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Abstract— In this paper, a hybrid passive control srategy
is developed for hybrid systems modeled by Mixed Lacgl
Dynamical (MLD) approach. It allows to model different
operating modes of the system and constraints. Wergposed
using the MPC for control system .The passive contlier is
used to take in account the actuator failure and th
optimization problem is transformed into a mixed-irteger
quadratic programming problem (MIQP). The considering
fault-tolerance capabilities are developed and disissed. The
proposed method is assessed on motorboat system

Index Terms—Hybrid System, MLD, MPC controller,
Passive Tolerant Contro] MIQP.

[. INTRODUCTION

Every engineering system can operate in malfunictgpn
because of faults in its component .In modern teldyical
systems there is a high requirement on performasedsty,
and reliability of systems. It is desired that fiaalt happens,
the control system must automatically detect thét fand
limit its effect on the system such that it can toure
working while providing an acceptable performandg.
acceptable performances are not possible, it stmubtble to
preserve the overall functionality and stabilitytbé system
while allowing some degradation in the performancethe
system. In any case, it is important to avoid damge
effects to prevent damages to the system. Therefaelt
Tolerant Control (FTC) is very important for modern
technological systems. The area of FTC has atttaete
considerable attention in recent years. It is atingdly new
idea recently introduced in the research literatiirallows
having a control loop that fulfills its objectiveghen faults
in system components (instrumentation, actuatord/oan
plant) appear.

In fact, the fault tolerant systems in liter&wan be
derived into two main groups: active and passive
techniques. In the first hand, the passive techmiim
designed, such that it is robust, within perfornearange, to
fault occurrences. In the second hand, the actaudt f
tolerant system aims at changing the control ojmrathen
the fault is detected. These changes can comprise
reconfiguration of the controller scheme, modificat of
controller parameters or alternative set poinetayries.

In recent decades there exists an emerging aressearch
working in fault tolerant control of hybrid systeman
attractive survey can be found at [1][2], [3].
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A class of approaches for diagnosis of hybrid syste
discrete/temporal abstraction of the continuousadyios is
presented in [4]. In [5], the diagnoser uses ardiscevent
abstraction of the system. Information provided te
continuous dynamics is taken in consideration whien
becomes necessary. In [6], the authors use a Retri
abstraction for dealing with continuous behaviofrdybrid
systems. In [3] a model based diagnosis method toybed
bond graph modelling framework is proposed. Particl
filtering methods are another class of methodsdfagnosis
of hybrid systems [7], [8].

Motivated by different capabilities and applioas of
the mixed logical dynamical (MLD) modeling of hytbri
system, many approaches have been reported irf1fd],
[11].In this paper mixed Logical Dynamical (MLD)
framework is used for modeling of hybrid system.isTh
formalism covers important classes of hybrid systém
addition, by using the MLD framework, the optimipat
problem used for FTC will be transformed to a mixadger
linear or quadratic problem for which there are yan
efficient solvers.

The main propose consists in embedding theiymas
fault-tolerant design of controllers based on model
predictivecontrol (MPC) within the hybrid system
framework. In this context a new methodology isaleped.
The goal is to verify the fault tolerant MPC comtand
computational aspects of MLD framework to deal with
hybrid systems modeling and control problem.

The paper is organized as follows: in section 2, we
presented the MLD formalism. The passive faukramt
system based on MPC is developed and the optimizati
problem is transformed into a mixed-integer quadrat
programming problem (MIQP) in section 3. An illudtve
example of motorboat system and simulation resaits
presented and discussed in section 4.

II. MIXED LOGICAL DYNAMICAL SYSTEMS

Mixed logical dynamical formalism is a powerful
modeling approach in hybrid systems theory. It sfarms
dynamics, logic and constraints of a complex systéman
integrated model logical and dynamical constraiate
translated to mixed-integer inequalities (see[1dq fore
details). Mixed logical dynamical modelling allow® states
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and control inputs to be continuous or discretebasic
principle of MLD modelling is the interaction betare
logical and dynamical variables.

