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Abstract: Magnetic levitation is an unstable and non-linear system. The
main problem for these types of systems is how to develop a control
system to obtain the desired output response. For years several
techniques and methods have been followed to get a control system that
meets requirements of stable performance. In this paper, a classical PID
controller is implemented, to control a magnetic levitation system. A fuzzy
system is used to modify the parameters of PID controller according to
body position. The impact of system’s non-linearity has been reduced with
the suggested controller. The simulation results explain that the
supervisory fuzzy-PID controller has a good robustness and a quality
controller. The model of the system is simulated using Matlab R (2015) a
Simulink.
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1. Introduction

For many years Electromagnetic levitation has attracted many
researchers, who interested in studying the nonlinearities behavior for
systems in order to implement an effective control scheme [1][2].
Therefore, it needs to know what it the magnetic levitation. “Magnetic
Levitation is described as a system which holds an object in the air without
any physical contact between the object and the system” [3]. And to do
this, it must cancel the force of gravity by an equal and opposite force
using a strong electromagnet [4]. The difficulty is how to control the current
flowing through the coil, which produces an appropriate magnetic field to
lift the ball. A lot of control strategies have been suggested to get an
effective and fast response. And These strategies are like linear,
nonlinear, fuzzy logic controllers and etc [5].

In past years the fuzzy controller was used to solve difficult engineering
problems that did not have accurate mathematical plant pattern [5], and for
the flexibility with all systems. All these reasons make the fuzzy logic to be
a good choice to control nonlinear systems like electromagnetic levitation
systems][6][7]. And in addition, PID controller has a good performance to
reduce the error in the response of the system. Therefore, a combination
of fuzzy and PID controllers was designed to extract the advantages of
both controllers. The experiments show that the self-tuning-parameter
fuzzy PID controller has a better performance in compared to a classical
PID controller in control the magnetic levitation system [8][9].

The purpose of this paper is to highlight the use of intelligent techniques
with classical techniques in order to lead the system to a state of stability.

This paper is structured as: Section 2 introduces the literature review.
Magnetic Levitation System modeling is presented in section 3. The
design of the fuzzy Self-Tuning PID controller is given in section 4. Section
5 shows the simulation and experimental results. Finally, section 6 gives
the conclusions.

2. Related Works

There are many kinds of research in the literature that involves design
and implementation the magnetic levitation system. N. Naz, et al., (2013)
[1] presented feedback linearizing controller to reduce the error and
settling time for the magnetic levitation system, and to get good
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performance. For comparison, a sliding mode and PID controllers are
implemented. T. Tariq, et al., (2013) [2] explained how to use the Fuzzy
logic controller to make the magnetic levitation system more stable by
keeping the ball in the air. And showed that Fuzzy logic controller is better
than the LQR control. A. Awelewa, et al., (2013) [3] introduced the
magnetic levitation system's behavior, by using the root locus technique to
reach to the stability of the system. And to prove that the system can be
effective, stable and useful only by modifying the parameters of the
controllers. R. Precup, et al., (2017) [5] presented developing Takagi-
Sugeno (T-S) Fuzzy logic in order to control the nonlinear behavior of
magnetic levitation system, and to improve the performance of the plant
that used T-S Fuzzy controller in terms of the output's response. N. Naz,
et al., (2013) [10] introduced the real-time implementation of magnetic
levitation system by using a sliding mode control and Kalman filter to
estimate the unknown plant, and the system tested under external
disturbance to prove its robustness. J. Igbal, et al., (2016) [6] explained
the design of magnetic levitation system by using H robust controller, and
by taking into consideration the uncertainties in current and the output. M.
Hypiusova, et al., (2017) [7] presented the design of a robust PID
controller for a magnetic levitation system in the field of a frequency
domain, to guarantee the desired performance.

3. The Mathematical Model of the Magnetic levitation
System
This section explains the mathematical modeling of the system. The
model is obtained by applying the basic equations of physics and

mechanics to the system that can be represented by differential equations.
The simplified diagram of magnetic levitation system is given in figure 1.
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Figure (1): Simplified Magnetic levitation System Diagram

The system dynamics explaining the behavior of the moving ball are
derived from Newton’s laws, as expressed in (1) [3]:

F,+F,=F, (1)
And can be rewritten as:
Fo=Fg5—F, (2)

Where
e [, denotes the accelerating force because of the ball mass.
¢ [ denotes the Magnetic force (“Fe defined as the rate of change of
work done with distance as the ball is moved from one position to
the other by the force”).
e F4represents gravity force.

