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Abstract: This paper presents a novel zero-power controller applied to a four-unit magnetic levitation
system, aimed at addressing the challenge of maintaining stability under disturbance loads. The
zero-power controller, designed based on a state feedback controller integrated with a position servo
integrator, is primarily employed to control the balance of the magnetic levitation (Maglev) unit and
eliminate steady-state errors. Subsequently, the zero-power controller operates after the state feedback
controller to adjust the Maglev unit to a new equilibrium point, primarily utilizing permanent
magnetic force to suspend against gravitational input. When loads change or disturbances occur,
the system generates current to maintain balance. All designs have passed validation. Experimental
results demonstrate the improved zero-power performance and disturbance rejection capabilities of
the proposed Maglev system. During synchronous operation, dynamic characteristics have shown
significant improvement, which has been experimentally confirmed.

Keywords: Maglev system; state feedback control; zero-power control

1. Introduction

Magnetic source devices produce a magnetic field that exerts both force and torque
to propel a ferromagnetic object. Levitation may potentially be attained if the magnetic
force balances the gravitational force acting on the object in question [1]. Traditionally,
there was a distinct space between the magnetic source device and the ferromagnetic
object [2,3]. Magnetic levitation (Maglev) technology enables the transfer of objects without
physical touch, resulting in rapid movement and the elimination of vibrations. This
advanced technology has been widely used in different industries, such as magnetically
levitated trains, bearings, and high-speed lifts [4,5]. Magnetically levitated conveyor carts
have been extensively utilized in several airports, providing benefits such as rapid speed,
effectiveness, low noise, and energy preservation, significantly improving the efficiency of
luggage transportation [6-8].

Various Maglev (magnetic levitation) systems have been used in the design of the
transportation tools, such as wafers, optical lenses, electric vehicles, and transportation
carts. According to the characteristics of magnetic levitation materials, there exist three
primary types of ferromagnetic levitation systems: the electromagnet system (EMS), the
permanent magnet system (PMS), and the hybrid electromagnet system (HEMS) [9-11].
In the EMS, levitation control relies on adjusting the input current of coils, enhancing
response speed and mitigating control complexity. A steady-state current is employed
to generate levitation force, leading to challenges such as coil heating and high energy
consumption during continuous operation [12,13]. The PMS adjusts the magnetic force by
manipulating the flux in the magnetic circuit, enabling reduced energy consumption due to
the inherent magnetism of permanent magnets [14]. However, the PMS loses control if the
levitated object comes into contact with the permanent magnet or magnet yoke. The HEMS
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employs both permanent magnets and electromagnets to create a combined magnetic field.
The electromagnet serves to enable active control, while the permanent magnet provides
passive levitation stiffness.

To realize magnetic levitation and zero-power levitation, many researchers have
investigated the control strategies for different hybrid EMSs. At the equilibrium position,
the levitation force is solely generated by permanent magnets, necessitating an applied
current of zero. The Korean research group of Kim et al. [15] studied another zero-power
control method by combining a modified state feedback controller with voltage integration,
eliminating the need for current measurement. Morishita et al. [16] proposed a zero-power
control method that incorporated integral compensation into the conventional PID control
system. This approach utilized integral current feedback and adjusted the reference air
gap to attain zero current at the balanced state. Bozkurt et al. [17] integrated the control
algorithm with the disturbance observer’s forward feeding output and applied it to the
HEM (hybrid electromagnet) flexible conveyor system. In [18], an extended Luenberger
observer was employed for load sensing in the zero-power controller. The enhanced
control method demonstrated excellent performance in experiments involving variable
loads. In the realm of zero-power levitation research, various control strategies for different
hybrid EMS systems were investigated. However, the equilibrium position’s air gap
varied based on the object’s mass, necessitating system adjustments to ascertain the unique
equilibrium position associated with zero-power levitation [19]. In an effort to reduce
manufacturing costs, Wei Zhang et al. [20] combined the zero-power control method with
sensor electromagnetic levitation, albeit at the expense of precise levitation positioning.
The multi-pole Maglev system with zero-power has the problem of energy cost and the
ease with which the limitation caused by various mass loads can be reached, which cannot
be avoided in magnetic transportation applications.

