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This paper presents an Enhanced Model-Free Sliding Mode Control (EMFSMC) method 

tailored for the speed loop of a 12-slot/19-pole yokeless and segmented armature axial 

flux-switching permanent magnet (12S/19P YASA-AFFSSPM) motor, focusing on 

robustness against parameter perturbations. Traditional control techniques, such as 

Proportional-Integral (PI) control and Model-Free Sliding Mode Control (MFSMC), 

have shown limitations in handling the motor's nonlinear behavior and susceptibility to 

disturbances. The proposed EMFSMC algorithm optimizes speed loop performance by 

establishing a hyperlocal model of the YASA-AFFSSPM motor, which accounts for 

parameter variations. An improved double-power combinatorial reaching law is 

developed to enhance convergence rates during the sliding surface approach phase, while 

an Extended Sliding Mode Disturbance Observer (ESMDO) provides real-time 

monitoring of unknown disturbances affecting speed control. Simulation results 

demonstrate that the EMFSMC significantly accelerates the speed response time to 

approximately 0.015 seconds with minimal overshoot, compared to 0.04 seconds and a 

12.5% overshoot with the MFSMC. Additionally, under sudden load conditions, the 

EMFSMC controller exhibits a speed drop of only 4 rpm, recovering to stability in about 

0.01 seconds, while the MFSMC controller experiences a 9 rpm drop with a recovery 

time of 0.03 seconds. These findings confirm that the EMFSMC enhances the speed 

response rate and robustness of the speed loop, outperforming traditional control 

methodologies across various operating conditions. 

 

NOMENCLATURE 
𝑢𝑑, 𝑢𝑞 d-q axis voltages 𝑠 Sliding variable 

𝑅𝑠𝑜 Nominal value of the stator phase winding 

resistance 
𝐿𝑑𝑜, 𝐿𝑞𝑜 Nominal values of the stator winding d-q axis 

inductances  

𝑖𝑑, 𝑖𝑞 d-q axis current components 𝛼, 𝛽 Exponents in the reaching law 

𝑘₁, 𝑘₂,𝑘₃ Positive constants used in reaching laws 𝜀₁, 𝜀₂ Exponential parameters in the reaching law 

𝜔𝑒 Rotor electrical angular velocity 𝑥₁, 𝑥₂ State variables of speed error and its integral 

𝜓𝑟𝑜 Permanent magnet flux linkage 𝑠₁ Sliding surface for speed error 

𝐽 Moment of inertia 𝑠₂ Sliding surface for speed estimation error 

Δ𝑅𝑠 Perturbation of resistance 𝜁, 𝛿 Parameters in the extended hyper-local model 

Δ𝐿𝑑, Δ𝐿𝑞 Perturbations of the stator inductance parameters 𝐹 Unknown part of the system 

Δ𝜓𝑟 Variation of the magnetic flux linkage of the 

permanent magnet 
𝐹̂ Real-time estimation of the unknown part of the 

system 

𝑇𝑒 Output electromagnetic torque 𝜔̂ Real-time speed estimation 

𝑛𝑝 Number of rotor poles 𝑢𝑐 Control input of the speed loop feedback controller 

Δ𝑇𝑒 Torque disturbance due to parameter perturbation 𝜔𝑒∗ Given speed of the motor 

Δ𝑢𝑑, Δ𝑢𝑞 Uncertain quantities caused by parameter changes 

in the d-axis and q-axis 
𝑙 Observer gain in the extended sliding mode 

disturbance observer 

𝑅(𝑡) Rate of change of the unknown quantity 𝑠 Sliding variable 

𝜂₁, 𝜂₂ Positive constants in the observer control law 𝑘₁, 𝑘₂,𝑘₃ Positive constants used in reaching laws 
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I.  Introduction 

Permanent Magnet Synchronous Motors (PMSMs) play 

a crucial role in various industries, serving as a cornerstone 

in applications that demand high precision and efficiency, 

such as robotics, aerospace, automotive, and renewable 

energy systems. In recent times, a specific type of PMSM 

known as the Flux Switching Permanent Magnet (FSPM) 

motor has emerged as a promising alternative, offering 

advancements in power density and control flexibility [1-2]. 

The 12Slots/19 poles yokeless and segmented armature flux-

switching sandwiched permanent magnet (12S/19P YASA-

AFFSSPM) machines represent an innovative category of 

flux machines with a unique topology. This design provides 

several benefits, including increased torque density, 

minimized cogging torque, and electrical as well as magnetic 

isolation between phases [3, 4]. Consequently, the 12S/19P 

YASA-AFFSSPM configuration shows significant potential 

as an in-wheel direct drive motor for Electric Vehicles (EVs). 

Since the system equations of FSPM motors closely 

resemble those of PMSMs, control strategies developed for 

PMSMs can be effectively adapted for FSPM motors. 

While traditional Proportional-Integral (PI) control is 

simple and easy to implement, it lacks robustness against 

external disturbances and changes in system parameters due 

to the nonlinear and strongly coupled nature of Permanent 

Magnet Synchronous Motors (PMSMs). To address this 

limitation, advanced control methods such as model 

predictive control [5], model-free control [6], neural network 

control [7], and sliding mode control [8] have been proposed. 

Model-free control is notable for its insensitivity to both 

internal and external disturbances and its robustness in 

scenarios where dynamic effects on the system are poorly 

modeled. Sliding mode control also offers advantages in 

insensitivity to parameter variations and strong robustness. 

