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Abstract—This paper discusses the control of a magnetic
evitation (MagLev) system over networks. In order to improve
he control performance, the networked predictive control method
is employed based on the feedback linearization and direct local
inearization models of the nonlinear MagLev system. Further

test-rig is set up to implement the above control. Simulation
and experiment results show that the networked predictive
ontrol has clear performance advantages over other networked
ontrol strategies which do not incorporate compensation for the
etwork-induced delay.

Index Terms—Networked predictive control, Magnetic levita-
tion system, Feedback linearization, NetCon embedded system.
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data dropout in the closed-loop make it more difficult for the
system to achieve the desired performance, even to stabilize
the system is a particular challenge. Because Maglev system
is a fast dynamic system, practical control of it generally
requires a small sampling period. This means the resulting
network-induced delay might be large w.r.t. the sampling
period. Networked control of Maglev system over a LAN has
been reported in [17], [18], where an auto-regressive prediction
model is built to compensate for the network-induced delay.
Recently networked predictive control (NPC) method [19],
[20], [21] has been developed to actively and efficiently
compensate the delay and data dropout. In this paper, several
control methods based on the local linearization model and

‘Magnetic levitation (MaglLev) system has been widely
studied and applied to high-speed transportation, magnetic
bearing, vibration isolation and so on [1], [2], [3], [4], [5],
due to its advantage of frictionless contact.

Magnetic levitation system is typically open-loop unstable,
time-varying and highly nonlinear, so it presents significant
kcontrol challenges. Generally, most control methods are based

feedback linearization model of the plant and their networked
predictive control versions are studied for a MagLev prototype
system. In order to implement these control strategies, a
Maglev test-rig including Maglev system, data acquisition
and networked controller is set up.

II. MODELING OF MAGLEV SYSTEM

n a linearized model of the MaglLev system at a nominal
perating point [1], [6]. The tracking performance of the re-
sulting closed-loop system, however, deteriorates rapidly with
increasing deviations from the nominal operating point. Two
ain approaches to improve the tracking performance have
een reported in the literature. One is that of gain scheduling
where the nonlinearity of the Maglev system is successively
linearized at various operating points with a suitable controller
designed for each of these operating points. Gain scheduling
controllers [7] require the operating range to be broken up into
very fine intervals and stored in a look-up table of controller
gains. The other approach is feedback linearization [6], [8],
[9], [10], [11], which utilizes the nonlinear description of
the system and hence yields consistent performance largely
independent of operating points. Other control methods, like
sliding mode control [12], back-stepping control [13] and
dynamic surface control [14], were also proposed to actively
tackle system uncertainties and robustness. As for the issue of
the model identification of MagLev system, some results can
be found in [15], [16].
Control of a Magl ev system over networks presents another
level of challenge. Network-induced transmission delay and
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The MagLev system studied in this paper was manufactured
by BYTRONIC Ltd [22], which mainly consists of power
interface, electro-magnet, hollow steel ball, ball position sensor
and coil current sensor. Its schematic diagram is shown in
Figure 1. The basic principle of this system is to apply a
voltage to the electro-magnet to generate magnet force and
then to keep the ball levitated. The ball position (air gap from
electro-magnet to ball) is measured by a photoelectric sensor
which detects the photo level received from a photo emitter.
The photo level which the ball (in the middle of detector and
emitter) allows to go through reflects its position. The power
interface between the supplied power and the power applied
to the electro-magnet is governed by a PWM signal which
is from, for example, the controller. The power interface also
senses the coil current passing through the electro-magnet.

According to fundamental principles of dynamics [6], [11],
the Maglev system shown in Figure 1 satisfies

yt) = ()
m?’{(t) = mg—F(i,y) (1
Ly)i(t) = E(t)— Ri(t)
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Figure 1. Schematic diagram of BYTRONIC MagLev system

Table 1
PARAMETERS OF BYTRONIC MAGLEV SYSTEM.

