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Hierarchical triple-Maglev Dual-Rate Control over a
Profibus-DP Network

Ricardo Piza, Julian SalMember, IEEE Antonio Sala,Member, IEEEAngeI CuencaMember, IEEE

Abstract—This paper addresses a Networked Control System
(NCS) application on an unstable triple-magnetic levitaton setup.
A hierarchical dual-rate control using a Profibus-DP network has
been used in order to stabilise a triangular platform composd
of three maglevs. The control difficulty is increased due to te REMOTE PLATFORM CONTROLLER
existence of time-varying network-induced delays. To sobr this
issue, a local decentralise@{., control action is complemented by
means of a lower-rate output-feedback controller in the renote ( PROFIBUS.DP 0]
side. Experimental results show a good stabilization and ference
position accuracy under disturbances.

Index Terms—Networked cont_r_ol systems, network dela_y, dual- LOCAL MAGLEY LOCAL MAGLEY LOCAL MAGLEY
rate control systems, LMI, stability analysis, maglev, Prdibus. CONTROLLER CONTROLLER CONTROLLER

I. INTRODUCTION

When a control application is projected on a network based
environment, in which different devices (sensor, actyator
controller) are connected by means of a shared communicatio
medium [1], [2], [3], typical problems such as data packet
losses, lack of synchronization among devices, bandwidth

limitations, and time-varying delays occur. le
In some cases, the controlled process is very sensitive to
these problems. Fig. 1. Hierarchical control structure

That is the case of a maglev based platform [4], [5], in net-
work based control [6]. This magnetic levitation process-co
trol problem is challenging because each one of the systettig11]. Any of these networks may be suitable for contnogi
that configure the platform are unstable and nonlinear. BMaglthis platform.
platforms have also been used to demonstrate applicabflity In this work a Profibus-DP with asynchronous operation
control strategies in research literature [7], [8]. mode has been selected [12]. Some characteristics of Psofibu
Also, magnetic levitation has a wide range of applicationaake this network specially interesting and challengiragrfr
[9], [1Q]. Thus, this paper demonstrates some networkéasgcontrol engineering point of view. There are two kinds of de
hierarchical control techniques in a 3-maglev platform. lays on this network: one of them is the delay induced by data
Regarding the network to be selected in control, there aransfer between buffers and nodes, and the other one is the
plenty of options with current technology. In an unstabéstf delay that appear in the transmission between network nodes
system such as the one in consideration, a low-latency higtence, a distribution of time-varying communication delay
bandwidth network would be a reasonable choice, for examglppears. The chosen control strategy will also requirgerigd
a network based on traditional field bus protocols such bas mechanism for synchronization based on Proffteeze
Profibus, DeviceNet, CAN, InterBus, Field Bus... or a networandsynccommands. Other Profibus-based control applications
based on newer industrial Ethernet protocols as ProfiNEdre reported in [13], [14], etc.
EtherNet/IP, Powerlink, EtherCAT, Modbus TCP or SERCOS The objective of the paper is to experimentally demonstrate
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of all, a fast-rate local decentralised controller is desi
and, in the following step, a more sophisticated sloweg-rat
“coordinating” remote control has been designed. Indead, d
to the lack of shared information, the decentralised cdliet® i
(perfectly working with one maglev) had a bad performanc_
with the 3-maglev platform in place, falling frequently:itieer
the local-only nor the remote-only solutions were satisfac Fig. 2.
For each maglev a standalone local controller has been de-
signed and implemented using robast, control techniques
[15]. The remote controllers have been designed using LMI e
gridding techniques [16]. ‘
The paper is organised as follows. Second section describ
the physical process (the triple-maglev system) used asta te
platform in the experiments. Third section (and an addéion ///.\
appendix) presents how this process is modeled and lieearis s =

Experimental setup.

The hierarchical control structure is introduced in sectid. N .\ oo o

. . . . \\ / <\ ‘ /
Before presenting the experimental results in section &hes v// \\\\g 4
network and hardware configuration aspects used in the:
experiments are detailed in section V. Finally, a conclusio
section is included. Fig. 3. Experimental setup. Drawings

Il. 3-MAGLEV PLATFORM DESCRIPTION extra load (a coin of 2 euros, 8.5 grams) used in transiert ana

several elements: is 0.423 Kg.

. Three magnetic levitation units. These units can be o __Further details on the control-relevant model parameteys a

erated in a standalone way, as done in experiment 1 f§cu§s§d in appendix A. o
later sections. A similar maglev platform can be found in different works,

« A Y-shaped levitated platform to which individual ma[0" €xample, in [17], as well as those based on predictive
glevs can be attached. control [18], fuzzy control [19], [20], or some non-linear

. A National Instruments CompactRio 9074 acting as §PNntrol methods [21].
local controller.

« A desktop PC acting as a remote controller.

« A Profibus-DP network.

