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1. Introduction 

Magnetic levitation (Maglev) systems are widely used in industry because they operate without 

contact and friction, resulting in higher efficiency and lower mechanical wear, which in turn reduces 

maintenance costs [1]-[6]. In particular, the system features a ferromagnetic ball of specific mass 

that is suspended in an air gap by the magnetic force, which can be adjusted via the applied voltage 

[7]-[10]. However, owing to its nonlinear behavior and high instability, designing a control 

algorithm to keep the Maglev system stable is difficult. Consequently, numerous linear and 

nonlinear control methods have been developed to stabilize the system. For instance, Ahmad et al. 

[11] designed a Proportional-Integral-Derivative (PID) controller explicitly tailored for the Maglev 

system in response to a unit step input. To achieve optimal performance criteria, the tuning 
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 The dynamics associated with a magnetic levitation (Maglev) system are 

typically characterized by significant instability and nonlinear behavior. 

Consequently, the implementation of an effective control mechanism is 

imperative for achieving precise positioning of a ferromagnetic sphere. 

The majority of the extant literature primarily assesses the efficacy of the 

Maglev control system in response to a step input. This manuscript 

delineates a comparative analytical study contrasting synergetic control 

(SC) with backstepping control (BSC) in the context of a Maglev system 
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tracking. The system's dynamics are articulated through the application of 

the Euler-Lagrange methodology. Utilizing the established nonlinear 

framework of the system, the control signals for both SC and BSC are 

formulated. Moreover, both control schemes were supplemented with the 

Grasshopper Optimization Algorithm (GOA), which was employed to 

systematically optimize the associated design parameters. The resultant 

optimized control systems are subjected to simulation utilizing MATLAB 

software. The findings from the simulations indicate that both proposed 

controllers effectively track the desired periodic reference input. 

Nevertheless, the quantitative analysis grounded in integral absolute error 

(IAE) metrics reveals that the performance of BSC surpasses that of SC. 
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parameters of the PID controller were meticulously optimized through the application of the Genetic 

Algorithm (GA). In comparison to the traditional Ziegler-Nichols (ZN) tuning approach, the 

simulation outcomes demonstrated that the efficacy of the PID controller significantly surpassed that 

achieved through the conventional ZN methodology. Furthermore, Benomair [12] introduces an 

optimal Linear Quadratic Regulator (LQR), optimized using an advanced spiral dynamic algorithm, 

for active regulation of a magnetic levitation system under full-state feedback linearization.  

Simulation results based on the nonlinear Maglev model demonstrate the effectiveness of the 

proposed linearization and control scheme for both unit step and sinusoidal inputs. In a similar vein, 

Roy et al. [13] conducted a comparative analysis between the Fractional Order PID (FOPID) 

controller and the traditional PID controller to regulate the position of the ball within the Maglev 

system for step, sine-wave, and square-wave inputs. Three swarm optimization algorithms were 

utilized, specifically, the Gravitational Search Algorithm (GSA), the Particle Swarm Optimization 

(PSO), and a hybrid approach that merges these two techniques, known as PSOGSA. These 

algorithms were employed to optimize the parameters of the controllers. The findings from 

employing different test signals indicated that the PSOGSA hybrid algorithm outperformed the 

individual algorithms in terms of effectiveness. Additionally, the FOPID controller demonstrated 

greater effectiveness compared to the traditional PID controller. Furthermore, Ataşlar-Ayyildiz and 

Karahan [14] introduced a PID-like robust fuzzy logic controller (Fuzzy-PID) to improve the system 

dynamics and stability of the Maglev system under a pulse signal and a sinusoidal reference input. 

The Cuckoo Search (CS) algorithm was developed to optimize the parameters of the controller using 

time domain response characteristics as an objective function. Simulation experiments were carried 

out to assess the controller's performance across different conditions, such as load disturbances and 

reference adjustments. The findings showed that the CS-based Fuzzy-PID controller surpasses the 

conventional FOPID and PID controllers by achieving lower steady-state error, shorter settling time, 

and reduced overshoot, all while demanding less control effort. 

In the development of a control mechanism for the nonlinear model of the Maglev system, 

Nguyen et al. [15] developed a feedback linearization-based state feedback controller (FL-SFC). In 

this approach, the nonlinear system was transformed into a linear system via feedback linearization, 

and then the state feedback controller method was used to address tracking control of the Maglev 

system. The BAT algorithm was proposed to optimize the design variables of the controller. The 

performance of the FL-SFC was further examined with the synergetic control (SC) by Al-Ani et al. 

