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ABSTRACT
SLIDING MODE AND PID BASED TRACKING
CONTROL OF MAGNETIC LEVITATION PLANT AND
HIL TESTS

Magnetic levitation systems are convenient to provide frictionless, reliable, fast
and economical operations in wide-range applications. The effectiveness and
applicability of these systems require precise feedback control designs. The
position control problem of the magnetic levitation plant can be solved with a
cascade control method. In this thesis, sliding mode and PID based cascade
controllers are designed to render high position control performance and
robustness to the magnetic levitation. Sliding mode control (SMC) based
cascade controller is proposed for controlling magnetic levitation. The SMC
based controllers for the inner current loop are designed to eliminate the effects
of the inductance related uncertainties of the electromagnetic coil of the plant.
For the outer position loop, the integral SMC is designed to eliminate
disturbances around operating point resulting from the linearization of the
mechanical part. Finally, numerical simulation and experimental results for
various cascaded controllers are provided and compared in order to validate the

efficacy of the approaches.

Yakup Eroglu
Master’s program in Electrical and Computer Engineering Department
Supervisor: Assist. Prof. Glinyaz Ablay

January 2016

Keywords: Sliding Mode Control, Cascade Control, Magnetic Levitation,
Robust Tracking, Hardware in the Loop Test.
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OZET
MANYETIK LEVITASYON SISTEMININ KAYAN KiP
VE PID TEMELLI REFERANS TAKIP KONTROLU VE
DONANIM ICEREN BENZETIM TESTLERI

Manyetik levitasyon sistemleri birgok alanda siirtiinmesiz, giivenli, hizli ve
ekonomik islem saglamaya yatkindir. Bu sistemlerin etkinligi ve uygulanabilirligi
geri beslemeli kontrol tasarimini zorunlu kilar. Manyetik levitasyon sisteminin
pozisyon kontrol problemi, kademeli bir kontrol metoduyla ¢oziilebilir. Bu tezde,
kayan kip ve PID temelli kademeli kontrolorler, manyetik levitasyon sistemine
yiiksek pozisyon kontrol performansi ve dayanikliligit miimkiin kilmak i¢in
tasarlandi. Kayan kip temelli kademeli kontrolér manyetik levitasyonu kontrol
etmek icin Onerildi. Ek olarak, i¢ akim dongiisiiniin kayan kip temelli
kontroldrleri, sistemin elektromanyetik bobinin indiiktans iligkili belirsizliklerin
etkilerini elemek icin tasarlandi. Dis pozisyon dongiisii i¢cin kayan kip temelli
kontrolorler, mekanik bolimiin  dogrusallagtirilmasindan  kaynakli  denge
noktasindaki bozucular1 elemek icin tasarlandi. Sonug¢ olarak, biitiin kademeli
tasarlanmis kontroldrlerin niimerik simiilasyon ve deneysel sonuclari, metodun

etkinligini gostermek i¢in gosterildi ve kiyaslandi.
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Chapter 1

Introduction

Magnetic levitation technology is used to levitate an object (e.g., made of
nickel, cobalt, iron, etc.) with no support other than magnetic field force. It
makes frictionless and contactless movements possible. So, magnetic levitation
technology is very important for many industrial systems including maglev
trains, electromagnetic bearings, electromagnetic cranes, levitation of wind
tunnel models, vibration isolation of sensitive machinery, levitation of molten
metal in induction furnaces, rocket-guiding projects, levitation of metal slabs
during manufacture and high-precision positioning of wafers in
photolithography [1-8]. | would like to explain some of them. Firstly, the
maglev train shown in Fig. 1.1 has high-speed and the energy efficiency because
they do not have friction problem excluding air. Secondly, magnetic bearing
shown in Fig. 1.2 is a bearing that supports a load using magnetic levitation.
Magnetic bearings reinforce movable parts of the system by eliminating direct
contact between materials. Such support includes levitation of a rotating shaft
and almost frictionless movement and they do not have mechanical wear. In
addition, induction heater shown in Fig. 1.2b is used to smelt or heat metal by
levitating the metal. Induction heating is critical in most of the manufacturing
industry because of its attractive advantages such as good speed, precision and

control.



Figure 1.2 Magnetic bearing and induction heater.

Magnetic levitation technology is able to serve reliable and high-speed
operations with the use of feedback controllers. On the other hand, it is difficult
to provide high control performance with standard controllers for the magnetic
levitation systems because of some control problems. First of all, they have
open-loop unstable mechanical part. Secondly, they include highly nonlinear
dynamics. Finally, the coil inductance value is assumed as a constant but it
depends on the steel position to be controlled, so there exists parameter

uncertainty due to inductance of the electromagnetic coil. Thus, a robust



controller is needed for controlling of the magnetic levitation system. In this
thesis, 1 will use a sliding mode controller (SMC) to increase the system
performance and to eliminate disturbances due to its robustness feature.

Recently, many works have been reported for controlling magnetic
levitation in the literature. The designed control techniques include feedback
linearization based controllers (including input-output and  input-state
linearization techniques) [4], [6], [9-11], observer-based control [5], linear
state feedback control design [6,12], the gain scheduling approach [13], neural
network techniques [14], sliding mode controllers [8,15,16], backstepping
control [17], model predictive control [18] and PID controllers [19]. In short,
many known linear and nonlinear control methods were designed for magnetic
levitation systems. In the linear controller designs, the approximate linear model
found by perturbing the system dynamics about a desired operating point is
used, and thus, the controller are usually valid only around the operating point.
The performance of the linear controllers can be improved with some kind of
gain scheduling procedure to change operating points, but the stability may not
be guaranteed. So, the nonlinear controllers seem more attractive as the system
consists highly nonlinearity. However, many nonlinear control designs need
exact knowledge about the plant nonlinearities to ensure a good performance.
The modeling and parameter uncertainties in the magnetic levitation plant model
makes practical implementations of the nonlinear controllers difficult.

In this thesis, a practical cascade control approach is proposed. The
cascade control allows us to design a more stable and robust inner current
controller to deal with the effects of plant disturbance and uncertainty. Because
the magnetic levitation plant consists of the mechanical and electrical parts, the
cascade controller can give a good performance.

The cascade controller includes an inner part and an outer part control
loop. In nature, the electrical part is much faster than the mechanical part. So,
our inner loop controller should be faster than our loop controller. Thus, in this
thesis, for the electrical part which is much faster than the mechanical part, the

Pl (proportional plus integral) controller and several SMC controllers are



designed to give fast response for the inner loop. The SMC has ability to high
performance current controller and to render robustness in the presence of
inductance uncertainties due to the coil inductance. For the mechanical part of
the system, a PI plus velocity (V), SMC and integral SMC controllers are
designed for tracking control of the position of the magnetic levitation plant.
The SMC and integral SMC (ISMC) are able to eliminate disturbances around
the operating point. The position tracking performances of the cascaded
controllers are demonstrated with numerical simulations and experimental
results.

This thesis is organized as follows: Section 2 provides a background on
magnetic levitation system. Controller design strategies are given in Section 3.
Numerical simulations, experimental results and comparisons are given in
Section 4. Conclusions of the thesis are provided in Section 5.

Before Section 2, I would like to mention about a general PID and a
general SMC design procedure since the cascade controllers to be designed in
this thesis are based on PID and SMC controllers.

1.1 PID Controller Design

PID Controller

—_I_Ib iy ;:f t+ L7 The System J,-_(_’?i

Figure 1.1.1 Block scheme of PID controller.

PID controller is designed as shown in Fig. 1.1.1. Here, r is the reference
input, e is the tracking error we want to keep it around zero, u is the control

input, designed PID controller which consists of proportional, integral and



derivative gains, i.e., the control gains, k,, k; and kg. PID controller is
described by

_ de(t)
u(t) = k,e(t) +k; [et)dt +k, . (1.1.1)

where e(t) =r(t) —y(t). The system output with Laplace transform of

Equation (1.1.1) can be written as
Y(s):G(S)[kp +%+ kds}(R(s)—Y(s)) (1.1.2)

where G(s) is the open loop transfer function of the system, and
E(s) =R(s)-Y(s) is the tracking error in the Laplace domain. Thus, the closed
loop transfer function can be obtained from Equation (1.1.2) as follows

Y(s)  (keS*+ks+k)G(s)
R(S) (kyS® +k,s+k)G(s)+S

(1.1.3)

The roots of the denominator of the closed loop transfer function of the system
should be negative for the stability. The gains, k,,, k; and k; must be selected
appropriately to provide the stability and a good performance. There are some
methods to find the gains, such as pole placement method and empirical tuning
methods (e.g. Ziegler-Nichols method). In this thesis, | use the pole placement
method to find the gains for providing stability. According to this method, the
denominator of the closed loop transfer function is equated to the characteristic
function which is obtained from the desired system requirements. Thus, the gain
parameters of the PID controller, k,, k; and k, are obtained for providing the

desired stability and performances.