Let us describe now the most relevant characteristics ofThis section discusses how the specific model is obtained
them. and linearised in order to apply the control scheme proposed

The controlled plant is a levitated platform, shown in Fign later sections.
2 (left). This levitated platform is an equilateral triaagihape
with permanent magnets located at the corners of the phatfor
A drawing scheme is shown in Fig. 3. The vertical position of
each magnet is controlled by an electro-magnet. Thus, there
are three maglevs located at the terminals of the platfoanhE
maglev takes a voltage input signal to generate the magnetic f
field and takes the vertical position measure using a set of

IIl. M ODELLING AND LINEARIZATION

70

©

infrared sensor array. Y (beta angle)
The levitators have been provided by Extra Dimension A
Technologies (http://www.xdtech.com), model ML-EA. The N
magnetic levitation unit includes the own levitator withshi LJ}
own power amplifier unit. The maglev provides position 3 - .
information, from the infrared sensor array4r0 volts range. \ ¢2
The control signal to be provided to the power amplifier must /[ X(alphaangle)
be also in+10 volts range. P A Ny
In order to build the coupled platform, the three indepemderyﬁ"@ —% /ZT\
loads of the maglevs were attached to the above referrﬁf\cﬂj’” ! U LT

Y-shape aluminum sheet. Fig. 4 shows a drawing with the
levitated structure. Dimensions are expressed in mm, andrig. 4. Platiorm dimensions (top and side view), referenaleh axis and
the center of the platform the circular shapes correspoiaahtomaglev numeration.



A. Single Maglev Modeling

the constantd,, R, K; and K5 are available in the levitator's

The well-known Lagrange equations [22] can be used fBanual provided by the manufacturer. The param@tenod-

derive the differential equations of electro-mechanigatams

doT 9T 9D 9V
+ ot o=

dt 94 dq
where T, V and D represent the generalized kinétiand

Fqg

the potential and dissipation energies, respectivélydenotes

els the potential induced by the movement of the levitated
magnet. The maglev’s numerical values for the parameters
can be consulted in Appendix A.

Introducing a measurement equation

y(t) = K3 - 2(t) )

the generalized forces, and the variablexpress one of the the variabley is the position measurement taken with the

generalized coordinates.

infrared sensor system, beinf; a linearised calibration

Let us denote the air gap between the variable magnginstant available on the maglev user's manual.

and the levitated load with the variable Assuming infinite
permeability except on air gap, with permeability and
uniform magnetic flux density3, the energyl,., stored in

These equations can be expressed in state space form for a
generic maglev as:

the levitator's air gap is: Ii(t) - 0 ’chq' Li(t)
Trna =—-A K{ 3K
g % z Zz(t) SM 5M2 0 Zt(t)
whereA is the cross-sectional area, beiBggiven by F,, i/ z, %
where F,,, stands for the magneto-motive force (linear with + 0 ~v;(t)
current NI (coil) plus a permanent magnet componédpt 0
being N the inductor number of turns). Li(t)
In summary, the magnetic energy is: yi(t) = ( 0 Ki 0 ) oz (8)
(NI +Ip)*nA ()
Tmag = T (1)

The reader is referred to [23] (for instance) for details oR. Global Platform (coupled) Model

magnetic field modeling.
Adding the mechanical kinetic energy tefp,c.n = %méQ,

When the global three-levitator platform is consideres, it
position will be determined by the height of the center of

the gravitational potentidl = —myz, the resistive dissipation mass and by two angular coordin&teRigid-body dynamic
R - i, and using both charge and air gap as generaliseguations must be then considered.
coordinates, the following nonlinear model can be obtainedFirst of all, the meaning of will be changed to denote the

(details omitted for brevity, see [24] for similar modedin vertical displacement of the platform’s center-of-massall

problems):
NI+1p)%A
422
AN? . AN(Iy+ NI):z
“Z i+& (2; 2 Ri—v 3)

denote each maglev’s). The linear motion is only considered
along thez-axis:
MzE=Y"fi

Second, denoting the resulting torque vector athe rotation
of the platform around the center of gravity yields

Of course, the uniform-magnetic-field model is not exact

as there exist lateral and bottom air gaps. In addition, &f th

Jw=7-wx (Jw)

intensity polarity were abruptly changed, the flux lines for \yhere 7 is the inertia matrix. However, when linearizing

the resulting magnetic field would be modified; however, thgound zero rotational speed, and choosing small rotations
assumption is made that such situations will not occur atoug,qnd principal axis (diagonal inertia matrix) as angular

the chosen operation point.

_coordinates, then these equalities can be consideredj bein

The equations obtained before, (2)-(3), define the theatleti g 5 the angles of rotation of levitated platform aroufd

model. Assuming a suitable operating point, a linearizadlsi
maglev continuous-time model is obtained:

M

5 2 = 1) (4)
ft)=KiI(t)+ Ky - 2(t) (5)
LI(t) + Q- 2(t) + RI(t) = v(t) (6)

where M/3 is the mass of the whole levitated platfornf

andY axes respectively.

