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In this paper a new method is proposed for determining PID controller
parameters in order to decrease losses in levitation system of magnetic
trains. It is assumed that this system is a hybrid system and it consists of
electric and permanent magnet. For optimization of losses initially AC
losses of magnetic levitation system are calculated. Linear model of
levitation system as well as modeling the system is offered. The parameters
related to PID controller are tuned with Ziegler—Nichols method and
optimizing methods using genetic algorithm. The corresponding results are

1. Introduction

Along with the increase in the population and
expansion in residential areas, automobiles and
air services cannot afford mass transit anymore.
Accordingly, demands for innovative means of
public transportation have increased. In order to
appropriately serve the public, such a new-
generation transportation system must meet
certain requirements such as rapidity, reliability,
and safety. The magnetic levitation (Maglev)
train is one of the best candidates to satisfy those
requirements. While a conventional train drives
forward by using friction between wheels and
rails, the Maglev train replaces wheels with
electromagnets and levitates on the guideway
without any contact [1].

One of levitation technologies that is used in
maglev  trains is the Electromagnetic
suspension (EMS). The levitation accomplished
based on the magnetic attraction force between a
guideway and electromagnets. This
methodology is inherently unstable due to the
characteristic of the magnetic circuit. There are
two types of EMS levitation technologies. These
include: a) the levitation and guidance integrated
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type; b) the levitation and guidance separated
type. EMS types are shown in Figure 1 [1, 2].

(a) (b)

Figure 1. EMS systems: (a) integrated type and (b)
separated type [1]

Another technology in levitation system is
called the Hybrid Electromagnets (HEMS). In
order to reduce the electric power consumption
in EMS, permanent magnets are partly used with
electromagnets as illustrated in Figure 2. In a
certain steady-state air gap, the magnetic field
from the PM is able to support the vehicle by
itself and the electric power for the
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electromagnets that control the air gap can be
almost zero. However, HEMS requires a much
bigger variation of current amplitude compared
with EMS from the electromagnets’ point of
view because the PM has the same permeability
as the air [3].

Vehicle

Permanent Magnet

| Electromagnets

Figure 2. HEMS system [1]

Analysis of the eddy current induced in track
on medium-low speed maglev train is reported in
[4]. A loss separation method for a high-Speed
Magnetic ~ Levitated permanent magnet
synchronous motor (PMSM) based on drag
system experiment was stated in [5].
Minimization of system-level losses in VSI-
based induction motor devices is conveyed in
[6]. Techniques for efficiency improvement in
PWM motor drives is provided in [7].

In this paper, the linear model of HEMS
system is presented. This linear model is
achieved by using Taylor series on equilibrium
point. Air gap of this system is controlled by PID
controller. To tune PID, the Z-N, modified Z-N
and genetic Algorithm (GA) methods are used.
The air gap and AC losses of each method will
be calculated.

2. Hybrid Maglev System

The configuration of a hybrid maglev system
is depicted in Figure 3, which consists of a
hybrid electromagnet, a ferrous plate and a load
carrier. Among these, the hybrid electromagnet
is composed of a permanent magnet [2].

Permanent magnets characteristics are
usually described by their demagnetization
curve. This demagnetization curve, represents
the total magnetic flux that is carried in
combination by the air and the Permanent

Magnet (PM). This curve is plotted in the second
quadrant of a B-H coordinate system where PMs
normally operate.
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Figure 4. Permanent magnet demagnetization
curve [8]

A typical demagnetization curve is shown in
Figure 4. The load line, also shown in Figure 4,
provides the amount of flux density produced by
a PM in a system with a particular geometry and
material characteristics, but this production of
flux density must be bounded by the PM
characteristics and therefore the actual operating
point is given by the intersection of the load line
and the demagnetization line [8]. The application
of Ampere“s Law to the contour shown in Figure
3, provides a means to modeling of PMs.
Considering only the PMs in the magnetic circuit
of Figure 3, Ampere®s law gives:

HyLy+HuLag = 0 (1)

where Hy, and H,, are the magnetic field strength
of the PM and air gap, respectively. Also:
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B Am= Bag Aag =0 (2)

where Bm, Bag , Am and A, are the flux density
in the PM, flux density in the air gap, cross-
sectional area of the PM and cross-sectional area
of the air gap, respectively [8]. Consideration of
the constitutive equation of air Bag = poHae and
Equation (2), yields:

Aa Lm
By = = (1o 1242) Hy G)

where Lag and Ly, are the air gap length (also
called x) and the thickness of the permanent
magnet, respectively. Equation (3) represents the
load line of Figure 4. The demagnetization curve
can be expressed as:

By = trtioHm + By 4)

where B; and H. are the PM retentivity and
coercive force, respectively, and po = 4nx107
H/m is the permeability of free space [8]. Using
Equations (3) and (4) to find the intersection
between the demagnetization and load lines and
supposing Ry=Lu/(-Am) and Rag= Lag/([ritoAag),
gives:

Rm
B = By (Rag+Rm) ©)

The equivalent magnetic network is shown in
Figure 5. The PM is represented by the residual
flux generator ®=B/A in parallel with the
reluctance Ry, [4].
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Figure 5. PM equivalent network [8]

The maglev equivalent magnetic circuit is
shown in Figure 6. The application of Ampere’s
Law to this magnetic circuit will provides a
means to find A. Ampere law is written as:

2Hp Ly + 2HggLgg = 2NI (6)
And the load line is:

_ UoLlmAag HoAagN
Bm N ( LagAm )Hm + [AmLag ]I (7)

Combination of Equations (4) and (7) gives
the PM operating point in the presence of coil
current.

NI+H L
R ®)
HoAag Br

B, =

The numerator of this equation shows the
contribution of the electromagnet current as well
as the permanent magnets to the flux density.
This expression is fundamental to finding the
attracting magnetic force and the flux linkage A
in the coils. Bm and A in the coils are related by:

A= 2NApBy, )

where N is the number of coil turns.
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Figure 6. Maglev equivalent magnetic circuit [8]

The magnetic force can be found by
considering the magnetic energy stored in the air
gap per unit of volume (Energy density). The
magnetic force can be found as the energy stored
per unit of length. Finally the magnetic force will
be:

2
Ni+k
. = toAlgg || (10

X+poAagRm
where K; = H L.

This expression of the magnetic force will be
used in the development of the dynamic model
of the maglev system. Equations (8), (9) and (10)
can be used to develop an analytical model. A
free-model diagram of the maglev mechanical
system is depicted in Figure 3. The flux in the
electromagnets and permanent magnets
produces an attracting force Fn, between rotor
and stator. This force overcomes the weight of
the rotor, to move it upward. Considering the
free-body diagram of Figure 3 and Newton’s law
of motion, Equation (11) describes the dynamic
of this mechanical system.
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mX =mg — E, (11)

where m is the levitated object mass, g is the
acceleration of gravity, X is the rotor
acceleration and F, is the magnetic force.
Application of Kirchhoff’s voltage law and
Faraday’s induction law to the equivalent
electrical circuit of Figure 7, allows derivation of
the following equation for the phase voltage.

system variable fi can be written in terms of a
Taylor expansion around its fixed value, fi, as:

g(f)=g(fo)+g' (Fo)AL+(1/2) g"(fo)Afi *+... (15)
where;
fi=fic+Afi (16)

For a function of two variables the same
argument can be applied:

., dd
V=rit (12) 9(f1 + f2) = g(f1o +f20)+ g(fw
where r is the coil resistance and A is the flux £0Af, + _g(flo + fzo)Afz (17)
linkage in the coil. 0f2
_ [ _k2lo (k2io+k3)(N1—xo) ) .
- [(x0+N1)2 (x0+N71)3 ]pr + [r +pk, [ o+Ny (x0+N1)2]] A (18)
Nig+kq Nig+kq
AFM - ZNZ [x0+N1] [x0+N1]A NZ [(x0+N1)2] [x0+N1] (19)
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Figure 7. Maglev equivalent electrical circuit [8]
The combination of Equations (8) and (9)
yields the following expression of the flux
linkage in the coils.

(13)

A= 2uNAg [—Ni+H”L’" ]

X+UoAgRm

where A, is the air gap cross-sectional area and
Rin=Lun/(rtoAm) is the permanent magnet
reluctance. The combination of Equations (8),
(12) and (13) finally gives the expression used
for dynamic modeling of the electromagnetic [2,
8].