1.2 Sliding Mode Controller Design

A sliding mode controller is designed as shown in Fig. 1.2.1. Here, r is

the reference input, e is the tracking error and u is the control input. The sliding



surface (s) we want to keep it around zero is designed in the SMC design. The

sliding surface, s, can be expressed as follows [20]

d n-1
SZ({EJF;L} (1.2.1)

where e = r(t) — y(t) and A should be bigger than zero (2 > 0), and n is the

degree of the system (the system’s order).

(1) )
_-.), e SMC u_,| The ¥ i
% Controller system

Figure 1.2.1 Block scheme of SMC controller.

For n = 2, state-space diagram of error dynamics around sliding surface
is shown in Fig. 1.2.2. Here, sliding mode controller brings any tracking error
(e) trajectory to the sliding surface and keeps it on that surface. If the SMC
keeps the system trajectory on the sliding surface, then this mode is called as
sliding mode, and during sliding mode we have s = § = 0.

AN €

s, -
l. -
;- A}
’ \

€o o "
L ~N _
s=¢é+ e chattering

Figure 1.2.2 The state-space diagram of error dynamics around sliding surface.

During the sliding mode, the equivalent (average) control input, u,4, can

be found from s = 0, and it is the necessary control action to keep the system on

the sliding mode.



The control input, u, usually consists of the combination of equivalent

control and a discontinuous controller as follows

U =U,, +U,sgn(s) (1.2.2)
where
1 if s>0
SO)=1_1 it s<o (1.2.3)

By achieving the Lyapunov based reachability (or stability) condition (ss < 0),
which is obtained from the Lyapunov stability theorem [20,21], the range of
control gain parameter, u,, can be found to ensure stability. The most
appropriate gain value can be obtained via simulation. It should be noted that in
practical implementations of the SMC, the saturation function sat(s), can be
used instead of sgn(s) to eliminate chattering on the system output. Chattering
is defined as small oscillations in the system trajectory. Chattering is an
unwanted phenomenon because it causes power loss in electrical parts, wearing
out in mechanical parts, and decreasing the system’s life span.

In the following Chapters, the SMC design summarized above will be

studied in detail for the magnetic levitation system.



Chapter 2

Magnetic Levitation and its Modeling

Magnetic levitation technology does not establish a contact with the
earth and it does not have any friction problem excluding air friction. Therefore,
it has been used in many industrial systems including the high-speed maglev
trains, electromagnetic bearings, electromagnetic cranes, levitation of wind
tunnel models, vibration isolation of sensitive machinery, levitation of molten
metal in induction furnaces, rocket-guiding projects, levitation of metal slabs
during manufacture and high-precision positioning of wafers in
photolithography [1-8]. In my thesis study, | examine a basic form of the
magnetic levitation system which includes controlling of the steel ball, through
vertical x-axis. Both numerical simulations and HIL (Hardware in the Loop)
tests or experimental studies will be performed. I intend to continue my study on
magnetic levitation based applications including maglev trains, electromagnetic
robots, etc, in the future.

The magnetic levitation system is used to levitate a steel ball in air due to
the electromagnetic force created by an electromagnet. The system is made of
an electromagnet, a steel ball and a position measurement sensor. A graphical
representation of the magnetic levitation system for single-axis control used in

the experimental studies is shown in Fig. 2.1.



Power Amplifier Circuit

~

-~

A computer Datd Acquisition The Maglev Plant
Board

Figure 2.1 Schematic diagram of a single-axis magnetic levitation system.

First of all, a computer is used to control the steel ball.
MATLAB/Simulink can be used to design controllers for numerical and
experimental results. Secondly, the data acquisition device is used to collect data
from sensors and convert digital control data to analog form to drive power
amplifier during the operation of the magnetic levitation plant. Another part, the
power amplifier is used to amplify the signal to make it capable of proceeding in
magnetic levitation plant. Final part is the magnetic levitation plant, which is
covered in a rectangular enclosure containing three separate sections. The upper
section has an electromagnet, made of a solenoid coil with a steel core. The
middle section includes a chamber where the ball suspension takes place. One of
the electromagnet poles faces the top of a black post upon which a one inch steel
ball rests. A photo sensitive sensor embedded in the post measures the ball
elevation from the post. The last section of the system houses the signal
conditioning circuitry needed for light intensity position sensor. The ball is only
controlled through vertical x-axis in Fig. 2.2. The attraction force is controlled
by the computer controlled electromagnet mounted directly above the levitation
ball. The photo detector consists of an NPN silicon photodarlington. The
electromagnet is composed of a tightly wound solenoid coil made of 2450 turns
of 20 AWG magnet wire. Electromagnet coil input supply is 24V with a

maximum 3A coil current. The data acquisition board is a successive



approximation type, 12-bit analog and digital conversion board capable of 4 kHz
sampling. In this work, the controllers are implemented at a sampling rate of 1
kHz. The other plant parameters used in numerical and experimental studies are
given in Table 2.1.

Symbol Description Value

L Coil inductance 412.5mH

R. Coil resistance 10Q

R Current sense resistance 1Q

Km Electromagnet force constant 6.53x10™ Nm?/A?
Mp Steel ball mass 0.068kg

Ks Position sensor sensitivity 2.83x10°m/Vv

N¢ Number of turns in coil wire 2450

Mo Magnetic permeability constant 4 x 10"H/m

Table 2.1 Plant model parameters

The magnetic levitation system consists of two main systems, namely
mechanical and electrical subsystems, as seen in Fig. 2.2. The electromagnet is

modeled with the R.-L, circuit while the mechanical part is expressed in terms

of acting forces.

Figure 2.2 Dynamical modeling of the magnetic levitation plant.

~ 10 ~



The ball position of the mechanical part of the system is controlled via
the coil current, 1., whereas the coil current of the electrical part of the system is
regulated with the applied voltage. Therefore, the voltage applied to the
electromagnet indirectly controls the ball position. In the following subsections,

we can obtain the both mathematical model of the system by using Fig. 2.2.

2.1 Modeling of the Electrical Part

The coil inductance value is dependent on the ball position, x;, and we
can assume it as a constant around the operation point (xpo, I.o), but there exists
a parameter uncertainty on the coil inductance with or without this assumption.
Thus, we need to design a robust controller to eliminate the effects of this
parameter uncertainty.

By applying Kirchhoff’s voltage law to the electromagnet modeled by
the RL circuit as seen Fig. 2.2, we can get the model of the electrical part
directly. On the other hand, the electrical model can be expressed in two
different ways, i.e., one model for the constant coil inductance assumption and

the other model for the ball-position dependent inductance.

2.1.1 Electrical Model for Constant Coil Inductance

By assuming that the coil inductance is constant around the operation
point (x,o, I.0) and applying Kirchhoff’s voltage law to the electromagnet (RL

circuit in Fig. 2.2.), the electrical model of the magnetic levitation plant can be

written as
de _R+R, 1y (2.1.1.1)
dt L, L,
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where 1. is the coil current, L. is the coil inductance(in Henry), R, is the coil
resistance(in Q), R, is the current sense resistance(in Q) and V, is the supply
voltage(in V). The transfer function of the electrical circuit can be obtained by
Laplace transform to Equation (2.1.1.1)

G.(s) =\I/°c—8 = rc's(—jrl (2.1.1.2)

1. . L¢
is the dc gain, and 7, = ™

CRS c S

electrical subsystem. Electrical part is linear and open loop system is stable due

where K, = is the time constant of the

to location of pole on the left half of the s-plane. In nature, the electrical
subsystem is much faster than the mechanical subsystem. This is good feature
for the design of cascade control system (see Chapter 3). All system parameters

are given in Table 2.1.
2.1.2 Electrical Model for Position Dependent Coil Inductance

The coil inductance is dependent on the ball position, x;, and is given by

[6,22]
Lc(xb)=L1+|§—bm (2.1.2.1)
Thus, the inductance L. has its largest value when the ball is next to the coil, but
decreases to a constant L; as x; goes to infinity. L, is the constant value,
412.5mH. If the coil inductance is assumed as a constant, this causes parameter
uncertainty, and thus we need a robust controller. Otherwise, we can use the
dependent function to the ball position, x;, in Equation (2.1.2.1). Hence, by
applying Kirchhoff’s voltage law to the electromagnet (RL circuit in Fig. 2.2.),

the electrical model of the magnetic levitation plant can be written as

d[L.(x)1,]
dt

(R.+R)I.+ =V (2.1.2.2)

c

where chain rule is
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d[Lc(Xb)Ic]_d[Lc(Xb)] dIC
dt St I°+L°(Xb)dt

By substituting Equation (2.1.2.1) into Equation (2.1.2.2) and applying chain

(2.1.2.3)

rule, we get the open loop stable and nonlinear electrical model as
| R.+R K, I.X

d c :_L |C +_mc_)2(b+ivc

dt L L. x5 L

C C C

(2.1.2.4)

where I is the coil current, L is the dependent coil inductance (in H), R is the
coil resistance (in Q), Rs is the current sense resistance (in Q) and V. is the

supply voltage (in V). The ball position should satisfy x, =0 for validity of the

electrical model (i.e., ball never touches the electromagnet during operations).