Thus, combining sliding mode control with model-free 

control effectively reduces the reliance on accurate motor 

system models and mitigates the impacts of system 

parameter changes and external disturbances. However, 

integrating sliding mode control and model-free control can 

introduce chattering, which is a common issue with sliding 

mode methods. Therefore, enhancing system response speed 

while reducing chattering has become a primary focus in 

model-free sliding mode control research. Approaches like 

the one suggested in [9] are often used to lessen chattering. 

In robotic systems, Reference [10] developed a model-free 

control scheme that combines adaptive dynamic sliding 

mode control with a voltage control strategy, addressing 

uncertainties in practical applications by estimating lumped 

uncertainty, thus improving tracking performance and 

ensuring system stability, as validated through simulation 

results. Building on this, References [11] and [12] introduced 

double power-law and multi-power-law approach laws to 

expedite convergence rates and minimize chattering through 

the incorporation of power-law terms. Subsequently, 

Reference [13] proposed double power-law combination 

approach laws derived from the double power-law approach 

laws, enhancing system performance across different states. 

Recent advancements in control strategies, particularly 

sliding mode control (SMC), have shown promise in 

managing chaotic systems with uncertainties. Reference [14] 

illustrates that SMC can stabilize time-varying chaotic 

systems by defining a sliding surface that mitigates the 

effects of disturbances, ensuring fixed-time stability. 

Reference [15] effectively reduced chattering by using an 

extended state observer for improved estimation accuracy 

compared to traditional observers [16]. However, challenges 

such as managing multiple parameters and intricate tuning 

arose. To address these issues, Reference [17] developed an 

extended sliding mode disturbance observer, enhancing 

system robustness. Additionally, Reference [18] introduced 

an adaptive fuzzy fractional-order fast terminal sliding mode 

control approach, employing a novel fractional-order sliding 

surface and fuzzy system to eliminate chattering and 

ensuring finite-time stability via Lyapunov's theorem. 

To tackle parameter perturbations affecting the 

robustness of control systems for the 12-slot/19-pole 

yokeless and segmented armature axial flux-switching 

sandwiched permanent magnet (12S/19P YASA-AFFSSPM) 

motor, this study presents the Enhanced Model-Free Sliding 

Mode Control (EMFSMC) algorithm. This algorithm 

features a novel double-power combination sliding mode 

reaching law to enhance convergence rates during the sliding 

mode approach while reducing chattering. The integration of 

the Extended Sliding Mode Disturbance Observer (ESMDO) 

allows for real-time monitoring and estimation of unknown 

disturbances affecting speed control, improving overall 

accuracy and stability. 

Simulation and experimental results indicate that 

EMFSMC outperforms MFSMC in speed response time, 

stability, and robustness under various operating conditions, 

leading to significant reductions in speed drop and recovery 

time during sudden load changes. These advancements 

enhance the performance of the YASA-AFFSSPM motor, 

making it a promising candidate for applications in electric 

vehicles and other precision-demanding industries. 

Comprehensive validations demonstrate the effectiveness of 

the proposed control algorithms in significantly improving 

the performance of the 12S/19P YASA-AFFSSPM motor. 

 

II. Configuration 

In [3], a novel motor structure without yoke and armature 

segmentation is proposed to maximize slot space and coil 

winding capacity, thereby enhancing the slot fill factor and 

torque density. The YASA-AFFSSPM motor, depicted in 

Fig. 1, features a stator with 12 modular units, each 

containing 3 "I"-shaped stator teeth, 2 "I"-shaped permanent 
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magnets, and 1 winding coil. This yokeless stator design 

optimizes coil winding space, resulting in increased average 

torque output. The motor also uses two rotors positioned 180 

degrees apart electrically, which effectively eliminates high-

order harmonics of back-EMF and reduces cogging torque. 

 
Fig. 1. Machine topology. 

{
𝑢𝑑 = 𝑅so𝑖𝑑 + 𝐿𝑑o

d𝑖𝑑

 d𝑡
− 𝜔e𝐿𝑞0𝑖𝑞 + Δ𝑢𝑑

𝑢𝑞 = 𝑅so𝑖𝑞 + 𝐿𝑞0
d𝑖𝑞

 d𝑡
+ 𝜔e𝐿𝑑0𝑖𝑑 + 𝜔e𝜓ro + Δ𝑢𝑞

 (1) 

Here, ud and uq are the d-q axis voltages; Rso is the nominal 

value of the stator phase winding resistance; id and iq are the 

d-q axis current components; Ldo and Lqo are the nominal 

values of the stator winding d-q axis inductances; ωe is the 

rotor electrical angular velocity; ψro is the nominal value of 

the PM flux linkage; Δud and Δuq are the uncertain quantities 

caused by parameter changes in the d-axis and q-axis of the 

motor, expressed as : 

{
Δ𝑢𝑑 = Δ𝑅s𝑖𝑑 + Δ𝐿𝑑

d𝑖𝑑

 d𝑡
− 𝜔eΔ𝐿𝑞𝑖𝑞

Δ𝑢𝑞 = Δ𝑅s𝑖𝑞 + Δ𝐿𝑞
d𝑖𝑞

 d𝑡
− 𝜔eΔ𝐿𝑑𝑖𝑑 +𝜔eΔ𝜓r

 (2) 

