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Abstract—Technological advances necessitate intelligent control rules in order to achieve tight specifications,
which underlines the growing importance of nonlinear control systems. A magnetic levitation benchmark is a non-
linear system that’s popular among engineers. Because of the considerable nonlinearity in the modelling process
of such systems, many researchers in the control engineering field have found analysing the controller’s
performance to be a challenging experience. The objective of this research is to use an exact input—output feedback
linearization approach to develop a control scheme for a magnetic levitation system. This work presents a dynamic
magnetically levitated simulations based on the mathematical description of the nonlinear system. The levitation
simulation model is incorporated into a control system with the aim of preserving a steady state specified by a
desired trajectory, which is simulated by Matlab/Simulink.

Index Terms—CE152 Maglev, exact input—output feedback linearization, nonlinear control, pole-placement.

l. INTRODUCTION

The Magnetic Levitation (Maglev) system is a technique
of suspending a target in the air via magnetic force manipula-
tion. This magnetic force is utilized to counteract the target’s
gravitational force [1]. The magnetic levitation methodology
is a well-developed and rapidly expanding technology in
which the common denominator in their applications is the
absence of touch, resulting in no wear and friction [2]. High-
speed trains suspension, superconductor rotor suspension of
gyroscopes, rocket-guiding projects, magnetic bearings, and
vibration isolation systems are indeed some of several indus-
trial applications for magnetic levitation systems [3-8]. Due
to magnetism’s highly nonlinear behavior, the mathematical
model for magnetic levitation applications is unstable. Hence,
there is a considerable need for modeling and control research
in industry and academia. Modeling can be accomplished us-
ing two approaches: the linearized one and the nonlinear one.
For linearized models, techniques such as PI, PID, fuzzy, and
state feedback LQR are widely used as in [9-12]. PID is the
most common and straightforward of these strategies to create
and execute. The greatest drawback of the PID controller is
the adjusting procedure for the gains of PID parameters[13]
.As an alternative, exact input-output feedback linearization ,
the sliding mode control using Lyapunov functions represents
one of the promising methods for the nonlinear approach [14-
16]. The study and formulation of nonlinear systems necessi-
tates knowledge in mathematical disciplines such as differen-
tial geometry, etc. However, as computing science progresses,
non-linear synthesis procedures are becoming more widely
[17]. In this paper will show how to use the exact input-output
feedback linearization (FBL) algorithm to obtain a control
scheme for a simulation software of magnetic levitation de-

pending on the Humusoft CE152 model of magnetic levita-
tion [18]. The following is a description of how the paper is
organized. Section II depicts a mathematical model of the
CE152 magnetic levitation system. The state space model of
the CE152 magnetic levitation is described by section III. A
general explanation of the exact input — output feedback line-
arization approach is presented in Section IV. In Section V,
the exact input-output feedback linearization approach and
pole-placement are used to linearize the nonlinear magnetic
levitation model. The simulation results are described in sec-
tion VI to show that the proposed techniques are appropriate.
Finally, conclusion observations are addressed in section VII.

Il.  CE152 MAGNETIC LEVITATION
MODELLING SYSTEM

The Magnetic Levitation CE152 demonstrates challenges

Figure 1 CE152 magnetic levitation

and difficulties in nonlinear and unstable control systems. Fig.
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1 illustrates the Magnetic levitation CE152 model which is
comprised of metal ball, coil, PC with Data Acquisition
(DAQ) Card and power amplifier [18].

A steel ball is held in a magnetic field which is generated
by a current in the coil. The target of the control magnetic
levitation system is achieved by balancing the two forces on
the ball, the gravity force (downward) and the magnetic force
which tries to attract the ball upward [19].

The block diagram of Magnetic Levitation CE152
system is demonstrated by Fig. 2 which consists of:
e Digital-to-Analog converter.
power amplifier.
Ball and coil.
Position sensor.
Analog-to- Digital converter.

