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Abstract

In this paper, based on PI design principles for multivariate systems, a control system is designed that can meet
the control requirements such as tracking velocity and regulatingstator current with considering effects of suspension
system on propulsion system. The dynamical model of linear synchronous motor with DC excitation used in the EMS
maglev trains for propulsion is presented. In this system, the magnetizing inductances in the direction of the d and
g axes are dependent on suspension air gap. So, by changing the suspension air gap from its desired value due to
disturbances, these parameters change and consequently affect the performance of the motor, and the motor will be
deviated from work point and the train will not follow its desired speed. The control system designed can compensate
effects suspension system on propulsion system. Finally, the simulations confirm the performance of this controller.
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Introduction

The maglev train is one of the fastest transportation vehicles which
are appropriate solution to the problem of traffic and energy efficiency.
With increasing population and the development of population centers,
road and air transportation can no longer be a massive response.
Accordingly, demand for innovative public transportation has increased.
In order to provide a convenient public service, the new generation
transport system must have special conditions such as speed, reliability
and safety. In addition, the system should have features such as comfort,
lower weight, low security availability and low maintenance costs. It
should also not be contaminated with the environment and is suitable for
mass transportation. Magnetic suspension trains or Maglev are one of
the best options for meeting these needs. The suspension of the Maglev
trains is accomplished by two types of suspension technology EMS and
EDS. The methods are distinguished, respectively, by electromagnetic
attraction forces and electromagnetic repulsive forces, respectively.
EMS method or electromagnetic suspension, by creating attraction
forces between electromagnets of suspension system and the surface
under the steel rails, causes the train to be suspended at a distance of 1
cm from the surface under the rails. Also, by creating attraction forces
between the rail lateral wall and electromagnets placed on the bogie
lateral surface, they create an air gap of one centimeter from the lateral
wall of the rails. The EDS method or the electrodynamic suspension
is similar in many respects to the EMS method. But in this way, the
electromagnets, by creating a repulsive force from the guide way, cause
the train to be suspend. These electromagnets are superconducting and
they can direct the electricity current shortly after the feeding is cut off.
Maglev EMS trains is considered in this article. Due to unstable and
nonlinear dynamics, the suspension of the Maglev EMS trains requires
the stabilization and control of the air gap of suspension electromagnets.
On the other hand, the placement of a train at a specified position is
achieved when it can control the output speed. Detection of speed and
position is done by speed and position sensors. The sensor output is
compared with the reference profile, which is a trapezoidal profile.
The deviation from the reference profile must be compensated by the
controller. This compensation is done by applying the propulsion force
generated by the LIM or LSM motor or by braking. By applying this
force, the speed of the train is controlled, and thus the train is placed
in a desired position. Due to the reasons mentioned above, in order to
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achieve the optimum air distance in the suspension system and also to
control the train speed, optimal speed control systems are needed. For
the reasons mentioned, in order to achieve the desired air gap in the
suspension system and also to control the train speed, control systems are
required that can meet the control requirements based on the dynamics
of the suspension and propulsion systems. In the early year 1920,
Hermann Kemper presented the concept of magnetic suspension trains
which use magnetic attraction forces to create magnetic suspension.
Kemper followed this concept from 1930 to 1940. And he was able to
be created a practical plan for the Maglev train. He published this plan
in an article in 1953. Transrapid International Company is one of the
first designers and top manufactures of Maglev train. The first Maglev
train was manufactured in 1971. The progress of the Maglev trains was
carried out between 1971 and 2009. In 2008, the new TR09 operational
tests were carried out at the Trans-Rapid Laboratory in the city of
Emsland and were completed in 2009. German Alfred zeden presented
the idea of using a linear motor in creating propulsion force and EMS
train movement in an article entitled "Electric Traction Apparatus". The
propulsion force of the Maglev trains generate by a linear motor. Linear
motors are made by changing the physical structure of rotary motors.
In rotary motors, the rotor and stator are cylindrical. If the stator and
rotor of these motors are cut and opened, as shown in Figure 1, they
become linear motors. Figure 1 shows the concept of a linear motor
derived from a rotary motor. In order to control the propulsion system
on the Maglev train EMS, a dynamic model of linear synchronous
motors is required. According to Krause et al. [1], an equivalent electric
circuit and therefore a mathematical model of a rotary synchronous
motor are presented. A mathematical model of linear synchronous
motor dynamics is presented [2]. This model is derived using the
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Figure 1: Concept of Linear Motor.