Here, where, ΔRs is the perturbation of resistance, ΔLd 

and ΔLq are the perturbations of the stator inductance 

parameters; Δψr is the variation of the magnetic flux linkage 

of the permanent magnet. The electromagnetic torque 

equation is given by: 

𝑇𝑒 =
3

2
𝑛𝑝[𝜓𝑟𝑜 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑]𝑖𝑞 + 𝛥𝑇𝑒 

=
3

2
𝑛𝑝𝜓𝑒𝑥𝑡𝑖𝑞 + 𝛥𝑇𝑒     (3) 

where 𝜓ext = 𝜓ro + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑 is effective magnetic flux 

linkage, Te represents the output electromagnetic torque, np 

is the rotor poles number and ΔTe represents the torque 

disturbance due to parameter perturbation, expressed as: 

Δ𝑇e =
3

2
𝑛p[Δ𝜓r + (Δ𝐿𝑑 − Δ𝐿𝑞)𝑖𝑑]𝑖𝑞   (4) 

The mechanical motion equation in the d-q coordinate 

system is given by: 

𝑇𝑒 = 𝑇L +
𝐽

𝑛p

d𝜔𝑒

d𝑡
+ 𝐵𝜔m   (5) 

here, TL represents the load torque, J is the moment of inertia, 

B is the torque damping coefficient, and Bωm is the damping 

torque. By combining Equations (3) and (5), the speed state 

equation of YASA-AFFSSPM under parameter perturbation 

can be obtained as  
d𝜔e

d𝑡
=

3

2

𝑛p
2

𝐽
𝜓ext𝑖𝑞 −

𝐵

𝐽
𝜔e +

𝑛p

𝐽
(Δ𝑇e − 𝑇L)  (6) 

III. Controller Design  

A. Improved reaching Law Design 

Reference [13] indicates that the double-power reaching 

law outperforms other reaching laws such as the constant-

speed, exponential. The double-power reaching law is 

expressed as: 

𝑠̇ = −𝑘1|𝑠|
𝛼sgn⁡(𝑠) − 𝑘2|𝑠|

𝛽sgn⁡(𝑠)   (7) 

The double-power combined reaching law exhibits 

superior performance compared to both the double-power 

reaching law and the fast-power reaching law. Therefore, 

this paper proposes a new reaching law based on the double-

power combined reaching law, represented as: 

𝑠̇ =

{
 
 

 
 (

−𝑘1|𝑠|
α sgn(𝑠)

−𝑘2|𝑠|
𝛽 sgn(𝑠) − 𝜀1|𝑥1|

𝜆1𝑠
) , |𝑠| > 1

(
−𝑘1|𝑠|

𝛼sgn(𝑠)

−𝑘3𝑠 − 𝜀2|𝑥1|
𝜆2𝑠
),⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ |𝑠| ⩽ 1

  (8) 

In Eq.s (7) and (8): k1, k2, k3, ε1, ε2 are all greater than 0; 

0<α; λ2<1; 1<β, λ1 and sgn(s) denotes the sign function. The 

new reaching law introduces exponential terms 𝜀1|𝑥1|
𝜆1𝑠 

and 𝜀2|𝑥1|
𝜆2𝑠 to improve the convergence rate. Moreover, 

by introducing the state variables x1 the exponential 

parameter can be adaptively changed. Through proper 

setting of all parameters, it can effectively suppress vibration 

generation. 

B. Analysis of Convergence Rate of Enhanced 

reaching Law  

Assuming the initial state s is s(0), and s(0)>1, the 

convergence process of the system can be divided into two 

stages. 

s(0)→s(T1)=1, where T1 is the required time. For Eq. 

(8), since 0<α, λ2<1, and 1<β, λ1, the 𝑘1|𝑠|
𝛼sgn⁡(𝑠) ≪

𝑘2|𝑠|
𝛽sgn⁡(𝑠) + 𝜀1|𝑥1|

𝜆1𝑠 convergence rate in this stage is 

mainly affected by −𝑘2|𝑠|
𝛽 sgn(𝑠) − 𝜀1|𝑥1|

𝜆1𝑠 . The 

reaching law (8) can be written  

𝑠̇ = −𝑘2|𝑠|
𝛽sgn⁡(𝑠) − 𝜀1|𝑥1|

𝜆1𝑠    (9) 

Solving equations with multiple power terms is 

somewhat challenging. They can be considered as multiple 

equations to solve and compare separately. Thus, Equation 

(9) can be divided into 𝑠̇ = −𝑘2|𝑠|
𝛽sgn⁡(𝑠) and 𝑠̇ =

−𝜀|𝑥1|
λ1𝑠, respectively. By separately considering the 

convergence rate under the influence of −𝑘2|𝑠|
𝛽sgn⁡(𝑠) and 

−𝜀|𝑥1|
𝜆1𝑠, the required convergence time for this stage of 

the new convergent rate must be less than either of the two 

solutions. 