It can be proved thpd =1] « [f (x) <0] is true if

1)

f(x)sM-Mo
f(X)z2e+(M-£)0

Where M (m) is maximum (minimum) or an upper
(lower) bound of f ande is a small positive humber. This
equivalence permits the assignment of binary viegalo
dynamical constraints which may define the différen
operation modes of hybrid system. Another useful
equivalence that deals with the interaction of dagiand
dynamical variables is as follows: The equality
relationz=90f (x) regardless of the relation betweenand

f (X) could be translated to the following four mixedeiger
inequalities:

zsMJ
r2-311%)
z< f(X)-m(1-9)

z2 f(X)-M(1-J) )

The MLD modeling framework is based on the idea of
translating logic relations, discrete/logic dynasnicA/D
(analog to digital (logic)), D/A conversion and iog
constraints into mixed integer linear inequalitickhese
inequalities are combined with the continuous dyigam
part, which are described by linear difference ¢éqoa. The
resulting MLD system is described by the following
relations:

X(k+1) = Ax(k) + Bju(k) + Bod(k) + Bsz(k)
y(k) = Cx(k) + Dyu(k) + Dd(k) + D3z(k)
E,0 (k) + Ezz(k) < Eju(k) + Ejx(k) + Es 3)

Where:

A‘l B_]_l BZ! B31C1 Dly D21 D31 ElyE 21E 31E zandES are
matrices of appropriate dimension.and the contisuand
binary (mixed) variables x, y and u are respedfitieé state,

inputs and outputs of MLD system which are defirsed
follows:
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X {ﬂ,xcmm"c,x,m{o,i“ XO0O" ,n=n,+n

Y
y{y"},chD”%y. 0{0.4" .yoOP ,p=p.+p
|
u
UZLC}, uCDDmC,uI D{O,i}m uo0™ m=m, +m
|

50{0,3" are the auxiliary binary variables and

z0O0O" are the auxiliary continuous variables.

The variablesoandz are introduced when translating
logic propositions into linear inequalities. Theme used to
define the relations between continuous and disqretts

Discrete / Logic dynamis

Continous dynamit

Fig 1. MLD structure

[ll. PAassive PREDICTIVECONTROLBASEDON MLD
FAULT MODEL

A. Predictive control of MLD formalism

In [11], Bemporad and Morari are introduced a model
predictive control (MPC) of hybrid MLD system deigtion
and a mixed integer linear program solver.The nidéa of
MPC based model is to predict the future evolutidrihe
system in a fixed prediction horizon with the measwents
of the system.

Consider the MLD system (3) and an equilibriumestat

input and output variabFeXeq’ueq’yeq)and let CRESY be
the corresponding pair of auxiliary variables foriVi.D
system of the form Eqgs.(3), consider the followmgblem:

Problem 1 Given an initial statex, and a Horizon
prediction N, find (if it exists) the control seque

U 2{u (0K),..i k+N-1k)),
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which transfers the state from, tox,, and minimizes

the cost function, for the MLD model, the optimipat has
the following form:

N
309 = 3 ok -t +Jote 11016,
j=1

T
2 2 @
[zt 1271z, + it 1 100

v+ 1710 - yeg |

WhereQ,,Q,are  positive definite matrices and
Q,,Q;,Q, are nonnegative definite matrices. Furthermore,

the MLD system equations have the end-point coomliti
(stability constraint):

X(k+ N [K)=x, (5)

The optimal MPC minimizes the objective functiork)J(
subject to constraints (3) and (5) .This is ablet&bilize the
MLD on desired reference trajectories

Problem 1 can be solved as a mixed-integer quadrati
programming (MIQP) problem. By using the Eq. (r f
time-invariant systems we have the solution formula

x(k+j)=ij(k)+§(A‘(Blu(k+j—1—i)
FBOKH |- 3 JBzK+j- 40 )

(6)

by plugging Eq.(3) and Egs. (6)

x(k + j) = Aix(k) + (A 'B,...AB, B, 0...0)U

+ A'B, AB,B, 0.8
A ’1Bs AB, B, @)z
We can define the vectors:
u(0) 0(0) z(0)
U=| : A= ,Z :
u(k—N) o(k—=N) z(k—=N)

we can obtain the following equivalent formulation

minlvT HV + TV
v2 (7)
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where matrixH, A, et B, are suitable defined the

U
the vector V =| A
Z

valued components. used during optimal procedure.
Consequently, we can get the optimal control secgidry
solving the MIQP problem [11].

nq

contains both real-valued and integer-

B. Mixed logical dynamical fault proposed

In this paper, we proposed to use the MLD formalism
model actuator failure. The key idea is to intraglube
auxiliary variableg,, J, to represent the fault on the

system as follow:

u==u-z
z, =5, m, J,0{0,3
u.=au
fc (8)
With a : Coefficients of failure.