2.2 Modeling of the Mechanical Part

Using the notation and conventions given in Fig. 2.2, the mechanical
model of the magnetic levitation plant can be obtained. Attractive force
generated by the electromagnet is given by [23]

2
F. :&(I—Cj (2.2.1)

2 %,

where Ky, is the electromagnet force constant (in Nm%A?) and I is the coil
current (in A). F. is nonlinear function, we can linearize around equilibrium
point (xpo, Ic0). By applying Newton’s second law of motion to the ball in Fig.
2.2, the force balance equation of the ball is given with the following second-
order model:

Mp%, =M,g-F, (2.2.2)
where x; is the air gap (in m), m is the mass of the ball (in kg), g is the
gravitational constant (in m/s®) and F. is the force generated by the
electromagnet (in N). At equilibrium point, all the time derivative terms are set

to zero:
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2
2 M X;
From Equation (2.2.3), the coil current at equilibrium position, I, can be

expressed as a function of X, and Ky, namely,

2M
I =1/ s (2.2.4)

The operating coil current, I, for the electromagnet ball pair can be

found at the system’s static equilibrium. The static equilibrium at a nominal
operating point (Xpo, lco) iS characterized by the ball being suspended in air at a

stationary point Xy, due to a constant attractive force created by lco.

2.3 Linearization of Nonlinear Mechanical Part

In order to analyze the magnetic levitation, the system can be linearized
around equilibrium point (x;,0, ;o) at which the system will converge to it as
time tends to infinity. Applying Taylor series approximation about equilibrium

point (xp0, I¢) to Equation (2.2.2), we get

dsz =_1 Kmlczo Kmlfoxb _ Kmlcolc (231)
a2 Myxg, Moo MyX

Substituting Equation (2.2.4) into Equation (2.3.1), we get

d’x, _2gx, 2gl

i x. 1, (23.2)
b0 c0

Thus, applying Laplace transform in Equation (2.3.2), the transfer function of
linearized system around the operation point is obtained as

Xy(8) _ KW,

G (5)= I.(s)  s*—-w

(2.3.3)

where K, = x,0/1.0 and w, = \/2g/x,0. In this thesis, it is assumed that the
operating point of the system is about x,,=6mm and then I., can be found as

1.00.86A. The open-loop transfer function of the second-order system is type
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zero system as it does not contain any pole at the origin. The two open loop
poles of the system are located at s = +w,;, which indicates that the open loop
system is unstable due to location of poles on the right-half of the s-plane. Thus,

a feedback controller must be designed to stabilize the system.
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Chapter 3

Controller Design

Recently, many works have been reported for controlling magnetic
levitation in the literature. The designed control techniques include feedback
linearization based controllers (including input-output and  input-state
linearization techniques) [4], [6], [9-11], linear state feedback control design
[6,12] the gain scheduling approach [13], observer-based control [5], neural
network techniques [14], sliding mode controllers [8,15,16], back-stepping
control [17], model predictive control [18] and PID controllers [19]. All these
methods have their own advantages and disadvantages. On the other hand, a
cascade control system can often perform better than a traditional controller, and
advanced control method designs can be included in the cascade control system
to perform better than the above designs. Therefore, | focus on a cascade control
for the magnetic levitation system for providing stability, robustness and a
highly satisfactory position tracking performance. The cascade control approach
is proposed to indirectly control ball position for magnetic levitation system as
shown in Fig. 3.1 where x,.f is reference position, e is the position error, I, is
the controlled reference current due to outer controller, s is the current error. The
coil current, I, and the ball position, x;,, are to be controlled with the inner and

outer controllers, respectively.

. *p
Xyef o Outer I, Inner v Magnetic >

5
— Position _-I-’ Current < Levitation I,
+ _ Controller _ Controller System —|—>

Figure 3.1 A cascade control block diagram of the magnetic levitation system.

\J
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The cascade control design consists of an inner controller and an outer
controller. An outer loop controller generates a control effort that serves as the
setpoint for an inner loop controller. That controller in turn uses the actuator to
apply its control effort directly to the inner loop process. The inner loop process
then generates a secondary process variable that serves as the control effort for
the primary (outer loop) process. The inner loop functions like a traditional
feedback control system with a setpoint, a process variable, and a controller
acting on a process by means of an actuator. The outer loop does the same
except that it uses the entire inner loop as its actuator. Naturally, a cascade
control system can't solve every feedback control problem, but it can prove
advantageous if under the right circumstances: (a) The inner loop is faster than
the outer loop. The secondary process must react to the inner controller's efforts
at least three or four times faster than the primary process reacts to the outer
controller. This allows the inner controller enough time to compensate for inner
loop disturbances before they can affect the primary process. (b) The inner loop
has influence over the outer loop. The actions of the inner loop controller must
affect the primary process variable in a predictable and repeatable way or else
the outer loop controller will have no mechanism for influencing its own
process. (c) The inner loop disturbances are less severe than the outer loop
disturbances. Otherwise, the inner controller will be constantly correcting for
disturbances to the inner loop process and unable to apply consistent corrective
efforts to the primary process.

Since the magnetic levitation system fits well to the cascade control
design requirements, in this thesis, the inner controller is designed to control the
coil current, 1., for the electrical part of magnetic levitation system and the outer
controller is designed to control the ball position, x;, for the mechanical part of
magnetic levitation system. Thus, the ball position of the mechanical part the
system is stabilized with the coil current, while the coil current of the electrical
part of the system is controlled with the applied voltage. This means that the ball

position is indirectly controlled by the electrical voltage source. Firstly, | want to
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mention about the design of inner controllers to control the coil current, I.. Next,

| will explain the design of outer controllers to control the ball position, x;,.

3.1 Design of the Inner Controllers

The inner controller is designed to control the coil current, I, for the
electrical part of magnetic levitation system. Thus, the coil voltage is varied to
control the coil current in an electrical system. In the cascade control design, the
inner controller should give more fast response than the outer controller since
the inner part firstly should control the coil current, I., and should not be late
from the outer controller for the response. In this context, Pl (Proportional and
Integral), sliding mode based controllers are designed to control the coil current.
In this thesis, PI, high-gain sliding mode, process sliding mode and sliding mode
with time-varying inductance, which depends on the ball position, based
controllers are designed to control the coil current for the electrical part of
magnetic levitation system as shown in Fig. 3.1.1. A voltage limiter is used to
limit the coil voltage value (+24V) in the inner controller due to the

specification of magnetic levitation system.

current PI Electrical

error »  Current Part
Controll
Currer.rr I, ontroller LVC )
set-point (A) + > 1.
- SMC ]J L.s+R.+R;
> Current

Controllers

A\ J

Figure 3.1.1 Block diagram of the inner current loop.

It is difficult to provide high control performance with standard
controllers for the magnetic levitation systems because of their open-loop
unstable mechanical part and highly nonlinear dynamics, and existence of

parameter uncertainties due to the assumption of the coil inductance value as a
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constant. Since the SMC has ability to render robustness in the presence of
inductance uncertainties, a high-gain sliding mode controller (SMC) and process
SMC (PSMC) are designed for ensuring high performance and robustness to
current controller. The PSMC is especially designed to deal with chattering
problem possibility. Furthermore, the equivalent controller is added to both
SMCs to remove the effects of the time-varying coil inductance in an effective

way.
3.1.1 PI Controller

Prior to control the ball position, the current flowing through the
electromagnet needs to be controlled. Proportional plus integral (PI) controller is
designed to control the coil current, 1., for the electrical part of magnetic
levitation system.

The desired performance requirements for the coil current control are as
follows

1) Percent overshoot (PO) < 1.5%.