Solving 𝑠̇ = −𝑘2|𝑠|
𝛽sgn⁡(𝑠), and rearranging the 

original equation, we get  

𝑠̇

𝑠𝛽
= −𝑘2                 (10) 

Let t0 be the time taken by s(0)→s(t0)=1 under the 

influence of 𝑠̇ = −𝑘2|𝑠|
𝛽sgn⁡(𝑠)⁡ only. Integrating Eq. (10) 

from t=0 to t=t0 to get the convergence time t0 as 

πº 
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𝑡0 =
1−𝑠(0)1−𝛽

𝑘2(𝛽−1)
                (11) 

Solving can be obtained for 𝑠̇ = −𝜀|𝑥1|
𝜆1𝑠. Arrange the 

original equation to get: 
𝑠̇

|𝑥1|
𝜆1𝑠

= −𝜀1                 (12) 

Let t1 be the time taken by s(0)→s(t1)=1 under the 

influence of only 𝑠̇ = −𝜀|𝑥1|
𝜆1𝑠. Integrating Eq.(12) from 

t=0 to t=t1, the convergence time t1 can be obtained: 

𝑡1 = −
1

𝜀1
∫  
𝑡

0

1

|𝑥1|
λ1

 d(ln⁡ 𝑠)               (13) 

Therefore, for the new reaching law, the time T1 required 

from s(0) to s(T1) is 

𝑇1 ⩽ min(𝑡0, 𝑡1)                 (14) 

2) s(T1 )→s(t)=0, let the required time be T2.  For 

equation (8), since 0<α, λ2 <1, 1<β, λ1 and 𝑘3𝑠 ≪
𝑘1|𝑠|

𝑎sgn⁡(𝑠) + 𝜀2|𝑥1|
𝜆2𝑠, the convergent rate at this stage 

is mainly affected by 𝑘1|𝑠|
𝑎sgn⁡(𝑠) + 𝜀2|𝑥1|

𝜆2𝑠 and the 

convergent law (8) can be written as 

𝑠̇ = −𝑘1|𝑠|
𝛼sgn⁡(𝑠) − 𝜀2|𝑥1|

𝜆2𝑠               (15) 

Similarly, Equation (15) can be divided into 𝑠̇ =
−𝑘1|𝑠|

𝛼sgn⁡(𝑠) and 𝑠̇ = −𝜀2|𝑥1|
𝜆2𝑠. By separately 

considering the convergence rate under the influence of 

𝑘1|𝑠|
𝛼sgn⁡(𝑠) and 𝜀2|𝑥1|

𝜆2𝑠, the required convergence time 

in this stage must be less than either of the two solutions. 

Solving 𝑠̇ = −𝑘1|𝑠|
𝛼sgn⁡(𝑠) and rearranging the original 

equation, we get  
𝑠̇

𝑠𝛼
= −𝑘1                 (16) 

Let t2 be the time required for s(T1)→s(t2′)=0 under the 

sole action of 𝑠̇ = −𝑘1|𝑠|
𝛼sgn⁡(𝑠). Thus, integrating both 

sides of equation (16) from t=T1 to t=t2′, we can obtain the 

approximate time t2. 

𝑡2 =
1

𝑘1(1−𝛼)
                (17) 

The given equation is 𝑠̇ = −𝜀2|𝑥1|
𝜆2𝑠. Upon rearranging: 

𝑠̇

|𝑥1|
𝑘2𝑠

= −𝜀2                (18) 

Similarly, let t3 be the time required for s(T1)→ s(t'3)=0 

under the sole action of 𝑠 = −𝜀2|𝑥1|
𝜆2𝑠. Thus, integrating 

both sides of equation (18) from t=T1 to t=t'3, we can obtain 

the approximate time t3. 

𝑡3 = −
1

𝜀2
∫  
𝑡3
′

𝑇1

1

|𝑥1|
𝜆2

 d(ln 𝑠)              (19) 

Therefore, for the new modeled approximation law, the 

time T2 required for s(T1) to reach s(t)=0 is obtained as: 

𝑇2 ⩽ min(𝑡2, 𝑡3)                (20) 

To sum up, it can be seen that the convergence time of 

the new reaching law is approximately T=T1 +T2 ≤ t0 +t2, and 

the convergence time of the double power combination 

reaching law is approximately T3 =t0 +t2. Additionally, it is 

known that the convergence time of the double power-law 

convergence law is T4+T3. Thus, we have T≤T3<T4. 

Therefore, the new reaching law exhibits superior 

convergence speed compared to both the double power 

reaching law and the double-power combined reaching law. 

C.  Analysis on the Existence and Reachability of 

reaching Law 

The theorem states that when the initial state of the 

system s(0) is not on the sliding surface, then the system state 

can asymptotically converge to the sliding surface under the 

action of the sliding mode convergence law (8). 

Proof: Let the Lyapunov function be V=s2/2. According to 

equation (8), we can obtain the relationship can be obtained 

as: 

𝑉̇ = 𝑠𝑠̇ =

{
  
 

  
 

𝑠 [

−𝑘1|𝑠|
𝛼sgn⁡(𝑠)

−𝜀|𝑥1|
𝜆1𝑠

−𝑘2|𝑠|
𝛽 𝑠𝑔𝑛(𝑠))

] < 0, |𝑠| > 1

𝑠 [

−𝑘1|𝑠|
𝛼 sgn(𝑠))
−𝑘3𝑠

−𝜀|𝑥1|
𝜆2𝑠

] ⩽ 0,⁡⁡⁡⁡⁡⁡⁡⁡|𝑠| ⩽ 1

(21) 

From equation (21), we can see that 𝑉̇ = 𝑠𝑠̇ = 0 if and 

only if s=0. According to the conditions of existence and 

reachability of reaching law, if the designed reaching law 

satisfies the Lyapunov stability condition, namely, if the 

first-order derivative of the Lyapunov function V is negative 

(𝑉̇ < 0), then the reaching law is both existent and reachable. 