This paper introduces an upgraded zero-power controller that improves the perfor-
mance of conventional state feedback controllers. The mechanical model is in accordance
with the prototype in [3]. In [3], a Maglev cart was successfully controlled by a PID con-
troller. In this paper, the controller proposed here is controlled by the traditional state
feedback controller. To eliminate steady-state errors, we include integral control for position,
enhancing its resistance to interference. This effectively reduces external disturbances and
minimizes steady-state errors, ensuring precise control. Next, to achieve the zero-power
controller, we added the zero-power integral controller in the position servo control loop.
When the zero-power controller is active, it allows the system to achieve equilibrium inde-
pendently with magnetic force. We then conducted various load tests and demonstrated
the effectiveness of the proposed Maglev system with the zero-power controller. Finally,
the experiments with various loads on the four Maglev units working synchronously also
proved their effectiveness.

The organization of this article is outlined as follows. Section 2 presents the design of
key mechanical structures and their operational principles, as well as the establishment
of the Maglev mathematical model. A zero-power controller is constructed in Section 3,
utilizing the state feedback controller. Section 4 involves conducting simulations and
levitation tests to validate the system’s performance. Finally, Section 5 provides a conclusion
to the essay and discusses the other tasks that need to be addressed.

2. Description of Maglev Conveyor System
2.1. Introduction of Maglev Conveyor System

A Maglev cart has four Maglev units in its system. To better describe the Maglev cart
system, Figure 1 illustrates the detailed part of four units. The Maglev cart’s mechanical
design process and the the electromagnetic force analysis have been explored in the [3].
The parameters of the mechanical part and the electronics are kept in accordance with [3].
The coil wound around the PM unit was installed on the bottom of the bracket. The coil
current is the control variable i(t) of Maglev system unit. The eddy-current displacement
sensor was installed on the top of bracket. The sensor detects the displacement of the rail
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movement x(t) in the vertical direction. The Maglev unit and the eddy current sensor
were installed on the bracket. Moreover, there are touchdown wheels assembled on the
bracket, which restricts each Maglev unit to only be able to move in vertical directions by
£1 mm. The left part of Figure 1 also indicates the 3D view of the Maglev cart system.
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Figure 1. Force analysis of Maglev unit and 3D mechanical structure of the Maglev system.

2.2. Maglev Force Modelling

Constructing a model for the design of the control logic of a four-unit cart is important.
However, when it comes to controlling the four-unit model, factors such as interference
and slight deformations make precise control extremely challenging. Consequently, in
this paper, for the simplicity of the control system design, we only focus on controlling
each individual Maglev unit instead of the four-unit model for unified control. In order to
construct a simple and reliable mathematical model of the Maglev unit cart system, some
prerequisites need to be clarified. Magnetic flux leaks, edge effects, and the reluctance
between the rail and the electromagnet are ignored [20]. The electromagnet unit is assumed
to be a homogeneous sphere, and the magnetic force is concentrated at its center. There is
assumed to be a linear relationship between the output current and input voltage of the
power amplifier, with no delay.

To have a good understanding of the mathematical relationship of the Maglev system,
the force analysis is shown in Figure 1. After the mathematical model of the system was
analyzed, the mathematical relationship of the Maglev system is established through the
following theoretical derivation from Newton’s Second Law:

” d?x(t)
dt?
In Equation (1), m is the design quality in this project, g is the gravity acceleration, x is
the ball balance position. F(i, x) is the electromagnetic force on the magnetic unit, and i
is the instantaneous current of the electromagnet winding. Based on the Kirchhoff Laws
and Biot-Savart Law of the magnetic circuit, the electromagnetic force on the float unit is
assumed as follows:

=F(i,x) +mg 1

2
R

o ]/loANz
4

i
X

)? ¢)

Here, we define K. = as the constant coefficient related to the magnetic flux
of the electromagnetic winding. When the ball is in equilibrium, the formula is obtained
according to the mechanical balance principle as

mg + F(ip, x9) =0 3)

in which ig and x( are the current and air gap (i.e., displacement) at the equilibrium point,
respectively, and ip, xy are the air gap and the current in the coil when the Maglev unit
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maintains balance. Furthermore, the following relationship between position and current
are at the equilibrium point can be obtained.