F,=mX , F,=mg , F,=k>;

So, It can be rewrite (2) as follow [1]:
mX =mg — k;—z (3)
m is the mass of the levitated object.
g represents gravity.
X denotes the distance between the ball and the electromagnet.
| is the amount of current that passes through the electromagnet.
k is a coefficient.
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A photo-sensor (infrared-based) may be used to give a measurement
of the distance of the ball’s position from the electromagnet to ensure that
the ball at the desired position by providing a voltage, when X; is the
primary operating point and y >0.

Vsensor = _Y(X - XO) (4)

And when X=Xp, the output of the sensor will be zero, and the variation in
Vsensor is given as:

AVgensor = —¥X (5)

The amount of current that passes through the electromagnet is provided
by the relation:
1=0.15U + I, (6)

Where, |p is the primary operating current at primary ball position Xy. And
the variation in current is:
Al=0.15AU (7)

From equation (5), it can be seen that the electromagnetic force is
always a negative term as the inductance parameter decreases while the
ball moves away (x increases). Hence the magnetic ball is always pulled
over to the electromagnet whatever the sign of the coil current is. The
output of the sensor changes according to the appropriate amount of effort
in order to make the ball stable and keep it in that mode.

The non-linear model from equation (3) can be linearzed around the
nominal operating point (Xo, lo) as:

mAX = AAX — aAU (8)
Where, Al has substituted by 0.15AU.
X(s) = AX(s), U(s) = AU(s) 9)

The constant k can be determined from the equilibrium conditions around
(X0, 10) which are given by making the derivatives of the non-linear model
equal to zero-yielding:

12
mg = kx_% (10)
This gives:
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mgX(Z,

k=
15

(11)

Finally, the transfer function G(s) of the considered system is
approximated to second order:

yis) _ m
G(s) = U(s) S2-wj (12)
_ y_Fl 0.3klp y mgXo Y9 .3y
n=-" X2 m I3 _0310_1 (13)

_ Fy 21§ mgX§
Wo = \/_E TAmx3 2 f f (14)

Note that this linear system is independent of the levitation-ball mass.
Under state space form, this linearized system can be described by the
straightforward companion form:

. [0 1 0
x—Ax+Bu—[W§ O]x+[n]u (15)
y=Cx=[1 O0]x (16)
Where,
y(S) = AV;ensor(S) = Xl ) and Xl = XZ (17)

In this state equation, the state variables are as follows:
X1 = AVsensorr X2 = AVgensor (18)

Here, the output “X1 and X2” represent the position of the ball and the
velocity (represent the ideal system without a noise) [1][10][11]. And to
keep the balance of the ball against the effect of gravity, it requires
modification of the magnetic force.

4. Design of the Fuzzy Self-Tuning PID Controller

In this section two controllers for the magnetic levitation system to be
stable will be presented; the Proportional Integral Derivative (PID)
controller, and a fuzzy system that tunes the PID gains, to regulate the
output by control the current through the coil, the coil current is used as
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input to control the ball position, to produce magnetic field when DC
current is applied.

A. PID Controller

The proportional-integral-derivative controller is commonly used due to
the simple structure and robust performances. The PID controller has the
following form as illustrated in (19), here u(t) represents the output of the
classical controller [12][13]:

u(t) = Kpe(t) + K; [, e(t)dr + Kg=e(t) (19)

The “magnetic levitation system” is a nonlinear system, so it is difficult
to try to use classical control method to achieve ideal control effect [8].
For this reason, it uses here Fuzzy PID controller.

B. Fuzzy System for Tuning the PID Parameters

The Appropriate PID controller depends on the choice of the
parameters. For this reason, it can be used the Fuzzy system for Self-
Tuning PID parameters, and gets the advantages of both Fuzzy and PID
controllers, to arrive at optimal control strategies. Figure 2 illustrated the
general structure of the "self-tuning parameter fuzzy PID controller” [12][8].
Where r(t) is the desired position and y(t) is the actual position of the ball.
The error (e) and its change (Ae) are the inputs of the fuzzy control, and
the outputs will be the changes of the parameters (K,, Ki, Kg).

de N
a@t Fuzzy Inference

* System
AkJAk|A &)

P
L

L u(t)
r@®  +le( PID Controlled] ¥ (1)
" controller | | Object i

Figure (2): Basic structure for “Self-Tuning parameter Fuzzy PID
Controller”

Fuzzy logic rules are used for self-tuned the PID parameters to get
suitable values of the parameters to control the output as illustrates in (20)
and (21) [8]:
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e(t) =r(t) —y(t) (20)
de(t) =e(t) —e(t—1)
Kp(ty = Kp(e-1) T AKp()
Kity = Kit-1) + AK;() (21)
Kaey = Kae-1) + DK