2|t has been estimated in a separate experiment by moving siggemnand
measuring position and induced voltage (opening the ¢jrcliileast-squares
fit between a filtered numerical derivative of the positiorl éime voltage has
been used (details omitted for brevity).

3The rest of the degrees of freedom, i.e., rotation around virical
axis and two horizontal displacement coordinates, caneatdmtrolled with
he available actuators. Fortunately, as the levitatoes samehow attracted
owards the electromagnets also in the horizontal axisethencontrollable

corresponding to one levitatof, is the electromagnetic force, models are stable. Nevertheless they are only very lightnged (by air,

eddy currents...; actually, damping is so subtle that ith@seen considered

1To avoid confusion, note thal” will later denote sampling rate, but in the —controlled— vertical coordinate movement): thetfplan must be

symbolising in this way kinetic energy keeps notation irsthéction similar
to standard mechanics textbooks.

carefully and slowly positioned without introducing sificant energy on these
coordinates.



li REMOTE Yi
CONTROLLER

JxxOé = Ty (9) ( | PROFIBUS-DP o)
JyB =1, (10)
. . . . M+ + €4 LOCAL \4l . Y1
beingr, andr, the torques on axis andy, respectively, with
the chosen reference frame as shown in Fig. 4. Hol. & oo 1vs va
Expressions of torques at the center of gravity from each of O contorten 2 pLATFORM
the maglev electromagnetic forces are: )
3 + €3 loca V3 y3
+ CONTROLLER 3
T = filcosa, Tiy =0 I
Toe = fol cosacos Bsin g, Toy = foL coscacosfBsin %
T3¢ = f3L cosacosBsin g, T3, = fzLcosacosfBsin %

3

being L the length of the arm, and and3 the rotation angles Fig. 5. Proposed hierarchical control system architectR@mote supervi-

around X and Y axes respectively.
For sensor measurements, these are the expressions:

z1 =2+ La
s

— »— LsinZ . nZ.
29=z—Lsing-a+ Lsing-f

sory level controller, communications network, local colters and maglev
platform.

Therefore, denoting the state, input and output vector as:

zgzz—l—Lsin%-a—Lsin%-ﬁ I
I
Then, the equation of movement in the vertical direction is: I3
) z V1 Kézl
MzZ=fi+ fo+ f3 T = z U= Vg Y= K§22 (12)
o . L o v3 K3z
The linearized torques around the horizontal position are: &
g
TlizflL, leZO ﬂ
Top = fgLsin%, Toy = fgLSin%
T3z = fsLsing, 73y = fsLsing then the state equations are:
Hence, the overall linearized system equations are: &= Az + Bu (12)
y=Cx (13)

Lili + Q1 -2+ Rl =0

Lyl + Q2 - 22 + Roly = v2

L3Iz + Q3 - 23+ R3ls = v3

f1 = Kllfl + K2121 = Kllfl + K21LOZ

f2 = KIQIQ + KQQZQ = KIQIQ + K%L(sm% . 6 — SZ’I’L% .
f3=K}I3+ Kizg = K}I3 + K3L(sin § - a — sin% -
Mzi=fi+fat+f3

Jex@ = L(f1 + f2sin § + fasin §)

Ty = L(f2sin % + fysin %)

=&

Reorganizing:

L=-fp -9 Sibgy Ly,

; R . Q2Lsin L . QLsinE 5 1
L b et e

; R 5 . QsLsin % . Q3L>1n
IJZ—L—szf%Z* Ts 60[+ 3/8+—3U5
. _ K| K? K3 L(K}+sin Z (K —K2))
P=qrht mht+ st = a+

Lsin T (K2—K3)
+—5—M B

LK; I — LKlI B LK1

Is+

L? sin F sin "(K —K32)
S LK?sinZ LK3sin Z o
/3 = }Iyy 3 I + 1 - ]3+
L?sin Z(K2sin T K sin &
+ 6( 2 ] 6 2 3>OL+
L? smf(K2 smf—K2 sin §)
+ T 523
vy

de?
L*(K; +51n (K2 K3))

being the system matrices those in (14) on page 5.

IV. DISCRETEDUAL-RATE CLOSED-LOOP MODELS AND
CONTROL STRUCTURE

If the linear state equations (12) and (13) are discretized a
a periodT; (with zero-order hold at the input), it results in:

z((k + 1)To) = Az(kTo) + Bu(kTp) (15)
y(kTo) = Cx(kTy) + Du(kTp) (16)

The state of each of the subsystems (to be used by each
decentralised controller) will be denoted asin the sequel,
and the output ag;. Obviously, the full statexr above is
composed by the juxtaposition of al] and, due to the inertial
coupling, matrixA is not block-diagonal.

Consider now the hierarchical control structure appedring
Figure 5. This structure depicts multiple controllers colihg
in a decentralised way the above plant, and a remote caartroll
in charge of coordination.