[16]. The outcomes showed that the SC exhibited better control performance than that of the FL-

SFC even when external disturbances were applied for a unit step input. The swarm bipolar 

algorithm (SBA) utilizes an error criterion for developing the cost function to find the best value of 

the gains of both controllers to achieve the desired response. Additionally, Chiem and Thang [17] 

proposed a linear feedforward control approach combined with a fuzzy logic controller (FLC) to 

regulate the Maglev system under step input conditions. Their design successfully preserved the 

ball’s stability and improved the system’s responsiveness to deviations from the equilibrium point. 

The control strategy was benchmarked against both a conventional PID controller and an 

independent FLC. Simulation results revealed that the method achieved a fast and stable response, 

even in the presence of noise. Nonetheless, a limitation of these studies is their reliance on the linear 

model of the Maglev system, and the examination was restricted to step input scenarios. In this 

context, sliding mode control has been employed by various researchers. For instance, Al-Muthairi 

and Zribi [18] introduced a sliding mode control (SMC) strategy designed to achieve the asymptotic 

regulation of the Maglev system's states to their designated step target values. To address the issue 

of chattering, two modifications to the original SMC were implemented. The resilience of the 

proposed control methodologies to variations in the system's parameters was thoroughly examined, 

revealing that these control methodologies exhibit robustness in the face of parameter fluctuations. 

Another utilization of the SMC methodology within the context of the Maglev system for step and 

sine-wave inputs was reported by Ma’arif et al. [19]. The system governed by the SMC exhibited a 

rapid output response devoid of any steady-state error. Nevertheless, the authors failed to address the 

issue of chattering within their investigation. In another study, Uswarman et al. [20] conducted a 



ISSN 2775-2658 
International Journal of Robotics and Control Systems 

2327 
Vol. 5, No. 4, 2025, pp. 2325-2343 

  

 

Attarid K. Ahmed (Comparative Analysis of Control Strategies for Tracking Periodic Sinusoidal References in 

Magnetic Levitation Systems) 

 

comparative analysis between the Conventional Sliding Mode Control (CSMC) and the SMC 

incorporating gain-scheduling techniques to regulate the Maglev system to a step value target. The 

simulation results showed that the gain-scheduled SMC outperformed the CSMC when external 

disturbances were present. However, chattering remained an issue in both control methods. The 

challenge of chattering, as noted in [18], [19], and [20], persists as a limitation. To address this issue, 

the main contributions of this study are outlined as follows: 

• Two distinct nonlinear control strategies, namely synergetic control (SC) and backstepping 

control (BSC), are proposed for stabilization and trajectory tracking of a periodic reference 

input of the Maglev system, employing the nonlinear model of the system across a variety of 

operational conditions. 

• The proposed control strategies' stability is analyzed using Lyapunov stability theory. 

• The grasshopper optimization algorithm is employed as a means to optimally calibrate the 

tuning parameters of the proposed controllers, to improve the system's dynamic performance. 

2. The Mathematical Model  

The magnetic levitation (Maglev) system is comprised of a ferromagnetic sphere elevated 

within a voltage-regulated magnetic field [21]. The primary aim of the Maglev control system is to 

attain exceptional precision in the localization of the diminutive steel sphere in a fixed position 

under conditions of stable levitation [22]. A schematic representation of the Maglev system is 

depicted in Fig. 1 [16], [19]. In particular, the parameters of the system, along with their 

corresponding symbols, include the electromagnetic force (fe), the gravitational force (fg), the 

inductance (L), the resistance (R), the position of the object (x), the source voltage (V), the mass of 

the object (m), and the current. The dynamics governing the mechanical components of the Maglev 

system can be articulated by Newton's second law of motion, as delineated [10]: 

 
m
d2x

dt2
= fg − fe (1) 

which are represented as follows for the electromagnetic and gravitational forces: 

 fg = mg (2) 

 
fe =

1

2
i2
d

dx
(L(x)) (3) 

The function Lx is a nonlinear function that can be written as follows: 

 L(x) = L + L0x0 (4) 

Equation (4) can be approximated as [17]: 

 
L(x) =

2k

x2
 (5) 

where k is the force constant. Substituting Eq. (5) in Eq. (3) gives: 

 
fe = k (

i

x
)
2

 (6) 