Where Kyp, Kip, and Ky are the tuning parameters of the PID
controller, and Kpyt1), Kit1), and Kge1) are the PID parameters before
tuning. To control the position of the ball which is the purpose of the
controller, it makes the output of the controller as the input (voltage) to the
Electromagnet, in order to control the current through the coil of the
Electromagnet. And from finding the relationship between the PID
parameters and e and Ae, by using the Fuzzy PID controller, it leads to
produce a good dynamic performance. To do this, it must select the
variables of the error (e) and the its change (Ae) of the system as inputs
for the fuzzy control, it has been chosen seven linguistic values of the
fuzzy sets as {MH, MM, ML, ZE, AL, AM, AH}, that is {Minus High, Minus
Middle, Minus Low, Zero, Affirmative Low, Affirmative Middle, Affirmative
High} [12][13][14]. Table 1, Table 2 and Table 3 shows the Fuzzy rules for
tuning the PID parameters. Figure 3 shows the membership function for
the inputs (e and Ae).

hJH MR ML ZE AL Ahd AH
1

Figure (3): e and Ae membership functions
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Table 1: Fuzzy rules for K,
Ae
MH|]MM | ML | ZE | AL | AM | AH
MH | AH | AH | AM | AM | AL | AM | ZE
MM | AH ] AH | AM | AL | AL | ZE | ML
ML | AM | AM | AM | AL | ZE | ML | ML
ZE | AM | AM | AL | ZE | ML | MM | MM
AL | AL | AL | ZE | ML | ML | MM | MM
AM | AL | ZE | ML | MM | MM | MM | MH
AH | ZE | ZE | MM | MM | MM | MH | MH

Table 2: Fuzzy rules for K;
Ae
MH | MM | ML | ZE | AL | AM | AH
MH | MH | MH | MM | MM | ML | ZE | ZE
MM | MH | MH [ MM | ML | ML | ZE | ZE
MS | MH | MH ]| ML | ML | ZE | AL | AL
ZE | MM | MM | ML | ZE | AL | AM | AM
AL | MM | MM | ZE | AL | AL | AM | AH
AM | ZE | ZE | AL | AL | AM | AH | AH
AH | ZE | ZE | AL | AM | AM | AH | AH

Table 3: Fuzzy rules for Kq4
Ae
MH]MM | ML | ZE | AL | AM | AH
MH | AL | ML [ MH | MH | MH | MM | ZE
MM | AL | ML | MH | MM | MM | ML | ZE
ML | ZE | ML |MM | MM | ML | ML | ZE
ZE | ZE | ML | ML | ML | ML | ML | ZE
AL | ZE | ZE | ZE | ZE | ZE | ZE | ZE
AM | AH | ML | AL | AL | AL | AL | AH
AH | AH| AM]| AM| AM | AL | AL | AH

e

5. Simulation and Experimental Results

The design of a controller for any system depends on the good
knowledge of the plant, and by knowing the magnetic levitation system; it
is possible to say that the classical control unit doesn't meet the system's
requirements to make it stable. In this section, comparison of the Fuzzy
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PID and PID controllers is given. The mathematical model of the system
with controllers has been implemented in Matlab Simulink, as illustrated in
figure 4.

U
m_. u #{u - Input voltage [MU] y - output voltage

Reference goo Grder v
Hold Magnetc Levitation Plant Model
Conventicnal PID

i r

| u - Input voltage [MU] - output voltage

=y

Magnetic Levitation Plant Model1 b

Fuzzy PID

¥

4

Scope

Figure (4): The Matlab Simulink of the System

The width of the fuzzy sets for output K, has been chosen [-1 3], K, has
been chosen [1 3.5] and for Kg, [0 1]. And for inputs, the range of the error
and error rate have been chosen [-5 5]. These values were chosen
according to the values that obtained from the Ziegler-Nichols method
(closed loop P-control test), that use for tuning the PID controller to obtain
the perfect values of its parameters. By applies the unit step reference to
the input of the system and get the response, and from the response, it
can be finding the values of L and T (L=1.3, and T=1.1) and Compensate
the values in table 4. Thus, the following values can be obtained
(Kp=1.01538, Ki=2.6, and Ky=0.39). Figure 5 shows the change of the
three parameters of PID with Fuzzy logic.

Table 4: The Ziegler-Nichols' Formulas for
the controller parameters.

Kp Ki Kqg
P TIL 0 0

Pl 0.9T/L | L/0.3 0

PID |1.2T/L| 2L MM
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AK, Response curve
Figure (5): PID parameters change curve.
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From the simulation performance of the system with PID and Fuzzy
PID self-Tuning parameters is shown in figure 6, it can see that the Fuzzy
PID controller reaches faster to the equilibrium point with small overshoot
than the PID controller.

4 Scope - O X

Eﬁl@ G—'l"‘{";\ Eﬁﬁ IE-%”UE "

Figure (6): Comparisons of PID and Fuzzy PID control.

