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Bumpless transfer for discrete-time switched systems

. MALLOCI, L. HETEL, J. DAAFouz, Member, |EEE, C. luUNG, Member, |IEEE, and R. BONIDAL

Abstract— A bumpless transfer method for discrete-time to be equal to the plant input at the switching time. An
switched linear systems is presented. It is based on an additional analogous strategy is proposed in [7] for continuous-time
controller which is activated at the switching time for reducing LPV systems. However, as pointed out in [20] and [21], a

the control discontinuities. Dwell time conditions to guarantee traint th troll tout d t te@bett
the stability of the closed-loop system are provided. Simulation constraint on the controfler output does not guarante&ibe

tests on the Eisenhittenstadt hot strip mill of ArcelorMittal are  Performances of the plant output.
shown. In this article, a bumpless transfer control design for
discrete-time switched systems is presented. We propose an
l. INTRODUCTION additional controller which is activated at each switching

In practical control problems, several linear controllars  time. The controller and the plant output are forced to fello

often used to control the same non-linear plant, one for eaehdesired profile for a given period of time. This minimizes

operating point. This strategy avoids the non-linear aintr the control discontinuity guaranteeing the plant output pe

design, certainly more complicated. Nevertheless, switch formances. The solution is based on the LQ optimization

among more controllers implies control discontinuitiesl antheory, that has been introduced on the bumpless transfer

undesired transient behaviors. Moreover, industrialesyst framework by [19]. Stability of the closed-loop system is

are often characterized by saturations due to the actuatepsaranteed by LMI conditions [2] using multiple Lyapunov

limits and do not accept these discontinuities. Consedyentfunctions [3] and the dwell time approach [15].

the dynamics performance can be largely modified and the The article is organized as follows. In the next section,

stability may not be guaranteed anymore. Slope saturatiotige problem is formulated. In section Ill, the optimization

of the control signal are well-known for their destabiligin criterion to design the bumpless transfer controller (BT

effect. The solution of this problem is called bumplesgontroller) is detailed. In section 1V, stability conditi®

transfer. for the closed-loop system are investigated. In section V,
A description of most popular strategies for the bumplessimulation results of the Eisenhittenstadt hot strip mill

transfer problem can been found in [8], [9], [10] and [13](Germany) are presented. Finally, a conclusion is given.

One of the first bumpless transfer schemes is proposed by

[11] for non-linear plants. The idea consists in pre-sgttin

the off-line controller state in order to reduce the transie II. PROBLEM EORMULATION

behavior at the switching time. In [18] and [19], results

of [11] are generalized for controllers which are not bi- Consider the discrete-time switched system

proper and have a minimum phase. A linear quadratic (LQ)

optimization method is introduced to minimize the distance T = Ag(k)Tr + Bo(kyur (1)

between the on-line and the off-line controller output. 3ih [ Yk = Co(r) Tk

the discontinuity of the controller output is reduced rasgt

the fast dynamics of the controller at the switching time. Invherez € R" is the statex € R" is the control signal,

[21], the desired transient behavior is obtained usingdhe v € R™ is the output signal and(k) : N — I' = {1,..., N}

anti-windup structure [17]. is the switching signal, which is assumed to be unknown a
Although the bumpless transfer problem has been wideRfiori but available in real time. The minimal interval of

studied in literature, only few articles address the sweitth time between two switching®; is assumed to be known.

systems framework. In [1], a bumpless transfer solution fofloreover, the pair(4;, B;) is supposed to be controllable

continuous-time switched systems where the order of trnd the paif4;,C;) observabley j € I'. Furthermore, the

controller is smaller than the order of the plant is givene ThStatex is supposed to be available for feedback and the plant
idea consists in forcing the output of the activated coterol Matrices (1) are assumed to be well-known. A state-feedback
control law
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period of timeTJM < Dj is proposed, that is:

bt M
- Kz +upl if T <75
0= ; M
Kjxy, if T >

®3)

whereu’® € R” is the BT controller output and; € = =
{1,...,7"} the number of times between the present time
and the last switching. For each mogle I, the closed-loop
system (Fig. 1) can be written as

{l‘k+1 = (A] + B]‘Kj)l‘k + Bjuit (4)

superviso

gnable | R N

k
] ] @)

Fig. 1.