Figure 2 Scheme of the Magnetic levitation CE152 model

A. Digital-to-Analog converter subsystem

D/A converter can be characterized in terms of equation
(1) which is represented by Simulink block model as shown
in Fig. 3.

u=kpauyy +u 1)

Where u is the model output voltage [V ], kDA is the D/A
converter gain [V/MU], uMU is the D/A converter input
[MU] and u0 is the D/A converter offset [V ].

i

DI/A converter gain

model output
voltage [V]

D/A converter
input [MU]

DA converter
saturation

Figure 3 Digital-to-Analog converter subsystem

B. The power amplifier subsystem

Fig. 4 demonstrates the internal structure of the power am-
plifier which is designed as a source of constant current with
the feedback stabilization current.
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Figure 4 The power amplifier subsystem
Equations (2) and (3) are obtained by applying the Kirch-
hoft’s Voltage Law (KVL) to power amplifier circuit.

L.di

Um = =<2 4 (Rc + Rs)i )
dt

Um = kam(u - Rsiks) (3)

The amplifier voltage u and the amplifier current i are con-
sidered as the input voltage and the output current of the
power amplifier respectively. The transfer function of the
power amplifier is illustrated by solving equations (2) and (3)
with applying the Laplace transform as following.

kam
Is) _ R+ R)+RkKam @
(RC + Rs)+Rskskam

The transfer function of the power amplifier can be repre-
sented by equation (5).

U(s) (Tys+1)
Where,
K, kam (6)

" (R, + Ry)+R kKo

- L ()
(Rc + Rs) +Rskskam

T,

Where k; and T, are called the coil and amplifier gain and
the coil and amplifier time constant respectively. The inverse
Laplace transform of the current is illustrated by equation (8).

i(6) = ky(1— € Ta) ®)

At T, is quite little (ms):
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C. Ball and Coil Subsystem

The magnetic levitation system is designed to levitate a
mass (ball). This will be occurred at the point of equilibrium
where there are no forces present as shown in Fig. 5. La-
grange’s equations, the model of the ball and coil for magnetic
levitation can be described as follows.

Steel Ball

1
Lx,x)=T—-V= Em)’cz - mgx (10)

Where, T and V denote the ball’s kinetic and potential en-
ergy respectively.

In the absence of any non-conservative external forces, La-
grange’s equations for the magnetic levitation system is given
by equation (11).

doL oL

aa—a:mx+mg:0

(11)

There are two forces acting on the system, one of them is
the force caused by air damping F; and the other is the force

Figure 5 Magnetic Levitation Basic Setup

of electromagnetic field F,, which can be obtained as follow-
ing.

The energy in the coil which has N number of coil turns, [
the coil length , u is the permeability of the coil core, L is the
inductance and A is the coil cross section area can be demon-
strated by the following equation.

1 . 12
Wy, =5 Li? (12)
=L a3
HA
L N_2 UAN? (14)
TR 1
_ pAN? 2 (15)
meo21

dW,, pAN? i2 (16)

— — 2 _
Fon = dl 212

1© = —_—
€ (x = x)?

2
Where k., = % is the aggregated coil constant [N/A], i
is the coil current [A], x is the distance [m] and x, is the coil
offset [m].

The force caused by air damping F:

1
Lx,x)=T—-V = mez - mgx n

Where, kgy is the damping constant [N. s/m]. The two forces
are appended as following:

doL 9L (18)
From equations (11), (16) and (17):
i2 (19)

mix +m,g =k, — kpyx

(x — x0)?
Where. my, is the ball mass [kg] and g is the gravity ac-
celeration [m/s?].
Equation (19 )can be arranged as following:

i2 (20)

mx=k —myg — kpyx

“ (x — x0)?
By substituting i = k;u from equation (9):
. (kaw)? . (21)
mx = k. —x? kpyx —my g
u? (22)

mx = kg G—x)? kpyx —mug
Where k; = k.k? is the aggregated coil constant [N /A].
The ball and coil subsystem of the magnetic levitation

model which was represented by equation (20) can be demon-
strated by Simulink model as shown in Fig. 6.
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Figure 6 The ball and coil subsystem of the magnetic

D. Position sensor
The position of the ball can be measured by the position
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sensor which provides feedback into the system about the ball
position. Equation (23) represents the position sensor model.
y =kx +yo (23)

Where, y is the model output voltage [V], k, is the position
sensor gain [V /m], x is the ball position [m] and y, is posi-
tion sensor offset [m].