; —mg
O =
K¢

X0 (4)

Obviously, Equation (1) had countless equilibrium positions, but some are unrealistic.
Next, we linearize Equation (1) around the equilibrium point (iy, x¢) as follows:

PEx() iy 3
where 0x(t) = x(t) — xp and 6i(t) = i(t) — ip. Taking the Laplace transform, the linearized
transfer function from Ji(#) to dx(t) is

—k;

dx(s) = k.

5i(s), (6)
P — ip — ig
where ki = —Kc@ and k; = _Kcﬁ'

In this paper, we measure x( and iy at the selected equilibrium point; thus, we obtain
the values of k; and ks as well. The specific values are shown in Table 1. It is worth noting
that we only control the current increment 4, and iy is provided by an electromagnet with
a constant current. Therefore, for controllers, there is a slight misuse of symbols without
ambiguity, we directly use the symbol i to represent i in the following.

Table 1. Nomenclature of physical parameters of the magnetic levitation unit.

Parameter Description Numerical Value
x* Target position 0 mm
X0 Gap position 4 mm
i Control current 0.05 A
Mo Vacuum permeability 47 x 1077 (H/m)
A Magnetic permeability area T x 1074 (m?)
N Coil turns 670
m Suspend float 70 kg
k; Gain of current and the force 85 (N/A)
ks Gain of position and the force 1.5 x 10° (N/m)

Given that the Maglev system is highly regulated, which was proved in [3], the Maglev
system can also be represented by a state space equation as Equation (7).

{x:Ax+Bu )

y=Cx+D
According the former analysis, the Maglev units system’s kinematic model can be
denoted as .
(kiu+ksx)-— =0
) ms ®)

v-—=x
s
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According to the Maglev unit system’s motion relationship and the relationship of
current and velocity, we could obtain

x=0 )
k; k

o= —u+—x (10)
m - m

x denotes displacement, v denotes velocity, u represent the voltage, m denotes mass, k;
denotes gain of current and the force, and ks gain of position and force.
Taking the mathematical relationships above into consideration,

e l=ls ol w
X w0 X =
- X1
y=|1 o}[xz} 12)
. . 0 1 0
In this equation we see that A = | o 'B=| & ,C=[1 0],and D = [0].
m m

To eliminate steady-state errors, as mentioned before, we need to introduce an integral
item, that is, the augmented term x,, which is satisfied as %, () = x* — x, where x* is the
desired displacement. Thus, the state space equation of the augmented system is

¥ =Ax+Bu
y=Cx+D 1
where A’ — {—Ac 8],3/ —[B" 0]",¢’=[C 0]and D' = [0].

3. Design of Maglev Unit Controller
3.1. Principle of Maglev Unit State Feedback Controller

In this approach, the Maglev system is designed by the pole placement methods of the
root-loci, and the designed state feedback controllers capture all states and then multiply
them by appropriate coefficients to generate the control signals. The stability of a system in
classical control theory is influenced by the location of its poles. Moreover, the efficiency
of a system is predominantly influenced by the arrangement of the poles. Therefore, by
choosing a feedback gain matrix, we can achieve the necessary dynamic performance based
on a given set of poles.

In this research, this method focuses on the analysis of the current amplifier and coil
circuit operating in linear mode. The amplifier k;;, is presented in the system. For the
coil unit, which requires strict and high-precision control, we introduce a position servo
integrator to eliminate steady-state error in the balanced position. The position servo
integrator is placed in combination with the feedback controller to eliminate steady-state
errors [21]. The original Maglev system is a typical second order system. Hence, the
system’s order is increased to three. Three-order poles, based on the pole placement theory,
are placed in the left half plane (LHP). There are three feedback gain parameters: one for
the displacement of the system output, denoted as fy; one for velocity, denoted as f,, which
is difficult to measure directly (here, we derive it by using an approximate derivative of
position as a replacement for velocity detection); the final parameter is denoted as fs,. This
part is shown in Figure 2, Region 2.



