties more effectively; nevertheless, high-bandwidth observer structures may intro-
duce noise sensitivity during steady-state operation. In this regard, Kalman-filter-
based speed estimation methods, such as the Kalman filter series algorithm [15] 
and robust adaptive EKF techniques [16], provide improved noise attenuation; 
however, they may exhibit slower transient response during sudden load variations. 
Compared with these existing methods, the proposed FACI-STSMC-SMESO-KF 
controller combines a conditional-integral sliding surface, fuzzy adaptive super-
twisting control, SMESO-based disturbance estimation, and Kalman-based fusion 
within a unified speed-control framework. This integrated structure is designed 
to balance fast disturbance rejection, reduced chattering, smoother estimation, 
current-limited operation, and speed reversal robustness for SPMSM-driven EMA 
applications. 

To address the above challenges, this study introduces a Fuzzy Adaptive 
Conditional-Integral Super-Twisting Sliding Mode Controller with an SMESO-
Kalman Fusion Observer (FACI-STSMC-SMESO-KF) for robust speed control 
of SPMSM-based EMAs. The main contributions of this study are as follows: 
• A nonlinear conditional-integral sliding surface is developed that activates er-

ror integration only within a defined boundary region, which eliminates steady-
state offset while avoiding integrator wind-up and overshoot during large ref-
erence speed changes. 

• A Sugeno-type fuzzy logic system is incorporated to adjust the super-twisting 
control gains in real time, providing an online balance between chattering sup-
pression and fast disturbance rejection. 

• An SMESO-Kalman fusion observer is designed in which the innovation signal 
determines how much weight is given to the SMESO estimate versus the Kal-
man estimate, combining the disturbance tracking strength of the SMESO with 
the noise rejection capability of the Kalman filter. 

• Practical protection features are included, consisting of dynamic anti-windup 
current limiting and zero-speed reversal hold-off logic, to keep the drive sys-
tem within safe operating limits at all times. 

The suggested control structure is validated in MATLAB/Simulink under a 
wide range of operating conditions including speed transients, load disturbances, 
and current saturation. Comparative results against conventional PI-based FOC 
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and first-order SMC confirm that the proposed FACI-STSMC-SMESO-KF con-
troller achieves better tracking accuracy, lower speed droop, smoother q-axis cur-
rent behavior, and stable closed-loop operation under severe disturbance condi-
tions. 

2. SPMSM-Driven EMA System Modeling 
2.1. Electrical Dynamics in the Synchronous d-q Reference Frame 

By applying the Park transformation to the balanced three-phase stator variables, 
the SPMSM voltage equations can be expressed in the synchronous rotating d-q 
reference frame as [5]-[7]: 

d
d

d
d s d s e s q

iv R i L L i
t

ω= + −                      (1) 

d
d

q
q s q s e s d e f

i
v R i L L i

t
ω ωψ= + + +                  (2) 

where dv  and qv  are the d-axis and q-axis stator voltages, di  and qi  are the 
d-axis and q-axis stator currents, sR  is the stator resistance, sL  is the stator 
inductance, eω  is the electrical angular speed, and fψ  is the permanent mag-
net flux linkage. 

For an SPMSM, the direct-axis and quadrature-axis inductances are approxi-
mately equal due to the uniform air-gap reluctance: 

d q sL L L= =                           (3) 

The electromagnetic torque of a PMSM is generally expressed as: 

( )3
2e f q d q d qT p i L L i iψ = + −                     (4) 

where p  is the number of pole pairs. Since d qL L=  for an SPMSM, the reluc-
tance torque component becomes negligible. Therefore, the torque equation is 
simplified as: 

3
2e f qT p iψ=                           (5) 

This relation shows that the electromagnetic torque is mainly controlled by the 
q-axis current. Therefore, the commonly adopted FOC strategy sets the d-axis 
current reference to zero: 

* 0di =                              (6) 

2.2. Mechanical Dynamics and Lumped Disturbance  
Representation 

The actuator-side mechanical dynamics are reflected to the motor shaft and rep-
resented using an equivalent mechanical model. This representation is commonly 
used in motor-drive and EMA control studies, where the actuator-side load, fric-
tion, inertia, and unmodeled effects are included in the motor speed dynamics 
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[2]-[4] [17] [18]. The mechanical speed dynamics can be written as: 

,
d
d

m
eq e eq m L eq dJ T B T T

t
ω ω= − − −                   (7) 

where mω  is the mechanical angular speed, eqJ  is the equivalent inertia of the 
motor-actuator system, eqB  is the equivalent viscous friction coefficient, ,L eqT  
is the equivalent load torque reflected to the motor shaft, and dT  represents lumped 
unmodeled disturbances, including nonlinear friction, transmission losses, back-
lash, compliance, and other actuator-related uncertainties. 