Closed-loop system with = {1, 2}

The BT controller@’ is designed in the next section. The
signal ux, — @j, is minimized using a LQ criterion, where

u’ represents the desired profile of the control signal. For

simplicity reasons, a straight line is chosen as desirefilgro
Let t; be the switching time from the subsysteirto the
subsysteny, V (i,7) € I’ x I'. We can define

'LNLZ_J_ = 11(; + P;iT; (5)

where
ﬂ? = Kz, 1 (6)

is the control signal value at the time before the switchin
andp; determines the slope of the desired profile, i. e.

pj = LM(ijtj — Kixtj_l). (7)
i
We obtain a value op which depends on the control signal
discontinuity (Fig. 2). In order to guarantee the perforoemn
of the plant output, also the difference betweenand the
desired plant outpu§ is minimized.

I1l. BUMPLESS TRANSFER CONTROLLER
DESIGN

K,;xtj_l g i

Fig. 2. u evolution with BT controller switched on (thick line) and isshed
off (thin line)

has been proposed by [19], where the difference between
the on-line and the off-line controller output is minimized
before each switching. Moreover, the difference between
the on-line and the off-line controller input is minimized.
This strategy initializes the controller state and theruoces

the transient behavior on the plant output. Since the anti-
bumpless action consists in pre-setting the state of the off
line controller before the switching, the method does not
address control systems without memory, such as state-
feedback control laws. Another problem concerns the sta-
bility of the closed-loop system, which is not guaranteed
when arbitrary switchings occur. To solve these problewrs, f
discrete-time switched systems we propose a BT controller
which is activated at each switching time. Stability coiuatis

for the closed-loop system are given in the next section. For
each modej € T, the design of the BT controller is based
on the minimization of the following quadratic cost functio

Tj—1
Ty =0+ g D Wi W] (®)
k=0
with ,
zp = u — Uy, 9)
2 =yk — 0, (10)
, 1 .,
i 2. piu
= 2zT;P zT; (11)

g
whereW and W are positive definite weighting matrices
of appropriated dimensionij{ = TJM + 1 is the terminal
time and P’ is a positive semi-definite terminal weighting
matrix. For simplicity reasons, we considgr= 0. The next
theorem shows how to compute the signl. The proof,
which is based on the Pontryagin’s minimum principle [4],
is similar to the one given in [19].

Theorem 1. Given the system (4), the quadratic cost func-
tion (8) and the terminal tim&*, the BT controller which
minimizes the signals* and z¥ is given by

In this section, the method to design the BT controller

is presented. In order to follow the desired profilesand
7, the problem is formulated as a classical LQ optimizatio
problem. In the bumpless transfer framework, this solutio

Tk

bt _ NI ~J

n up = Qy, | U,
J

n Ik+1

12)
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with
4 (N Hk-',-lA - K;)
Q1 = (I+Nk+1H,H1B ) (13)
Nk+1
and
Nl =—(W) ' Bi(I =T, B))™"

Vj € T. The values ofl’ andg’ are given by the equations

I = A\(I - 15, By) "I, A; + C; - (14)
and
gi = Al (I Hk+1B ) (9i+1 Hk+1B ) (15)
with ~ .
Bj = -B;(W!")'B]
Cj = C,Wre.
The bound condition is
i _
HT; =0
; (16)
gT; = 0.