2) Peak time (t, ) <0.05s.
The amount of overshoot depends just on the damping ratio parameter, , and it
is described by

g ]
PO :100e[ et (3.1.1.1)

The peak time depends on both the damping ratio, C and natural frequency, w;,
of the system and it can be derived as

t =— T (3.1.1.2)

o Wn,c \Al_gz

Thus, the damping ratio and natural frequency can be found as 0.802 and 104.9
rad/s, respectively, from Equation (3.1.1.1) and (3.1.1.2) by using the desired

performance requirements. On the other hand, for a better system performance,
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we can take the peak time as t, . = 0.015s, which leads to the damping ratio
and natural frequency to be 0.80 and 350 rad/s, respectively.
To achieve the desired performance requirements, consider the

characteristic equation of the second order transfer function
(s*+25w,s+w') =0 (3.1.1.3)
Now, PI controller is designed by
V, (1) =k, . (1, ()~ 1, ) + kiycj(lr(t)— 1, (t))dt (3.1.1.4)
The Laplace transform of Equation (3.1.1.4) is

Vc(s):(kpyc+%j(lr(s)—lc(3)) (3.1.1.5)

Substituting Equation (2.1.1.2) into Equation (3.1.1.5), we can obtain the closed-
loop transfer function for the electrical part as

T (S): Ic(s) — Kc(kp,cs+ki,c)
¢ 1,(8) 78" +(K.k,, +1)s+ Kk

¢’ p,c

(3.1.1.6)

By using pole placement method, which compares the characteristic equation of
closed-loop system (3.1.1.6) with the desired characteristic equation (3.1.1.3) to

find the appropriate control gains, k,, . and k; ., as

k=2t d ) W (3.1.1.7)
' K 7K

C c

3.1.2 High-Gain Sliding Mode Controller

The coil inductance value depends on the ball position, but it is taken as
a constant to simplify analysis and designs. However, this assumption results in
a parameter uncertainty in the electrical part. High-gain sliding mode controller
(SMC) is designed for the inner electrical part of magnetic levitation system to

control the coil current due to its fast response and robustness features.
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To design SMC, first a sliding surface, s, can be designed for the first
order electrical part as
s=1—1, (3.1.2.1)

Thus, the time-derivative of Equation (3.1.2.1), $, is obtained as

s=1 - =1 + RCECRS I, —ivc (3.1.2.2)
To achieve a sliding mode, i.e., s = s = 0, the equivalent coil voltage, V,,, can
be found as
v, = ;—Cc[l'r +% 1] (3.1.2.3)
The control input for the electrical part of the magnetic levitation system is
V, =V, +V, sat(s) (3.1.2.4)
where
sat(s/ &) = {sgn(s/g), if |S/g| R (3.1.2.5)
sle, if [s/¢g<1
where & > 0.

Because the electrical part has the first-order dynamics, it is also possible

to design the controller as
V, =V, sat(s) (3.1.2.6)
The saturation function, sat(.), is used to eliminate chattering on the system
output. The stability of the SMC is given with the reachability condition, ss <
0, which is obtained from the Lyapunov stability theorem [20,21]. It is similar to
the analysis given in Section 3.1.4, and the gain parameter, V,, can be found as

bigger than zero (V, > 0) for satisfying the stability.

3.1.3 Process Sliding Mode Controller

A process sliding mode controller (PSMC) is designed for the inner

electrical part of the magnetic levitation system to control the coil current
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because the SMC can supply fast response to the inner control current loop.
Moreover, the coil inductance value depends on the ball position, but it is
assumed as a constant to simplify analysis and designs, so there exists a
parameter uncertainty. Similar to the high-gain SMC, the PSMC can also
eliminate this parameter uncertainty. In addition, since the effects of inductance
related uncertainties can cause chattering, the PSMC can be designed to
minimize possibility of the chattering.
To design PSMC, first a sliding surface, s, can be designed for the first
order inner electrical part as
s=1 -1 (3.1.3.1)
The voltage V. as the control input of the magnetic levitation can be designed as
[24,25]
V. = a|S|0'5 sat(s) + S I |s|°'5 sat(s)dt (3.1.3.2)
The saturation function, sat(.), is defined in Equation (3.1.2.5) and is used to
eliminate chattering on the system output. The stability of the controller is
similar to the analysis given in Section 3.1.4. For stability, the appropriate gains,
a and S, must be positive. Since a boundary layer approach (sat(.) function) is
used in the controller design, the trajectory reaches a small ultimate bound set in
finite time. This means that the tracking error also stays around the origin, but

usually not in the origin.

3.1.4 Sliding Mode Control Designs under Varying Coil

Inductance

The coil inductance is dependent on the ball position, x;, can be again

written as

L(x)=L +% (3.1.4.1)

b
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Thus, by substituting Equation (3.1.4.1) into Equation (2.1.2.2) and applying
chain rule, we can write the stable and nonlinear electrical model again as
dl, __Ro4R, Ky ik 1,

i Lt L (3.1.4.2)
The sliding surface is again defined by
s=1 —1I (3.1.4.3)
Thus, the time-derivative of Equation (3.1.4.3), $, is obtained as
s=i —i =i + etPRey KnlX 1, (3.1.4.4)
L, L. x L

During the sliding mode, i.e., s = s = 0, the equivalent coil voltage, V,,, can be
found as
R, +
V=Ll + BBy - Ka 1O (3.1.4.5)
Lc c Xb
By using this equivalent value, the SMC controller can be designed as

V, =V, +V, sat(s) (3.1.4.6)
Or we can also design high-gain SMC (Equation (3.1.2.6)) and PSMC (Equation

(3.1.3.2)) controllers to get desirable results.

For stability analysis of the SMC controllers, we must show that the
controllers satisfy the reachability condition s$<0. If we consider the PSMC
controller under varying coil inductance, the stability of the PSMC must be
satisfied for selected appropriate gains, a and f. By considering the electrical
model given in Equation (3.1.4.2), sliding surface given in Equation (3.1.4.3),
and controller given in Equation (3.1.3.2), stability analysis of the proposed
SMC can be carried out as follows. First, if a positive definite Lyapunov
function is defined by

v_%s+im (3.1.4.7)

where U, = f|s| sat(s). Then its derivative must be negative definite for

stability,
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v :S("r + RC:RS I —h(X,,%,, |c)_|_ivcj+ulu1 (3.1.4.8)

C C

K, Ix
where h(x,, %, 1,) = —m -t

L X

controller consists of outer and inner parts. For the outer part of the controller,

. From Equation (3.1.2.5), it is clear that the

i.e. for |s|> &, we have

: . R +R
V=s[|r+ L+ s|C—h(xb,>'<b,|c)—Lﬁ|s|”zsg_:;n(s)]+(pO (3.1.4.9)

C C

where the function ¢, can be written as

@y =-Us/ L, +pu |s|1’2 sgn(s)

ﬂ[lﬁ] 31410)
S

=—ypu,s
where 0<y <1 and it is assumed that g=1/L, for simplicity. Now the
derivative of the Lyapunov function given in Equation (3.1.4.9) satisfies the
inequality

v g( i [+ Rc: R+ h(%, %, IC)|+7ﬂ|ul|—L1|s|l/2j|s|

=—| Il sl
LC

+ 1, (R, +R) /Ly +|h(%,, %, 1)+ 78|y |. Since |s|>&, if we

(3.1.4.11)

where g =|I,

choose &> L_u/+[e, then V <0. That is to say, whenever ls| =&, [s@)| will
strictly decrease until it reaches the set |s| < ¢ In finite time and remains inside
the set subsequently. For the inner part of the controller, i.e. inside the set |s| < &

the derivative of the Lyapunov function can similarly be written as

V= s(rr + RC:RS I, —h(X,,%,, |C)—L1|s|”2 s/gjwl (3.1.4.12)

C C

with
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1/2

o =-us/L +puls| sle

= —pus(1-[s/" /2) (3.1.4.13)

=—7Pu;S
where 0 <y, <1 and again it is assumed that g =1/L_ for simplicity. Finally
we get

V < zls|- Lo

el
(3.1.4.14)
o 5/2

— 1l
eL,

C

<-(1-9)

where 0<@<1 and m=|I,

+ 1 (R +R) /Ly +|h(%,, %, 1.)| + 78|w|- The

inequality Equation (3.1.4.14) is satisfied for all

chﬁ 2/3
|s|>| —= (3.1.4.15)
Oo

Hence, the trajectory reaches the ultimate bound set
Y= {|s| < (gﬁ/(HaKc))Z/s, ls| < g} in finite time. This means that the tracking

error also stays around the origin, but not in the origin in general. Consequently
the practical stability of the proposed controller Equation (3.1.3.2) is guaranteed
for the given ultimate bound. It is clear that the stability condition is obtained as
a > Lcu/\/g. However, the stability analysis does not provide a
straightforward condition for the control gain £, and thus it may be selected

arbitrarily to get a satisfying steady-state response.

Robustness of the Sliding Mode Current Controller: From Equation
(3.1.4.4), the differential equation of the sliding surface including uncertainties

can be written as

=1, +5,1, -6V, —h(x,,%,1.) (3.1.4.16)
where h(:) represents the nonlinear part of the model Equation (3.1.4.2),
R, +R,

considered as a bounded disturbance, [h(X,,%,,1.)| < s, &, = +A, >0,

C
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1 . . -
and o, = r+ A, >0 with bounded inductance related uncertainties A, and A, .