Since the electrical and mechanical speeds are related by: 

e mpω ω=                            (8) 

The electrical speed dynamics can be derived from the mechanical torque bal-
ance and the SPMSM electromagnetic torque equation [5]-[7] as: 

2

,

3d
d 2

f eqe
q e L eq d

eq eq eq eq

p B p pi T T
t J J J J

ψω ω= − − −               (9) 

For controller and observer design, the uncertain load and actuator-related ef-
fects are grouped into a lumped disturbance term. This lumped-disturbance rep-
resentation is widely used in observer-based PMSM speed-control systems to sim-
plify disturbance estimation and compensation [12]-[14]. Therefore, the electrical 
speed dynamics can be rewritten as: 

( )d
d

eqe
q e

eq

B
K i f t

t Jω
ω

ω= − +                    (10) 

where 
23

2
f

eq

p
K

Jω

ψ
=                          (11) 

and ( )f t  represents the total lumped disturbance. It includes the effects of load 
torque variation, unmodeled mechanical disturbances, and parameter uncertain-
ties. The lumped disturbance can be expressed as: 

( ) ,
eq

q e L eq d
eq eq eq

B p pf t K i T T
J J Jω ω

 
= −∆ −∆ − −  

 
           (12) 

where ΔKω  and ( )Δ eq eqB J  denote parameter deviations caused by modeling 
uncertainty, thermal variation, or mechanical changes. The control-oriented 
model in (10) is suitable for the design of the proposed FACI-STSMC-SMESO-
KF controller because it directly relates the control input to the speed dynamics 
while grouping unknown actuator-side effects into a single disturbance term [12]-
[14]. 

As shown in Figure 1, the SPMSM is considered as the electric drive of the EMA 
system, while the actuator-side mechanical effects are represented by equivalent 
inertia, viscous friction, reflected load torque, and lumped disturbances acting on 
the motor shaft. 
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Figure 1. Equivalent motor-control representation of the SPMSM-driven EMA system. 

3. Design of the Proposed FACI-STSMC-SMESO-KF Controller 
3.1. Overall Control Structure 

 

Figure 2. Overall block diagram of the proposed FACI-STSMC-SMESO-KF control structure. 
 

Within the cascaded FOC framework, the proposed FACI-STSMC-SMESO-KF 
controller serves as the outer speed loop, producing the reference q-axis current 
command that is tracked by the inner d-axis and q-axis current regulators [5]-[7] 
[19] [20]. The objective of the designed controller is to achieve accurate speed 
tracking, disturbance rejection, chattering reduction, and robust performance un-
der practical EMA operating conditions, including abrupt load-torque variations, 
sensor noise, inverter current saturation, and speed reversal around the zero-
speed region [2]-[4] [17] [18]. These requirements are addressed through a con-
trol structure composed of four primary components. The integral-type sliding 
surface reduces the steady-state tracking error by accumulating the speed error, 
while the conditional integration mechanism mitigates excessive integral action 
during large transients and inverter current saturation. Furthermore, the super-
twisting technique combined with the fuzzy adaptive controller provides contin-
uous higher-order sliding-mode control with online gain adaptation. The SMESO 
module estimates the total lumped disturbance affecting the speed dynamics, 
whereas the Kalman filter provides smoothed feedback signals for control pur-
poses [12]-[16]. As shown in Figure 2, the proposed FACI-STSMC-SMESO-KF 
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control structure is implemented within the cascaded field-oriented control 
framework. The outer speed-control loop generates the reference q-axis current 
command, while the inner current-control loops regulate the d-axis and q-axis 
currents. 

3.2. Conditional-Integral Sliding Surface 

The speed tracking error is defined as: 

( ) ( ) ( )d ce t t tω ω ω= −                      (13) 

where ( )d tω  is the reference speed and ( )c tω  is the measured motor speed. 
The proposed sliding surface is selected as: 

( ) ( ) ( ) ( )s i int d cfs t c e t c e t K tω ω= + −                  (14) 

where ( )s t  is the sliding variable, 0sc >  is the speed-error gain, 0ic >  is the 
conditional integral gain, ( )inte t  is the conditional integral error, 0dK >  is the 
derivative damping coefficient, and ( )cf tω  is the filtered speed derivative. 

To reduce steady-state tracking error without excessive integral accumulation 
during large speed transitions, the conditional integral term is activated only when 
the speed error is inside a predefined boundary region: 

( )
( ) ( )

( )
,

,

d ,

0,
int zone

int
int zone

e t t e t E
e t

e t E
ω ω

ω

 <= 
≥

∫                (15) 

where ,int zoneE  is the integral activation boundary. This mechanism limits inte-
grator windup and helps reduce transient overshoot during sudden reference 
speed changes. 

3.3. Fuzzy Adaptive Super-Twisting Control Law 

The super-twisting sliding mode controller is used to improve robustness while 
reducing the chattering associated with conventional first-order SMC [8]-[13]. 
Since the performance of the super-twisting controller depends strongly on its 
gain, a fuzzy adaptive mechanism is introduced to tune the effective gain online. 

The normalized speed error and normalized filtered speed derivative are de-
fined as: 

n
max

e
E

E
ω=                           (16) 

cf
n

max

w
DE

DE
=



                        (17) 

where maxE  and maxDE  are normalization constants. 
The fuzzy inference system generates a normalized output fy , which is used 

to calculate the raw super-twisting gain: 

( ), , , ,st raw st min f st max st minK K y K K= + −                (18) 

where ,st minK  and ,st maxK  are the minimum and maximum allowable super-
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twisting gains. 
To avoid abrupt gain variation, the effective super-twisting gain is rate-limited 

as: 

( ) ( ) ( ) ( )( ), , , , , ,1 sat 1 , ,st eff st eff st raw st eff st max st maxK k K k K k K k K K= − + − − −∆ ∆ (19) 

where ,Δ st maxK  is the maximum allowable gain change per sampling interval. 
The first super-twisting term is defined as: 

( ) ( ) ( )
1 ,

,

satst eff
c s

s t
u t K s t

e
ε

 
= +   

 
                (20) 

where ε  is a small positive constant used to avoid numerical singularity, and 

,c se  is the sliding-surface boundary-layer width. 
The second super-twisting term is updated as: 

( ) ( ) ( ) ( )2 , 2
,

satst st eff
c s

s t
u t K t u t

e
λ

 
= −  

 


               (21) 

where 0stλ >  is a design coefficient and ( )t  is a leakage coefficient used to 
limit excessive accumulation in the integral robust term. 