Electronics 2024, 13,2921

6 of 15

7 e
S i Region 1
1
! ks
X * J i u P
— 8| L —>0§0—>+ ka3 k =
ALs | AR ampli 7| ms
Position S R N
Servo d : disturb
| fv <
fi e 1
State feedback (DSP Inside)

Figure 2. The overall system block diagram based on the state feedback controller that integrates
position servo and zero-power control.
3.2. State Feedback Controller Designed with Zero-Power Control

The state feedback controller is designed with pole placement theory in the Maglev
unit system. The system balance condition is that the poles of the system transfer function
in the Laplace domain should be located in LHP. It is obvious that the poles in Equation (6)
are not in the LHP. Therefore, the state feedback controller based on pole placement is
designed as Equation (14):

u = Fx (14)

The negative notation in (14) shows that signal feedback to the system was negative.
The parameters F; are a gain vector, and x is a state quantity. Hence,

Fl = [fx/fv/fsv} (15)
The closed-loop state space equation with the state feedback controller shows:

X = (A/ — B’Fl)x

16
Y s (16)

Before design the controller for the new gain matrix system, the controllability of the
gain matrix must be determined. The determine process show as:

rank[B, AB, A" 1B] = g (17)

Hence, the closed-loop transfer function is changed to an autonomous system. The
stability of the closed-loop system is based on the matrix (A — BF;)x eigenvalue. The real
parts of the eigenvalues are all strictly negative whilst the system is stable. In the calculation
of the controllers K, we obtain the characteristic equation

det|sI — (A —BF)| =0 (18)
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The configured closed-loop system also has an s descending power arrangement
characteristic equation, which we set as

|sI —(A—BK)|=(s—s1)(s—s2)(s—s3) - (s—s4) =0 (19)

Figure 2 illustrates the whole diagram of the proposed controller integrated in the
Maglev system. In the state feedback controller of the Maglev unit system, the rank = 3,
which corresponds to the length of the matrix (A — BF;) [21]. Therefore, all the states of the
Maglev unit are controllable. Based on the three multiple poles in the Maglev unit controller,
the three multiple poles are set on —20. With the help of MATLAB 2022a calculations,
the parameters of the controller are f; = 1.7, f, = 0.02, f;u = 2.1, which is presented in
Fi1 = [fx, fo, fsv]- The guideline for pole placement should be as close to the stroke limit
as possible, with no overshoot, and with fast settling time and stability. Hence, the pole
placement was set on the real axis, the adjustment of which was determined through trial
and error by experiment. In the simulation, there are three series poles, —10, —20, —30,
that were tried; this was clearly stated in the Section 4.3: Unique Maglev System Levitation
Experimental Results.

There are several zero-power control methods available, such as using an observer, a
current integral feedback, or object weight estimation. In this paper, we consider a controller
with simple integration. The state feedback controller with commonly used current integral
feedback leads to the state feedback equation. Using this method, the last integral term will
have a constant value after convergence, and the steady current approaches zero [15]. Here,
fi is a positive gain that determines the speed of convergence. The gain f; can be selected
independently of the pole placement. The equation can be modified to use voltage feedback
instead of current feedback. Similarly, the voltage approaches zero after convergence,
and the current also goes to zero. With this modification, current measurement is not
necessary [15]. This part is shown in Figure 2, Region 3. The zero-power controller is based
on a state feedback controller, where f;/s is used as an integrator to eliminate static errors
in response to step disturbance inputs. Here, f; is an experimental parameter with a value
of 1 in this zero-power control loop. The parameter f; can be obtained by two methods:
by calculation or by the trails in the experiment, which is feasible. In this experiment, the
parameter was obtained by the latter one. The f; was set at 0 and gradually increased,
and the control performance reached its optimum at a value of 1. Beyond this point, the
control effectiveness deteriorates. In the controller logic diagram, the input of the control is
the final displacement of each unit. The control force was generated by the coil magnetic
force, which is indicated in Figure 2.  All parameters and the control logic circuit are
embedded in the dSPACE control logic circuit. The feedback current is internally calculated
in the dSPACE.