Substituting Eqs. (2) and (6) in Eq. (1) give: 

 
m
d2x

dt2
= mg − k(

i

x
)
2

 (7) 
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Fig. 1. The Maglev system 

By rearranging Eq. (7), we get: 

 d2x

dt2
= g −

k

m
(
i

x
)
2

 (8) 

In addition to the mechanical analysis, Kirchhoff’s voltage law applied to the electrical system 

is employed to obtain Eq. (9). 

 
e = iR +

d

dt
 L(x)i (9) 

Through straightforward mathematical manipulation, the equation can be expressed as: 

 di

dt
= −

R

Li
−
2k

L

i

x2
dx

dt
+
1

L
e (10) 

Given that the system states are: x1 = x, x2 =
dx

dt
 and x3 = I, the control input is u = e, the 

nonlinear differential equations that describe the dynamics of the Maglev system are shown. 

 dx1
dt
= x2 (11) 

 dx2
dt
= g −

kx3
2

mx1
2 (12) 

 dx3
dt
= −

Rx3
L
+
2kx2x3

Lx1
2 + 

u

L
 (13) 

where x1 > 0 and x3 > 0. 

The system's output y can be described as: 

 y = x1 (14) 

Nonlinearity attributes are evident in Equations (12) and (13), as demonstrated by the Maglev 

system's operation. To aid controller design, the Maglev model is transformed into an equivalent 
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canonical form, offering a simpler representation that highlights nonlinearity via a single dynamic 

equation. Specifically, this nonlinear coordinate transformation is described as:  

 z1  = x1 (15) 

 z2  = x2    (16) 

 
z3  = g −

kx3
2

mx1
2   (17) 

Therefore, the model in the new coordinate system can be represented as: 

 ż1  = z2   (18) 

 ż2  = z3      (19) 

 ż3  = f(z) + g(z) u    (20) 

Where 

 
f(z) =  

2kR x3
2

mx1
2L
−
4k2 x3

2x2

mx1
4L

   +
2kx2x3

2

mx1
3    (21) 

 
g(z)  =  − 

2kx3

mx1
2L
   (22) 

3. Controller Design 

The application of feedback controllers is perpetually broadening to encompass a diverse array 

of systems [23]-[26]. Within this framework, the regulation of the Maglev system necessitates 

addressing various challenges, including tracking control and managing external disturbances. In 

this regard, this particular section delves into two nonlinear control methodologies aimed at 

formulating the control law for the Maglev system, namely the synergetic control (SC) and the 

backstepping control (BSC). These two nonlinear controllers are particularly advantageous for the 

Maglev system, as they proficiently address the system's nonlinear dynamics, thereby facilitating 

prompt and stable positioning of the levitated object while concurrently preserving robustness 

against disturbances. 

3.1. Synergetic Control 

SC constitutes a methodological approach applicable to a diverse array of dynamical systems, 

with particular efficacy in the context of nonlinear dynamical systems, in order to achieve a stable 

control paradigm [27], [28]. More precisely, the methodology for the formulation of SC is 

delineated as follows: 

Quantify e as the discrepancy between the actual outputs and the desired outputs. 

 e = zr − z1  (23) 

Taking the derivative of the error gives: 

 ė = żr−ż1 (24) 

By substituting Eq. (18) in Eq. (24), we get: 

 ė = żr − z2 (25) 
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Taking the second derivative of the error gives: 

 ë =  z̈r−ż2 (26) 

Substituting Eq. (19) in Eq. (26) gives: 

 ë = z̈r  − z3 (27) 

By taking the third derivative of the error, we get: 

 e⃛ = z⃛r−ż3 (28) 

Substituting Eq. (20) in Eq. (28) gives: 

 e⃛ = z⃛r − f(z) − g(z) u (29) 

Define a macro-variable σ as: 

 σ = c1e + c2ė + ë (30) 

Taking the derivative of the macro-variable σ gives: 

 σ̇ =  c1ė + c2ë + e⃛ (31) 

The desired dynamic evolution of the macro-variable is: 

 σ̇ + c3 σ = 0 (32) 

 σ̇ = −c3 σ (33) 

Substituting Eq. (31) in Eq. (32) gives: 

 c1ė + c2ë + e⃛ + c3 σ = 0 (34) 

By substituting e⃛ given by Eq. (29) in Eq. (34), we obtain: 

 c1ė + c2ë + z⃛r − f(z) − g(z) u + c3 σ = 0 (35) 