E. Analog-to-Digital converter subsystem
A/D converter can be demonstrated by equation (24).

Ymuu = kapY + Ymuo (24)

Where, yuy is the A/D converter output [V], kyp is the
D/A converter gain [MU/V], y is the model output voltage
[V], and ypy, is the A/D converter offset [MU]. Fig. 6 repre-

';J’ .{ K x"uty 0 }-*-O(I(_AD“MW_M.D}_-N:E)
the model output Position sensor A0 converter Is the ND
wvoltage [V], gain and offset converter output [V]

sents the Simulink block diagram of A/D converter and posi-
tion sensor subsystem.

I11.  CE152 MAGNETIC LEVITATION

Figure 7 Simulink block diagram of A/D converter and position sen-
sor subsystems

STATE SPACE MODEL

The state equations of the CE152 magnetic levitation sys-
tem can be presented from equations (5) and (20) as shown

in equation (24) By supposing X1 £ x, £ X, i £ x3, 44 :l—” ,
k

B1 =kmL:: 161 = kDAki al’ld D1 = kADkX'

5C1 = X3

X A x5 B

Xy = — Byx, —

2 1(x1—x0)2 1X2— 49

. 1.6 (24)
X3 = —T_axS +T_au

y=Dix;

The nonlinearity of the system is demonstrated by the state
space model in the foregoing equations. The system can be
controlled in two main methods: linear system control and
nonlinear system control. The study and formulation of non-
linear systems necessitates knowledge in mathematical disci-
plines such as differential geometry, etc. However, as compu-
ting science progresses, non-linear synthesis procedures are
becoming more widely used[17]. The exact input-output feed-
back linearization technique will be discussed by the follow-
ing sections, and the controllers for the CE152 magnetic lev-
itation benchmark will be simulated. Table 1 demonstrates the
CE152 Maglev parameters which are used in modelling of the

system.

IV. EXACTINPUT-OUTPUT FEEDBACK
LINEARIZATION

This section will show how to use the exact input-output
feedback linearization (FBL) algorithm to obtain a control
scheme for a simulation software of magnetic levitation de-
pending on the Humusoft CE 152 model of magnetic levita-
tion[20]. This technique is premised on the theory of compen-
sating for nonlinear effects in the system by adding dynamical
controller, culminating in a system that behaves linearly in re-
gard to the proposed input v(t) and y(t) as output of the sys-
tem[21].

Equation (25) demonstrates the formula of the nonlinear
system.

x(t) = f(x) + g(u(t)
y(@®) = h(x (25)

Where x(t) € R™is state vector, u(t) is input control, y(t)
is the output of the system, f(x), g(x) and h(x) are nonlinear
functions.

TABLE 1 CE152 Maglev model parameters.

Parameter Symbol | Value
ball mass [kg] mk 0.0084
viscose friction[unitless] KFv 0.02

ball diameter [m] Dk 12.7e-3
gravity acceleration constant [m.s™?] & 9.81
maximum DA converter output voltage[unitless] | U DAm | 5

coil resistance [Ohm] Re 35

coil inductance [H] Le 30e-3
current sensor resistance [Ohm] Rs 0.25
current sensor gain [unitless] ks 1333
power amplifier gain [unitless] K.am 100
maximum power amplifier output current[A] Lam 12
amplifier time constant [s] Ta 1.8694e-05
amplifier gain [A/V] ki 0.2967

D/ A converter gain[unitless] k_DA 10

A/D converter gain[unitless] k_AD 0.2
position sensor constant[unitless] k_x 797.4603
aggregated coil constant[N/V] k f 0.606e-6
coil constant[unitless] k_c 6.8823e-06
coil limit bias [m] x_0 8.26e-3

The exact input—output feedback linearization approach is
created by computing the differentiation of the output of the
system y(t)till it becomes proportional to the input u(t).The
number of derivations defines the system's relative order r
[17].