If the fault is detected, the passive fault takreontrol
technique consists to reconfigure the model prisgict
controller for the faulty system by changing thengtoaints
to reflect the identified fault. Therefore, the MR@blem
should be modified accordingly by replacing the Miby
MLD fauts.

We can define the MLD fault as follow:

x(k +1) = Ax(k) + B u(k) + B,5(k)+ B, z(k)
y(k) = Cx(k) + D, u(k) + D, 8(k)+ D, z(k)

E, 8(K)+ E, z(k) < E,u(K) + E, x(K) + E, ©

With

E'izlv---v“"are the extended matrices involved the faulty
mode .In faulty mode, the criteria(k) is modified and we
note in this case another optimization problem Migeler
constraints (7). The optimization problem is simita a
minimum time optimal control problem.

Given a normal model and faulty models of the syste
subject to the faults another equilibrium state tnnesfound
for the faulty system. In fact, if the fault is deted, the
passive fault tolerant control technique consists t
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reconfigure the model predictive controller for tfalty
system by changing the constraints to reflect temtified
fault. We carry on solving the MPC optimization,(®)ith
the corresponding faults information (7).

IV. ILLUSTRATIVE SYSTEM

N ;
G 7

Fig. 2. Motorboat scheme.

In this section, the proposed method is tesisdg
motorboat figure 2, presented in [12]. The modelais
simplified version of the submarine model developef 3].
We adopted MLD formalism for modeling and MPC
controller for reconfiguration strategy

The model of the motorboat is nonlinear and is gl
as:

v] [vHu,
J|_10.15*v*u,
X | | v*cosd

Y] |-v*sing

- (10)

wherev is the sailing speed? is the yaw angle, x and y
represent the position of the motorboat, is the force

produced by the motor ang is the rudder position.

The system can be separated into two parts, tise fir
representing the dynamics and the second repragenti

The position of the motorboat. In this work intetesl by
the first part. Considering the fixed input

u, =-10, u, = Ou,,=-10
The control system can drive the motorboat usirsgrdie
inputs.u,, 0{0,% andu, 0{-10,0,19.
if u,= 0, u,can be -10 or 0 or 10 of same uf,= 1,
u, can be -10 or O or 10
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TABLE I. Different possibility of discrete inputs

Inputs 1 2| 3 4 | 5| 6
Um 0 |0f O 1] 1] 1
Uy -10| 0| 10| -10{ Of 10

From Table | and using the discretization Eulies @
0.2s), the system can evolve in several modes efatipn.
Indeed, each mode depends on the discrete inputh ate
represented by the following equations:

[v(k+1)] [0.8187 Q[vk ) [ 0.181B
(k+D) = K )+ U, (K) :u, =-10

| 9(k+1)| |-0.3 19) |0 |

[v(k+1)] [0.8187 GQ[vk ) [ 0.181B 11
(k+1) = K)+ u,(k):u, =0 (11)

| 9(k+1)] |0 19) o |

(v(k+1)] [0.8187 0][vk)] [0.1813
(k+1) = © + U, (k) :u, =10

| 9(k+1)| |03 18k) |0 |

Can be presented as following:
v(k+1 1 0 0O
(k+1) | 20
I(k+1) 01 1 1 (12)

1 0 0 O [ -18187 0 0 0] [-0.8187 0 ] [ 16374
1 000D -1.4561 0 0 0.8187 0 1.6374
1 0 0P 14561 0 0 -0.8187 0 0
10 00D 1.8187 0 0 0.8187 0 0
01 00D 0 210 O 0.3000-1.000Q 10.
0100 0 <106 O -0.3000 1.0000 106
01 00D 0 106 O 0 0 0
0100 0 10 0 0 0 0
0 012D 0 0 -10 0 -1.0000 10
001D 0 0 -10 0 1.0000 10
0 01 g(k)s 0 0 10 A 0 0 N 0
0010 0 0 10 0 0 0
00 04 0 0 0 -106 03 -1 106
0001 0 0 0 -10 03 1 10
00 04 0 0 0 10 0 O 0
00 0 1 0 0 0 106 0 0 0
000D 0 1 1 1 0 0 -1
000D 0 1041 0 0 0 1
000D 0 -1 0 1 0 0 1