Parameters Values Units
m 5.7 x 102 [kg]
g 9.81 [m/s%]
Femp1 1.75 x 10~2 [H]
Femp2 5.82 x 10=7 [m]
fip1 141 x 10~ % | [m-s]
f,’,pQ 4.56 x 10~3 [m]
ci 2.43 x 10—2 [A]
ki 2.52 [A]

model and local linearization model of (5) are discussed. For
the latter, a networked predictive control strategy is applied.

here y(t) is the ball position, v(t) is the ball velocity, (%)
is the coil current, E(t) is the applied voltage, F'(t) is the
lectromagnetic force, L(y) is the coil inductance, m is the ball
ass, g is the gravity acceleration, and R is the coil resistance.
ote that F'(7,y) is nonlinear w.r.t. i(¢) and y(t), so is L(y)
w.r.t. y(t).
[In this MagLev system, nonlinearity characteristics in F
fnd L are respectively described in [22] by

F 05
Fliy) = ity g™ e Tonrs @)
em
I o fip1 -
(y) = Rm(i iP2 (3)

[Furthermore, the relation of the applied voltage F and the duty
chle u of the PWM signal is explicitly expressed as

E(t)
R

learly, u is in the interval [0, 1]. In equations (2), (3) and (4),
E;em, pP1> Femp2, fiP1, fip2, ¢i and k; are parameters determi-
‘ned by the characteristics of the coil, magnetic core and the
ball. These parameters as well as m and g as shown in Table I
are given in [22]. Note that some of the above parameters might
not be accurate because of possible changes in the physical
properties of the system. Replacing corresponding items in (1)
with (2), (3) and (4), the system model is converted to an affine
lonlinear state-space model

— ku(t) + . )

i1(t) = x2(t)
R 1 Foppr — =10 2

t) = —— Fem t 5
2(t) m Femme Prea(t)” +9 ©)

fipe 1@

%(t) = Ee firz (kju(t) + ¢; — x3(t))

where = = [x1 @2 ;1:3]T is the system state with 1 =y, zo =
and z3 =7, and u is the input.

III. NETWORKED FEEDBACK LINEARIZATION PREDICTIVE
CONTROL

The design of networked control of the Maglev system is
Loncemed with two aspects. One is the nonlinearity feature of
he process, and the other is the network-induced delay. For
the former, control methods based on feedback linearization
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The network-induced delay 7(t) is the round-trip delay
which includes sensor-to-controller delay 7s.(t) and controller-
to-actuator delay 7.,(t). Their discrete-time versions w.r.t.
the sampling period are denoted as 7(k), Ts.(k) and 7.q(k),
respectively. 7(k) is assumed to have an upper-bound 7.

In this Maglev system, ball position and coil current are
both measured. Ball velocity can be approximately obtained
by numerically differentiating the position signal at sampling
instants, i.e.,

ll(k) — ll(k — 1)
h

where h is the sampling period. Thus, the system has full state
feedback.

zo(k) =

A. Feedback linearization

In model (5), using the following nonlinear transformation
coordinates reported by [23], [24], [25]

11 (t) x1(t)

.Tflg(t) = I (t) (6)
1 F, EEIION

wps(t) = ——=2le Femp3 z3(t)? + g.

m FemPZ

Note that the state x ;3 stands for the ball acceleration. In the
new coordinates, the system model changes to

ipi(t) = wp2(t)
ip2(t) = wps(t) 0
ipz(t) = a(z(t) + Bx(t))u(t)

1 F, oz (®)
il E;Lple Fe,:nPQ :Eg(t)itg(t)Q
m FemP2
- 21(t) 2y (0)
73 FemPl f’LP2 81(11_;2_#;21'3(1') %
m Fempa fiP1
(CZ' — $3(t)) (8)
) . z1(t)  wq(t)
_ 2 Fempy fips 510210 ()
m FemPQ fil’l
In (7), if u(t) is designed as

_ —az®) +up)
= —Z36m)