Each subsystem has a one degree of freedom local controller
attached to it, whose state will be denoted &g;, with
equations given by:



Q QL
- 0 0 o -H 0 -Gt 0 0
o -z o0 o0 - Qatan 0 _Qateng
Lo Lo Lo Lo
0 0 — B3 0 o0 —93 _Qsleing 0 Qalsin§
0 0 OL3 0 1 OL3 OL3 0 LO3
A= K1 K3 K3 L(K3+sin Z (K3 -K3)) Lsin Z(K§-K3)
M M pYa 0 0 M 0 - M 0
0 0 0 0 0 0 1 0 0
LK} B LK} B LK} 0 o L2 (K} +sin? %(K%—K%)) o L2 sin Zsin % (K§-K3) o
5 0 0 0o 0 b 0 b 1
0 LK?sin T LK}sinZ 0 0 L2sin T (K3 sin T —K2sin I) 0 L2 sin T (K3 sin T—K3sin Z) 0 14)
Jyy Jyy Jyy Jyy
1
7 0 0
o £ o
2
0 0o 2= L L
o o ¢ 0 0 0 K) o KL 0 0 0
B= 0 0 0 C=|0 0 0 K; 0 —KiLsinZ 0 KiLsinZ 0
0 0 0 0 0 0 Ki 0 KiLsinZ 0 —KiLsinZ 0
0 0 0
0 0 0
0 0 0

d(kT) x Tp. The value ofd(kT) will be assumed to be known
i i at next sample time, given the sequence of network commands
Xei((k +1)To) = AE%]XCi(kT‘)> * Bc[i,]ei(kT‘)> (A7) chosen for synchronization (see Sect. V for details).
vi(KTy) = Cfil]Xcz-(kT(>) + Dg]ei(kTo) (18)  Although the hierarchical control structure is reminiscen
of a cascade control, conventional cascade-control design
assumes a time-scale separation so that a separate design is
possible [25] and small delays would be negligible in the
outer very-low-bandwidth loop. In the proposal here, thiac
f the remote controller will be fast enough to influence
the stability and performance of the inner loop: bandwidth
of both loops will be intentionally similar and Lyapunov
functions considering the whole remote+local+plant stete
V\pe needed.
1) Slow-rate modeling:In order to design the remote
ntroller a slow-rate model (at peridd= NTj) is needed.
Considering the fast-rate behaviour (19), the slow-raaest
adeate equations will be given by the well-known convolatio
expression [26]:

X((k+1)NTp) = Ay x(kNTp) +

beinge; = r;—y; or, considering all of them in vector notation,
e=r—uy.

Obviously, the overall controller state equations of thealo
subsystem will have a block-diagonal structure: the nomati
X will denote the state of all controllers (juxtaposing eac
controller state in a larger vector). The state of the cdietlo
system (3-maglev platform) plus that of the local contmslle
will be denoted asy = (z7 X})T. Obviously, although
the controller state equations are block-diagonal, theite
be some coupling due to the plant not being fully diagonal.
The role of the remote controller will be to compensate su
coupling neglected in the local decentralized side.

In order to achieve the coordination, the overall loc
subsystem equations will be considered in the form:

X((k 4+ 1)To) = Aox(kTo) + Bor(kTo) (19) N
y(kTo) = Cox(kTo) + Dor(kTp) (20) +> A Bor(((k + 1)N — h)To) (21)
h=1
A. Dual-rate modelling However, as the reference input is updated after a delay of

The remote system will be in charge of controlling the local(kT") = d(kT)T, and kept constant until next update (see
subsystem over a netwodt a slower rate because network Figure 6), the above must be corrected to:
limitations will be assumed to exist limiting the samplirege
(see section V).

The local controllers will be operating at a fast sampling
rate with periodTj, the remote controller will operate at a
slower rateT’ = NTy. The network-induced round-trip time

X((k + 1)NTp) = AY x(kNTp) +
d(kT)
+ Aév_d(kT) Z AJO_IB() r((k —1)NTp) +

delay between a local controller sendipgand receivingr; J=1
will be denoted byd; (kT). N—d(*kT)

Some assumptions on the values of the delays in each loop + Z A5 By | r(kNTy) =
are needed. Ample detail will be given in Section V, but as thi i=1

T T e 1l U A0 1E SROSEN— A (V) + B (T Ty +
freeze commands will allow to assume that the delay is +Bo(N, d(kT))r(kNTo) - (22)
coincident in all channels and multiple of the local samplin By assumption7” will be strictly greater thawl(k7T)Ty VE,
period. In the sequel, such delay will be denotedtWI') = because the sampling peri@dhas been selected in order to