L ooop | oO o 14 4 | o o] | 1]

With

z,(k) =0.818% k ) or 0.8187k 4 0.181
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z,(k) =9(k)-0.3v k)
z,(k) =39(k)
z,(k) =9(k) +0.3r k)

{v(kﬂ)} _ [zl(k) }
S(k+1)| | 2, (k) + Z,(K) + 2,(K)
For modeling motorboat system with MLD model we use

auxiliary variable where z(k) is an auxiliary contous
variable representingand & in different operating modes.

(13)

Moreover, the transformation of the hybrid system
equations into the MLD form requires the applicatid a set
of given rules. A higher level language and assedia
compiler HYSDEL [14] (see the Appendix) are usetehe
avoid the tedious procedure of deriving the MLDnfoby
hand. Given the MLD model, the scenarios are sitadla

are defined by the MLD transformation procedureotder
to show the capability of handling a hybrid confpobblem,
we have simulated the system motorboat. The eesftiithe
predictive control described by equation (4) arevsh in
Figure 3.

With N (horizon of prediction) =3 and Ts wagual
to the sampling period 0.2.

The discrete inputs of the motorboat example can be
represented as shown in Figure 4. The aim of th&@as to
drive the motorboat as fast as possible accordirthe path
defined. We Remarque the both states of motorateed
to reach reference imposed by the user. The swigdhputs
required to keep track of the reference, the stafethe
system remain close to the reference, and thisctibgeis

reached by a switching,,, U,,, U, Figure 4

sailing speed of motorboat

time [s]

time [s]

Fig 3. The states of motorboatesys
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Fig 4. The inputs of motorboat system
We consider a actuator fault affecting the speethef

motorboat (bias). This is maintained throughout the
operation of the system

sailing speed of motorboat

time [s]
yaw angle of motorboat

Fig 5. The states of normal and faulty mode

We present in the figure 5 p the statethefnormal
and faulty mode fault tolerant MPC control. Despite
failure, we note that state succeed to reach thectory
& (the yaw angle) imposed by the user also we nage th
system tolerant ensures the continuation of desiegelctory
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after some delay compared to normal mode but with
different speed. In fact, if the fault is affectabe passive
fault tolerant control technique consists to regpune the
model predictive controller for the faulty systegndhanging

the constraints to reflect the identified fault.eféfore, the
MPC controller updates this constraint.

V. CONCLUSION

In current work we have proposed to use theDML
model for presented the different operating moddés o
motorboat system. . A passive fault tolerant cdrdafdviLD
formalism is discussed. We realize MPC control of
motorboat system by MIQP solvers .The obtainedlt®sue
very interesting and prove the efficently of thalfaolerant
MPC control.

Appendix
Hysdel code
[unmFl] o [umel]
[uk1=1] « [uk=-10]
[uk2=1] ~ [uk=0]
[uk3=1] ~ [uk=10]
SYSTEM BATEAUY
| NTERFACE {
STATE {
REAL v [0, 2];
REAL th [-10,10];
}
I NPUT {
BOOL um ukl, uk2, uk3;
}
PARAVMETER {
REAL vi1= 0.1813;
REAL v2=0.8187;
}
}
| MPLEMENTATI ON {
AUX {
REAL vp;
REAL thpl, thp2,thps;}
DA {
Z1={1F um THEN v2*v+vl ELSE v2*v};
Z2={1 F ukl THEN t h-0. 3*v};
Z3={1 F uk2 THEN t h+0*v};
Z4={I F uk3 THEN t h+0. 3*v};}
CONTI NUOUS {
v=21;
t h=22+Z3+74; }
MUST {

(uk1&-uk2&-uk3)| (~ukl&uk2&~uk3) |
(~uk1&-uk2&uk3);}

H}
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