The total super-twisting control signal is given by: 

( ) ( ) ( )1 2su t u t u t= +                       (22) 

The unsaturated q-axis current command is then obtained as: 

( )*
,q unsat si u t=                          (23) 

This structure provides a continuous higher-order sliding control action, which 
improves chattering behavior while maintaining robustness against bounded dis-
turbances [8]-[13]. 

3.4. SMESO-Kalman Fusion Observer 

The Sliding-Mode Extended State Observer is used to estimate the speed-related 
states and the lumped disturbance. The observer states are defined as: 

1 ˆˆ pux ω=                            (24) 

2ˆ ˆ
pux ω=                             (25) 

3
ˆˆ pux d=                            (26) 

where 1̂x  is the estimated speed, 2x̂  is the estimated speed derivative, and 3x̂  
is the estimated lumped disturbance. 

The observer error is defined as: 

1̂o pue xω= −                          (27) 

The SMESO dynamics are expressed as: 

1 2 1ˆ ˆ ox x eβ= +                         (28) 

( )2 1 3 2
,

saˆ ˆ ˆ t o
q

c o

ex ax b i x
e

β
 

= − + + +   
 

                 (29) 
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3 3
,

satˆ o

c o

ex
e

β
 

=   
 

                        (30) 

where 1β , 2β , and 3β  are the observer gains, and ,c oe  is the observer bound-
ary-layer width. The saturation function is used to reduce noise amplification in 
the observer dynamics. The SMESO gains are selected based on the observer band-
width Λ  and the observer boundary-layer width ,c oe , such that 1 1olβ = , 

2 2olβ = , and 3 3olβ = , where 1 ,3o c ol e= Λ , 2
2 ,3o c ol e= Λ , and 3

3 ,o c ol e= Λ . These 
gain factors are kept fixed throughout the simulation study. To improve estima-
tion smoothness, a Kalman filter is incorporated as an auxiliary estimation layer. 
The Kalman filter state vector is defined as: 

( )
( )
( )
( )

ˆ

ˆ

ˆ
KF

KF KF

KF

k

k k

d k

ω

ω

 
 

=  
 
  

x                        (31) 

The Kalman filter is formulated using a discrete-time prediction and correction 
structure. The state vector consists of the estimated speed, estimated acceleration, 
and estimated lumped disturbance, as defined in (31). The prediction model is 
expressed as: 

( ) ( ) ( )1 1KF KF KF KF qk k i k− = − + −x A x B               (32) 

( ) ( ) T1KF KFk k− = − +P A P A Q                   (33) 

where ( )KF k−x  is the predicted state vector, ( )k−P  is the predicted error co-
variance matrix, KFA  is the discrete-time state transition matrix, KFB  is the in-
put matrix, ( )1qi k −  is the previous q-axis current input, and Q  is the process 
noise covariance matrix. The measurement equation is given by: 

( ) ( ) ( )KF KFy k k v k= +C x                    (34) 

where ( )y k  is the measured speed, KFC  is the measurement matrix, and ( )v k  
is the measurement noise. The measurement noise covariance is denoted by R . 

The Kalman gain is calculated as: 

( ) ( ) ( )
1T T

KF KF KF KFk k k
−− − = + K P C C P C R             (35) 

The corrected state and covariance are then updated as: 

( ) ( ) ( ) ( ) ( )KF KF KF KF KFk k k y k k− − = + − x x K C x           (36) 

( ) ( ) ( )KF KFk k k−= −  P I K C P                  (37) 

In this work, the process noise covariance matrix is selected as: 

( )diag , , dq q qω ω=Q


                      (38) 

where qω , qω , and dq  represent the process noise levels associated with the 
speed, acceleration, and disturbance states, respectively. The measurement noise 
covariance is denoted by R . The numerical values of Q  and R  are selected 
as part of the Kalman observer tuning parameters used in the simulation study. 
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The Kalman filter is initialized using the measured initial speed, while the initial 
acceleration and disturbance states are set to zero. The initial covariance matrix is 
selected as a diagonal positive-definite matrix to allow the estimator to converge 
during the initial transient period. 

The disturbance-related state is generated by treating the lumped disturbance 
as an augmented slowly varying state. This allows the Kalman filter to smooth the 
disturbance estimate while the SMESO provides fast disturbance-sensitive estima-
tion. The innovation signal is then used to determine the fusion weighting be-
tween the Kalman estimate and the SMESO estimate. 

The innovation signal is defined as: 

( ) ( ) ( )KF KFr k y k k−= −C x                    (39) 

where ( )y k  is the measured speed and ( )KF k−x  is the predicted Kalman state 
vector. The absolute innovation is: 

( ) ( )ar k r k=                         (40) 

The fusion weight is calculated as: 

( ) ( ) 0

1 0

sat , 0,1a
f

r k r
k

r r
α

− 
=  − 

                  (41) 

where 0r  and 1r  are the lower and upper innovation thresholds. The fused 
speed estimate is expressed as: 

( ) ( ) ( ) ( )( ) ( )1ˆ ˆ ˆfused f KF f SMESOk k k k kω α ω α ω= + −          (42) 

The fused disturbance estimate is: 

( ) ( ) ( ) ( )( ) ( )1ˆ ˆ ˆ
fused f KF f SMESOd k k d k k d kα α= + −           (43) 

The Kalman filter provides smooth estimation during normal operation, while 
the SMESO improves robustness during sudden disturbances. Therefore, the in-
novation-based fusion mechanism combines the advantages of both estimators to 
improve feedback reliability [12] [16]. 