Select u as follows: 

 
usc =

1

g(z)
(−f(z) + z⃛r + c1ė + c2ë + c3 σ) (36) 

Choose the Lyapunov function as: 

 
V =

1

2
σ2 (37) 

Taking the derivative of V gives: 

 V̇ = σ σ̇ (38) 

Substitute Eq. (33) in Eq. (38): 

 V̇ = σ (−c3 σ ) (39) 

 V̇ =  −c3 σ
2 (40) 

Equation (40) ensures the stability of the closed-loop system given based on the SC approach. 
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3.2. Backstepping Control 

BSC represents a sophisticated control methodology that can be implemented across diverse 

dynamical systems, particularly within the realm of nonlinear dynamical systems, to achieve a stable 

control paradigm. In summary, the BSC constitutes a recursive and systematic approach to control 

that utilizes the Lyapunov function as a foundational tool for formulating the control law [29]. More 

specifically, in the design of the BSC, we define the error, e1, as the discrepancy between the actual 

outputs and the desired outputs: 

 e1 = zr − z1  (41) 

Taking the derivative of the error gives: 

 ė1 = żr − z2 (42) 

Additionally, z2 is chosen as the virtual control v1 and substituted into Eq. (42) to obtain: 

 ė1 = żr − v1 (43) 

The first Lyapunov function is selected as: 

 
V1 =

1

2
e1
2 (44) 

Taking the time derivative of V1 obtians: 

 V̇1 = e1ė1 = e1(żr − v1) (45) 

Selecting virtual control v as: 

  v1 = żr + λ1e1    (46) 

where λ1 > 0,  

By substituting  v1 obtained in Eq. (46) into Eq. (45) yields: 

 V̇1 = −λ1e1
2 (47) 

Define the error e2 between the virtual control v1 and z2 as: 

 e2 = z2 − v1 (48) 

Substituting v1 given by Eq. (46) in Eq. (48) gives: 

 e2 = z2 − żr − λ1e1  (49) 

Solving Eq. (49) for z2, and then, substituting z2 in Eq. (43) give: 

 ė1 = −e2 − λ1e1 (50) 

Taking the time derivative of e2 obtains: 

 ė2 = z3 − z̈r − λ1ė1 (51) 

z3 is selected as the virtual control v2. 

By using  v2 in Eq. (51) gives: 

 ė2 = v2 − z̈r − λ1ė1 (52) 

The second Lyapunov function is selected as: 
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V2 =

1

2
e1
2 +

1

2
e2
2 (53) 

Taking the time derivative of V2 gives: 

 V̇2 = e1ė1 + e2ė2 (54) 

Substituting Eq. (40) and Eq. (52) in Eq. (54) gives: 

 V̇2 = e1(−e2 − λ1e1) + e2(v2 − z̈r − λ1ė1) (55) 

Rearranging Eq. (55) gives: 

 V̇2 = −λ1e1
2 + e2(−e1 + v2 − z̈r − λ1ė1) (56) 

The virtual control v2 is selected as: 

  v2 = −λ2e2 + λ1ė1 + e1 + z̈r (57) 

where λ2 > 0 

Substituting v2 in Eq. (56) gives: 

 V̇2 = −λ1e1
2 − λ2e2

2 (58) 

Define e3 as the error between the virtual control v2 and z3: 

 e3 = z3 − v2 (59) 

Substituting v2 in Eq. (57) gives: 

 e3 = z3 + λ2e2 − λ1ė1 − e1 − z̈r (60) 

Solving Eq. (60) for z3, and then substituting z3 in Eq. (51) give: 

 ė2 = −λ2e2 + e3 + e1 (61) 

By taking the derivative of e3 and substituting  ż3 as given in Eq. (20), we attain: 

 ė3 = f(z) + g(z)u + λ2ė2 + λ1ė2 + λ1
2ė1 − ė1 − z⃛r (62) 

Choosing the first Lyapunov function and taking the derivative gives: 

 
V3 =

1

2
e1
2 +

1

2
e2
2 +

1

2
e3
2 (63) 

 V̇3 = e1ė1 + e2ė2 + e3ė3 (64) 

Substituting ė1, ė2, and ė3 gives: 

V̇3 = e1(−e2 − λ1e1) + e2(−λ2e2 + e3 + e1) + e3(f(x) + g(x)u + λ2ė2 + λ1ė2 + λ1
2ė1 − ė1 − z⃛r) (65) 