4. Experimental Result and Test Analysis
4.1. Maglev System Integration

The experimental prototype of the Maglev unit system is shown in Figure 3. The
electrical processing circuit used with the controller is designed to keep the system stable.
The electrical processing circuit consists of the DSP, current amplifier, sensor measurement
circuit, and coil. The power supply selected is CME-A350-24V(TDK), which supplies
24V voltage for system operation. The eddy current sensor is model 7620-146(AEC).
It has a measurement range of £10 mm, a resolution of 2 um, and a linearity of 1%
(0.7-6.3 mm). The current amplifier is the Copley_41227Z_EN DC brush servo ampli-
fier (Copley Controls). It has a 3 kHz bandwidth, and the wide load inductance is
0.4-40 mH. The DSP used in this experiment is the dSPACE DS1104. The dSPACE real-time
simulation system is a MATLAB/Simulink 2022a control system development and testing
work platform.
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Figure 3. Maglev unit electrical control logic circuit with MATLAB/Simulink and dSPACE. In Maglev
cart, the four Maglev Unit are marked with the serial number: Unit 1-1, Unit 1-2, Unit 2-1 and Unit 2-2.

4.2. Maglev System Simulation

The simulation results are displayed in Figure 4. The system’s effectiveness is tested by
implementing the state feedback controller and assessing the impact of the ideas. During
the simulation, we conducted an analysis by comparing three multiple poles at —10, —20,
and —30. When the three multiple poles were at —10, the controller parameters of the
F1 = [fx, fo, fso] were fr = 1.3, f, = 0.01, fs, = 0.3; when the three multiple poles were set
at —20, the controller parameters of the F; = [fy, fo, foo] were fy = 1.7, f, = 0.02, fop = 2.1;
when the three multiple poles were at —30, the controller parameters of the F; = [fx, fo, fso]
were fy = 2.2, f, = 0.03, fs, = 8.4. The parameters of the controller are calculated with
the same method of the controller design idea that was presented in the Section 3.2. After
obtaining the controller parameters, we built the Matlab /simulik simulation logic system.
The simulation results are clearly explained in our design ideas. Frequency domain-
analyzed results and time domain-analyzed results were obtained. The frequency results
in Figure 4a indicate that the system with a zero-power controller performed well. The
low-frequency band is horizontal and the gain decreases high-frequency band. The rising
speed is from slow to fast, consistent with the multiple poles of —10, —20, —30. In the time
domain of Figure 4b, at time 0 s, the status feedback controller is engaged, leading to the
accurate tracking of a displacement of 1 millimetre. At 3 s, the zero current controller is
engaged to prevent any steady-state current or positional deviation in the system. At7s, a
8 kgf disturbance is applied, resulting in a shift in the equilibrium position of the system
due to changes in weight.

Simultaneously, when examining the current of the system, we noticed a sizable
transient current at 3 s. With the activation of the zero current controller, the current
gradually approached 0 A. Following the introduction of the disturbance, transient current
was initially generated, but eventually, the system’s current remained at 0 A.

4.3. Unique Maglev System Levitation Experimental Results

The simulation results agreed well with the design concept. The controller of the
Simulink block diagram was implemented into the dSPACE. The different controllers’
parameters in the actual experiment were kept in accordance with the parameters that
have been presented in the simulation section. In the experiment, we tried three multiple
poles. The experimental results were not as ideal as the simulation. The experimental
equipment have the boundaries and limitation of the calculation. Figure 5 illustrates the
performance of the state feedback controller design with different multiple poles. In the
experiments, the three multiple poles at —10 were too slow to support the levitation. When
the multiple poles were set at —20, the controller had an excellent control performance.
However, when the multiple poles were set at —30, the response of the controller was too
fast, which generated a high amount of high-frequency vibrations. Based on the trial and
error principle, considering the response speed and stability margin, we chose the multiple
poles at —20 as the system controller parameters.
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Figure 4. Simulation results of Maglev unit with zero-power controller in MATLAB with different
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Figure 5. Experimental results of state feedback controller with multiple poles of —10, —20, —30.
(a) Multiple poles of —10; (b) Multiple poles of —20; (c) Multiple poles of —30.

Figure 6a illustrates the outcome of the displacement and current of the Maglev unit,
which is regulated by the state feedback controller without the zero-power controller.
Upon activating the state controller, the system exhibits consistent positioning at 0 mm,
accompanied by a current of around —0.2 A, hence guaranteeing the stability of the system
at the 0 mm position. Approximately 12 s later, an 8 kgf perturbation is introduced, and it
is found that the system rapidly returns to the 0 mm position. Furthermore, the system’s
current undergoes variations, resulting in a consistent output of +0.2 A.