(10)
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where &y = eArth and 'y = foh eAfmdnB/l. Then, at the
controller side, denote the received state as z(k), which is the
delay version of xf(k), i.e., z(k) = xf(k — Tsc(k)). Then,
according to a feedback gain Ky; and system model ®; and
T'f;, the control prediction sequence up to the maximum round-
trip delay T is

R
v = | T
w(k + 7|k)

which is obtained on the controller side by recursively calcu-
lating the following two equations [21]

z(k+i+1|k) =®pnz(k+ilk)+T ok +ilk)
i=0,1,---,7—1

v(k +1lk) = K (Tfirep — 2(k +ilk)) + upires
i=01,--,7

(15)

then the resulting system becomes linear, so that

Zpi(t) =Afl.1‘fl(t) JrBfl’LLfl(t) (11)
with
01 0 0
Ap=10 0 1 |,By=10
0 0 0 1

Note that (10) is feasible because z3(t) (coil current i(t)) is
greater than 0. Clearly, feedback linearization model (11) is
controllable, so that

wp(t) = Kp (@ pirer — xp1(t)) + Usires- (12)

[When considering local control (without network), static state-
ffeedback control Ky can be designed using many existing
methods, such as pole-placement, optimization, etc. In (12),
@ firer and uyrep are references which correspond to s
and 1.y and can be obtained from (6) and (8), (9) and (10),
respectively. Figure 2 shows the system control structure after
’the above feedback linearization.

B. Networked feedback linearization predictive control

When considering networked control, as shown in Figure
3, the resulted feedback linearization system becomes

:i'fl(t) =Afl:L'fl(t)+Bfl’LLf1(t—T(t)). (13)

The whole prediction sequence V' (k) is sent back to the
controller side as

o s )
vk —7(k) + -T
V(k — 7ea(k)) = .

ol — 7|k — (k)

Then according to the actual measured round-trip delay 7(k),
the proper element v(k|k—7(k)) is chosen as the control input,
i.e. up(t) = v(klk — 7(k)). Thus delay 7(k) is compensated.
NPC method can similarly deal with the data dropout in
network and its stability analysis is considered in [20].

IV. NETWORKED DIRECT LINEARIZATION PREDICTIVE

Note that in Figure 3, calculating the two blocks “u; to v” and
“x to xy;” is needed on the plant side. This is not a problem
for a “smart” actuator or sensor. For (13), control gain Ky,
in (12) should be designed to tolerate 7(t). Many literature
addresses this issue in NCS, for example [26], [27], [28]. Here,
in order to actively compensate for the network-induced delay,
networked predictive method [19] is adopted. Firstly, sampling
(11) with sampling period & gives

zp(k+1) = @pxp(k) +Trup(k), (14)

4202

CONTROL
Given an operating point zy = [aclo,acgo,xgo}T and wo,
model (5) is linearized as
i(t) = Aax(t) + Bau(t) (16)
with
0 1 0 0
Ay =] a2z 0 a3 |,Ba=| 0
a1 0 ass b3
2 ;
x5 I _ @10
as] = ﬁf;Lple FempP2
m FZ2 b,
21:30 FemPl —F—le—
agy = ——— ——¢€ emP2
m FemP2
fip1 —z10 ?
az1 = —(kiuo + ¢; — w30) | T5—e Fir2
iP2
e 210
azs = — fzI’QefiP2
iP1
iP2 10
by = k; fi efir2,
iP1
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Figure 4. MagLev test rig

Correspondingly, the discrete-time form of (16) with sampling
period h is

Table 11
RELATION BETWEEN BALL POSITION AND SENSOR OUTPUT.