V=ri+

x+Aanguo dat dt

di dx Kpi+ks
(x+AqgRmio)

2](14)

where Ko=2N?1oA, and K;= 2NpoAK;.

3. Linearization by using Taylor Series

For linearization, Taylor’s expansion around
an operating point can be used. That is, any

where Ag(fi,f2) is the last two terms of Equation
(17) [9]. If Equations (10) and (14) are expanded
by using Taylor series, this yields Equations (18)
and (19). These are then the linear equations of
electromagnetic force and voltage.

where x¢ and iy are the operating points, p=d/dt,
Ni=AagRmpo and No=A,gplo. The proposed linear
model of levitation system that is obtained by
using Equations (11), (18) and (19) is shown in
Figure 8.

4. PID Controller

PID control is a linear control methodology
with a very simple control structure. This type of
controller operates directly on the error signal,
which is the difference between the desired
output and the actual output and generates the
actuation signal that drives the plant. KI is
integration gain. When K1 is small, the system is
slow and vice versa. In the design of PID
controller the amount of KI is identified to reach
to an intended error in steady state. KD is
derivation constant. The derivation term acts like
predictor, because the speed of change of the
error signal affects the control signal. The
derivation term has a large effect in systems
where disturbances are present, because
disturbances are often fast. In PID controller
design, KP, KI and KD, related to the closed loop
feedback system within the least time is
determined and requires a long range of trial and
error, (Figure 9) [10].
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Figure 9. Close loop PID controlling system [10]

To design a particular control loop, the values
of the three parameters (KP, KI and KD) have to
be adjusted so that the control input provides
acceptable performance from the plant. To get an
acceptable solution, there are several controller
design methods that can be applied. Two classic
methods for tuning the PID parameters are
introduced with Ziegler-Nichols in 1942. One of
them is celled the frequency response. This
method uses a table, critical gain KU and critical
period TU to tune PID parameters. KU and TU
are determined by using Equation (20) [11].

Ku.G(ou)=-1 T=2n/wy (20)

oy 1s a frequency that the outcome of Equation
(20) in this frequency is equal to -1. After
specifying the critical values, by using Table 1
the parameters of PID are tuned. In this table,
Ti:Kp/ Ki and Td:KD/ Kbp.

In Z-N method, damping coefficient is fixed
at 0.2155. If designing for the PID parameters
needs larger damping coefficient, another
method that is the so called Modified Ziegler-
Nichols can be used. PID parameters for this
method are shown in Equation (21) [11].

Table 1. The Ziegler-Nichols rules (frequency
response method) [11]

N Controller Kp T; Tq
1 P 0.5Ky

2 PI 045K, Tv/1.2

3 PID 0.6K, TJ/2  TJ8
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K = K, 1y, cos @,
T, — T_u(1+sin Op)
PID: L™ cos®p (21)

_aly sin @y
le T (1 + cos (Z)b)

where o = 0.25. For damping coefficients larger
than 0.2155, r, and @y are shown in Table 2.

Table 2. Coefficients for the modified Z-N [11].

1 & I Db
2 0.6 0.41 61
3 0.45 0.29 46

5. Genetic Algorithm

Genetic Algorithm (GA) is a stochastic
optimization algorithm that mimics the process
of natural evolution. The initial information of
the Genetic Algorithm to start the calculation is
far away from the near correct solution or is
simply arbitrary. Therefore, achieving the best
solution depends completely to the environment
and evolution operators (i.e. selection, crossover
and mutation). The algorithm begins the
calculation from several independent nods and
searches the space which prevents the algorithm
from local minimal and suboptimal convergence
[12, 13].

Basically, genetic algorithm consists of three
main operators including the selection, crossover
and mutation.

e Selection
Selection is a process which selects some
fine individuals from the current
population to generate matting pool.

e Crossover
Crossover is composing a pair with every
two individuals of the population and
exchange parts of Crossover is
composing a pair with every two
individuals of the population and
exchange parts of generated and
integrated into the population.

e Mutation
Altering one or several gene values for
each individual of the population is
called mutation.