3.5. Final Current Command and Practical Protection 

The fused disturbance estimate is then incorporated into the super-twisting cur-
rent command to provide active load compensation: 

* *
, ,

ˆ
q cmd q unsat eff fusedi i dα= −                     (44) 

where effα  is the effective disturbance compensation gain. 
During reversal hold-off or near-current-saturation conditions, the disturbance 

compensation term is restricted to avoid excessive current demand or unstable 
compensation: 

* *
, , ,*

, *
,

, 1 or 0

ˆ

.98

,

q unsat hold q prev q max
q cmd

q unsat eff fused

i i i
i

i d

σ

α

 = ≥= 
−

       (45) 

The final q-axis current command is limited within the allowable current range: 
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( )* *
, , , ,sat , ,q ref q cmd q min q maxi i i i=                   (46) 

where ,q mini  and ,q maxi  are the allowable q-axis current limits. 
During fast load-recovery operation, an additional feedforward current term is 

added: 

( )* * *
, , , , ,sat , ,q ref q cmd q ff q min q maxi i i i i= +                 (47) 

where *
,q ffi  is the feedforward current calculated from the estimated load torque. 

This practical protection structure improves disturbance recovery while keeping 
the current command within the safe operating limits of the inverter and motor. 

3.6. Stability Analysis of the Proposed FACI-STSMC-SMESO-KF  
Controller 

Before presenting the Lyapunov-based stability analysis, the following assump-
tions are considered. First, the reference speed ( )d tω  and its derivative are as-
sumed to be bounded. Second, the lumped disturbance ( )d t , which includes 
load torque variation, friction effects, parameter uncertainties, and unmodeled 
actuator-side dynamics, is assumed to be bounded. Third, the disturbance estima-
tion error produced by the SMESO-Kalman fusion observer is assumed to remain 
bounded. Fourth, all controller gains, including the sliding surface gains and the 
effective super-twisting gain, are selected as positive finite constants. Fifth, the q-
axis current command is bounded by the imposed current saturation limits. Fi-
nally, the saturation functions used in the controller and observer introduce finite 
boundary layers to reduce chattering and noise amplification. 

Under these assumptions, the proposed controller is analyzed in terms of prac-
tical bounded convergence. Therefore, the objective of the stability analysis is not 
to prove ideal global asymptotic stability, but to show that the sliding variable 
converges to a bounded neighborhood around the origin under bounded disturb-
ance, observer-error, and current-limited operating conditions. 

A Lyapunov-based stability analysis is presented to evaluate the convergence 
behavior of the proposed FACI-STSMC-SMESO-KF controller. The analysis fo-
cuses on the sliding variable defined in (14). Since the proposed controller is based 
on a super-twisting sliding mode structure, the reaching condition is examined 
using the selected Lyapunov candidate function [8]-[13]. 

The Lyapunov candidate function is selected as: 

( ) ( )21
2

V t s t=                         (48) 

where ( )s t  is the sliding variable. The function ( )V t  is positive definite for 
( ) 0s t ≠  and becomes zero when ( ) 0s t = . Taking the time derivative of (48) 

gives: 

( ) ( ) ( )V t s t s t=

                        (49) 

For sliding mode control, the reaching condition requires that the sliding vari-
able and its derivative have opposite signs. Therefore, the stability condition can 
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be written as [8]-[11]: 

( ) ( ) 0s t s t <                          (50) 

or equivalently: 

( ) 0V t <                           (51) 

The proposed controller uses the fused disturbance estimate to compensate for 
the lumped disturbance. The disturbance estimation error is defined as: 

( ) ( ) ( )ˆ
fusedd t d t d t= −                      (52) 

where ( )d t  is the actual lumped disturbance and ( )ˆ
fusedd t  is the disturbance 

estimate obtained from the SMESO-Kalman fusion observer. Assuming that the 
lumped disturbance and the estimation error are bounded, the following condi-
tion holds: 

( ) dd t ≤ ∆                           (53) 

where Δ 0d >  is a bounded positive constant. 
Under the proposed fuzzy adaptive super-twisting control law, the effective 

control gain is adjusted online to dominate the bounded disturbance estimation 
error. Therefore, the Lyapunov derivative can be bounded as: 

( ) ( )V t s tη≤ −                         (54) 

where 0η >  is a positive design constant. Since ( ) 0V t ≤ , the Lyapunov func-
tion is non-increasing, and the sliding variable is driven toward the sliding surface. 
This confirms that the reaching condition is satisfied under bounded disturbance 
and estimation error conditions. Super-twisting sliding mode control is com-
monly used to improve robustness while reducing the chattering associated with 
conventional first-order SMC [8]-[13]. 

In practical implementation, a saturation function is used instead of an ideal 
discontinuous sign function to reduce chattering in the generated q-axis current 
command. Therefore, the sliding variable converges to a small boundary layer 
around the origin: 

( ) ,c ss t e≤                           (55) 

where ,c se  is the sliding-surface boundary-layer width. 
When the system trajectory enters this boundary layer, the conditional integral 

term becomes active and reduces the residual steady-state tracking error. In addi-
tion, the SMESO-Kalman fusion observer provides bounded speed and disturb-
ance estimates, while the current saturation and anti-windup mechanisms keep 
the control input within safe operating limits. Therefore, the proposed FACI-
STSMC-SMESO-KF controller achieves practical closed-loop stability under 
bounded disturbances, estimation errors, and current-limited operating condi-
tions [12]-[16]. 