Remark 1: In the finite horizon approach, the knowledge
of all the future values ofi is required in order to solve

be applied to solve practical problems, as discussed in [1
Nevertheless, from (5), in our case all the valuesiofan
be computed in the finite horizoB. Only the knowledge

(15) backward in time. Then, in general this method canngi)

— The bumpless transfer phase: the BT controller is on.
We find

Hj’j—‘rl E‘JI'J'—Fl 0 O

I 0 0 0

Yi(7j)lr=1 = 0 K, 00

L

J J
and

[LJrJ—&-l 0 U‘iﬁ-l prjjﬂ

1 0 0 0

Y}(Tj)|2§7'j§rj” = 0 0 I 0

0 0 0 I

In this case, the stability of (18) is not guaranteed. The
construction ofY; is detailed in the appendix .
— The recuperation phase: the BT controller is off. We

have
Aj+BK;, 0 - 0
Yi(1i)lryomm = Y5 = 0 0,
0 0.

whereY;® is Schur and constant; € I'.

Given the minimal interval of time between two switchings
the value OfTJM can always be reduced in order to
ake the system (18) stable. Let define the transition matrix

between two switching times

of 2,1 and z;, is needed. Since these informations are M Ny
available at each switching time, the method can always be Z. (DJ,TJ H %(Tj)\,quYf(D"_Tf D19
used. F=1 Y

IV. STABILITY ANALYSIS

In the previous sections, we assumed that the BT controller

is switched on forr™ times. As the original controller (2)

The following theorem checks the closed-loop system
stability.

Theorem 2: Given Dy, if there exist positive definite ma-

J trices Py, = PY , Pz, = PZ of appropriate dimensions and

has been designed without taking into account this fact, the

stability is not guaranteed anymore. Then, in this section,
stability condition for the closed-loop system (4) is given
For each modg € T', the closed-loop system

Th+1 = (AJ + BjKj)SCk + Bjuzt (17)
can be written in the equivalent form
Vg1 = Yj(7j) vk (18)
where
Tk
v — Tr—1
k @
Pk

is the augmented state and the sigrdlsindp are defined in

calarSTM such that the LMIs

Y7 Py,Y} — Py, <0 (20)
ZiPy,Z; — Pz, <0 (21)
ZiPy,Z; — Pz, <0 (22)
Y Pz Y? — Py, <0 (23)

are verifiedV (i,j) € T x I, then the closed-loop system
(18) is asymptotically stable.

We give an idea of the proof. In the case of arbitrary
switching law, a necessary condition for the asymptotic
stability of the closed-loop system (18) is that each
subsystem is stable. Since for assumpfiohis Schur, from

section Il. The representation of a switched system with af19) there exists a value @f‘f such that also the subsystem
augmented state approach is justified in [12]. We distirtguisZ; is Schur,Vj € I'. In Fig. 3, the system evolution is

two phases on the interval between two switchings:

shown forT" = {1, 2}. For the closed-loop system stability,
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k

Fig. 3. System evolution Fig. 4. u
TABLE | stand 3
BT CONTROLLER DATA z igNi
E ol
- >—1g— . . . . . . .
J 2 3 4 1280 1300 1320 1340 1360 1380 1400 1420
k
stand 4
Dj 64 38 30 ol
TJM 3] 15 6 é Or’N—
W;‘ | 100 | 10 X80 1300 1320 1340 1360 1380 1400 1420
k
W]y I ! I stand 5
20
E or
57207_—/¥
N . -40¢ L L L L L L L
we also must check that switching among the subsystems 1280 1300 1320 1340 1360 1360 1400 1420

leads to a stable behavior. This is the meaning of the LMIs
(22) and (23). Thus, the conditions of Theorem 2 guarantee
a decreasing trajectory after switching. This is equiviaten
say that the closed-loop system (18) is stable [16].