6. Conclusion

In this paper, a Fuzzy-PID and classical PID controllers are designed
for a magnetic levitation system, in order to see the comparison in
response between the two controllers using Matlab Simulink. A Ziegler-
Nichols method has been used to find the perfect values of the PID
parameters. These values are used to choose the membership functions
and the rules of the Fuzzy logic controller for tuning PID parameters, and
apply it to the plant. As we can see in the simulation and experimental
result section, the performances of the fuzzy PID controller was better
than the classical PID controller. The suggested controller reduce the
settling time and maximume overshoot of the system’s response.

-111 -



Ruaa Hameed Ahmed, M.Sc.(Asst. Lecturer)

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

&

(10]

(11]

(12]

(13]

(14]

N. Naz, M. B. Malik, and M. Salman, “Real time implementation of feedback
linearizing controllers for magnetic levitation system,” Proc. - 2013 IEEE Conf. Syst.
Process Control. ICSPC 2013, no. December, pp. 52-56, 2013.

T. Salim and V. Karsli, “Control of Single Axis Magnetic Levitation System Using
Fuzzy Logic Control,” J. Adv. Comput. Sci. ..., vol. 4, no. 11, pp. 83-88, 2013.

A. A. Awelewa, |. A. Samuel, A. Ademola, and S. O. lyiola, “An Undergraduate
Control Tutorial on Root Locus-Based Magnetic Levitation System Stabilization,” no.
1, 2013.

P. Balko and D. Rosinova, “Modeling of magnetic levitation system,” 2017 21st Int.
Conf. Process Control, pp. 252-257, 2017.

R. Precup, “Evolving Fuzzy Models for the Position Control of Magnetic Levitation
Systems,” Evol. Adapt. Intell. Syst., vol. 9, pp. 2-7, 2017.

J. I. Baig, “Robust Control Design of a Magnetic Levitation System,” 2016.

M. Hypiusova and A. Kozakova, “Robust PID controller design for the magnetic
levitation system: Frequency domain approach,” 2017 21st Int. Conf. Process
Control, vol. 0, no. 1, pp. 274-279, 2017.

J. Yang, J. Wang, and L. Wang, “Self-tuning-parameter fuzzy PID control in fresh air
system,” 2010 Int. Conf. Intell. Control Inf. Process., pp. 566-569, 2010.

S. D. Dahiwal, A. C. Birajdar, P. S. Mane, P. R. Dugwekar, and C. M. Gultte,
“Magnetic Levitation Using Simple Analog Circuit,” pp. 1-5.

N. Naz, M. B. Malik, A. Zaheer, and M. Salman, “Sampled Data Sliding Mode
Control of Magnetic Levitation System using Extended Kalman Filter Estimator,” pp.
2-7, 2013.

A. T. Tran, S. Suzuki, and N. Sakamoto, “Nonlinear optimal control design
considering a class of system constraints with validation on a magnetic levitation
system,” IEEE Control Syst. Lett., vol. 1456, no. 2, pp. 1-1, 2017.

E. Abbasi and M. Mahjoob, “Controlling of Quadrotor UAV Using a Fuzzy System for
Tuning the PID Gains in Hovering Mode,” 10th Int. Conf. Adv. Comput. Entertain.
Technol., pp. 1-6, 2013.

H. U. Linjing, “Notice of Retraction Research the PID Parameters Tuning Based on
Fuzzy Adaptive about Wind Generation Pitch System.”

Q. Zhang and J. Bai, “Application of fuzzy logic controller with self-tuning PID
parameters for contral system of 40kg coke oven,” Proc. - 3rd Int. Conf. Instrum.
Meas. Comput. Commun. Control. IMCCC 2013, pp. 1613-1617, 2013.

-112 -



Al-Mansour Journal/ Issue(32) 2019 (32) 2=l /) saiall dls

*laal e 579y PP

15V ol A )l AA) | i e g e e sl g ezl @bl a1 Qalifial)
glil &3 <l il ¢ gl &1 AY) Alaiul e J geanll aSal) alai gy ohat 48 8 dedaiVl e
s i) oWl Glllie b Gl aSadll dl e J gl Gl byl (e sl
paill aladid 5 ulaliaall @d Ml HUaill o 3 ksl A PID oSaf sas y 2 oy 435l
DA e allaill Al a0 (5 Ul s canadl a8 gal 5 PID aSaiall Cilalee Juaedl (aalall
Llie Lol PID J) cilales hasal (aelad) haiall aSad saa 5 of slSlaall muagiy & yiall aSaiall

ULl aladinly aUaill 3 gad 3lSla oy aSaT 33 93 g B

el sl 5 (PID aSaiall ¢ phlinall xd )l alai :4alidal) cilalsl)

ealadl Canll g Mal) alaill 5 ) 5 5%
-113 -