Therefore, the reaching law (8) can lead the system state to 

asymptotically converge to the sliding surface. 

D. Design of improved model-free sliding mode 

controller for speed loop 

Based on the hyperlocal model theory [20], a hyperlocal 

model of the speed loop is established based on the input and 

output of the YASA-AFFSSPM motor speed loop. 

𝜔̇𝑒 = 𝐹 + 𝛼𝑖𝑞                 (22) 

where, α represents the to-be-designed q-axis stator current 

parameter, and F represents the known part of the system as 

well as the uncertain parameters. 

Based on the hyper-local model [20], the model-free 

controller for the speed loop can be designed as follows. 

𝑖𝑞 =
−𝐹+𝜔̇𝑒

∗+𝑢𝑐

𝛼
                 (23) 

Here, 𝜔𝑒
∗ is the given speed of the motor; uc is the control 

input of the speed loop feedback controller. By combining 

Equation (22) and Equation (23), we can obtain: 

(𝜔̇𝑒
∗ − 𝜔̇𝑒) + 𝑢𝑐 = 0                (24) 

Designing the speed loop feedback controller as a sliding 

mode controller allows for the integration of model-free 

control with sliding mode control methods. Using the 

YASA-AFFSSPM speed error as a state variable: 

{
𝑥1 = 𝜔𝑒

∗ − 𝜔𝑒
𝑥2 = ∫𝑥1 d𝑡

                (25) 

By combining Equation (24) and Equation (25), and then 

differentiating Equation (25), we obtain: 

{
𝑥̇1 = −𝑢𝑐
𝑥̇2 = 𝜔e

∗ − 𝜔𝑒
                (26) 

Select the sliding surface as  

𝑠1 = 𝑥1 + 𝑐𝑥2                (27) 

where c is a parameter to be designed, and c>0. 

Differentiating Equation (27) and substituting Equation (26), 

we get: 

𝑠̇1 = 𝑐𝑥1 − 𝑢𝑐                (28) 

To improve the convergence rate during the sliding mode 

approach phase and reduce chattering during the sliding 

phase, we select an improved double power combination 

reaching law for designing the controller. Therefore, by 

combining Equation (8), (26), and (28), we obtain: 
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𝑢c =

{
 
 

 
 (
𝑐(𝜔𝑒

∗ − 𝜔𝑒) + 𝑘1|𝑠1|
𝛼 𝑠𝑔𝑛(𝑠1)

+𝑘2|𝑠1|
𝛽 sgn(𝑠1) + 𝜀|𝑥1|

𝜆1𝑠1
)⁡, |𝑠1| > 1

(
𝑐(𝜔𝑒

∗ −𝜔𝑒) + 𝑘1|𝑠1|
𝛼 𝑠𝑔𝑛(𝑠1)

+𝑘3𝑠1 + 𝜀|𝑥1|
𝜆2𝑠1

) , |𝑠1| ⩽ 1

⁡⁡(29) 

In order to ensure stability of the designed controller, the 

sliding mode reachability condition needs to be satisfied: 

𝑉̇1 = 𝑠1𝑠̇1 ⩽ 0                (30) 

We select the Lyapunov function V1=s1
2/2. Since we 

choose the improved reaching law as the sliding mode 

convergence rate, substituting equations (28) and (29) into 

the function (30), we obtain: 

𝑉̇1 = 𝑠1𝑠̇1 =

{
 
 

 
 
𝑠1 ⋅ [

−𝑘1|𝑠1|
𝛼 sgn(𝑠1)

−𝜀|𝑥1|
𝜆1𝑠1

−𝑘2|𝑠1|
𝛽sgn⁡(𝑠1)

] , |𝑠1| > 1

𝑠1 ⋅ [
−𝑘1|𝑠1|

𝛼 sgn(𝑠1)

−𝑘3𝑠1 − 𝜀|𝑥1|
𝜆2𝑠1

] , |𝑠1| ≤ 1

        (31) 

From equation (31), we can see that the controller 

satisfies the sliding mode reachability condition. By 

combining equations (23) and (29), we obtain the designed 

YASA-AFFSSPM motor vector control system's speed 

loop improved model-free sliding mode control law: 

𝑖𝑞 =

{
 
 

 
 1
𝛼
(

−𝐹+𝜔̇𝑒
∗+c(𝜔𝑒

∗−𝜔𝑒)

+𝑘1|𝑠1|
𝛼 sgn(𝑠1)

+𝜀|𝑥1|
𝜆1𝑠1

+𝑘2|𝑠1|
𝛽sgn⁡(𝑠1)

) |𝑠1| > 1

1

𝛼
(

−𝐹+𝜔̇𝑒
∗+c(𝜔𝑒

∗−𝜔𝑒)

+𝑘1|𝑠1|
𝛼 sgn(𝑠1)

+𝑘3𝑠1+𝜀|𝑥1|
𝜆2𝑠1

) |𝑠1| ≤ 1

⁡⁡            (32) 

E. ESMDO Design  

From the control law equation (32), we can see that there 

exist unknown parts F in the system. Therefore, we design 

an extended sliding mode disturbance observer to observe 

and compensate for the unknown part F. The extended 

hyper-local model for YASA-AFFSSPM motor is given by: 

{

d𝜔𝑐

 d𝑡
= 𝜁𝑖𝑞 − 𝛿𝜔𝑒 + 𝐹

d𝐹

 d𝑡
= 𝑅(𝑡)

               (33) 

In equation (33), R(t) represents the rate of change of the 

unknown quantity F, and ζ and δ are parameters to be 

designed. For equation (33), the system is designed with the 

following extended sliding mode disturbance observer as: 

{

d𝜔̂𝑒

 d𝑡
= 𝜁𝑖𝑞 − 𝛿𝜔𝑒 + 𝐹̂ + 𝑢smo

d𝐹̂

 d𝑡
= 𝑙𝑢smo

              (34) 

In the equation 𝜔̂ represents the real-time speed 

estimation, 𝐹̂ represents the real-time estimation of the 

unknown part of the system, usmo is the sliding mode function 

to be designed, l is the observer usmo gain. 