It should be noted that the obtained stability result represents practical bounded 
convergence rather than ideal global asymptotic stability. This is because the im-
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plemented controller includes saturation functions, current limits, observer fu-
sion, and protection logic. Nevertheless, the analysis confirms that the proposed 
controller drives the sliding variable toward a bounded neighborhood around zero 
while maintaining stable speed tracking behavior. 

4. Results and Discussion 
4.1. Simulation Setup 

The proposed control strategy is evaluated using MATLAB/Simulink. The sim-
ulation model is developed based on the SPMSM mathematical model and the 
EMA-equivalent shaft load representation described in Section 2. The initial 
simulation structure is based on the Field-Oriented Control framework, where 
the inner current loops regulate the d-axis and q-axis currents, while the outer 
speed loop generates the reference q-axis current command [5]-[7] [19]. The 
MATLAB/ Simulink implementation is modified from the Motor Control 
Blockset FOC example to include the proposed FACI-STSMC-SMESO-KF 
speed controller, SMESO-Kalman fusion observer, current saturation handling, 
anti-windup action, reversal hold-off logic, and fast load-recovery compensa-
tion [20]. Figure 3 shows the MATLAB/Simulink implementation of the pro-
posed SPMSM drive system. The model includes the SPMSM plant, three-phase 
voltage source inverter, SVPWM block, coordinate transformations, inner cur-
rent controllers, outer speed controller, observer structure, and load torque dis-
turbance input. 
 

 

Figure 3. MATLAB/Simulink implementation of the proposed SPMSM drive system. 
 

The main motor parameters, voltage condition, control settings, and load dis-
turbance profile used in the simulation are summarized in Table 1. These param-
eters are used consistently for the PI-based FOC, traditional SMC, and proposed 
FACI-STSMC-SMESO-KF controllers to ensure a fair comparison under identical 
operating conditions. In addition, Tables 2-4 present the tuning parameters of the 
proposed FACI-STSMC-SMESO-KF controller, the traditional SMC baseline 
controller, and the PI-based FOC baseline controller, respectively. These tuning 
tables are included to improve the reproducibility of the simulation study and to 
clarify the controller, observer, fusion, and protection settings used in the com-
parative evaluation. 
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Table 1. SPMSM drive parameters and simulation conditions. 

Parameter Symbol Value 

Number of pole pairs p 2 

Permanent magnet flux linkage ψf 0.0055 Wb 

Stator resistance Rs 0.0825 Ω 

d-axis inductance Ld 0.00018 H 

q-axis inductance Lq 0.00018 H 

Equivalent inertia J 2.104 e−5 kg⋅m2 

Viscous friction coefficient B 1.0 e−5 N⋅m⋅s/rad 

Base current Ibase 30 

Base speed Nbase 8585 

Rated torque Trated 0.3276 

Load disturbance magnitude TL 0.1638 N⋅m 

Load disturbance time tL 0.3 s 

Sampling time Ts 6.6667e−4 s 

 

The parameters listed in Table 1 are used for all simulation cases to ensure a 
fair comparison between the PI-based FOC, traditional SMC, and proposed 
FACI-STSMC-SMESO-KF controllers. The load torque disturbance is applied at 

0.3 st =  with a magnitude of 0.5 ratedT , corresponding to 0.1638 N∙m. This dis-
turbance represents the EMA-equivalent shaft load applied to the SPMSM and is 
used to evaluate the disturbance rejection and recovery capability of each control-
ler. 

Tables 2-4 summarize the tuning parameters used for the proposed FACI-
STSMC-SMESO-KF controller, the traditional SMC baseline controller, and the 
PI-based FOC baseline controller, respectively. These tables are included to im-
prove the reproducibility of the simulation study and to clarify the controller, ob-
server, fusion, and protection settings used in the comparative evaluation. 
 

Table 2. Proposed FACI-STSMC-SMESO-KF controller and observer tuning parameters. 

Subsystem Layer Tuning Parameter Symbol Nominal Value 

Conditional-integral sliding surface Speed error proportional gain Cs 15.0 

Conditional-integral sliding surface Conditional integral gain Ci 12.0 

Conditional-integral sliding surface Derivative damping factor Kd 0.075 

Conditional-integral sliding surface Sliding surface boundary-layer width ec,s 0.45 

Conditional-integral sliding surface Integral activation zone threshold Eint,zone 0.01 p.u. 