orthogonal model of rotary synchronous motors and with pertinent
adaptations. The PSO-PID, TSPSO, and STSPSO TS control patterns
have been used to control the propulsion and suspension of the Maglev
transportation system [3], But to describe the dynamics of the Maglev
transport system, a second-order differential equation has been used
which the differential equation’ variable is a matrix with five freedom
degrees of train. Since in the Maglev trains EMS the suspension
actuator is suspension electromagnets and propulsion actuator is
linear synchronous motors, Dynamic equations of this actuators are
not considered. A PID control algorithm that is based on the PSO
optimization is presented for controlling the suspension and propulsion
of a Maglev transportation system [4]. The proposed PSO-PID control
system has a better performance than SM control strategies, but motor
dynamics model as an actuator is not considered. The design of a
propulsion and suspension on line controller for a magnetic suspension
transportation system is presented [5]. First, a general dynamic model
of a Maglev transportation system is presented, and then a sliding mode
control strategy (TS) is introduced. Disturbance is generally considered
as a sinusoidal function. The design, modeling and control of multi
polar linear synchronous motor are presented [6]. The Japanese Maglev
system analysis is provided that uses only one set of coils for guidance,
suspension and propulsion in guide way [7]. In practice, magnetic
suspension trains EMS use electromagnets actuators to suspend the
train. These actuators are, in fact, electromagnets with a core of iron
that are embedded in the bogie of the train and create a suspension by
creating a magnetic field due to the electric current of their windings.
The suspension air gap is controlled by setting the current of the
suspension electromagnets by the suspension controller.

The propulsion of the Maglev train EMS is performed by a DC
excitation linear synchronous motor. In order to meet the control
requirements of the Maglev train EMS propulsion system, especially the
train speed control, in the design of the speed controller, the dynamical
equations of the DC excitation linear synchronous motor as a propulsion
system actuator should be considered. The suspension system or rotor
of motor, in addition to the suspension, acts as an excitation system
for the DC excitation linear synchronous motor. When the magnetic
field caused by the suspension electromagnets (excitation system) is
synchronized with the magnetic field caused by the three-phase stator
coils, propulsion force is produced proportional to the speed of the train,
causing the train to move on the rails. On the other hand, in the event
of disturbance in the suspension system and as a result, the suspension
air gap deviation from the desired value of one centimeter, motor
inductances change and cause a parametric uncertainty in the motor
model. So with the design of an appropriate controller, the disturbance
effects of the suspension system must be minimized. In this article,
first an electromagnetic, electrodynamic and dynamic model of Linear
Synchronous Motor with DC excitation are presented and the next
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section, a dynamic model is presented to describe the function of linear
synchronous motor. In order to investigate the effect of suspension air
gap changes on the performance of the propulsion system, an analytical
relation is extracted for magnetizing inductances in direction with d
and q. Then, in order to achieve the control objectives of the propulsion
system, using a controller design principles for a multivariate system, a
PI linear controller is designed.

Electromagnetic, Electrodynamic and Dynamic model
of Linear Synchronous Motor with DC excitation

DC excitation linear synchronous motor (DCE-LSM) with ac-
active and flat stator configuration (Figure 1) is used in high-speed
trains EMS with active guide way [2].

The linear synchronous motor excitation in the trains EMS is DC
excitation type. In this type of motor, the DC exciters also control the
suspension of the train in addition to creating excitation. The propulsion
force in this type of motors is caused by the interference of the magnetic
field of DC exciters and the magnetic field of the three-phase ac stator.
The propulsion force produced in this motor is proportional to the
speed of the train. Therefore, in order to control the speed of the train,
the propulsion force and, in fact, linear synchronous motor must be
controlled. In this section, Electro-magnetic, electrodynamic and
dynamic model for linear acoustic motors of DC excitation type are
presented Using the electromagnetic model of the rotary synchronous
motor, three-phase and salient pole in the coordinate dq.
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In the circuit model, iy.i,.V,.V, respectively, is the current and
voltage of the three-phase stator winding in the direction of the d and