By combining equations (33) and (34), the observation error 

is given by: 

{
𝑥̇ = 𝛿𝑥 + 𝐹̃ + 𝑢𝑠𝑚𝑜
d𝐹̃

 d𝑡
= 𝑙𝑢𝑠𝑚𝑜 − 𝑅(𝑡)

                (35) 

The error terms are as follows: speed estimation error: 

𝑥̇ = 𝜔̂𝑒 − 𝜔𝑒, system disturbance observation error: 𝐹̃ =

𝐹̂ − 𝐹. We choose the speed error as the sliding surface s2 

as: 

𝑠2 = 𝑥̇ = 𝜔̂𝑒 − 𝜔𝑒               (36) 

To ensure performance during the sliding mode approach 

phase, we choose exponential convergence law for the 

reaching law: 

𝑠̇2 = −𝜂1sgn⁡(𝑥) − 𝜂2𝑥               (37) 

where η1 and η2 are positive constants. Then, the sliding 

mode observer control law usmo is: 

𝑢𝑠𝑚𝑜 = −𝛿𝑥 − 𝐹̃ − 𝜂1sgn⁡(𝑥) − 𝜂2𝑥              (38) 

Theorem 2: If we choose equation (36) as the sliding 

surface, and 𝜂1 ≥ ‖𝐹̃‖, then the observer in equation (34) is 

asymptotically stable. 

Proof: Let the Lyapunov function be 𝑉2 = 𝑠2
2 2⁄ . 

𝑉̇2 = 𝑠̇2𝑠2 = 𝑥(𝛿𝑥 + 𝐹̃ + 𝑢smo) =

𝑥(𝐹̃ − 𝜂1sgn⁡(𝑥) − 𝜂2𝑥) =

𝑥𝐹̃ − 𝜂1𝑥sgn⁡(𝑥) − 𝜂2𝑥
2 ⩽ ‖𝑥‖(‖𝐹̃‖ − 𝜂1)

     (39) 

Therefore, as long as 𝜂1 ≤ ‖𝐹̃‖, 𝑉̇ ≤ 0 is guaranteed. 

𝐹̂ = 𝑙 ∫ ⁡ (−𝛿𝑥 − 𝜂1 sgn(𝑥) − 𝜂2𝑥)𝑑𝑡              (40) 

Substituting the observed value 𝐹̂ obtained from 

equation (40) into equation (32), we obtain the model-free 

sliding mode control law for the speed loop as: 

𝑖𝑞 =

{
 
 

 
 1
𝛼
(

−𝐹̂+𝜔̇𝑒
∗+c(𝜔𝑒

∗−𝜔𝑒)

+𝑘1|𝑠1|
𝛼 sgn(𝑠1)

+𝜀|𝑥1|
𝜆1𝑠1

+𝑘2|𝑠1|
𝛽sgn⁡(𝑠1)

) |𝑠1| > 1

1

𝛼
(

−𝐹+𝜔̇𝑒
∗+c(𝜔𝑒

∗−𝜔𝑒)

+𝑘1|𝑠1|
𝛼 sgn(𝑠1)

+𝑘3𝑠1+𝜀|𝑥1|
𝜆2𝑠1

) |𝑠1| ≤ 1

              (41) 

In summary, we obtain the model-free Enhanced sliding 

mode controller (ESMC) for the YASA-AFFSSPM motor 

system as shown in Figure 2. The feedback controller uc in 

the controller incorporates the improved sliding mode 

control law with the enhanced double power combination 

reaching law. The disturbance F is observed in real-time by 

the extended sliding mode disturbance observer. 

 

Fig. 2 Enhanced model-free sliding mode controller. 

 

ESMC

ESMDO

ωe
  

ωe

+
_

F  

uc
x1

dt

d

+
+

_

ωe

i
*
q

1 α 



International Journal of Industrial Electronics, Control and Optimization (IECO). 2025, 8(3)                                                                                       286 
 

IV. Simulation Results and Analysis  

In order to further verify the feasibility of the IMFSMC 

algorithm and its better robustness against load disturbances 

and parameter perturbations, a MATLAB/SIMULINK 

model was constructed to compare and verify the simulation 

results of the EMFSMC, MFSMC, control algorithms.  

parameters of 12S/19P YASA-AFFSSPM motor are shown 

in table 1. After conducting a theoretical analysis of the 

vector control technology for permanent magnet 

synchronous motors, in this paper simulation models are 

constructed to the SVPWM module, coordinate 

transformation module, and proposed control module within 

the vector control system. Ultimately, these modules are 

integrated to complete the simulation of a dual closed-loop 

vector control system with id = 0. The analysis also examines 

the responsiveness and stability of the system based on the 

mathematical model of the motor in the dq axes. The system 

control block diagram of traditional MFSMC and EMFSMC 

motor are shown in the Fig. 3.  Moreover, motor parameter 

settings are shown in the Table1. The parameters of the 

control methods are as follows. EMFSMC parameters: 

k1=10, k2=200, k3=10, ε1= 0.1, ε2=0.55, α=1, c=70, λ1=1.5, 

λ2=0.5, β=1.5, ζ=10, l=1, δ=100. MFSMC parameters: 

k1=10, k2=200, k3=10, ε1= 0.1, ε2=0.55, α=1, c=70, λ1=1.5, 

λ2=0.5, β=1.5.  