Rearranging Eq. (65) gives: 

 V̇3 = −λ1e1
2 − λ2e2

2 + e3(f(x) + g(x)u + λ2ė2 + λ1ė2 + λ1
2ė1 − ė1 − z⃛r) (66) 

Then, u is selected as follows: 

 
ubsc =

1

g(x)
(−f(x) − λ2ė2 − λ1ė2 − λ1

2ė1 − e2 + ė1 − z⃛r − λ3e3) (67) 
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where λ3 > 0  

Substituting u in Eq. (66) gives; 

 V̇3 = −λ1e1
2 − λ2e2

2 − λ3e3
2 (68) 

Equation (68) ensures the stability of the closed-loop system based on the BSC approach. 

4. The Grasshopper Optimization Algorithm 

The swarm optimization algorithm employs an iterative and stochastic methodology for 

addressing a variety of complex problems [30]-[36]. To this end, a plethora of swarm optimization 

algorithms exists within the academic literature, specifically designed to enhance the design 

parameters of diverse control systems [37]-[46]. This manuscript elucidates the Grasshopper 

Optimization Algorithm (GOA), which represents a contemporary approach to swarm optimization 

used for calibrating design variables of the proposed controllers implemented for the Maglev 

system. Saremi et al. [47] have elucidated the concept of GOA, which delineates the behavioral 

characteristics of grasshoppers. In this regard, the grasshoppers are recognized for their detrimental 

effects on agricultural production and crop yields. These insects exhibit gregarious behavior, 

traveling in swarms and consuming the flora encountered in their path. The size of the grasshopper 

swarm is considerable, instilling a sense of trepidation in farmers regarding potential devastation.  

When in the nymphal stage, grasshoppers exhibit the absence of wings and display a lethargic 

locomotion, aligning themselves with the prevailing wind in a manner reminiscent of rolling 

cylinders. Upon reaching adulthood, they congregate in substantial swarms, engaging in aerial flight 

that enables them to traverse considerable distances [48]. The intrinsic characteristics of 

grasshoppers motivated researchers to delineate the process into two distinct phases: exploration and 

exploitation, in conjunction with the pursuit of specific targets. However, there exists a notable 

differentiation in the modes of movement associated with these two operational functions.  

Particularly, the agents exhibit stochastic behavior during the exploration phase, while they 

demonstrate localized movement during the exploitation phase. The migratory dynamics of the 

grasshoppers can be quantitatively represented as follows [49]: 

 Zi = Ψi + Γi + Ωi (69) 

where Zi denotes the position of the i-th grasshopper,  Ψi represents the social interactions among 

individuals,  Γi is indicative of the gravitational force, and Ωi denotes the influence of wind 

advection. This mathematical formulation can elucidate the stochastic behavior of grasshoppers by 

incorporating a random variable r, constrained within the range [0,1], as demonstrated: 

 Zi = rΨi + rΓi + rΩi (70) 

Social interaction Ψi can be influenced by other parameters, as illustrated in the equations (71) 

[50]: 

 
Ψi =∑ψ(dij)diĵ

N

j=1
j≠i

 (71) 

 ψ(r) = fe−r/l − e−r (72) 

 dij = |zj − zi| (73) 

 diĵ =
zj − zi

dij
 (74) 
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It is clear that the equation governing social interaction involves variables ψ representing the 

strength of social forces, as explained in Equation (72). In Equation (72), the variable f indicates the 

level of attraction, l represents the attractive length scale, and dij denotes the distance between the i-

th and the j-th grasshoppers, as shown in Equation (73). Furthermore, Equation (74) describes the 

unit vector dij that points from the i-th to the j-th grasshopper.  

It has been empirically established that the function ψ exerts a significant influence on social 

interactions f and l, such that any modification therein results in repercussions regarding the 

magnitude of the social force. Consequently, this influences social interactions, attraction, repulsion, 

and the grasshoppers' comfort zones. The space between any two grasshoppers is classified into 

repulsion, attraction, and comfort zones. If the distance is large, it is divided into smaller segments. 