q axis. v is linear velocity, F_is propulsion force, F,  is movement
x load
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resistant force, m is mass of train, L » L, are stator winding inductances
in the direction of the d and q axis, L » Lmq are stator winding
magnetizing inductances in the direction of the d and q axis, ¥/, v, are
linkage fluxes in the direction of the d and ¢ axis which are as function
of currents and inductances in the direction of the d and ¢ axis, L, is
leakage inductance, i, V, respectively, are the current and voltage of
the excitation part of the motor or rotor is located on the bogie of the
train and R | is the active part electrical resistance of the stator, which is
calculated in accordance with the following equation [2]:
(7+1+0.06).2 P jCol
Ri=py 1 peak . @
That p 4, is specific electrical resistance of aluminum, zis pole pitch
of stator and rotor, | is width of stator stack, P_is number of stator poles
in active section of stator, j,, is current density of stator winding and
I, is maximum current of stator winding. M, is mutual inductance
between rotor and stator that is calculated from following equation [2]:
E

M 3
S 2n ki, 3)

/, is input frequency of three-phase stator winding and f is electrical
motive force which is calculated from following equation [2]:

E, =~/2/ PN By (4)

P is number of pole pair of field, Ns is number of turn of stator
winding per slot of stator, B1 is air gap flux density and v is train velocity.

Inductances, L " Lq in relation (1) are expressed as a sum of the
leakage inductance with magnetizing inductances. Here the leakage
inductance is considered negligible.

Lq :Lqm - Lq = Lqm

Lq = Lqm +La1

Since the magnetizing inductances are dependent on the suspension
air gap, therefore, when the air gap of the suspension changes, these
inductances also change and they make motor performance is disturbed
Consequently, the control objectives for train propulsion will not be
achieved. In order to investigate the effect of suspension air gap changes
on the propulsion system of the Maglev train EMS, an analytical
relationship should be provided between the inductances, L o Lq and the
suspension air gap. This relationship is expressed for linear synchronous
motors with permanent magnet. In the following, reference relations
[1] provide an analytical relationship between the magnetic inductance
and the air gap for linear synchronous motor with DC stimulation. In
the following by relationships of reference [1], an analytic relationship
between magnetizing inductances and air gap Suspension for Linear
Synchronous Motor with DC excitation is presented.

+La1

- Lq = Lqm (5)

Xm

Modeling Propulsion System

With respect to relation (1) and with placement  d ,i ¢ in the
nominal model’s linear motor, we have:

. L .1

- q r r'd q

dt L L L
q q q q

di R L 1
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dt Ld Ld Ld
dug 37tL L +37r(L I ) ) 1
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The equation related to excitation section or rotor is not used for
propulsion control, because this section is used to control the suspension
air gap. When the suspension air gap deviates from its desired value,
it causes deviation in the electrical current of excitation section from
its working point. The variation in the amount of excitation section
electric current also causes disturbance in the propulsion system.

Modelling Magnetizing Inductances Ldm, Lgm for
linear Synchronous Motor with DC Excitation

In this section, we calculate the magnetizing inductance between
rotor and stator distributed windings. For this purpose, Figure 2 is
considered which consists of a stator and rotor. As seen in the figure,
first, a small element on the stator is considered to be length dxm. If
width of stator is /, area of element surface is dxm. [ Flux through the
surface of this element is expressed following for dxm:

®(xm )=B (xm).l.dxm (7)

The winding distribution function ws(xm) describes the number of
times a winding s (stator) is connected to the flux in the position xm .
So the amount of flux produced by the winding s and the flux passing
through element shown in Figure 2 equals ws ( xm).B (xm ).l.dxm. By
integrating the flux passing through the stator surface element over the
stator, we have:

xm
Agm = (f) B(xm ).ws (xm ).l.dxm (8)
The air gap flux density produced by the winding r (rotor) is
described as follows:

u
Brg (xm) = ;O W, (xm)i,, )

stator

dxm

.‘__..--"

rotor

—

Figure 2: Calculation of Leakage Flux.