A. Analysis of simulation results under parameter 

perturbation 

Setting the initial torque of the motor to 0 N.m, at 0.2 s, 

the torque increases to 10 N.m. Setting the initial value of the 

rotor flux to 0.062 Wb, at 0.1 s, the rotor flux decreases to 

0.042 Wb. The q-axis inductance of the motor decreases 

from 0.47 mH to 0.29 mH at 0.3 s. Figure 4 shows the motor 

speed response curve. It shows the simulation results of the 

12S/19P YASA-AFFSSPM control system under the 

Traditional MFSMC and EMFSMC controllers. 

 

TABLE. 1: 12S/19P YASA-AFFSSPM MOTOR 

PARAMETERS 

Parameter Symbol Value Unit 

d-axis inductance Ld 0.2e-3 H 

q-axis inductance Lq 0.47e-3 H 

DC bus voltage Udc 311 V 

Rotor flux Ψ 0.062 Wb 

Phase resistance R 0.025 Ω 

Load torque T 12 N·m 

Moment of inertia J 0.00302 Kg.m2 

 

With the MFSMC controller, it takes a long time for the 

motor to reach the preset speed from a no-load start, 

approximately 0.04 seconds, with a significant overshoot of 

about 12.5%. Compared with traditional MFSMC control, 
with the EMFSMC controller 12S/19P YASA-AFFSSPM 

response time is significantly reduced, about 0.015s, and it 

reaches the given speed quickly without overshoot.  

At 0.1 s when the rotor flux decreases, the speed curve of 

EMFSMC is also superior to MFSMC, with the speed curve 

of EMFSMC stabilizing after 0.08 s following a 0.1 rpm 

fluctuation, while MFSMC control requires 0.05 s to 

stabilize after fluctuations of 0.15 rpm, showing inferior 

performance compared to EMFSMC. At 0.3 s, when the q-

axis suddenly decrease, the speed curve of EMFSMC shows 

even smaller speed fluctuations compared to MFSMC 

control method. Therefore, it is evident that in speed control, 

EMFSMC is more precise and stable than MFSMC. 

When a load of 10N·m is suddenly added to the 12S/19P 

YASA-AFFSSPM at 0.2s, the MFSMC control produces a 

rotational speed drop of about 9 rpm, and returns to the 

steady state after about 0.03s; the rotational speed drop using 

the improved EMFSMC control is only about is 4 rpm, and 

the speed recovery time is shortened to about 0.01s. Figure 

5 shows the torque response curves of the two control 

methods. 

 
(a) 

 
(b) 

Fig. 3 Control block diagram. (a) Traditional MFSMC (b) 

EMFSMC. 

 

 
(a) 

  
(b)                                 (c) 

Fig4. Comparison of the speed (a) Global speed comparison 

waveforms (b) Local magnified waveforms under 

demagnetization fault at t=0.1sec. (c) Local magnified 

waveforms under decrease of q-axis inductance. at t=0.3sec. 
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From the analysis of Figure 6 (a), it can be seen that the 

three-phase current waveform when using the MFSMC 

controller has obvious current distortion, while the current 

waveform of Figure 6 (b) when using the EMFSMC 

controller is smoother and close to sinusoidal wave. 

Through comparison, it can be seen that the torque ripple 

under the MFSMC controller is larger, about 1.6N·m, while 

using the EMFSMC controller, the torque ripple is 

significantly reduced, about 1N·m and the dynamic response 

speed of the motor's electromagnetic torque is significantly 

improved. Figure 6 shows the current response waveform 

before and after the load torque changes suddenly. 

 

 
Fig. 5 Torque response curve 

 

 
(a) 

 
(b) 

Fig. 6 Three-phase current response curve (a) MFSMC 

controller (b) EMFSMC controller 

 

Figure 7 is a comparative simulation diagram when the speed 

control system starts without load and the speed suddenly 

changes to 400r/min in 0.2s. Through analysis, it can be seen 

that the EMFSMC controller proposed in this article can be 

used under variable speed conditions, and the speed 

regulation performance is relatively ideal. Compared with 

the MFSMC controller, it can significantly reduce the 

overshoot phenomenon after a large speed mutation, and 

quickly reach the given rotating speed value. 

 
Fig. 7 Speed response curve. 

 

V.   Experimental Results 

In order to evaluate the performance of the proposed 

control on 12S/19P YASA-AFFSSPM motor, a prototype 

motor is manufactured. The system employs vector control, 

facilitated by a three-phase converter, with the vector control 

algorithm implemented through a MicroLab digital 

controller. Figure 8 depicts the experimental arrangement for 

the proposed method. 

In the experiment, the initial torque of the motor is set to 5 

Nm, and at 0.2 seconds, the torque increases to 15 Nm. The 

initial value of the motor rotor magnetic flux linkage is set to 

0.062 Wb, which decreases to 0.042 Wb at 0.3 seconds. 

 

 

Fig. 8. Motor testing platform. 