1) LMI gridding: From the augmented model (24), the

u(kT) control synthesis problem can be cast as a state-feedback on
u((k-1)T) leading to:
r(kT) = —F*¥(kT) (25)
, L however, the gainF* must ensure robustness against the
KT KT+ S5(KT) (k+|-1)T unknown round-trip delayd(kT) because its value is not
kNT, (k+1)NT, known a priori at the timer(k7") is computed: its value will
8(KT)=d(kT)T, be later obtained by using the eeze/sync commands, but
it will be useful only for thea posterioriobserver part.
Fig. 6. Control and state update chronogram In order to achieve stabilizing controllers subject to time

varying delays, an LMI gridding procedure [16] is considkre
From [16], if there exist matrices¥ and M so that (26)
verify this restrictiod. If d(kT) > N, the model would get on page 7 is verified for anyl(kT") which may arise in
more complex needing incorporation of further past values experimental operation: in this particular applicati@iik7’)
r, i.e., r((k — 2)NTyp), etc. For simplicity, this issue will be takes values if1,..., N —1].
pursued no further. If the LMIs are feasible, the feedback controllér* =
If an augmented stat& (kT) = (x(kT),r((k — 1)T) MX~! stabilizes (24) with decay raté (continuous-time
referred to the remote peridll is considered, the system asequivalent), and¥ (k7)) X ~'W(kT) is the associated Lya-
seen by the upper level can be expressed as: punov function. As discussed in Section V, the experimental
setup requiredV = 4 and gridding on possible values of
N d(kT) =1, 2,3, so (26) is actually a collection of 3 LMIs.
W((k + 1)T) = ( Ay Bi(IV,d(KT)) )\I/(kT) n 2) Non-stationary Kalman filter:Regarding the observer
0 0 design for system (24), ag(kT) can be obtained from
n ( Bo(N,d(kT))

1

freeze/sync commands at the time((k + 1)7T") is com-
>r(kT) (23) puted, Kalman gains depending on induced delays can be
obtained with non-stationary Kalman filters [30], [31], veeo
o . equations are:
For brevity in further developments, notatiod$ and B*
are introduced in (23), yielding: P(kT) = A*(N,d(kT))A(KT)A*(N,d(kT))" + V(ET) (27)
. L(kT) = P(kT)CT(CP(KT)CT + W (KT))™"  (28)
Y((k+1T) = A*(N, d(kT))¥(kT) + Ak +1)T) = (I — L(KT)C)P(KT)  (29)
+B*(N,d(kT))r(kT) (24)

Where V (kT') and W (kT') are process and measurement
goise parameters. The observer gainLig:T"), with an es-
timated state, denoted by (kT'), obtained via the current-
observer update equation:

The modelling procedure in Section Il allows obtaining th
above matrices in the experimental platform.

U(kT) = (I — L(KT)C)

B. Control design strategy (A*(N, d((k — V)T)¥((k — 1)T) + B*(N, d((k — 1)T)r(kT))

Once the dual-rate modeling and notation have been de- +L(KT)y(kT) (30)
scribed, this section discusses general ideas on the chosen
control design methodologies. In order to implement the above equation, the packet

Basically, on one hand, three low-order (and hence with loigceived by the remote node should contain the array of
computational requirements) local controllers will beigaed measurementg(k7), the time in which those ones were
using standard mixed-sensitivif., control techniques [15], measured, and the delal(k — 1)T") in the preceding cycle
assuming a decoupled system. as explains next section.

On the other hand, LMI-gridding and non-stationary
Kalman filter are used in the coordinating remote controller
(see in [16], [27] the basic formulae for the LMI-gridding ) o
approach, and in [28], [29] for the Kalman filter), assuming a The control experiments developed in this paper have been
fully coupled plant. |mplement.ed as follows. .

In this section, the control techniques in the remote sige ar [N the first level, the local controllers have been imple-
reviewed for convenience. Note, importantly, that in ortter mented_ using a Natl_onal Instruments CompactRIO device as
develop this control system structure, the del@yT’) must be Shown in Figure 2 (right).

known. Conditions for applicability of a separation pripiei ~ Theé network was a Profibus-DP one; its nodes were a
are also discussed in [16]. ComSoft DFProfi-Il DP card in the PC and a Profibus module

cRio PB in the compactRio controller, the latter operatisg a
“For this purpose some experimental off-line tests have timme to & bus master. Details on the network elements can be found
determine the maximum round-trip delay. in http://www.comsoft.de and http://www.ni.com.