The gravity force Γi can be calculated as shown in Equation (75): 

 Γi = −geĝ (75) 

where g is the gravitational constant, and eĝ is the unit vector directed towards the center of the 

Earth. The final term in the positional Equation (69) represents the phenomenon of wind advection, 

which can be expressed as follows: 

 Ωi = ρeŵ (76) 

where ρ is a constant, and eŵ is a unity vector in the wind direction. Substituting Ψi, Γi , and Ωi in 

Eq. (69) gives: 

 

Zi =∑ψ(|zj − zi|)
zj − zi

dij

N

j=1
j≠i

−  geĝ + ρeŵ (77) 

Through the application of Equation (77), it has been demonstrated that the grasshoppers attain 

their optimal comfort zone and refrain from departing from it. This phenomenon has resulted in a 

diminishment of efficacy in the processes of exploration and exploitation in the resolution of the 

problem. Consequently, it is evident that this mathematical framework is not suitable for addressing 

the optimization issue; thus, a revised iteration of this equation has been proposed, as delineated in 

Eq. (78), [51]: 

 

Zi
d = η

(

 
 
∑η

N

j=1
j≠i

ubd − lbd
2

 ψ(|zj
d − zi

d|)
zj − zi

dij

)

 
 
+ Td̂ (78) 

In this context, Ψi is nearly identical, Γi is ignored, and Ωi is assumed to point toward the target 

Td̂. The terms ubd and lbd represent the upper and the lower bounds in the D-th dimension. 

Td̂ corresponds to the value in that dimension, and η is a coefficient that reduces the size of the 

comfort, repulsion, and attraction zones. Td indicates how likely the grasshopper is to move toward 

the target. The remainder of Eq. (78) describes how grasshoppers interact, taking into account their 

peers' positions. 

In Equation (78), the initial term delineates the spatial positioning of the extant grasshopper 

relative to the other grasshoppers within the framework. This particular algorithm exhibits 

distinctive characteristics that set it apart from alternative optimization methodologies. In the 

process of updating the positions of grasshoppers within the GOA, the current position, the target 

position, and the positions of all other grasshoppers are employed. Furthermore, it is noteworthy that 

the GOA utilizes a singular vector for each search agent, in contrast to other optimization 

algorithms, which typically utilize dual vectors to represent velocity and position. 
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It is observable that Equation (78) contains two instances of the variable η, each serving a 

distinct function. The initial instance of η, positioned on the left, operates as the inertial weight 

analogous to that used in Particle Swarm Optimization (PSO). It is tasked with regulating the 

dynamics of grasshopper movement in the contexts of exploration and exploitation surrounding the 

targeted area as the iterations progress. Conversely, the internal mechanisms function to diminish the 

zones of repulsion, attraction, and comfort among grasshoppers, coinciding with a reduction in the 

number of iterations. In particular, the GOA initiates the exploratory phase to ascertain appropriate 

search domains. Subsequently, the exploitation phase guides the agent to conduct a localized search 

for the global optimum, which is contrary to the inherent movement patterns of grasshoppers. 

Consequently, the parameter η is employed to mediate the interplay between exploration and 

exploitation, as indicated in Equation (79), [52]: 

 η = ηmax − k
ηmax − ηmin

K
 (79) 

where ηmax is the apex value, which is established at 1, ηmin is the nadir value, which is established 

at 0.00001, k denotes the current iteration, and K signifies the upper limit of iterations. In pursuit of 

the global optimal solution within the framework of the GOA, the grasshoppers navigate towards the 

individual exhibiting the most favorable value during each iteration. This methodology is anticipated 

to yield the most accurate approximation of the optimal real solution within the defined search 

space. 

5. Simulation Results       

The Maglev system with BSC and SC was simulated using the MATLAB simulation platform. 

The physical parameters of the elements within the Maglev system are presented in Table 1 [15]. 

The initial conditions of the system were set with a position of 1 mm, a velocity of zero, and a 

current of 0.3A. To optimize the performance of both the BSC and the SC, the GOA is employed to 

fine-tune the design parameters of each controller. Additionally, the performances of the BSC and 

the SC are enhanced by adjusting the parameters (c1, c2, and c3 ) and (λ1, λ2, and λ3 ) of the control 

laws specified in Eq. (36) and Eq. (67), respectively. 

Table 1.  Parameters of the Maglev system 

Parameters Values 
Resistance (R) 11.4 Ω 

Inductance (L) 0.6 H 

Mass (m) 0.006 Kg 

Gravity acceleration (g) 9.81 m/s2 

Force constant (k) 1.4×10-4 Nm2/A2 

 

The cost function based on the Summation of Absolute Errors (SAE), as shown in Eq. (80), is 

used to guide the optimization process toward the best performance [53]-[55]. 