 

The q-axis inductance of the motor decreases from 0.47 mH 

to 0.29 mH at 0.4 seconds, while the d-axis inductance 

decreases from 0.2 mH to 0.14 mH at 0.5 seconds. The motor 

resistance increases to 0.035 Ω at 0.6 seconds. Figures 9, 10, 

and 11 illustrate the experimental waveforms of the d-q axis 

currents, speed, and torque for the MFSMC and EMFSMC 

control methods under motor parameter perturbations. To 

ensure consistency, the parameter design and parameter 

perturbation time were aligned with the parameters used in 

the simulation experiments.  

 
200 m/s 

(a) 

 
200 m/s 

(b) 

Fig. 9. waveforms under load and parameter disturbances. (a) 

EMFSMC. (b) MFSMC. 

 

Upon analyzing the experimental results, it can be seen 

that the overall trend and effectiveness of the semi-physical 

experiment are consistent with the simulation. In comparison 

of Figures 10(a) and 10(b), after 0.05 seconds of motor 

startup, when the speed stabilizes at 1000 rad/min, the speed 

fluctuation of EMFSMC is only ±0.004 rad/min, whereas the 

speed fluctuation for the MFSMC control method is ±0.03 

rad/min. Therefore, the speed curve of the EMFSMC is 

smoother and exhibits less jitter compared to that of the 

MFSMC control method. Similarly, when the torque 

stabilizes at 15 N·m, the torque variation of EMFSMC is 

±1.5 N·m, while the torque fluctuation for MFSMC control 

is greater, at ±2.5 N·m. Thus, it is evident that the torque 

experimental waveform variation of the EMFSMC is smaller 

than that of the MFSMC control, showcasing stronger 
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robustness. Comparing Figures 11(a) and 11(b), which 

depict the d-q axis current experimental waveforms for 

EMFSMC and MFSMC control, we observe that after 

approximately 0.45 seconds of parameter perturbation and 

once the current reaches stability, the variation in the q-axis 

current for EMFSMC is ±2.5 A, while the variation for the 

MFSMC control method is ±3.1 A. 

 
200 m/s 

(a) 

 
200 m/s 

(b) 

Fig. 10. Speed and torque waveforms. (a) EMFSMC. (b) 

MFSMC. 

 

Therefore, the magnitude of the current experimental 

waveform variation for EMFSMC is smaller than that of the 

MFSMC control. Thus, whether comparing the speed and 

torque experimental waveforms or the current experimental 

waveforms, IMFSMC exhibits smaller fluctuations and 

operates more stably under both steady-state conditions and 

parameter perturbations. 

 
200 m/s 

(a) 

 
200 m/s 

(b) 

Fig. 11. d-q axis current waveforms. (a) EMFSMC. (b) 

MFSMC. 

 

Quantitative and qualitative comparison between 

EMFSMC and MFSMC is given in Table 2. In summary, the 

EMFSMC method, while more complex and requiring more 

parameters, offers superior convergence speed and 

robustness against disturbances compared to both MFSMC 

and traditional PI control. The MFSMC provides a balance 

between complexity and performance but falls short in speed 

and robustness. PI control remains the simplest but is less 

effective in dynamic applications where precision and 

responsiveness are critical. 

TABLE 2: COMPARISON BETWEEN EMFSMC AND 

MFSMC. 

Criterion        EMFSMC MFSMC 
Time response ~0.015S ~0.04 sec. 

Overshoot At least ~12.5% 

Speed drop under sudden load ~4 rpm ~9 rpm 

Recovery time to steady state ~0.01 sec. ~0.03 sec. 

Speed fluctuations ~0.1 rpm ~0.15 rpm 

Torque fluctuations ~1 N·m ~1.6 N·m 

Current fluctuations ±2.5 A ±3.1 A 

Response to load changes Fast and 
stable 

Slow and 
unstable 

Control accuracy higher lower 

Strength against disturbances higher lower 

VI. Conclusion 

Considering the impact of external conditions on motor 

parameter perturbations that reduce the robustness of speed 

loop control systems, an Enhanced Model-Free Sliding 

Mode Control (EMFSMC) algorithm is proposed. The 

following conclusions are drawn from mathematical analysis 

and experimental verification: 1) An improved double-

power combination sliding mode reaching law is employed 

to redesign the sliding mode controller, enhancing system 

stability and reducing chattering typical of traditional 

reaching laws. 2) Integrating the Extended Sliding Mode 

Disturbance Observer (ESMDO) with the improved model-

free sliding mode controller enables real-time estimation of 

unknown disturbances in the speed loop, significantly 

boosting the motor system's response capability. 

Specifically, EMFSMC reduces speed response time from 

approximately 0.04 seconds with Model-Free Sliding Mode 

Control (MFSMC) to about 0.015 seconds, marking an 

improvement of approximately 62.5%. Under sudden load 

conditions, speed drop is minimized from 9 rpm with 

MFSMC to 4 rpm with EMFSMC, achieving a reduction of 

about 55.6%. The recovery time to stability is also enhanced, 

decreasing from 0.03 seconds with MFSMC to 0.01 seconds 

with EMFSMC, a 66.7% improvement. These enhancements 

in speed response, stability, and robustness highlight the 

effectiveness of EMFSMC in dynamic applications, 

especially in electric vehicles and precision-demanding 

industries. 
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