Fig. 5. y

subsystem, no BT controller is designed foe 1.
V. SIMULATION RESULTS The signak:t is computed applying Theorem 1. Equgtions
(13) and (14) can be solved off-line. At the opposite, to
In this section, the strategy proposed in the previougompute the equation (15) we need to know the ; value,
sections is applied to the Eisenhittenstadt hot strip miu/heretj is the switching time to the subsyste}nThen, it
(HSM) of ArcelorMittal. The rolling process consists ingcan pe computed only on-line, at the switching time. Since
crushing a metal strip between two rolls in inverse rotatiog,e output signay corresponds to the displacement that has
for obtaining a strip with constant and desired thickness. fy pe minimized, we choosg = 0. Each stand is controlled
HSM is the association of several stands in a line, where eagg} a different control signal. For the simulated product,
stand is constituted by a set of rolls. The lateral movemeRtyitchings occur at the instants = 1290, k = 1354 and
of the strip, with reference to the mill axis, may inducey — 1392. In Fig. 4 it is shown the controller output for
a decrease of the product quality and rolls damage. Thejme |ast three stands. For each stand, we propose a zoom of
in order to improve the reliability and the process qualitythe zone corresponding to the biggest bumps.ofihe bold
this displacement must be reduced [6]. At the end of thgne shows theu evolution without BT control whereas the
treatment, the strip leaves the stands one after the othejiginnest line shows the evolution when the BT controller
Each time the strip leaves a stand, the system dynamigson. The evolution of the strip displacementis shown
changes. The HSM is modeled as a switched system with Fig. 5. As expected, performances are better when the
four subsystems and three switchings [14]. For each subsy$T controller is on (thinnest line). In particular, the ptri

tem j € I', a different discrete-time state-feedback Comroblisplacement in the exit of the systestahd 5 in Fig. 5) is
gain K; has been designed. Given the weighting matricgduced fromd0 to 8 mm.

w, W¥ and the minimal dwell timeD; for a product of

the HSM database, the choice of ﬂj@ values summarized VI. CONCLUSION

in Table | allow to find a solution for the LMI conditions In this article, a bumpless transfer method for discrete-

of Theorem 2. This guarantees the stability of the closedime switched systems has been proposed. The BT controller
loop system.I denotes an identity matrix of appropriatehas been designed using a LQ optimization method. The
dimension. Since the system never switches back to the fiigiea consists in forcing the controller output and the plant
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output to follow a desired profile. This allows to avoid thewith
control signal discontinuities and to improve the system
performances. A LMI criterion guaranteeing the stabilify o
the closed-loop system is proposed. Simulation tests on thgq
Eisenhittenstadt HSM of ArcelorMittal are provided.
J
APPENDIX| Lz,
CONSTRUCTION OFY

Consider the switching from the subsystérnto the sub-

_ . 1 _. .
J — AJ R J NI ],P .
I = Al + = (Bl — B;NI GIP)K;

= (B}, — BjN{, G} K — W(B% — B;N] GIP)K;.

J

When2 < 7; < TJM, a9 andp; remains constant. We have

systemj. From Theorem 1, when the BT controller is on AL, 0 UL, P,
I 0 0 0
‘T’i }/j(Tj)|2§‘rj§TJM = 0 0 I 0
ul = QL | ug (24)
| T 0 0 0 I
Iri+1 )
’ with
where U =BI — B.NI Ggiu
~j _ ~0 . T Tj 2T Ty
Uy, = U; + p;T; (25)
ith and
wit Pi — . I VI (P
= 7;B) — B;NJ GIP.
U? — Kixtj—l (26) Ti Tj TP T
g When the BT controller is off:!! = 0, then
an
1 ) K e
p; = —57 (Kjme; — Kiwg, 1) 27) Aj+BjK; 0 0
T; T 0O --- 0
. . o . . (. Vs — 0 0
The evolution of the signa$’ in (24) is given by (15), YJ(TJ)\U>TJM =Y =
which can be rewritten as :
J = qihugl 4 qip 28 0 0
g'rj - Tj U‘j + Tj pj ( ) . .
is constantv j € I
where
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