Fuzzy adaptive super-twisting law Error normalization ceiling Emax 1.0 

Fuzzy adaptive super-twisting law Derivative normalization ceiling DEmax 10.0 

Fuzzy adaptive super-twisting law Minimum baseline super-twisting gain Kst,min 1.0 

Fuzzy adaptive super-twisting law Maximum baseline super-twisting gain Kst,max 20.0 
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Continued 

Fuzzy adaptive super-twisting law Nominal gain variation rate limit ΔKst,max 28 Ts 

SMESO layer Observer tuning bandwidth Λ 850 

SMESO layer Speed estimation gain factor l1o 3Λec,o = 127.5 

SMESO layer Acceleration feedback gain factor l2o 3Λ2ec,o = 54,187.5 

SMESO layer Lumped disturbance tracking gain factor l3o Λ3ec,o = 1.5353 × 107 

SMESO layer Observer boundary-layer width ec,o 0.05 

Kalman observer fusion matrix Speed state covariance noise qω 5 × 10−3 

Kalman observer fusion matrix Acceleration state covariance noise qω 5 × 10−3 

Kalman observer fusion matrix Disturbance state covariance noise qd 4 × 10−4 

Kalman observer fusion matrix Measurement noise covariance scaling R 1 × 10−4 

Kalman observer fusion matrix Lower innovation filtering boundary r0 0.01 

Kalman observer fusion matrix Upper innovation filtering boundary r1 0.06 

Hardware constraints and protection Hard saturation current envelope [iq,min, iq,max] ±1.0 p.u. (±30 A) 

Hardware constraints and protection Forward disturbance compensation scale αeff 0.08 to 1.0 

 
Table 3. Traditional SMC controller tuning parameters. 

Subsystem Layer Tuning Parameter Symbol Nominal Value 

Sliding surface Integral sliding gain C 0.9 

Sliding surface Integral accumulator limit intlim ±0.65 

Switching function Boundary-layer width ϕ 0.05 

Switching function Switching gain Ks 1.0 

Hardware constraints and protection Hard saturation current envelope [iq,min, iq,max] ±1.0 p.u. (±30 A) 

 
Table 4. PI-Based FOC speed controller tuning parameters. 

Subsystem Layer Tuning Parameter Symbol Nominal Value 

PI speed controller Proportional gain Kp,speed 4.3 

PI speed controller Integral gain Ki,speed 0.057 

Hardware constraints and protection Hard saturation current envelope [iq,min, iq,max] ±1.0 p.u. (±30 A) 

 

The PI-based FOC speed controller was tuned using the baseline speed-loop 
tuning procedure of the cascaded FOC structure. The proportional gain was first 
adjusted to obtain a fast speed response without excessive overshoot, and then the 
integral gain was gradually increased to reduce the steady-state speed error. After 
achieving an acceptable balance between transient response, overshoot, and 
steady-state accuracy, the final PI gains were fixed and used for all simulation 
cases. 

The traditional SMC baseline controller was tuned by adjusting the sliding sur-
face gain, integral limitation, switching gain, and boundary-layer width. The slid-
ing surface gain was selected to improve tracking performance, while the integral 
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limitation was introduced to prevent excessive error accumulation. The switching 
gain was adjusted to enhance disturbance rejection, and the boundary-layer satu-
ration function was used to reduce high-frequency chattering. 

For the proposed FACI-STSMC-SMESO-KF controller, the conditional-inte-
gral sliding surface, fuzzy adaptive super-twisting law, SMESO gains, Kalman 
fusion parameters, and hardware protection settings were tuned iteratively in 
MATLAB/Simulink. The tuning objective was to achieve fast speed tracking, 
bounded q-axis current response, reduced chattering, accurate disturbance esti-
mation, and stable compensation under EMA-equivalent shaft load conditions. 
The final parameters of all controllers were kept constant during the reported sim-
ulations. The same SPMSM model, sampling time, current limits, reference speed 
profile, and load disturbance conditions were used to ensure a fair comparison 
among the tested controllers. 

Before presenting the quantitative comparison, the performance indices used 
in this study are defined to clarify the evaluation procedure. The tracking error is 
calculated as: 

( ) ( ) ( )d ce t t tω ω= −                       (56) 

where ( )d tω  is the reference speed and ( )c tω  is the actual motor speed. The 
root mean square error (RMSE) is used to evaluate the overall tracking accuracy 
and is defined as: 

( )2

1

1RMSE
N

k
e k

N =

= ∑                      (57) 

The mean absolute error (MAE) is calculated as: 

( )
1

1MAE
N

k
e k

N =

= ∑                       (58) 

The integral absolute error (IAE) is used to measure the accumulated absolute 
tracking error over time: 

( )
0

IAE d
T

e t t= ∫                        (59) 

The integral time absolute error (ITAE) is defined as: 

( )
0

ITAE d
T

t e t t= ∫                       (60) 

The integral square error (ISE) is calculated as: 

( )2
0

ISE d
T

e t t= ∫                        (61) 

The final steady-state error is expressed as: 

( )endSSE e T=                         (62) 

where T is the end simulation time. In order to compare the results based on steps, 
the rise time can be considered as the time taken by the speed response from 10% 
to 90% of the final reference value. The settling time will be the time taken by the 
speed response to reach and stay in a range ±2% of the final reference value. The 
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percentage overshoot will be measured relative to the final reference value of each 
step of speed. The same criteria have been considered while evaluating the perfor-
mance of the PI-based FOC, conventional SMC, and proposed FACI-STSMC-
SMESO-KF systems. 

4.2. Speed Tracking, Current Response, and Performance Indices 

The dynamic performance of the speed-control loop is evaluated under a multi-
step reference speed profile, including a sudden shaft load torque disturbance and 
a speed reversal condition, as illustrated in Figure 4. At 0.3 st = , an external load 
torque disturbance equal to 50%  of the rated torque (0.1638 N∙m) is applied to the 
SPMSM shaft. Under this disturbance condition, the conventional PI-based FOC 
controller exhibits a noticeable speed droop and a longer recovery interval, while 
the traditional SMC controller improves disturbance rejection but introduces 
higher oscillations due to its switching control action. In contrast, the proposed 
FACI-STSMC-SMESO-KF controller effectively reduces the disturbance effect 
and restores the speed response rapidly. This improvement is mainly attributed to 
the combined action of the SMESO-Kalman fusion observer, disturbance compen-
sation, fuzzy adaptive super-twisting control, and current-limited anti-windup 
mechanism. 
 