V. HARDWARE AND NETWORK CONFIGURATION



e 2T X X (A*(N,d(kT))T — MT(B*(N, d(kT)))"

A*(N, d(kT))X — B*(N,d(kT))M X >0 (26)
TABLE | .
DISTRIBUTION HISTOGRAM OF NETWORK ROUNBTRIP DELAY described.
Note that, although it is “theoretically possible” to canitr
Delay 5 ms 10ms | 15ms a linear system with a discrete-time controller at any @eksir
Occurrences | 123,154 | 1,084,502 | 292,357 . . . . .
Percentage | 8.21% 753% | 19.49% period, the disturbance rejection and tolerance to mogelin

errors severely diminish as such period increases witrabfest

systems. This fact is proved to be fundamental in our experi-
The available Profibus-DP bandwidth enables to usenzents, in the sense that:

second level where a remote coordinating control action-is i 1) the 7., controllers designed for the long peridd =

jected just every 20 milliseconds. Indeed, the chosen Risfib 20 ms were not able to stabilize, in actual experiments,

configuration parameters were bus rate 187.5 kBits/s with  even a single maglev, in a local configuration with no

asynchronous operation mode. network delay, even if they were of course stable in the
Let us now discuss how the remote control and local-  simulations. Hence, the slow-rate remote-only control

level synchronization are carried out. Evelly = 20ms option was not a viable solution.

the supervisor controller starts the control task as fadlow 2) On the other hand, a local controller at each of the

(symbollicaly depicted in figure 7): levitators with a SISO loop may be a viable solution.
« Stage 1.Master node sendsr eeze command to slave Indeed, local stabilizing controllers & = 5 ms with

nodes. All slaves receive the message at approximately the decoupled model were obtained Ry, techniques,
the same time (with some microseconds jitter due to the  and were able to stabilise appropriately a single maglev.
bus cycle) and freeze the inputs (from the process). In the3) However, due to disregarded couplings, modeling error
next Profibus cycle, slaves send frozen inputs (measures) s introduced which will degrade performance of the

to master node. Receivirig eeze command is used also local-only decentralised controllers, as later experitsen

for synchronizing slave clocks tbo=1 ms. show. Of course, incorporating the coupling would re-
« Stage 2.Master node receives the measures from slaves  quire communication between the different subsystems,

and process data according to the control algorithm. assumed to be feasible only via the chosen network (at
o Stage 3.Master node sendsync command to slave a slower rate).

nodes. Then, their outputs to the process are internally,, summary, the above issues justify the need of the
updated at the next Profibus cycle in the buffers but ”BFoposed dual-rate structure.

applied until anunsync command is received. In order to deal with these issues, a set of experiments have
- Stage 4.Master node sends the referredsync com- oqn developed, as follows.
mand to slaves, and then all of them update the outputs
(reference to local controllers) simultaneously at the o ] )
next multiple of the local sampling tim&,. As the A. Preliminary experiments: single-maglev control.
remote controller knows the moment in which it sent First of all, a preliminary experiment with a single maglev,
the unsync command, it can computé(kT’) for the not with the whole platform, has been developed. In this ex-
observer update. periment, first, a standalorf¥é., controller has been designed
» Stage 5.With their internal sampling tim&, = 5ms lo-  and implemented. This type of controller is chosen in thalloc
cal controllers are performing platform control algorithntontroller in order to suitably balance disturbance répect
with no communication with master node. At samplingerformance versus tolerance to modeling errors at péaticu
time T' = 20ms the measurements are taken and storékquencies.
in the buffer. The master node starts again the controlA first set of controllers are designed for each single
process at = 21 ms, and the sequence returns to stageaglev using a mixed-sensitivity approach using a set of
1. weight values, that is, sensitivity weight, control actiwaight
Distribution of round-trip delaysi(kT): An experimen- and complementary sensitivity weight. For the designed con
tal test was conducted to measure the magnitude of ttiellers the values of these corresponding weights are 1,
network-induced time delays: the most repeated round-tp2 and 0.6. Using the Robust toolbox Matlab command
time delay corresponds to a 4@s period, with eventual delays [K,CL,GAM,INFO]=MIXSYN(G,1,0.2,0.6)where G is the
at 5 and 15ns, as shown in Table I. For this reason, the grigéquivalent discrete model plant for state space maglev mode
of times for discretizing the system will be formed by the sdhe different local controllers for each one of the three lenag

of values(5, 10, 15) ms. are obtained. Weights have been chosen as constants to keep
the resulting controller order low.
VI. NUMERICAL RESULTS AND EXPERIMENTS Experimentally, a set of controllers has been designedyusin

In this section, the numerical results of the controlleseveral sampling periods keeping the same design paraneter
computations and the experimental measurements will Be a result of all the experiments, the greatest samplinipger
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K »

) Slaves working at T, "

Slaves acquire measure
. Slaves wait until next multiple of To (k+1)T
Master computation K " Cycle repeats again
. 1ms |A Sws B C 10&5 D L'i 20ms
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T references r, (kT) Slaves update r (kT) |

- Freeze
- Slaves sync local clock with master

Square mark each 5 ms indicates time when slave nodes perform periodic control task
Times A, B, Cand D are variable anywhere between 5 and 15 ms
Time E is next multiple of 5 ms after D occurs

Fig. 7. Coordination and synchronisation cronogram (PHBQI implementation of Figures 5 and 6).

was Wy(z) = 1001==0.9982 A new controller is designed
using this integrator term in the sensitivity weight (WI)
25| oo IntTobins o ] [K,CL,GAM,INFO]=MIXSYN(G,WI,0.2,0.6)As a result, the
new set of controllers are obtained. One of them is next

] presented:
] Cr(z) = 10.74(z + 1)(z — 0.99)(z — 0.88)(z — 0.71)
R =021 (2 + 0.94)((2 — 0.56)2 + 0.282)

which, as expected, it is very similar to the above one (31)
except at low frequencies.