Int J Adv Technol, an open access journal
ISSN: 0976-4860

Volume 9 + Issue 3 + 1000209



Citation: Vagheie BG, Sheikhy M (2018) Design of Multivariable Controller Pl for Propulsion Control System of a Maglev Train EMS. Int J Adv

Technol 9: 209. doi:10.4172/0976-4860.1000209

By placing the relation (7) in (6) we have:

)
Asym = ILZ)I())W Wy (xm)'Wr (xm).dx . (10)

In accordance with relation (11) for the mutual inductance between
two rotor and stator windings in a linear synchronous motor, we have:

Asym 3 [ Aol o
sym =|

wy (xm).w,, (xm).dxm (11)
Ly

The relation (11) is valid for both the self-inductance and the mutual
inductance between two windings. To determine self-inductance, we
put relation s=r in the above relation.

Relationship (11) is obtained by applying several estimates. These
estimates are due to two simplistic assumptions. The first assumption
is that the flux density of the air gap is assumed to be uniform in air
gap. The second assumption is the effect of slots on the magnetizing
inductance which is not considered. In three-phase synchronous
machines the winding function is expressed as a function of the stator's
electric position:

N
Wgg = ?S cos (xm )

s
Ng
w, =—>cos(x,, —27/3 (12)
bs P, ( m )
N
Weg :—scos(xm+2zz/3)
s

N, are number of stator winding turn per slot, P is number of
stator pole, x, is the electrical position of the device relative to a fixed
reference in the stator.

If we put r = s = a in relation (11), also, using the winding function
of phase a according to relation (11) for a synchronous motor, self-
inductance of phase a winding, the following is obtained:

N 2

xm

Lyeqs (x ( ) f [ S cos(x )J dx, (13)
By solving the 1ntegral of relation (13), the self-inductance for the

phase a winding is obtained as a function of the suspension air gap as

follows:

2
Ho [ Ng ) X 14
Lasas (x)zi' ) (14)

In synchronous motors with rotors with non-salient poles, such
as rotary synchronous motors with cylindrical rotors, the value of the
inductance in the two directions d and q is equal. On the other hand,
the magnetizing inductances of synchronous motors are generally
expressed as follows:

Lmg = z(LA ~Lp)
(15)

Ld=;(LA+LB)

If the two relations in relation (15) are put together equal, we have:

3
Lmg =Lya =51 +Lg =0 (16)

On the other hand, generally, for synchronous motors we have:
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Lysas =L 4 —Lp cos 2t9r (17)

Or is angular position of the rotor relative to the stator. By comparing
relation (17) with equation (14) the LA for linear synchronous motors
is obtained as follows:

] 2
ot [(Ns | m (18)

g P 2

Therefore, the Ldm and Lqm for the linear synchronous motor is
obtained as follows:

Lasas = LA =

2
L oo =2 Hol [ Ns) Xm (19)
mq md o & P )
According to the linear synchronous motor model in relation (1),

air gap variations cause magnetizing inductances and current if deviate
from their working points.

Mathematical Linearization

In order to linearize the nonlinear equations of the motor in
relation (6), the Taylor series is used. Since the behavior of the system
around the working points is linear, the relation must be linearized.
In linearization, it is assumed that the variations of state variables and
system inputs are much smaller than the nominal conditions. Therefore,
it is easy to ignore the high order terms.
of;

+—| AX1+‘ +axn‘*Axn+

fi (x* +Ax,u*+Au) _ fz (x*,u*) of;

of-
LLAM +..
6141 1

+%|*Au +H.+0(Ax)2 +0(Au)2 +..n=1:3,r=1:2
r r

— fz (X*+AX, u*+Au) = %LAX‘F %L N]
(20)
Therefore, with respect to relation (21) the state equations of the
linear synchronous motor can be linearized around the working points
as follows:

0 37r1L . +137z (L I ) 3zl (L L )
—L i+ —— - ¥ - i
2rm d'F d q)'d 2rm d q)d 00
L L R L 1
X=|-4F_"d; s "1 - X+ —o0 |u
Lq L‘] Lq Lq Lq
le* Liv* _ﬁ 0 i
L
_Lq Ly Lyq ] L d |
v v
100
Y = X x=|i|u="1 (21)
001 v
. d
'd
o * 27 Cox * * ok * ok ,
ig =my s 1y =0’Vd =—qu1q,Vq =Rllq +Llev

37rLdi'F
are working points.