 

Figure 4. Speed tracking response comparison of PI-based FOC, traditional SMC, and proposed FACI-STSMC-
SMESO-KF controller. 

 

Furthermore, to examine the robustness of the proposed controller during di-
rection reversal, a speed reversal command is applied from +0.8 p.u. to −0.4 p.u. 
at 0.5 st = . This operating condition is critical for EMA-oriented drives because 
the speed trajectory crosses the zero-speed region, where measurement noise, sign 
changes, and nonlinear load effects may degrade control performance. The PI-
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based FOC controller shows larger transient oscillations and slower settling dur-
ing the reversal interval, while the traditional SMC controller produces stronger 
current ripple due to its discontinuous switching behavior. The proposed FACI-
STSMC-SMESO-KF controller provides smoother zero-speed crossing, lower tran-
sient oscillation, and faster stabilization at the negative speed reference. These re-
sults confirm that the proposed controller improves speed tracking, disturbance 
rejection, and reversal robustness under EMA-equivalent operating conditions. 
 

 

Figure 5. q-axis current response of the proposed FACI-STSMC-SMESO-KF controller. 
 

 

Figure 6. q-axis current response of the traditional SMC controller. 
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Figure 7. q-axis current response of the PI controller. 
 

Figures 5-7 show the q-axis current responses of the proposed FACI-STSMC-
SMESO-KF controller, traditional SMC controller, and PI-based FOC controller, 
respectively. Since the q-axis current is directly related to the electromagnetic 
torque of the SPMSM, its response is an important indicator of current smooth-
ness, torque ripple, and practical implementation quality. 

The current responses in Figures 5-7 confirm the practical behavior and cur-
rent-limiting capability of each tested controller under the applied operating con-
ditions. The proposed FACI-STSMC-SMESO-KF controller in Figure 5 maintains 
a bounded and smoother q-axis current response during rapid speed transitions 
and external load disturbance conditions. During the acceleration intervals and 
the speed reversal event at 0.5 st = , the reference q-axis current reaches the im-
posed physical limits of ±1.0 p.u. The integrated current limitation and anti-
windup mechanism help prevent excessive integral accumulation and support 
smooth recovery after saturation. 

In contrast, the traditional SMC controller in Figure 6 exhibits more noticeable 
high-frequency current oscillations due to the switching nature of the discontin-
uous control law. These oscillations may increase torque ripple and mechanical 
stress in practical SPMSM-driven EMA systems. Meanwhile, the PI-based FOC 
controller in Figure 7 requires a larger corrective current during transient recov-
ery intervals and shows slower current settling under load disturbance and speed 
reversal conditions. Therefore, the proposed controller provides a better compro-
mise between fast load disturbance rejection, current smoothness, and safe 
torque-producing current generation. 
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Table 5. Overall performance comparison of the tested controllers. 

Performance Index PI SMC FACI-STSMC-SMESO-KF 

RMSE 0.1724 0.1700 0.1688 

MAE 0.0493 0.0564 0.0413 

IAE 0.0493 0.0565 0.0414 

ITAE 0.0187 0.0255 0.0163 

ISE 0.0298 0.0289 0.0285 

SSEend 8.8655e−06 0.0189 −1.0661e−04 
 
The overall performance comparison in Table 5 shows that the proposed FACI-

STSMC-SMESO-KF controller achieves the best tracking performance among the 
tested controllers. Compared with the PI-based FOC and traditional SMC con-
trollers, the proposed controller provides the lowest RMSE, MAE, IAE, ITAE, and 
ISE values. This confirms that the proposed method improves speed tracking ac-
curacy, reduces accumulated tracking error, and enhances transient performance 
under reference speed variations and EMA-equivalent shaft load disturbance con-
ditions. Although the final steady-state error remains very small for all controllers, 
the proposed controller offers the best overall balance between tracking accuracy, 
disturbance rejection, and smooth dynamic response. 
 

Table 6. Step-based performance comparison of the tested controllers. 

Step No. Controller Rise Time Settling Time Overshoot % SSEend RMSE IAE ITAE 

1 PI-Based FOC 0.0147 0.065333 19.970 −3.20 × 10−4 0.10166 7.89 × 10−3 1.42 × 10−4 

1 Traditional SMC 0.0140 0.13867 21.681 −3.11 × 10−3 0.095008 7.78 × 10−3 1.95 × 10−4 

1 Proposed FACI-STSMC-SMESO-KF 0.0138 0.034000 0.026034 −7.05 × 10−5 0.092989 5.88 × 10−3 6.46 × 10−5 

2 PI-Based FOC 0.0147 0.20333 19.873 8.02 × 10−4 0.084787 1.07 × 10−2 5.67 × 10−4 

2 Traditional SMC 0.0153 0.28200 17.601 5.20 × 10−3 0.076942 8.29 × 10−3 3.55 × 10−4 

2 Proposed FACI-STSMC-SMESO-KF 0.0145 0.14133 0 2.14 × 10−3 0.077349 6.98 × 10−3 2.47 × 10−4 

3 PI-Based FOC 0.02733 0.084000 9.0127 8.87 × 10−6 0.225980 3.011× 10−2 5.32 × 10−4 

3 Traditional SMC 0.02733 0.16600 13.542 1.89 × 10−2 0.225040 3.97 × 10−2 3.19 × 10−3 

3 Proposed FACI-STSMC-SMESO-KF 0.02733 0.045333 0 −1.07 × 10−4 0.223540 2.78 × 10−2 4.11 × 10−4 
 
The step-based comparison in Table 6 confirms that the proposed FACI-

STSMC-SMESO-KF controller provides the best transient performance among 
the tested controllers. It achieves significantly lower overshoot and smaller track-
ing error values compared with the PI-based FOC and traditional SMC control-
lers. This improvement verifies the effectiveness of the conditional-integral super-
twisting control law and the SMESO-Kalman disturbance compensation mecha-
nism under EMA-equivalent shaft load conditions. 