With these numerical results, a first preliminar single-
maglev experiment is developed, whose output appears in
o L L L . Figure 9. The experiment begins activating the local con-
10 10 10 10 10 10 . . .

Frequency (rad/s) troller without integrator (see (31)). The system achiezps
equilibrium point with position error, as expected, butteys
Fig. 8. System’s sensitivity to additive uncertainty wittifetent sampling performance is suitable. At time= 10.5s controller changes
rates. adding the integral term (see (32)) and after a 2 second
transient, the system achieves the new equilibrium poittt wi
. . ) no position error. This experiment is performed with onlyeon
that can be satisfactorily used with the magleis= 5ms: standalone maglev. After this experiment is concluded, the

with larger sampling periods, accumulated error can beco fatform is assembled with the tree maglevs, and the rest of
too large, so it makes the one-maglev system unstable Or&beriments below are carried-out

the .verge of instabilty. . . . . In summary, this preliminary experiment demonstrates that
Fig. 8 shows the additive uncertainty sensitivity analySigye chosen design parameters for the local controllersvallo

e, K/(1 + KG), when controller and plant (for a single,, aqequate SISO control performance for the real plant.
maglev) are sampled at 5 and 2@. As sampling time in-

creases, uncertainty in model and sensitivity increasekimg g Experiment 1: 3-Maglev platform, no-network
the experimental system unstable. Thi . tis develoned | th hole platf
All the local controllers are very similar, so the numerical IS _experiment 1S developed using the whale piatiorm
. . : and the set of local controllers previously developed witho
values of just one of them is presented below:

integral action (31). Therefore, the network and the superv

30

20

(32)

Magnitude (dB)

G ~u(z)  10.845(2 4 1)(z — 0.878)(z — 0.641) level are not used yet. The experiment starts with platform
r(2) = e(z)  (2+0.93)((z — 0.54)2 + 0.272) in equilibrium point, and at time¢ = 2.5s a load change is
31) applied to the platform depositing a 2-euro coin in the cente

An additional set of controllers is designed adding aof the triangular aluminum structure. As seen in figure 16, th
(approximate) integral term. Defining the continuous intesystem response seems to change to a new equilibrium point
G(1s+1) . : . .
grator as—__+-, with large enoughz and small enough (i.e., position error) but it barely keeps there and platfor
7, this continuous term is discretized @, sampling time becomes unstable and dropstat 5.5s.
using Tustin discretization method. This discretized term This is the result of coupling between the different maglevs
is included in the sensitivity weightW{;) for calculat- in the whole platform system, as single-maglev controllers

ing the new controller. In our case, the resulting weightorked perfectly when isolated.
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Fig. 9. A single maglev experiment Fig. 11. Figure results for experiments 3 and 4.
3 ——— | ! --- Experiment 1 . . H H
i . Experiment 2 At higher level, in the remote side, a plant model is
= : 1 developed following the results in previous sections, whbe
T 2 i | considered process is the set composed by the three maglev
% ;""'v’-:"-/"‘ AN systems_ and the corresponding local digital control subsys
s A ] with period Tp.
g The resulting state feedback controller (25) obtained has a
E=) gain matrix of dimensions 3x21 as shows (VI-D) depicted on
o
a

page 10

This supervisor controller is implemented on remote side,
jointly with the previously discussed observer.

The experiment starts with platform in equilibrium poing, a
. ‘ ‘ ‘ ‘ ‘ ‘ ‘ shown in Figure 11. At tim¢ = 1.75s load is applied, and
after a transient, system acquires a new, stable equifibriu
point, but with position error (as expected). Compared to
Fig. 10. Platform position in the experiments 1 and 2. experiment 1, now the supervisor control level compensates

the disturbances introduced by coupling between the three
maglevs of the platform.

C. Experiment 2: 3-Maglev platform, no-network, integral In figure 11, the top figure shows the position error (center
action of mass), the middle one shows the control signal applied

This experiment is the same as the previous one but usifgmaglev, and the bottom one shows the supervision signal
controllers with the integral action included (32). As irethgenerated by the supervisor controller and sent through the
previous experiment, network and supervisor level are setlu network to the local controller. For clarity, only one of the
yet. three control and supervision signals are plotted.

Although the integrator tries to recover the reference -posi
tion, oscillations of increasing amplitude are generateel E. Experiment 4: 3-Maglev platform, hierarchical control,
the load disturbance and, ultimately, the loop becomesbltest integrator (remote)
and the platform falls.