In this research the genetic algorithm is
applied to a system to tune the parameters of PID
controller and improve controller performance to
ensure optimal control performance at the
nominal operation condition.

The steps involved in creating and
implementing a genetic algorithm are as follows
[14]:

e Generate an initial, random population
of individual (Chromosomes) for fix
size (according to congenital methods
KP, KI, KD ranges declared).

e Evaluate the value of the fitness
function.

o Seclect the fitness members of the
populations.

e Go to the crossover and mutation
operation and make up the new cluster.

e Return to step 2 until reaching at the
best value.

e Select the chromosome with the highest
fitness as optimal PID controller
parameter.

For the purposes of this research it is assumed
that IATE is the fitness functions. IATE function
is describe in Equation (22).

IATE = [} tle(t)| dt 22)

The performance IATE is applied to estimate
the PID parameters using PID control tune by
GA algorithms and the results are compared with
Z-N and modified Z-N methods.

6. Ac Losses

Core loss in a magnetic material occurs when
the material is subjected to a time varying
magnetic flux. The actual physical nature of this
loss is still not completely understood and a
simplistic ~ explanation of this complex
mechanism is as follows. Energy is used to effect
“magnetic domain wall motion” as the domains
grow and rotate under the influence of an
externally applied magnetic field. When the
external field is reduced or reversed from a given
value, domain wall motion again occurs to
realize the necessary alignment of domains with
the new value of the magnetic field. The energy
associated with domain wall motion is
irreversible and the association with the domain
wall motion is irreversible. The energy at which
the external field is changed has a strong
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Table 3. Parameters of the model

1 N 400 5 Ki 8380 9 N 3.014e-9
2 r 0.75 6 K 9.64e-6 10 Xo 0.01

3 g 9.81 7 K; 0.02 11 io 10

4 m 50 8 N, 0.01 12 Xref 0.016

Figure 10 (a). Air gap

influence upon the magnitude of the loss. The
loss is generally proportional to some function of
the frequency of variation of the magnetic field.
The metallurgical structure of the magnetic
material, including its electrical conductivity,
also has a profound effect upon the magnitude of
the loss. In electrical machines, this loss is
generally called the core loss [14]. Traditionally,
core loss P. has been divided up into two
components: the hysteresis loss P, and the eddy
current loss Pe.

P.=P.t Py=k. 2 B2 +k, fB" (23)

where f'is the frequency of the external magnetic
field, B is the flux density, kn, ke and n are the
coefficients, which depend on the lamination
material, thickness, conductivity, as well as other
factors [14]. According to Equation (23), the AC
losses in the core are related to B. As a result B
reduction can reduce AC losses.

7. Results and Discussion

This research used the linear model that is
shown in Figure 8. The parameters of the model

Figure 10 (b): AC losses

are presented in Table 3. The parameters of PID
controller are tuned with Z-N, modified Z-N, and
the genetic algorithm. The parameters of GA are
shown in Table 3. The result of the simulation is
depicted in Figures 10, 11 and 12.

Figure 10 shows the results of Z-N tuning
method. Figure 10(a) is the air-gap and Figure
10(b) is the curve of AC losses. The resultant
value of AC losses is 63.5w.

In Figure 11, the results of modified Z-N are
shown. In this method the AC losses is 63.51w
that is equal to AC losses in Z-N method.

In Figure 12, the results of the GA in which
Equation (26) is the fitness function are
presented. In this method the AC losses is 63.4w

8. Conclusions

This study has successfully implemented the
PID for the levitated positioning of a hybrid
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Figure 11 (a). Air gap

Figure 12 (a). Air gap

maglev system to demonstrate their individual
control diversities. Performance comparisons of
the PID that tune with three different kind of
tuning methods are summarized. The speed of
the Z-N is too slow and settling time of Z-N is
more than 50s. Speed of the modified Z-N is
better than Z-N but still is not good. Settling time
of modified Z-N is around 30s. On the other
hand, the speed of the system which was tuned
with GA is faster than Z-N and modified Z-N.
Settling time of GA is around 5s. The value of
AC losses in system that was tuned by GA is
much better than the other methods.

Figure 11 (b). AC losses

Figure 12 (b). AC losses
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