By using Lyapunov stability theorem as described above, one can found similar
stability conditions,

. 2/3
a>LjlA+LA), &>[s|> _ bl (3.1.4.17)
a1+ LA,

where > and 4> p due to the bounds of uncertainties and disturbance.

Consequently, the practical stability of the system can be guaranteed under

bounded uncertainties.

3.2 Design of the Outer Controllers

The outer controller is designed to control the ball position, x;, for the
mechanical part of magnetic levitation system. The coil current is varied
appropriately to control the position of the ball of the mechanical part of the
system. The nonlinear mechanical part has much slower response than the
electrical part of the system. In this context, sliding mode and PID (Proportional,
Integral and Derivative) based controllers are considered for controlling the ball
position. For controlling the outer loop, the PI plus velocity (PIV) controller,
sliding mode controller (SMC) and integral sliding mode controller (ISMC) will
be designed to control the ball position of the magnetic levitation system as
shown in Fig. 3.2.1. The coil current limiter is used to limit 0-3A the coil current
value due to the specification of magnetic levitation system. Maximum current
value is 3A and minimum current value is OA because of the steel ball resting at

the post.
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Figure 3.2.1 Block diagram of the outer position loop.

The magnetic levitation system consists of the open-loop unstable
mechanical part and highly nonlinear dynamics, and existence of parameter
uncertainties due to the assumption of the coil inductance value as a constant in
addition to dynamic disturbances around the linear operating point (x;, I). SO,
PI1-V controller with set point weighting, sliding mode controller and integral
sliding mode controller are designed to control the ball position for the
mechanical part of magnetic levitation system to deal with these problems. |
primarily designed the SMC to control the ball position for the outer mechanical

part to track the reference position precisely.

3.2.1 PI plus Velocity Controller

The proportional plus integral plus velocity (PI1-V) controller is designed
and tuned with pole placement by using convenient specifications to control the
ball position of the outer mechanical part of the magnetic levitation system. The
magnetic levitation system consists of highly nonlinear dynamics, so includes
very noises. In the controller design, the velocity (V) controller which does not
consist of derivative of the reference position is designed to eliminate noise by

filtering the ball position. A second-order derivative filter is designed as
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;s
s +24, 0,8+ @]

G, (s) = (3.2.1.1)

where the filter parameters £, and @, should be selected appropriately in order

not to eliminate system dynamics (e.g., 30 times faster than the plant dynamics).
In addition, feed-forward is attached to the controller to track the reference
position due to having capable of elimination disturbances around operating

point. Thus, the PI-V controller with feed forward is designed as

10 =K, 0,0 O 5,0) (6 O3k, P8tk 0 @202

where Kgr ), is the feed forward gain parameter. At equilibrium, x,..r = x, =
Xpo, thus the ball position control presented in Equation (3.2.1.2) is obtained as

I =K 5 X0 (3.2.13)

At the equilibrium current, I, = I, so the feed forward gain is obtained as

Ko Lo (3.2.1.4)
XbO

The operating point of the system is assumed to be x;,,=6mm and /,,=0.86A and
S0 K¢y, can be found as 138.6 A/m.
The feed forward gain (K ;) can be converted to the set point weighting

(bsp) as follows

(bspxref _Xb)kp,b = Xref Kff,b +(Xref _Xb)kp,b (3215)
Hence,
K
b, =—""+1 (3.2.1.6)
Koo

The objective of set point weighting is to compensate for the gravitational bias.
When the PI-V controller compensates for dynamic disturbances around the
linear operating point (x0, I¢) the set point weighting eliminates the changes in
the force created due to gravitational bias. Hence, the set point weighting is
applied to the proportional controller to have a good steady-state response.

Now, the PI-V with set point weighting can be designed by
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10 =K, (byX 0 O30 +k [ (10 O -x, Otk 2L 3227
The Laplace transform of Equation (3.2.1.7) is
|49=M%xm@p&xgg+%@q¢g—&@»—mﬂdg (3.2.1.8)

Thus, the closed-loop transfer function can be written as

T.(s) =) _ L) VO LO) X)) VeO) ¢ (15 (5)3.2.1.9)
b X () X, 6)1.(8)V.(5) 1.(s) X (s)I.(s) ° " o

With the assumption 1,.(s)=1.(s) as the inner control loop controls the coil

current, namely,
\&Gc (s)=1 (3.2.1.10)
1,(s)
Thus, the closed loop position transfer function is
Xs(8) _ 1(9) 4
X ref (S) X ref (S)
Substituting Equation (3.2.1.8) into Equation (3.2.1.11), we can obtain
29%, (ks +k +k s(b, —1))
—l 6 X%0S” +2g%,0K, 8% + 29 (XyoKp +150)S +29%,0k;

T,(s) = o (S) (3.2.1.11)

(3.2.1.12)

T,(s)=

Now, if we define desired performance requirements for the ball position
control as
1) Percent overshoot (PO) < 5%,
2) Settling time (t,) <0.3s,
then these performance requirements can be used to get desired characteristic
equation of the system, that is to say,
(s> +2¢w,s+W2)(s+ p,) =0 (3.2.1.13)
The damping ratio is found as {=0.69 from Equation (3.1.1.1) and the settling
time is given by
__4
A

Thus, the natural frequency can be found as w,=19.3 rad/s from Equation

t (3.2.1.14)

(3.2.1.14) by providing the desired settling time. The third pole (p,) location is
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selected as -40 by taking into account the feature [po<dominant pole].
Moreover, the third pole should not be taken as very small. Otherwise, the
control gains can increase a lot. The pole p, is usually selected as 2-5 times the
dominant pole in order to obtain good feedback responses.

Consequently, by comparing the characteristic equation of closed-loop
system (3.2.1.12) with the desired characteristic equation (3.2.1.13), the

controller gains used in PIV controller design are found as

k :_(2 poé,a)nxbo +605Xb0 +Zg)lc0 k — poa)rflco
p Koo Q 2 (3.2.1.15)
kV:_(p0+2§wn)lc0, bsp:1+ ICO
zg prO

3.2.2 Integral Sliding Mode Controller

The sliding mode based controller is designed as the outer controller to
control the ball position of the magnetic levitation system. Here, in the outer
controller design for the magnetic levitation system, I. =1, is assumed to
decrease the complexity due to the inner current control loop. Thus, we focus on
the mechanical part of the system to control the ball position.

Both SMC and integral SMC as the outer controller are separately
designed to control the ball position for the mechanical part of magnetic
levitation system. For the second-order mechanical system, a sliding surface, s;,
can be designed as

S, =€+ 1e (3.2.2.1)
where e = x,, — x;, and 1 > 0. However, under this sliding surface, | have found
that the ball position does not truly track the reference position and includes
high error (position error) and unsatisfactory settling time in numerical and
experimental results. Thus, an integral part is added to the sliding surface for a

precise reference tracking. Integral SMC (ISMC) design for the outer controller
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the new sliding surface, s;, can be designed for the second-order mechanical

system as

5, =6+ e+, [ edt (3.2.2.2)
where e = x,, —x,, A >0 and A, > 0. In addition, the second-order system
from Equation (2.3.3) is obtained as

X, — WX, + K Wi, =0 (3.2.2.3)
Thus, the time-derivative of Equation (3.2.2.2), $;, is obtained as

§, =X —wWx, + KW, + (X, — %)+ 4 (X, —X%,) (3.2.2.4)

During sliding mode, i.e., s; =s; =0, the equivalent current, i,,, can be
obtained as follows

. 1 ., 5 G
leg =~ K, W [Xr _ngb + A = %) + A (X, = Xb)] (3.2.2.5)

b™"b

The equivalent current controller is necessary to keep the system
trajectory on the sliding surface and to reduce chattering on the system output.
Therefore, the control input to the mechanical part of the magnetic levitation

system can be designed in ISMC design as

I, =l +igsat(s,) (3.2.2.6)
where
sgn(s, / &), if |s/&]>1
sat(s,/ ) = 3.2.2.7
/) { sle, i |s/e<1 3:227)

where ¢ >0. The saturation function (sat(.)) is used to eliminate chattering on
the system output.