4.3. Observer and Load Torque Estimation Results 

Figure 8 presents the estimated speed responses obtained using the Kalman filter, 
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the SMESO, and the proposed SMESO-Kalman fusion estimator. All three esti-
mators are able to track the measured speed response under reference speed var-
iations and load-torque disturbance conditions. However, the estimated speed re-
sponses exhibit different characteristics in terms of transient response, noise at-
tenuation, and signal smoothness. 

The Kalman filter provides a smooth speed estimate during steady-state opera-
tion due to its stochastic filtering nature. However, its transient response may be 
relatively slow during rapid speed variations and sudden load disturbances. In 
contrast, the SMESO-based speed estimate responds faster to disturbance 
changes, but it may contain higher oscillations due to the sliding-mode correction 
action.  

The proposed SMESO-Kalman fusion estimator combines the advantages of 
both methods by utilizing the fast disturbance-sensitive response of the SMESO 
and the smoothing capability of the Kalman filter. As a result, the fused speed 
estimate is smoother than the SMESO estimate and faster than the pure Kalman 
filter estimate during transient operating conditions. 
 

 

Figure 8. Speed estimation response of Kalman filter, SMESO, and proposed SMESO-Kalman fusion estimator. 
 

Table 7 presents the quantitative comparison of the speed estimation perfor-
mance. The results show that the proposed fused estimator achieves the lowest 
estimation error compared with the individual Kalman filter and SMESO estima-
tors. The reduced RMSE, MAE, and maximum absolute error confirm that the 
fusion mechanism improves estimation accuracy and feedback reliability during 
both transient and steady-state operating conditions. 

As per the results presented in Table 7, the suggested SMESO-Kalman estima-
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tor outperforms the other types of observers in terms of estimation capabilities. 
Specifically, it yields lower RMSE, MAE, and maximum absolute error values 
compared to the pure Kalman and SMESO estimators, respectively. Moreover, the 
highest tracking efficiency equals 99.892%, which suggests the superiority of the 
fusion of the two estimators in improving estimation accuracy. 
 

Table 7. Quantitative comparison of observer estimation performance. 

Observer Architecture RMSE MAE Max Absolute Error Tracking Efficiency (%) 

Pure Kalman Filter ( ˆKFω ) 0.0041968 0.00207770 0.018880 99.58 

Pure SMESO ( ˆSMESOω ) 0.0024297 0.00083068 0.012766 99.757 

Proposed Fused Estimator ( ˆ fusedω ) 0.0010845 0.00044252 0.0060106 99.892 

 

Figure 9 depicts the estimated load torque response for the proposed FACI-
STSMC-SMESO-KF controller. It can be seen from the results that the estimated 
torque starts changing right after the instant when the load disturbance occurs, 
indicating that the observer can estimate the equivalent shaft load variation as per 
the Equivalent Mechanical Load model. Once the system reaches its steady-state 
operation, the load torque becomes bounded and equal to a stable value. 
 

 

Figure 9. Estimated load torque response of the proposed FACI-STSMC-SMESO-KF controller. 

4.4. Lyapunov Stability Verification 

To verify the practical stability of the proposed controller, the Lyapunov candidate 
function defined in Section 3.6 is evaluated using the simulated sliding variable. 
Figure 10 shows that V(s) rapidly decreases toward zero, while dV/dt is mainly 
negative during the transient interval and approaches zero after settling. 
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Figure 10. Lyapunov candidate function and its derivative for the proposed FACI-STSMC-SMESO-KF controller. 
 

The rapid decay of V(s) and the mainly negative behavior of dV/dt during the 
transient interval confirm that the sliding variable converges toward the sliding 
surface and that the proposed controller maintains practical closed-loop stability. 

5. Conclusion 

The paper discussed a robust control strategy for SPMSM-driven electro-mechan-
ical actuators under EMA-like disturbances. Specifically, the proposed FACI-
STSMC-SMESO-KF control approach is based on the use of a conditional integral 
sliding mode, fuzzy adaptive super twisting, SMESO disturbance estimation, Kal-
man fusion, current constraint, anti-windup compensation, reverse hold-off opera-
tion, and fast recovery from loading transients. The performance of the new control-
ler was compared with classical PI-controlled FOC and SMC in the MATLAB/Sim-
ulink simulation software. The comparison revealed enhanced speed tracking pre-
cision, lower overshoot, improved response of the q-axis currents, and better dis-
turbance rejection of the suggested FACI-STSMC-SMESO-KF control approach. 
Moreover, the SMESO-Kalman fusion observer outperformed other estimators 
both in terms of speed accuracy and smoothness. Also, the stability of the closed-
loop system was numerically validated using Lyapunov stability theory. Thus, the 
FACI-STSMC-SMESO-KF control approach represents an appropriate solution 
for controlling electro-mechanical actuator drive systems. 
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