 

Cost FunctionSAE =∑|e(i)|

Tf

i=1

 (80) 

  

where Tf refers to the total number of samples in the simulation. The design variables of the BSC 

and the SC are reported in Table 2. 

5.1. Evaluation in Normal Conditions  

Fig. 2 illustrates the responses of the Maglev system to the periodic sinusoidal input. The 

tracking error associated with the system employing the BSC and the SC is depicted in Fig. 3. 
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Moreover, the resultant control signals produced by the proposed controllers are represented in Fig. 

4. In this regard, a comparative analysis of the two control methodologies (BSC and SC), as 

presented in Fig. 2 and Fig. 3, reveals that the Maglev system utilizing both controllers is 

proficiently tracking the intended reference input. Nonetheless, the quantitative findings enumerated 

in Table 3 pertaining to the SAE indicate that the BSC exhibits a superior tracking response to the 

desired reference in comparison to the SC, with the SAE diminishing from 4.1 mm for the SC to 3.7 

mm for the BSC. Consequently, the BSC realizes a 9.7% enhancement in SAE relative to the SC, 

thereby underscoring its superior tracking capability under standard operational conditions. 

Table 2.  Optimal setting of the controllers 

Controller Parameter Value 

BSC 
c1 125 

c2 20 

c3 75 

SC 
λ1 80 

λ2 50 

λ3 12 

5.2. Evaluation Under External Disturbances 

Fig. 5 illustrates how the Maglev system reacts to a periodic sine-wave input when subjected to 

external disturbances. Fig. 6 displays the tracking error of the system utilizing both the BSC and the 

SC methods. In addition, the control signals produced by the proposed controllers are depicted in 

Fig. 7. By examining Fig. 5 and Fig. 6, it is evident that the Maglev system, when employing both 

controllers, effectively tracks the desired reference input even in the presence of external 

disturbances. However, the data presented in Table 4 for the SAE indicate that the BSC offers a 

more effective tracking response to the desired reference when faced with external disturbances 

compared to the SC. Specifically, the SAE decreases from 10.6mm with the SC to 6.2mm with the 

BSC. Consequently, the BSC demonstrates a 41.5% enhancement in SAE over the SC, highlighting 

its superior tracking performance under external disturbances. 

 

Fig. 2. Response of tracking position of Maglev based on BSC and SC under normal conditions 

The aforementioned simulation results demonstrate that the BSC is capable of effectively 

controlling the Maglev system in a better manner compared to the SC for the two studied scenarios. 

These scenarios encompass both normal operation and the impact of external disturbances. 
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Fig. 3. Response of tracking error of Maglev based on BSC and SC under normal operation 

 

Fig. 4. Control signals of BSC and SC under normal operation 

Table 3.  SAE index under normal operation 

Controller 𝐒𝐀𝐄 (mm) 

BSC 3.7 

SC 4.1 
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Fig. 5. Response of tracking position of Maglev based on BSC and SC under external disturbance 

 

Fig. 6. Response of tracking error of Maglev based on BSC and SC under external disturbance 

Table 4.  SAE under external disturbance 

Controller 𝐒𝐀𝐄 (mm) 

BSC 6.2 

SC 10.6 
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Fig. 7. Control signals of BSC and SC under external disturbance 

6. Conclusion 

This study investigated the design and enhancement of synergetic control (SC) and 

backstepping control (BSC) for a Maglev system, focusing on tracking periodic sinusoidal reference 

inputs. The GOA was employed to address the challenges associated with manually tuning the 

design parameters of each controller. To validate the effectiveness of the developed controllers, a 

comparative computer simulation was performed using MATLAB. The simulation outcomes 

indicate that the BSC offers superior dynamic tracking performance and robustness compared to the 

SC, both under normal conditions and in the presence of disturbances. Specifically, under normal 

operation, the BSC achieved a 9.7% improvement in the SAE over the SC, highlighting its enhanced 

tracking capability. Conversely, when the Maglev system encountered a disturbance, the BSC 

demonstrated a 41.5% improvement in SAE over the SC, underscoring its superior tracking 

performance under external disturbances. As a result, the improved tracking response and 

disturbance rejection for periodic reference inputs make the BSC particularly suitable for 

applications that require quick stabilization. Future research could focus on assessing the BSC's 

performance in more complex scenarios, including non-linear disturbances and parameter variations, 

as well as testing its implementation on physical hardware for practical validation. 
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