The stability of the integral SMC must be satisfied for selected
appropriate gain, iy, (i.e., satisfying reachability condition ss <0). By
considering sliding surface given in Equation (3.2.2.2), the second-order
linearized mechanical system given in Equation (3.2.2.3), the equivalent
controller given in Equation (3.2.2.5), and the controller given in Equation

~31~



(3.2.2.6), stability analysis of the proposed SMC can be carried out as follows.
First, if a positive definite Lyapunov function is defined by

Vv =%sf (3.2.2.8)

then its derivative must be negative definite for stability,

V =55
=5, (% —WEX, + KyWei, + A(%, = %)+ 2 (X, —%,)) (3.2.2.9)
=5, (K, wgi, sat(s,))
From Equation (3.2.2.7), it is clear that the controller consists of outer and inner

parts. For the outer part of the controller, i.e. for |sllg| >1, we have

V = K, Wi,s, sgn(s, / &)
s /e

= K Wi, m S
1

(3.2.2.10)

2

4N

a 20 9
= K Wl =

s

= wakfio |51|
Thus, the gain parameter, i, < 0, then VV <0. That is to say, whenever |s,|>¢,

|s,(t)] will strictly decrease until it reaches the set |s|<e& in finite time and

remains inside the set subsequently. For the inner part of the controller, i.e.

inside the set s,/ &|<1, the derivative of the Lyapunov function can similarly

be written as

V = K, W8, L
¢ (3.2.2.11)

SZ

= K, Wi, =+

&

Thus, the gain parameter is similarly obtained as i, < 0, then V <O.
Consequently the practical stability of the proposed controller Equation (3.2.2.6)
is guaranteed with i, < 0 condition. In addition, if we design only sliding mode
controller for the linearized mechanical part, the integral part can be eliminated

from the control input, i., in other word, A, = 0. Note that it is possible to
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increase system performance when we use é instead of x,. in the equivalent
current controller.

Robustness of the Integral Sliding Mode Position Controller: From
Equation (3.2.2.3), the second order linearized mechanical system including

uncertainties can be written as
%, — (W +d; (X0))%, + (KW +d, (%0 ))i. =0 (3.2.2.12)
where it is assumed that (waj +d1(xb0)) >0 and d; is the operating position
variations as a function of x;,. From Equation (3.2.2.4), the differential equation
of the sliding surface including uncertainties can be written as
§, =X —(W +d,)x, + (KW +d,)i, + A% — %)+ 4 (% —%) (3.2.2.13)
For the Lyapunov function V =s’ /2, the time-derivative of the Lyapunov
function is
V=ss
=5, (% = (W +d,)x, + (KW +d)i; + A(X, —%,) + 4 (X, —%,)) (3.2.2.14)
=5, (—d,%, + K i, sat(s,) +d,i,, + dyi, sat(s,))
For the outer part of the controller, i.e. for |s|>¢&, by applying Cauchy-
Schwarz inequality, we have

Sl/gS
s, /el

|s, [+ (Kywg +d,)ig |s,| (3.2.2.15)

V =—d,xs, +dis + (KW +d,)i

eq

<d,x, ][] +\o|lieq

s (|dlxb |+

+ (KbWt? + dl)io)|51|

Therefore, if iy <—(|d,%,|+|di

)/ (K, W +d,), then it is guaranteed that the

system trajectory will enter the inner boundary layer, |s,| <&, and stay there.

Note that for the maglev system under study, since the coil current works

in the range of 0 <1, <3, the extreme values of d; can be

<K =22 = |d|<654. (3.2.2.16)

c0
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Chapter 4

Results

The cascade control design consists of an inner controller and an outer

controller. The inner controller should give much fast response than the outer

controller because the inner loop firstly controls the coil current, I.. In this

context, the selected convenient cascaded controls for numerical and

experimental hardware in the loop (HIL) test studies are given as

1)

2)

3)

4)

5)

6)

The cascade PI-V with set point weighting (see Section 3.2.1) for the
outer position loop plus PI (see Section 3.1.1) for the inner current loop
controller.

The cascade PI-V with set point weighting for the outer position loop
plus high-gain SMC (see Section 3.1.2) for the inner current loop
controller.

The cascade PI-V with set point weighting for the outer position loop
plus process SMC (PSMC) (see Section 3.1.3) for the inner current loop
controller.

The cascade PI-V with set point weighting for the outer position loop
plus equivalent SMC (eSMC) with varying inductance (see Section
3.1.4) for the inner current loop controller.

The cascade PI-V with set point weighting for the outer position loop
plus process SMC (PSMC) with varying inductance (see Section 3.1.4)
for the inner current loop controller.

The SMC (see Section 3.2.2) for the outer position loop plus PSMC for

inner current loop controller.
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7) The integral SMC (ISMC) (see Section 3.2.2) for the outer position loop
plus PSMC for the inner current loop controller.

8) The ISMC for the outer position loop plus high-gain SMC for the inner
current loop controller.

9) The ISMC for the outer position loop plus eSMC with varying
inductance (see Section 3.1.4) for the inner current loop controller.

10) The ISMC for the outer position loop plus PSMC with varying
inductance (see Section 3.1.4) for the inner current loop controller.
MATLAB/Simulink programs are used for all numerical and

experimental results. It is assumed that the ball position varies between 8 to 10
mm ramp signals with a frequency of 0.25Hz. From the desired performance
requirements (see Section 3.2.1), the controller should accomplish a desired
+1mm square wave position set point. For some control designs, the sinusoidal
reference tracking is also illustrated. The control parameter gains are obtained
based on desired performance requirements and verified with numerical
simulations. Moreover, the gains of SMC can be arranged with trial-error
method via simulations in order to achieve design specifications. As the outer
controllers, k,, = —199.7, k; ), = —633.2, k,,;, = —2.82 and by, = 0.35 for
PI-V controller with set-point weighting, 1 = 60, i, = —100 and &=100 for
SMC, 1 =60, 4, =2000, i; = =50 and &=100 for ISMC. As the inner
controllers and k, . = 220 and k;. = 50430 for PI controller, V, = 50 and
e = 0.1 for the inner high-gain SMC, a = 150, 8 = 50 and &€ = 0.03 for the
inner PSMC, V, = 500 and ¢ = 0.1 for the inner equivalent SMC with varying
inductance, « = 150, f = 50 and ¢ = 0.03 for the inner PSMC with varying
inductance.

For the selected some cascade controllers which are PI-V plus PI, PI-V
plus PSMC, ISMC plus PSMC and ISMC plus eSMC with varying inductance,
numerical and experimental results for 10 seconds are shown in this section. In
addition, for all cascaded controllers, numerical and experimental results are

given in tables for comparison.
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4.1 P1-V plus Pl Cascade Control

The PI-V controller with set point weighting for the mechanical part and
P1 controller for the electrical part are cascaded appropriately. The experimental
hardware-in-the-loop (HIL) test and numerical simulation results of this cascade

control for the magnetic levitation are provided in this section.

4.1.1 Numerical Simulations

The numerical simulation results of the cascade PI-V plus PI controller
for 10 seconds are illustrated in Figs. 4.1.1.1-5. It is shown in Fig. 4.1.1.1 that
the controller provides a desired tracking performance with a percent overshoot
(around 2.3%). Figure 4.1.1.2 shows the coil current trajectory due to Pl current
controller. The coil current perfectly tracks the desired current, which makes the
ball to follow the desired position. The coil voltage is shown in Fig. 4.1.1.3. The
tracking error shown in Fig. 4.1.1.4 is the difference between actual trajectory
and reference trajectory. The tracking error has little short transient response
which satisfies the required settling time, and about 0.22mm (2.2% overshoot) in
the simulations. Fig. 4.1.1.5 shows that the current error goes to almost zero in a

short time and stays around zero for all subsequent times.
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Figure 4.1.1.4 Position tracking error for PI-V plus PI.
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Figure 4.1.1.5 Current tracking error for P1-V plus PI.

4.1.2 Experimental Results

The experimental results of the cascade PI-V plus PI controller for 10
seconds are shown in Figs. 4.1.2.1-5. Figure 4.1.2.1 shows that the controller
holds the ball during startup and follows the reference position trajectory
thereafter. The small oscillations around the reference point are due to the
effects of sampling time, measurement error and noise. In addition, the ball
sways right and left rather than staying vertically as the photo detector does not

exactly measure the ball position because of circularly ball.
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Figure 4.1.2.5 Experimental current tracking error for PI-V plus PI.

Figure 4.1.2.2 shows the coil current trajectory. Pl current controller
provides a satisfactory tracking performance. The response of the coil voltage is
shown in Fig. 4.1.2.3. The average voltage supply is around 14V during steady-
state. The position tracking error is shown in Fig. 4.1.2.4. It is clear that the
position error is limited about 0.23mm during steady-state which satisfies
desired requirements. Figure 4.1.2.5 shows the current tracking error. It is seen
that the current error reaches almost zero with 0.03A error in a short time and

stays around zero thereafter.