Figure 6b displays the experimental results of displacement and current for the Maglev
unit, which was controlled by a state feedback controller with a zero-power controller.
The status feedback controller is engaged prior to 0 s, and the system maintains stability.
The zero current controller is activated at around 3 s. Over time, it is noticed that the
system’s current gradually approaches zero, while the equilibrium position gradually
moves away from 0 mm and settles at a new equilibrium point. At around 14 s, an 8 kgf
disturbance is added, resulting in a temporary alteration in the current. After approximately
1's, the current recovers to a value of 0 A. At the same time, the reference position also
undergoes automatic changes, ultimately reaching a stable state at a different equilibrium
point. Consequently, the distinctive Maglev unit method attains genuine levitation with
zero current.
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Figure 6. Experimental result of displacement and current of Maglev unit controlled by state feedback
controller combined with and without zero-power control. The dot line in the Figure indicated the
reference line for 0 mm and 0 A. (a) States feedback controller; (b) Zero-power controller.

Furthermore, to verify the controller’s performance and stability, different load tests
were conducted under the control of the SFB controller with and without a zero-power
controller. The current consumption and the displacement movement of the steady-state
results are summarized in Table 2. Declaration: The weights used for testing were solid-state
batteries. The test results are records based on actual experiments.

Table 2. The steady-state current and displacement under the force loads for SFB controller and SFB

controller with zero-power controller.

Current in SFB Displacement in SFB Current in SFB and Displacement in SFB

Loads of Baggage Controller Controller Zero-Power and Zero-Power

Controllers Controllers

8 kgf —-08A 0mm 0A —0.7 mm

16 kgf —-0.7A Omm 0A —0.5 mm

24 kgf —04A 0mm 0A —0.25 mm

32 kgf —-03 A 0 mm 0A —0.18 mm

40 kgf —-0.18 A 0 mm 0A —0.07 mm

48 kgf —025A 0 mm 0A —0.15 mm

In the evaluation process of energy consumption, which is mainly caused by the
copper coils, we calculate the integral of instantaneous thermal power versus time within
1 s of the stable levitation state. Then, the total energy consumption of the Maglev system
corresponding to levitation time T is obtained, as shown in Equation (20).

Q=1 [ eritac) 0)

The energy consumption of the Maglev system, when combined with the zero-power
controller of the SFB controller, is significantly lower compared to when the system is
managed only by the SFB controller. When the Maglev unit work in steady state and the
Maglev unit levitated a 30 kgf load, the Maglev system controlled by the state feebback
controller without a zero-power controller consumes roughly 0.96 ] per second. The 30 kgf
is to simulate actual luggage weight.Therefore, at the same experimental condition, the
energy consumption of the state feedback controller with zero power will be reduced to
about 0.1 ] per second. Energy usage is greatly reduced while using the proposed state
feedback controller with the zero-power controller.
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The design of the Maglev unit in this study potentially meets the design standards.
The Maglev unit is equipped with a zero-power controller that enables the detection of a
new equilibrium position when the controller is activated.

4.4. Maglev System Levitation Experimental Results

As depicted in Figure 3, a single cart platform was suspended using four Maglev units
that were mounted on the cantilever bracket. The ultimate objective of the Maglev cart’s
control system is to ensure that all four Maglev units operate in perfect synchronization to
achieve the levitation of the object.

There are four Maglev units that are installed on the four corners of the cart. The two
Maglev units in the neighbourhood cause disturbances, because the two Maglev units have
a horizontal long-side distance of 1800 mm and a horizontal short-side distance of 1050 mm.
The loads weigh more than 70 kg, including the cart. In modeling, it is generally assumed
that the weight of an item is maintained by the combined action of four points. The overall
weight of the object is equal to the sum of the weight supported by these four points of the
cart. The issue of coupling and mutual influence was determined to be insignificant during
the experimental procedure. For the simplified model set-up, the decoupling question is
not explored here.