With these two experiments (Experiment 1 and Experimeg}
2), coupling in platform is demonstrated to be significa;tiw?1
and it must be taken into account when designing the cont;’s

Time (s)

The results obtained with experiment 3 present position
ror, so, for obtaining an stable plant without positiorogra

w remote controller that includes accumulated erroratest
stem is developed. So the controller is designed cornisgler

system.
( w((k +1)T) ) ) < A0 ) ( W(kT) )
D. Experiment 3: 3-Maglev platform, hierarchical contralp s((k+1)T) - I s(kT)
integrator +< BO >r(k:T) (34)

This third experiment is developed using the network and
an additional supervisor level controller. Each maglev lve t where the position error i€* ¥ will be zero in steady state
platform keeps his own local controller (no integral aclias [29].
previously designed, i.e., the same set of controllers iised Following this reasoning, the system state vector is ex-
Experiment 1, see (31). panded adding the accumulated error for each one of the three
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—-5.36 383.2 —0.63 44.76 —0.001 —0.008 0.57 0.001 0 0.22 0.12 —-0.013
F* = —4.75 3494 0.29 —20.32 -0.5 35.34  —0.003 0.33 —0.0003 —0.003 —0.120 0
1.963 395.7 —-0.11 -23.14 —-0.19 40.08 0.0004  —00002 0.06 0.0008 0.037  —0.0001 ...
0.001  0.044 0 0.001 0.012 0 0.104  0.0004 0
0.194 —-245 -0.008 —0.001 —0.02 0 —0.001 0.06 —0.001 (33)
0.0001  0.007 0 0.042 —-6.86 —0.004 0.001 0 —0.15

maglevs on the levitated platform. According to this newnpla [8]
model, the feedback state controller is recalculated pistgi
a new state feedback gain, also with LMI gridding.

As the system model vector state has been increased with
the new states corresponding to the accumulated errors, the
new feedback gain increases their dimensions, being in tHid
case a matrix of siz8 x 24.

The new controller with the integral action can keep the-plat
form stable even with load variations. The integral commnel1]
is working at low rate because it is present in the supervis[%]
level, on the remote side of the controller. As figure 11 shows
after the load is applied to the platform, the system keeps 3]
stable equilibrium point obtaining acceptable resultseinms

of performance. [14]

VII. CONCLUSIONS [15]

In this paper a practical Profibus-DP network-based contféf!
application has been developed in order to coordinate an
unstable triangular maglev platform via a dual-rate cdigro [17]
implementation.

Both local-only and network-only controllers were not ablﬁg]
to satisfactorily stabilise the platform. However, a hietacal
control structure succeeded in the experiments: a simakg-st
lization local control and a refined LMI-based+Kalman Filte
solution in the remote side allow to solve the problem caust[alg]
by limited network bandwidth and time-varying delays.

Even if a particular choice of controller/observer strgteg?°!
has been experimentally demonstrated, for more demanding
applications (out of the scope of this work), the resultshmig[21]
be ameliorated by including further theoretical developtae
such as delay uncertainty (slight desyncrhonization) etayd

22
dependent Lyapunov functions, even incorporating infdioma (22
on the probabilistic distribution of the delays. [23]
[24]
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TABLE Il
MAGLEV PARAMETERS SUPPLIED BY THE MANUFACTURER

Maglev 1 | Maglev 2 | Maglev 3
Resistance(2 R1=4.6 R2=5 R3=4.2
Inductance mH L1=52 L2=73 L3=32

Em. transfer gain N/A K1=-056 | K7=-0.7 | K;=-0.82
Position transfer gain N/m |  K1=98 K2=98 K3=98
Sensor transfer gain V/im | K1=680 | KZ=700 | K:=705

APPENDIX
A. Magnetic levitation model parameters

As previously mentioned, some of the maglev parameters
have been identified by manufacturer and are listed in the ma-
glev user's manual. Those parameters, for the three maglev’
here used, appear in Table II.

As a result of the experimental identification, the values
Q' = Q% = @3=0.5 Vs/m have been assigned.

The length of the structure arh is 0.117 m (see Fig. 4),
and the total weight of platform, including load/ is 0.406
Kg. The inertia matrix:

S R 0.00293 0 0
Jyz Ty Jyz | = 0 0.00293 0
Joo Sy Jaz 0 0 0.00541

has been obtained via CAD software (modeling the object with
solid geometry, assigning the weights and obtaining iakrti
data from the CAD analysis module).

Noise matrices used in Kalman filtéf and 1V are diagonal
matrices with values 0.0062 and 0.01 respectively. Measure
noise W is deduced obtaining sensor measures with the still
platform, mechanically fixed. The variations measured &bou
mean value corresponds to noise and this value is used for
characterizing the matrixVV characterizes input noises and
modeling errors, and it has been adjusted experimentally to
obtain a suitable observer dynamics.
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