4.2 P1-V plus Process SMC Cascade Control

The PI-V controller with set point weighting for the mechanical part and
the process SMC for the electrical part are cascaded appropriately. The
experimental hardware-in-the-loop (HIL) test and numerical simulation results

of this cascade control for the magnetic levitation are provided in this section.
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4.2.1 Numerical Simulations

The numerical simulation results of the cascade PI-V plus process SMC
controller are shown in Figs. 4.2.1.1-5. It is illustrated in Fig. 4 that the
controller provides a desired tracking performance with a little overshoot
(around 2%). Figure 4.2.1.2 shows the coil current trajectory of the SMC current
controller in which the coil current perfectly tracks the desired current, which
makes the ball to follow the reference trajectory. The control signal, i.e., coil
voltage, is shown in Fig. 4.2.1.3. Smooth voltage and current signals are
observed in the simulations. The tracking error, which is the difference between
actual trajectory and reference trajectory, is shown in Fig. 4.2.1.4. The tracking
error has little short transient response which satisfies the required settling time,
and about 0.2mm (2% overshoot) in the simulations. Fig. 4.2.1.5 shows that the
sliding surface, s, (or current error) goes to almost zero in a short time and stays

around zero for all subsequent times.

Ball Position (mm)

Time ()
Figure 4.2.1.1 Ball position trajectory for PI-V plus PSMC.
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Figure 4.2.1.5 Current tracking error for P1-V plus PSMC.

4.2.2 Experimental Results

The experimental results of the cascade PI-V plus process SMC
controller are illustrated in Figs. 4.2.2.1-5. Figure 4.2.2.1 shows that the
controller holds the ball during startup and follows the reference position
trajectory thereafter. The small oscillations around the reference point are due to
the effects of sampling time, measurement error and noise. Furthermore, the ball
sways right and left rather than staying vertically as the photo detector does not
exactly measure the ball position because of circularly ball. This can be solved
by touching lightly to the ball by hand. In 6" second we touched the ball almost
0.5 second to center the ball, and after that point, it can be seen that the tracking

results are improved.
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Figure 4.2.2.2 shows the coil current response. Process SMC current

controller eliminates the effects of inductance uncertainty and provides a highly

satisfactory tracking performance. The response of the coil voltage is shown in

Fig. 4.2.2.3. The average voltage supply is around 14V during steady-state. The

position tracking error is shown in Fig. 4.2.2.4. The position error is clearly

limited about 0.2mm during steady-state which satisfies desired requirements.

The position error is decreased to 0.1mm after the light touch to the ball by

hand. Figure 4.2.2.5 shows the sliding surface, s, (or current tracking error). It is

seen that the sliding surface reaches zero in a short time and stays around zero

thereafter.
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Figure 4.2.2.5 Experimental current tracking error for PI-V plus PSMC.

For the sinusoidal reference, the performance of the system under the
proposed cascade control law is given in Figs. 4.2.2.6-10. The corresponding
position tracking response is given in Fig. 4.2.2.6 where it is clear that the
controller holds the ball during startup and follows the reference position
trajectory thereafter. The coil current, coil voltage, position error and current

error are given in Figs. 4.2.2.7-10, respectively. The reference tracking error
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oscillates between +0.1 mm as in pulse reference tracking case. It is also seen
that the sliding surface (current error) reaches zero in a short time and stays
around zero thereafter. We are able to achieve any kind of tracking with the
process SMC based cascade control law.
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Figure 4.2.2.6 Experimental ball position trajectory for a sinusoidal reference of PI-V plus
PSMC.
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Figure 4.2.2.7 Experimental coil current response for a sinusoidal reference of PI1-V plus
PSMC.
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Figure 4.2.2.8 Experimental coil voltage response for a sinusoidal reference of PI-V plus
PSMC.
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Figure 4.2.2.10 Experimental current tracking error for a sinusoidal reference of PI1-V plus
PSMC.

4.3 Integral SMC plus Process SMC Cascade

Control

The integral SMC for the mechanical system and process SMC for the
electrical part are appropriately cascaded. The experimental hardware-in-the-
loop (HIL) test and numerical simulation results of this cascade control for the

magnetic levitation are provided in this section.

~ 49 ~



4.3.1 Numerical Simulations

The tracking performances of the cascade integral SMC plus process
SMC controller are shown in Figs. 4.3.1.1-5. It is seen in Fig. 4.3.1.1 that the
controller provides a desired tracking performance with a little overshoot
(almost 0.6%) and a little settling time (almost 0.26s. with 1% error). Thus, the
ball position perfectly tracks the desired position. Figure 4.3.1.2 shows the
response of the process SMC current controller in which the coil current
perfectly tracks the desired current with around 0.008A error, which makes the
ball to follow the reference trajectory. The tracking error, which is the difference
between actual trajectory and reference trajectory, is shown in Fig. 4.3.1.3. The
tracking error has little short transient response which satisfies the required
settling time, and about 0.067mm (0.067% overshoot) in the simulations. Fig.
4.3.1.4 show that the sliding surface, s, (or current error) and, goes to zero in a
short time and stays around zero for all subsequent times and 4.3.1.5 show that
the sliding surface, s;, for outer controller goes to zero in a short time and stays

around zero with around 1% error for all subsequent times.

14 T T 3 T T 3 T 3 T T

=
w

=
N

=
[N

Ball Position (mm)
[
S}

©

r r r r r

~

Time (s)

Figure 4.3.1.1 Ball position trajectory for ISMC plus PSMC.
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Figure 4.3.1.5 Sliding surface of outer ISMC for ISMC plus PSMC.

4.3.2 Experimental Results

The experimental results of the cascade integral SMC plus process SMC
controller are shown in Figures 4.3.2.1-7. Figure 4.3.2.1 shows that the
controller holds the ball during startup and follows the reference position
trajectory thereafter with around 1.5% error. The small oscillations around the
reference point are due to the effects of sampling time, measurement error and
noise. In addition, the ball sways right and left rather than staying vertically as
the photo detector does not exactly measure the ball position because of the
circularity of the ball. This can be solved with touching lightly to the ball by
hand.

Figure 4.3.2.2 shows the response of the coil current. The process SMC
current controller eliminates the effects of inductance uncertainty and provides a
highly satisfactory tracking performance. The position tracking error around
1.5% is shown in Figure 4.3.2.3. Figure 4.3.2.4 shows the sliding surface, s, (or
current tracking error). It is seen that the sliding surface reaches zero in a short
time and stays around zero with average 0.01A error thereafter. Figure 4.3.2.5
shows the sliding surface, s;, for the ball position controller. It is seen that the
sliding surface reaches zero in a short time and stays around zero with average

0.2% error thereafter.
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Moreover, it can be said that the ball position trajectory error decreases
due to the progressive simulation. In Figures 4.3.2.6-7, the steady-state behavior
of the system is illustrated from 40 to 50 seconds. In Figure 4.3.2.7, the position
clearly error is limited about 0.1mm during steady-state which satisfies desired

requirements.
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Figure 4.3.2.6 Experimental ball position trajectory in the steady-state for ISMC plus
PSMC.
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Figure 4.3.2.7 Experimental position tracking error in the steady-state for ISMC plus
PSMC.

4.4 Integral SMC plus Equivalent SMC Cascade

Control with Varying Inductance

The integral SMC for the mechanical system and equivalent SMC with
the coil inductance dependent on the ball position for the electrical part are
cascaded properly. The experimental hardware-in-the-loop (HIL) test and
numerical simulation results of this cascade control for the magnetic levitation

are provided in this section.

4.4.1 Numerical Simulations

The numerical simulation results of the cascade integral SMC plus
equivalent SMC controller is illustrated in Figs. 4.4.1.1-5. It is shown in Fig.
4.4.1.1 that the controller provides a desired tracking performance with a little
overshoot (around 0.5%). Figure 4.4.1.2 shows the response of the equivalent
SMC current controller in which the coil current perfectly tracks the desired
current, which makes the ball to follow the reference trajectory. The tracking
error, which is the difference between actual trajectory and reference trajectory,
is shown in Fig. 4.4.1.3. The tracking error has little short transient response
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which satisfies the required settling time, and about 0.05mm (0.5% overshoot) in
the simulations. Fig. 4.4.1.4 show that the sliding surface, s, (or current error)
and, goes to zero in a short time and stays around zero for all subsequent times
and 4.4.1.5 show that the sliding surface, s,, for outer controller goes to zero in
a short time and stays around zero with around 0.01% error for all subsequent
times.
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Figure 4.4.1.1 Ball position trajectory for ISMC plus eSMC with varying inductance.
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Figure 4.4.1.2 Coil current response for ISMC plus eSMC with varying inductance.
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Figure 4.4.1.4 Current tracking error for ISMC plus eSMC with varying inductance.
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Figure 4.4.15 Sliding surface of outer ISMC for ISMC plus eSMC with varying
inductance.