Before conducting the experiment, several pre-conditions were set. The state feedback
controller parameters of four Maglev units were set as follows: F; = [—1.7, —0.02, —2.1].
The zero-power controller parameters were set as f; = 1. There are three experimental text
scenarios: static levitation, dynamic levitation disturbances input. All the situations are
shown as follows. The experimental tests’ pre-condition is that the four Maglev units work
in the steady state. All experiments were conducted under identical conditions. For the
three scenarios test, the judgment criteria of the four Maglev units are stated here. The
move range of each unit in the vertical direction was =1 mm, and each unit working in
the displacement range —1 mm—+1 mm indicated that the unit was in a steady state. Four
Maglev units being levitated by the electromagnetic force in the range without touching the
rail meets the control target. In here, the four units being in the same displacement is not a
mandatory conditions. In the test scenarios, we also designed one unit to levitate greater
loads, which more clearly showed the changes in the Magelv units under the controller of
the stated feedback controller with and without the zero-power controller. There was no
working limitation on the current. Under the controller of the state feedback without the
zero-power controller, the Maglev units had the same displacement, but the current cost of
each Maglev unit was not the same. The current was influenced by the loads. The Maglev
units were controlled by the state feedback controller with a zero-power controller, the four
Maglev units cost nearly 0 A current, their displacement was not same. The displacement
was influenced by the loads.

4.4.1. Scenario 1: Static Levitation

Scenario 1 (static levitation) interpretation: The four units of the cart were levitated at
the equilibrium position with a 30 kg load on the cart platform. The cart remained static
without any horizontal movement. Initially, the state feedback controllers were activated
one by one, and then the displacement and current of each Maglev unit were measured.
These data are illustrated in Figure 7a for the time zone from 0 s to 26 s. Subsequently, the
zero-power controller began operating simultaneously with the state feedback controller.
This resulted in changes in displacement and current, with each Maglev unit reaching a
new equilibrium point. The results for the time zone from 26 s to 60 s are depicted in the
Figure 7a. Under the control of the state feedback controller with the zero-power controller,
the displacement of each Maglev unit did not remain at 0 mm. The coil current of the
four Maglev units remained nearly 0 A. Thus, the static levitation scenario successfully
demonstrated zero-power control.
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4.4.2. Scenario 2: Dynamic Levitation

Similar to the static levitation scenario, a 30 kg load was placed on the cart platform.
The cart started with the controllers turned off. In scenario 2, the cart not only remained
levitated at the equilibrium point but also moved in the horizontal direction. First, the state
feedback controllers were turned on one by one, allowing the cart to levitate in a static state.
Once the cart stabilized, it moved forward horizontally at a speed of 0.2 m/s. Under the
control of the state feedback controller without the zero-power controller, the displacement
and current of the four Maglev units were recorded, as shown in Figure 7b. From 0 to 26 s,
the Maglev cart was controlled by the state feedback controller without the zero-power
controller. During this period, the displacement of the four Maglev units remained at 0 mm.
To balance the load force, the currents in the coils of the four Maglev units were not zero.
Specifically, the current in unit 2-2 was maintained at 0.7 A. Subsequently, the zero-power
controller was activated. From 27 s to the end of the observation period, under the control
of the state feedback controller with the zero-power controller, the displacements of the four
Maglev units did not stay at 0 mm but balanced at a new equilibrium point. The currents
in the Maglev units were maintained at 0 A. The experimental results are consistent with
the static control scenario. The four Maglev units were able to levitate the cart under the
control of the state feedback controller both with and without the zero-power controller.

Accordingly, the Maglev cart levitated the nominal weight at the equilibrium working
point, both in static and dynamic settings. Nevertheless, vibrations were more noticeable
under dynamic settings in contrast to static ones. The system effectively maintained the
equilibrium point at 0 mm under the control of the four state feedback controllers. When
the Maglev system was controlled by the state feedback controller combined with the
zero-power controller, it functioned at the equilibrium point, resulting in a reduction in the
current consumption to nearby 0 A.
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ment and current output in static; (b) Scenario 2: displacement and current output in dynamic.