Linearization stages for the nonlinear system (24) using
the exact input—output feedback linearization approach are as
flowchart in the Fig. 8.
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V.  NONLINEAR CONTROL LINEARIZATION

This section provides a exact input-output feedback line-

start arization mechanism for the nonlinear maglev model and de-
signs a control scheme for the resulting model. Suppose the
v state state space form of the Magnetic levitation in the
. o equation (24). The derivative of the system output y is then
cal(:l,(lalgtlon (:afhdern gtfllon applied until there is a dependency on the input u:
y=—x=—f+-—gu
Y= ox dx f dx
= Lgh(x) + Lyh(x)u ' y=Dix;
o Lhoo 4 L Y= P = D
y' = Leh(x) + LyLe " h(x)u 2 (26)

y=Dyx; = D1("hm— Bix; — 9)

y=f®)+g®u

It No
LyLi *h(x)u # . . .
0 The following calculations can be used to determine f (x)
and g(x) .
. 24, x5% (27)
y =D, <—B1xz T NE
Yes 1™ %o
(%1 — %0)?

substitutiony” = v

(=Lzh(x) +v)

Equation (27) can rearrange as following;:

U=—"——"F75""7
LoLy*h(x) 3

.. 24:D1x5x; ( X3
=—+DB | Ay ——
Y (%0 — x1)3 it (x0 — x1)?
l —Byx; — g) (28)
2A,Dx3
determine state transformation - m
a
z = T(x) N 24,D,Cyx;
= [h(x), Lh(x), ..., Ly h(x) (o —x)2
Where,
2A1D1x§x2
X)=——+
' f) = T2 2
nonlinear system can be transformed +D,B, ( 4, X3
into linear form. Propose feedback (xo — x1)?
control law by linear method of (29)
: _ —Bix;—g
synthesis for example: pole placement
or LQR controls 2A,Dx3
¢ Ta(xO - xl)z
2A1D1Cyx3 (30)
t =2
stop 90 = Gy 2
ALGORITHM DESIGN USING After substitution ¥ = v, the resulting input transfor-

EXACT INPUT-OUTPUT FEEDBACK  mation has following form:

Figure 8 Flowchart of exact input - output feedback linearization
method
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(1)
=9 )( f&) +v)

The corresponding state transformation z = T (X) can be
determined as shown in equation (32).

z y=D1x;
H I (32)
Z3 y=Dix;

After that, the nonlinear system is transformed into linear
system as it is demonstrated by the equation (33).

[le [o 10 0

Z;[=(0 0 1 +10|v

Z3 0 0 O 1 (33)
Where,

V=—KzZ+KyYref (34)

Where K = [kq, k,. k3] is the vector gains.

The resulting input transformation in equation (32),
state transformation in equation (33) and the control law in
equation (34) are established by simulation of Simulink in
matlab which is displayed by the Fig. 9.

{
S

Figure 9 The Simulink of the nonlinear model for Maglev

The state feedback control equation was constructed in the
form of equation (34). Depending on the vector of the dynam-
ical system (32), properly chosen roots [k1, k2.k3] using the
pole — placement method. Equation (35) illustrates the new
linear system.

z 0

yref (35)

7 0 1 0
[zzl :[ o0 o 1
73l |l—=ky —kp; —k;

The characteristic polynomial for the system in equation
(35) becomes as follows:

K,

e D D DHHDTD

Figure 10 Integral Control for Steady-State Error Design

P(S) = det(SI — A)
s 1 0
=lo -s 1 (36)
—ky —k; —k;—S

=S3 +k352 +k2$+k1

An integral state feedback controller will be constructed to
eliminate the steady state error as shown in Fig. 10.

The state space model can be modified to become as fol-
lows.