4.4.2 Experimental Results

The experimental results of the cascade integral SMC plus equivalent
SMC controller with varying inductance are shown in Figures 4.4.2.1-5. Figure
4.4.2.1 shows that the controller holds the ball during startup and follows the
reference position trajectory thereafter with around 0.07mm error (0.7%
overshoot). The small oscillations around the reference point are due to the
effects of sampling time, measurement error and noise. In addition, the ball
sways right and left rather than staying vertically as the photo detector does not
exactly measure the ball position because of the circularity of the ball. This can

be solved by touching lightly to the ball by hand.
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Figure 4.4.2.2 shows the response of the coil current. The equivalent
SMC current controller eliminates the effects of inductance uncertainty and
provides a highly satisfactory tracking performance. The position tracking error
around 0.7% (0.07mm) in steady-state is shown in Figure 4.4.2.3. Figure 4.4.2.4
shows the sliding surface, s, (or current tracking error). It is seen that the sliding
surface reaches zero in a short time and stays around zero. Figure 4.4.2.5 shows
the sliding surface, s;, for the ball position controller. It is seen that the sliding
surface reaches zero in a short time and stays around zero with average 0.5%

error thereafter.
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Figure 4.4.2.3 Experimental position tracking error for ISMC plus eSMC with varying
inductance.
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Figure 4.4.2.5 Experimental sliding surface of outer ISMC for ISMC plus eSMC with
varying inductance.
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4.5 Comparison of Cascade Controllers

4.5.1 Numerical Simulations

According to the percent overshoot, settling time with 2% error, the
position error, the current error and the sliding surface (s;) of sliding mode
based controllers designed for the mechanical part as the outer controller,
comparisons of numerical simulation results of all cascade controllers are shown
in Table 4.5.1.1. Here, PI-V controller for the outer loop does not have sliding
surface of the outer controller. Numerical simulation clearly presents the
differences between controllers. According to Table 4.5.1.1, when PI-V is
designed as an outer controller, the results of the ball position tracking
performance are almost same with little errors. The position error is almost
0.22mm and the settling time is 0.3 second 2% with error. Moreover, when the
traditional sliding mode controller is designed as an outer controller, the results
are almost same as a percent overshoot or a position error, but settling time is
0.5 second with 6% error and does not achieve the desired performance
requirement (the maximum settling time < 0.3s.). On the other hand, when the
integral sliding mode controller is designed as an outer controller, the position
error is almost 0.6mm and settling time is 0.19 second with 2% error or 0.26
second with 1% error. Therefore, the cascade controllers provide wonderful
performances for the ball position of the magnetic levitation system in the

numerical simulations.
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Controller Percent Settling | Position | Current Sliding
Overshoot | Time (S) Error Error(s) | Surface(s;)
(PO) (mm) (A) (m)
PI-V plus PI 2.3% 0.3 0.22 0.0005 -
PI-V plus high-
_ 2.3% 0.3 0.22 0.006 -
gain SMC
PI-V plus PSMC 2.2% 0.3 0.22 0.005 -
PI-V plus eSMC
with varying 2.2% 0.3 0.21 0.00002 -
inductance
P1-V plus PSMC
with varying 2.2% 0.3 0.21 0.004 -
inductance
SMC plus high-
_ 2% 0.5 0.13 0.03 0.01
gain SMC
ISMC plus high-
_ 0.6% 0.19 0.06 0.008 0.012
gain SMC
ISMC plus
0.6% 0.19 0.06 0.008 0.015
PSMC
ISMC plus
eSMC with
) 0.5% 0.19 0.05 0.0007 0.01
varying
inductance
ISMC plus
PSMC with
) 0.55% 0.19 0.05 0.007 0.012
varying
inductance

Table 4.5.1.1 Position tracking performance of numerical studies for all cascaded

controllers.
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4.5.2 Experimental Results

In experimental studies, the small oscillations around the reference point
are due to the effects of sampling time, measurement error and noise. In
addition, the ball sways right and left rather than staying vertically as the photo
detector does not exactly measure the ball position because of the circularity of
the ball. This can be solved with touching lightly to the ball by hand.

For experimental studies, the comparisons of the ball position tracking
performance of all cascade controllers are shown in Table 4.5.2.1. The
performance comparisons are done according to the percent overshoot, the
position error, the current error and the sliding surface (s;) of sliding mode
based controllers designed for the mechanical part as the outer controller, Here,
PI-V controller for the outer loop does not have sliding surface. The settling
time may not be measured for the experimental results due to the oscillations.
According to Table 4.5.2.1, when PI-V is designed as an outer controller, the
results of the ball position tracking performance are almost same with little
error. Moreover, when the traditional sliding mode controller is designed as an
outer controller, the controller does not satisfy the desired settling time and it
has a large maximum percent overshoot. On the other hand, when the integral
sliding mode controller is designed as an outer controller, the cascade controllers
provide wonderful performance for the ball position of the magnetic levitation
system in the experimental results. ISMC plus eSMC with varying inductance
cascade controller provides the best performance for the tracking ball position

for the magnetic levitation system.
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Controller Percent Settling | Position | Current Sliding
Overshoot | Time (S) Error Error(s) Surface
(PO) (mm) (A) (s1) (M)
PI-V plus PI 2.3% - 0.23 0.03 -
PI-V plus high-
_ 2% - 0.2 0.03 -
gain SMC
PI-V plus PSMC 2% - 0.2 0.02 -
PI-V plus eSMC
with varying 2.1% - 0.2 0.01 -
inductance
P1-V plus PSMC
with varying 2% - 0.2 0.02 -
inductance
SMC plus high-
_ 6.5% - 0.6 0.03 0.05
gain SMC
ISMC plus high-
_ 1.8% - 0.18 0.02 0.05
gain SMC
ISMC plus
1.5% - 0.15 0.01 0.05
PSMC
ISMC plus
eSMC with
) 1% - 0.07 0.02 0.05
varying
inductance
ISMC plus
PSMC with
) 1% - 0.08 0.03 0.05
varying
inductance

Table 4.5.2.1 Position tracking performance of experimental studies for all cascaded
controllers.
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Chapter 5

Conclusions

Magnetic levitation systems are used to provide frictionless movement,
reliable and economical operations in many industrial applications. On the other
hand, the magnetic levitation system is a highly nonlinear system, and has the
electromagnet inductance originated parameter uncertainty and open-loop
unstable dynamics. All these challenges need the design of precise feedback
control systems. To deal with the issues of the magnetic levitation technology,
sliding mode control which is a robust nonlinear control method is designed to
provide a stable and robust magnetic levitation operations.

A cascade controller with sliding mode and PID controllers is designed
for feedback control of the magnetic levitation to increase the position tracking
performance in this thesis. The cascade controller consists of an inner current
loop and an outer position loop. For the inner loop, SMC based cascade
controllers are designed to eliminate the coil parameter uncertainty and to give
fast response. For the outer position loop, both SMC and PIV based controllers
are designed to decrease the effects of disturbances around the operating point.
The nonlinear system model and its linearization are taken into account in the
control designs. Both numerical simulation and experimental results are
provided and it is shown that the SMC based cascade controller provides a
highly precise position tracking performance. The SMC controllers keeps the
current error around zero and provides +0.1 mm position error in the steady-

state, which is very small compared to the literature.
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APPENDIX

Appendix A: Simulink Programs

The following Simulink programs are used in the numerical and experimental

studies.

MAGLEV Current Control Loop:
Coil Current Inner Controller

—P|c_e Outl
Coil Current
AMP Voltage .
()
Limit .
P Ve (V) c (A) Air Gap
3

Current Setpoint (A) sislding o

surface _0/)
. f —Pp(s  Outl 1 b (m) |
Ir (A) I .|.> anual Switch? Le.s+Rs+Re -o\o »lic (A)
e © Electrical Part ° xb_dot (m/s) » 4 )
Transfer Function | Manual Switché b dot m
> Mechanical o_dot (mis)
Manual Switch Nonlinear Model
—p{s OuttH
P xb
SMC2 x3
»Ir (A)
SMC with dependent Lc

Figure A.1 Block diagram of the inner current control with PI, high-gain SMC, PSMC and
SMC with varying inductance.
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MAGLEV Position Control Loop:
Ball Position Outer Controller

reference

Operating Ar Gap Posifon 9010 OP-PL.

Ball Position Setpoint (m)
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Position Reference Setpoint

Figure A.2 Block diagram of the outer ball position control with PI-V controller, SMC and

Integrator

integral SMC.
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Figure A.3 Block diagram of the PI controller.
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Figure A.4 Block diagram of the high-gain SMC.
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Figure A.5 Block diagram of the process SMC.
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Figure A.6 Block diagram of the SMC with varying inductance.
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Figure A.7 Block diagram of the P1-V controller.
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Figure A.8 Block diagram of the SMC controller.
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Figure A.9 Block diagram of the integral SMC controller.
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Appendix B: Taylor Series Approximation

The Taylor series approximation is used to linearize the nonlinear systems and,

for a nonlinear function f(z), described by
_ of (2) .81 ()
f(z)_f(zo)+( pe } (z zo)+[ pe; j

where z, is the operating point.

(z—zo)2+... (B1)

=1, z=1,
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