4.4.3. Scenario 3: Disturbance Input

The disturbance input scenario involved the cart being levitated by four Maglev
units. Initially, the cart was levitated by the four Maglev units, which were controlled
by a state feedback controller without a zero-power controller, and were in a static state.
The displacement and current of the four Maglev units began to be recorded, as shown
in Figure 8. At approximately 10 s, a 10 kgf load was added to the Maglev cart. This
disturbance generated some small currents to resist the disturbance and caused some
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displacement changes, as illustrated in the disturbance input part of Figure 8. At 40 s, the
10 kgf disturbance was removed, and the four Maglev units returned to their original state.
At 55 s, the zero-power controller was activated, and the cart continued to move along
the rail. Within the next 5 s, the four Maglev units reached a steady state. Then, the same
10 kgf load was added to the cart again, causing oscillations in the Maglev units. The units
generated currents to counteract these oscillations, although some oscillations persisted. At
130 s, the 10 kgf disturbance was removed, and the four Maglev units of the cart recovered
to the balanced state after the disturbance was removed. A total of 10 s later, the Maglev
system was completely turned off. In this scenario, the four Maglev unit experimental
results were in accordance with the former two scenarios. Regarding the disturbance, both
controllers have a strong anti-interference capability.
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Figure 8. Scenario 3: Experimental result of displacement and current, tested under the condition of a
10 kg input of 4 Maglev units working synchronously with a state feedback controller combined with
zero-power control.

After multiple scenarios had been tested, both the state feedback controller and its
integration with the zero-power controller could achieved the cart work at the equilibrium
position. Upon comparing the two controller, it was found that the state feedback controller
demonstrated superior anti-interference capabilities, whilst the integration with the zero-
power controller exhibited exceptional power-saving capabilities. Both controllers meet
the design expectation. According to Equation (20), the Maglev system working under
the control of the state feedback controller without a zero-power controller will cost 1.2 ]
per second. The Maglev controller working under the controller of the state feedback
controller with the zero-power controller only cost about 0.2 J per second. In the long-
term working condition, the zero-power controller will save a lot energy. For the better
synchronization control of the Maglev cart, we need to control the four target positions,
taking into account the geometry of the transport device. For that case design, calibration
of position information (sensor and actuator placement) is also important. Moreover, this
proposed method only focuses on zero-power control in addition to improving dynamic
characteristics. A platform was needed for the three points. Hence, only position control
at three zero-power points and proportional control at one point were used in the design
in this project, and synchronization was not considered. Also, in [3], the three zero-power
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control of position control and one-point proportional control were not achieved. So,
the simple method for synchronization is to synchronize what controls the four Maglev
units themselves.

5. Conclusions and Future Work

The article presented a Maglev prototype transportation cart that can achieve zero-
power control with various mass loads. The proposed zero-power controller integrated
a state feedback controller with a position servo. The position servo integrator in the
controller was adjusted via pole placement to meet disturbance rejection and zero-power
control requirements. A controller with disturbance rejection capability was designed
to effectively manage an increasing current with a load while maintaining the desired
levitation position. Furthermore, a zero-power controller was devised based on the state
feedback controller, gradually transitioning the system to zero-power operation and adjust-
ing equilibrium position with object gravity. Experimental results indicate that the Maglev
unit system, employing the designed control algorithm, exhibited superior zero-power
and disturbance rejection performance under varying eccentric load conditions. Efforts
to develop a cooperative work strategy for multiple Maglev units and enhance system
anti-disturbance capabilities in dynamic scenarios are also affirmed. The proposed method
has two advantages: the improvement of dynamic characteristics and high-efficiency con-
trol, which can be achieved at the same time. The two controls can be designed separately,
which provides good design visibility. By turning the zero-power control on and off, it is
possible to switch between position control regarding stroke limitation and zero-power
control focusing on high efficiency.

The expansion of the Maglev prototype into a multi-input and multi-output system
will be used to re-create a math model to compare it with the current one. In the future, we
will investigate the resilience and robustness performance under dynamic load based on the
principle of [22,23], developing a nonlinear control algorithm, and improving positioning
accuracy control. And also, we will explore the working applications that combine it with a
linear driver in the horizontal movement.
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Abbreviations

The following abbreviations are used in this manuscript:

Maglev  Magnetic levitation

EMS Electromagnetic system

PMS Permanent magnet system
HEMS  Hybrid electromagnet system
PM Permanent magnet

LHP Left half plane
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