Design of Multivariable PI Controller

According to the reference results, linear control can be effective in
controlling the propulsion system. On the other hand, because of high
interference in the propulsion system, the high gain PI controller has
been used. Application of this design is in high performance systems.

Volume 9 + Issue 3 + 1000209



Citation: Vagheie BG, Sheikhy M (2018) Design of Multivariable Controller Pl for Propulsion Control System of a Maglev Train EMS. Int J Adv

Technol 9: 209. doi:10.4172/0976-4860.1000209

Page 5 of 12

In this section, the high-gain multi-variable controller is designed to
control the speed of the train and the stator current in the direction
of the d-axis. The design of this controller is based on the first Markov
parameter of multi-variable system. Multivariate systems whose first
Markov matrix has full rank, Regular multivariate systems are called.
And otherwise they are calling irregular. If the system is regular; the
PI controller will achieve its best performance. And in case of system
irregularity, an internal feedback is needed to apply the controller. In
this case, in addition to the output feedback y (t), an internal feedback
M, (t)is used. In this case, according to the Figure 3, the new output is
obtained as follows:

W () = »(e)+ b, (¢)
If tracking step inputs is desired, assuming the stability of the closed
loop system, we have:

limx; (¢£) =0

(22)

t—> o (23)

The relation (22) shows that the output defined will be equal in
steady-state condition with the actual output.

With regarding the relation (21), the matrices in the form below: A,

(25)

y(f):[v’id]T (1) =v, x (’):[iq’idJT

By taking into account the equations of the state space of the
relation (24), (25) the relation (22) can be written as follows:

w(r)= [C1 Cz}tl((tl))} AR I:?z((tt))} =o+ MA12]t12((tl))}
Tl

In this case, by choosing the measurement matrix M appropriately,
it can be guaranteed that F, have a full rank.

(26)

By the placement of relation z(¢)=r(r)-y(r)in (21) and the
definition z(r)=r(¢)-y(¢) the equations of closed loop system shown
in Figure 3, are obtained as follows:

x5 () |=]0 A4 Ay x (1) |+
%) (1) | 882Ky Ayy = gByK\Fy Ay —ByK(F, || xy (1)

() | Jo -h -5 (1) |
{0 }r(r)

gBK]

B,C,D,All,A ,A ,A ,B,Cl,C2are obtained in the form below: z(t)
0 R (PR S O D o o y(=[o c1 @] | (t) (27)
4 7Ldi}'¥Lif * A L B=|1 o X (t)
Lq Lq Lq Lq Lq . .. . . . .
L Ly . % 0 i For simplicity, the relationship (27) is rewritten as follows:
e e L ! _ _
oo - x(t):[_l 22150+ 2V r(e) = A% (0)+ Br(e)
A B
c:[ } D:{ } (24) 3 f4 72
001 00 y()=[C1 G ]x(0)=Cx(0) (28)
Lgip Ly *
4,=0, 4 =PﬁiL i +i§ﬁ(L ~Lg )i LAY (La-Lag)i *] e (LIL,F_ LZ In order to analyze the performance and stability of the system, we
1175 A2 7|y diF g fd Ty BT fg | 4 Igs have to transform the equations (28) into a block-diagonal form. For
Lg? this purpose, the transformation matrix is
R _Ld . Ly .
L. L T Considered as follows:
P e e A S B |t e 2|00
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Figure 3: Close loop control systems with internal feedback.
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So that:
1l —1pn 1
g K B

1 1

A -1
L=|:—F2 K|y 'Kp -F F]:|, N = 1 “1 -1
g APy KT Byl

(30)

T—IAT_[Il—NL —N} 4 D {11 N }_ Ay Ay
L D& 44 l-L o] | Af
Where in:

Ag = 4~ NL4y
Ay = 4N = NLAN = NA;N + 4 - NL4,

NLA, - NA3 2L + NLAZL + NA4
—NAy — Ay LN + NLA, LN + NA4 LN
Ay =LA + Ay — LA, L - Ay L
Af =LAN + A3N + LA2 - A4 —LAyLN — AyLN
(31
To have a block diameter system and to be able to easily analyze the
stability and performance of the system based on the elements of the
main diagonal, based on (31)
Ag = A - 4,L (32)

By multiplying the matrix N from the right in the relation A
in relation (32) and By multiplying the matrix N from the left in the
relation Ay in relation (32) and by placement them in relations A Aare
obtained as follow:

Ag =4 - 4L

Af =L22+Z4 (33)

Therefore, applying this transformation, the equations are block -
diagonal for g—o
1

-K| K, 0 0 0
Yo | _ -1,-1 -1 Xg -1
I::l— Aty Ky Ky A —ApF, R0 {1* Appfy |7
xy Xf

0 0 -8B, K| F, gB,K|

B —1 -1 -1 A
y—|:C2F2 K[ 'Ky C-CyF) F CJLJ

(34)

Poles of Closed loop system are obtained from matrices on the
diameter of the blocked state matrix. In this case, there are three groups
closed loop poles with the following characteristics: The first group of
poles is an uncontrollable that is given by the following equation:

AL, +K'K,|=0 (35)
Which will remain stable with choice K, = -aK|

The second group of poles is the slow poles of the system given by
the following equation:

-1
ALy — 4y, + 4, F; Fl‘ =0 (36)

These poles are observable due to internal feedback. Also, these
poles are new transition zeros that have been created by forming the
output W(t). Due to the observability of these poles, they affect the
input-output behaviour of the system and slow down the response. The
third group of poles is the fast poles of the system and are obtained from
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the equation:
|ALy, +8By K Fy| =0 (37)
Where in Y =diag{o,...c

controllable and observable, and with selecting K, as (38) they are
placed -go, forI=1,2,....m

»} and o € R*. These poles are

K, = (Fsz) > (38)
Determine the Matrix of Measurement

To calculate the control coefficients, according to (38) and relation
(26), the matrices 2, FM must first be computed.

00 m 0.006.m; 0
Fy=Cy+MA,=| |+ ! |[0.06 0]= 1

01| |m 0.006.m, 1

2 2

1] |m 1
F=c+Ma, =] |+ 1 [[0]=
1 =G+ My,

0 my 0

(39)

m, m, should be selected in such a way that according to (38), F,
has the full rank. Therefore, for simplicity in calculations, the element
m, of the matrix M can be considered to zero. So the matrix F, is
obtained as follows:

0.006.m1 0
Fy = (40)
0 1

The value of m determines the transmission zero of the system.
Given the relation (36), the transition zero is as follows:
- -1
0.006.m, 0| [1 |
|21, -0+[0.06 0 =0= [t —| (4D)
0 1 0 m

—_
)

By selecting m = 0.1 the new transmission zero will be placed in
\ = -10. Therefore, the matrix of measurement is obtained as follows:

N _
wol™l {0.1 W)
my 0 |
So the matrix F, is obtained as follows:
0.006 0
Fy = (43)
0 1

Calculation of Control Coefficients

According to the principles of PI controller design for multivariate

systems, the control coefficients here as the control matrix are as follows:
-1

1

0 7 7
o - [o.oos 0} L, {10 o}{o.ooooozzleo 0
1= -

o L 010’ 0 0.00037 x10°
Ly

(44)
Assuming a = -10, the matrix K, will be obtained as follows:
K,=-10x K,

Therefore, the PI control law is obtained as follows:

u= 105 (K1e+K2je)
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Simulation

The simulation was done in MATLAB software Simulink.
Simulation results include train speed, stator current in direction axis
d current, stator three-phase current and stator three-phase voltage
(Table 1).

As shown in Figure 4, the linear controller PI has been able to follow
the initial conditions of zero as well as the desired optimal velocity
profile with a maximum error of 0.0987. The speed profile reaches 140
m/s at 140 s at acceleration of 1 m / s2. It then moves at a constant speed
for a period of 400 seconds. At the end, with the acceleration of -1 m /
s2 will reaches zero velocity? (Figure 5)
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The PI control system has nearly zeroed this current. In the
acceleration stage, which ranges from zero seconds to 140 seconds? As
the train speed increases, the stator current increases along the axis d.
When the train reaches a constant speed in 140s, this current decreases.
In the braking phase, which is 540 seconds to 680 seconds, this current
increase and there be an increasing trend until the end of the braking
time? After 680 seconds, due to zero speed, this current also decreases
(Figure 6).