[f,,] =% ol + Gl

=[c ol

(37)

1z

The linear system in equation (35) can be rewritten as the
form in equation (37) as follows:

Zy 01 0 01[Z:1] [0

Z, 00 1 0 ||Zzf |0],

Zs K, K, K; K.||Z; 0

7] -1 0 o ollzy] L
2 (39)
Z,

=1 0 0 0

[ 1|z
Zy

Where the closed loop system characteristic polynomial
representing a 4th order system:

P(S) = 54 + k153 + kZSZ + k3S + Ke (39)

If the settling time is equal to 0.5s and the percentage of
overshoot is 0% then, the damping ratio and natural frequency
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(=1, w, = 8for an estimated second-order system with
dominant poles at P; , = —(w,, £ w,4/1 — (= —8 conform
to the requirements. Place the 3rd and 4th poles at minimum
10 times the distance between them and the dominant poles.
The characteristic polynomial will be as following:
P(S) = (S + 8)%(S + 80)(S + 800)
= S*+ 89653 + 7814452
+1080320S + 4096000

(40)

By comparing the two equations (39) and (40) the gains
for the control are as shown in equation (41).

T T
Kk, 896
Kk, 78144
K= = (41)
K, 1080320
K, 4096000
VI.  RESULTS AND SIMULATION

Applying the mechanisms shown by Fig. 9 and the gains
of the controller in the equation (41). Exact Input-Output
Feedback Linearization with Pole placement technique is
used to determine the relevant position, velocity, and acceler-
ation signals. The estimated position, velocity, and current
signals are shown in Fig. 11, which demonstrates that the con-
trollers satisfied their positional objective in 0.5 seconds.
These observations strongly suggest that the control system is
capable for estimating displacement, velocity, and accelera-
tion for use as feedback signals in motion - based applica-
tions.

Fig. 12 illustrates the step response for the Exact input—
output feedback linearization (EIOFL) and the PID controller
when the PID gains controller are (Kp = 1, K; = 2000, K, =
5). The results show that the proposed controller using (EI-
OFL) controller outperformed PID controller. Table 2 listed
the Performance comparison between EIOFL and PID con-
trollers.

e ™ Estimated position signal
2
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Zut 4
2
o ) . L )
=0 1 2 3 4 5
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2
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e
T
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Figure 12 Estimated position,velocity and current signals
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Figure 13 Output step response for the Exact input-output feedback
linearization (EIOFL) and the PID controllers

The tracking accuracy for a sinusoidal input command signal
is similarly adequate. In addition, at time point t = Osec, t =
10sec ,t = 20sec,t = 30, and t = 40sec, we purposefully
add an impulsive signal to evaluate its robustness against im-
pulse perturbations. The suggested technique proves to be ro-
bust to shocks as shown in Fig. 13. Finally, according to sim-
ulation results, the Exact Input-Output Feedback Lineariza-
tion technique can develop a closed-loop control system with
good tracking performance.

table 2 Performance comparison between EIOFL and PID
controllers

pulses
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Item EIOFL | PID
Rise time (seconds) 0.1 2.1
Settling time (seconds) | 0.3 2.3
Overshot (%) 0 26
Peak amplitude 0.5 3
steady state error 0 0

06 (htlpul respotse of sine w ave input m'iﬂl di\l»'rl'mn pul'w\

v trajectory
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VIl. CONCLUSION

The proposed Exact Input-Output Feedback Linearization
with Pole Placement technique has been shown to be effective
in motion - based applications where motion, speed, and cur-
rent are frequently required as feedback signals. In this paper,
the magnetic levitation system CE152 was employed to illus-
trate the effectiveness of the suggested control strategy
through simulation. According to simulation results, the Ex-
act Input-Output Feedback Linearization technique can de-
velop a closed-loop system with good tracking performance.
The control design for a real model of maglev and the support
of instruction in the topic of optimal and nonlinear systems
will both utilize the information obtained from the field of
techniques of synthesis of nonlinear systems in the future.
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