[ ball position (mm) 0 0.7 1.4 2.1 2.8 35 ]
| sensor output (V) [ 9.13 [ 9.12 [ 9.12 [ 9.12 [ 9.12 [ 9.11 |
ball position (mm) 4.2 4.9 5.6 6.3 7 7.7
sensor output (V) 9.10 | 9.10 | 9.10 | 9.09 | 9.08 | 9.03
ball position (mm) 8.4 9.1 9.8 10.5 11.2 11.9
sensor output (V) 893 [ 8.76 | 852 | 819 | 7.75 7.2
ball position (mm) | 12.6 | 13.3 14 147 | 154 16 |
sensor output (V) 6.55 | 5.84 | 515 | 463 | 429 | 4.11 |
ball position (mm) | 16.8 | 17.5 | 18.2 | 189 [ 19.6 | 20.3
sensor output (V) 4 3.93 | 3.87 | 3.83 | 3.81 3.8

x(k + 1) = ®gz(k) + Tqu(k), (17)

h , .. .
‘where by = eAul and Ty = 0' eAd“’danl. Similarly, using

’a state-feedback control law results in
u(k) =Ky (:cmf — I(/{))) + Upef- (18)

s for the networked predictive control version, recursive
calculation of the control prediction sequence similar to (15)
Fan be correspondingly derived.

Table III
RELATION BETWEEN COIL CURRENT AND ITS SENSOR OUTPUT.

coil current (A) 216 [ 195 [ 174 [ 153 [ 1.32 [ 111 |
sensor output (V) | 0.99 | 1.71 1.62 | 143 1.24 | 1.04 |
coil current (A) 0.89 | 0.67 | 0.45 | 0.22 0 |
sensor output (V) | 0.84 | 0.63 | 0.43 | 0.22 | 0.04 |

The nominal equilibrium point of the ball position is set to

V. SIMULATION AND EXPERIMENTS
A. MagLev test rig

The MagLev test rig studied in this paper is set up as shown
in Figure 4. The MagLev system is connected to the network
via an embedded system — NetCon, and controlled by a remote
H’C—based controller. This forms a networked control system.

\NetCon consists of a main board, an AD/DA board, and
o programmable I/O board. The main board has a 32-bit
JARM RISC CPU (200MHz), a 64M memory, a network
lport, etc. NetCon is running on a Linux 2.4-based opera-
ting system. More information about NetCon can be found
at http://system.research.glam.ac.uk. NetCon is to realize the
functions of data acquisition, communication and some other
calculation as “smart” actuator or sensor discussed in previous
\sections. The networked controller runs on a PC (Pentium
Q.SGHZ) in this test rig, which is programmed using Visual
b++. The program includes not only the control law but
lalso the communication with NetCon system to receive the
&eedbacks of Maglev system and send the control signal. The
\above test rig can be easily transferred to the local control case

0.0Im, and according to (5) the nominal coil current 1.2A
and duty cycle 0.4 are obtained. That is to say, T,y =
[0.01 0 1.2]7 and u,ey = 0.4. In order to reduce violent
oscillation of the ball before it becomes stable, a tray is put
under the ball to limit the ball position within 0.016m.

B. Simulation

For the feedback linearization method, controller Ky =
[ 281.77 498.15 21.49 ] is designed for the network-free
system (14) with

1 0.1 0.0001 0
®y=1|0 1 001 [,Iy=] 00001
00 0 0.01

The system responses for step signal 0.01 x 1(¢) are shown
in Figure 5, where (a) is for network-free case (local control),
(b) is networked control without compensation, and (c) is for
networked predictive control. The dash line and solid line
represent the reference and the system response, respectively.
It can be seen without network-induced delay compensation
strategy, Ky, can not make the system stable.

\by implementing the control law in NetCon system rather than

For the direct linearization method, at nominal point

in the PC.

[The outputs of the ball position sensor and coil current
sensor need to be calibrated to the actual position and current.
The results are shown in Table II and III. When the sensed
value is not in the table, it is calculated using piece-wise linear

and u,.y, the Tinearization model is obtained as

0 1 0 0
Ag =] 16847 0 —-193 |,Bg = 0
0 0 —288.8 726.7

t‘nterpolatlon method. Again, this calibration calculation is also
one in the “smart” NetCon.