The amplitude of the stator current has increased at the acceleration
stage and in the braking stage. But in the constant velocity phase, the
range of the three-phase current has declined. The stator input voltage

Parameter Parameter value Parameter Parameter value Parameter Parameter value
1o 47 ||10-7 Ns 1 per slot ps 31
g 9.8 m/s? us 140m/s jColp 4 Al mm?
L 1.6m B1 0.959 T 11 peak 1200 A
75 PAL 2.82|[10-8 Q.m La1 oT
Table 1: Parameter values for the Transrapid 07 Maglev train.
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Figure 4: Maglev train speed in closed loop control system PI.
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Figure 5: Maglev train stator current in direction d axis in closed loop control system PI.
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is also three phases. In the acceleration and braking phase, it has large
amplitude, but at a steady speed stage it has a smaller range (Figure 7).

Movement Passengers on Bogie

If a passenger moves on a bogie, the total weight of the bogie stays
constant, but the moment of inertia changes. If it is assumed that a few
passengers, whose total mass is 200 kg (Approximately 10% of the bogie
mass and cabin mass), will move on a bogie, the effect of its movement
is considered as the disturbance moment of inertia and disturbance
torque in the following figures (Figures 8 and 9)

By applying these disturbances to the closed loop control system,
the controlled air distance is obtained as follows: (Figure 10).

As shown in the figure above, the movement of passengers on
the train creates a disturbance in the moment of inertia and creates a
disturbance torque, which results in disturbance in the suspension air
gap (Figure 11).

Due to disturbance at the suspension air gap, the suspension
current is increased or decreased from the its working point value to

compensate for the difference in suspension air gap from the reference
value of one centimeter. Oscillations in the figure are the result of this
compensation. By applying the results of the suspension air gap and
suspension current, the results of the propulsion system controller are
obtained as follows: (Figure 12).

In the figure above, the linear controller has not been able to reduce
the effects of the deviations of air gap suspension on the speed of the
train, causing ripples at the speed of the train (Figures 13 and 14).

The results obtained in the figure above show that the stator current
in the direction of the d-axis is affected by disturbances. The oscillations
of the disturbance in the figure have a very small range. So it can be said
that id closely follows the zero reference value. The closed loop linear
control system PI cannot robust for the parameter variations due to the
disturbances moments. For this reason, it causes unwanted fluctuations
with high amplitude in the current and voltage of the three-phase stator
(Figures 15 and 16).

Conclusion

The suspension system has an impact on the propulsion system
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Figure 6: Three phase stator current.
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Figure 7: Three phase stator voltage.

Int J Adv Technol, an open access journal

ISSN: 0976-4860

Volume 9 + Issue 3 + 1000209



Citation: Vagheie BG, Sheikhy M (2018) Design of Multivariable Controller Pl for Propulsion Control System of a Maglev Train EMS. Int J Adv
Technol 9: 209. doi:10.4172/0976-4860.1000209

Page 9 of 12

Lo I nartosirncnn o,

- ’_1 [ —lm [

Tk Jomy

T il
|
L'J_

3 (L] B0 bk SR S R SO

Emn T,
g

3 (L] B0 bk SR S R SEHD
s (=)

Figure 8: The disturbance torque caused by the movement of 200 Kg passengers.
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Figure 9: The Disturbance Moment Caused By The Movement of 200 Kg Passengers.
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Figure 10: Suspension air gap electromagnet 12, in the presence of turbulence moments and inertia changes.
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Figure 11: Suspension current electromagnet 12 In the presence of turbulence moments and inertia changes.
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Figure 12: Maglev train speed in Pl closed loop control system in the presence of disturbances.
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Figure 13: Maglev train id in Pl closed loop control system in the presence of disturbances.
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Figure 15: 3 Phase stator current in Pl closed loop control system in the presence of disturbances.
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electrically and electromagnetic. These effects are done respectively
through the electric current of the suspension system electromagnets
and suspension air gap. When the suspension air gap the due to
disturbance deviates from the desired value of 1 cm, current of
suspension electromagnets in order to setting suspension air gap also
deviates from working point. The magnetizing inductances also change
and cause the uncertainty in the propulsion system. The simulation
results showed that the designed controller can compensate for the
disturbance effects of the suspension system on the propulsion system,
but when this disturbance affects, more increase in the propulsion
system ,causes oscillation in the stator current and voltage and train
speed.
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