In this paper, the system is set up under an Intranet network.
The PC-based controller is with the IP address 192.168.0.12
and NetCon with the address 192.168.0.7. By measuring, the
round trip network transmission delay has a maximal 0.02s
land there is no data dropout happening in the network. The
sampling period h = 0.01s is taken, so the round-trip network-
finduced delay has upper bound 7 = 2.
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Further, with sampling period i = 0.01, its discrete model is
given by

1.0854 0.0103 —0.0005 —0.0013
Sy = | 17.3239 1.0854 —0.066 | ,.T'gy = | —0.3324
0 0 0.0557 2.3763

The control gain for network-free system is designed as Ky =
[ —95.6 —0.53 0.238 ]. To reduce the paper length, the
simulation result which is similar to Figure 5 is omitted here.
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tFigure 5. Simulation of step signal 0.01 X 1(¢) tracking of ball position with
Feedback linearization control.

. Experiments

IIn the above methods, the control prediction sequence is
very dependent on model accuracy. When the above two
Ipredictive control methods are implemented in the real-time
system, it is found that neither of them can make the practical
system stable. This is because the model is not built very
laccurately and the MagLev system has the time-varying nature.
[Thus the result obtain from (16) is not accurate enough to
[be applied to NPC. It is reasonable to apply on-line model
‘parameter tuning to improve the model accuracy. The feedback
linearization method uses the nonlinearization model which
fis very difficult to tune on-line, so here only the direct
linearization method is discussed.

[The recursive least square (RLS) method is often used for
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online parameter estimation and they are adopted here. Expand
the state-space model (17) to three separated equations

zi(k) = onxi(k—1)+ droza(k — 1) + drz3zs(k — 1)
+71u(/€ — 1)

ilig(k') = (o111 (kf — 1) + ¢22£CQ(/€ — 1) + ¢23$3(k¢ — 1)
+y2u(k —1) ’

x3(k) = oz1w1(k — 1) + dzowa(k — 1) + ¢3zw3(k — 1)
+73u(k — 1)

(19)
For the first equation, it can be rewritten as

1(k) = " (k)0,

where o(k) = [z1(k—1),z2(k — 1), 23(k — 1), u(k — 1)]"
are past states and control and 6 = [¢11, P12, P13,71]  is the
parameter vector to be estimated. Thus, the RLS algorithm is
obtained as

£
(k) = 1 (k) — T (R)Ak — 1)
L(k) = Pk —1)e(k) P(k—1) (k)
W)= ST STt~ (R e OPl-Dem
B P = Dp(k)e (k) P(k — 1)
P = (Pl =)~ S G o))/

where A (0 < X < 1) is called the forgetting factor. Initial 6(0)
can take the value from (17) and P(0) = pI with a large p.
Other parameters in &4 and I'y; can be estimated by a similar
procedure using the second and third equations in (19).

In (15), ®4 and I'y; should take the estimated values when
online parameter estimation is applied. In this case, it can be
seen from (19) that not only z(k) but also z(k—1) and u(k —
1) should be sent to the remote controller from the MagLev
system. Note that because of the network-induced delay, the
estimated model ®y(k — 74.(k)) and Ty (k — 7sc(k)) does
not reflect the actual system in time, but generally it at least
provides an “improved” model. On the other hand, it might
be argued that z(k — 1) is not necessarily sent with z(k) and
u(k — 1) because it has already been sent out at k — 1. This
is not true, because the randomness of network-transmission
delay or data dropout can not make sure that z(k — 7s.(k))
and x(k — 74.(k) — 1) is always available at the same time,
which stops the processing of the online estimation algorithm.

The initial values to tune the model are taken from ®,4 and
Iy calculated in Section V-B. Control results using adaptive
networked directive linearization predictive method for set-
point response and sine signal tracking of the ball position
are shown in Figure 6 and Figure 7 respectively, where the
forgetting factor A takes 0.98 and p takes 10000. Figure 6 is the
setpoint response for step signal 0.009+0.001-1(¢) and Figure
7 is the tracking for the sine signal 0.01+4-0.001 x sin(%). The
dash line and solid line represent the reference and the system
response, respectively. These results show the NPC method
with on-line model parameter modification is applicable for
the real-time implementation of the MaglLev system.
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