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Abstract—In this paper we develop a hybrid supervisory timeliness, fault-tolerance), a significant parallelisregcee
control architecture in a real-time environment for constrained and, in some cases, the integration of multiple existingdar
control systems. The strategy is based on Command Governor scale systems

(CG) ideas that are here specialized in order to jointly takeinto Strictl Ki -ti | . ltwori
account time-varying set-points and constraints. The sigficance t.”Cty Speaking, a rea time control system is an algerit
of the method mainly lies in its capability to avoid constrants Mic structure in which the soundness of a result not only
violation and loss of stability regardless of any configurdébn depends on its logical/formal computational correctnass b
change occurrence in the plant/constraint structure by refacing  also upon the time instant when the result is made available
the current CG with a new on-line computed unit. A real- 4 15]- Huge number of sensors/actuators, nonlinear phename
time scheme is an extremely appealing choice because of it . o . .
numerous engineering applications: automobile industrydefense undeswe_d effects dug to SW'tCh'”Q operating condltlpnselis
and aerospace, chemical and nuclear p|ant app"cationS, nittir as phySIcal constraints due to Input/State Satura“on&)are
media/telecommunications and so on. Experimental resulten a paramount relevance when implementing a real-time control
laboratory four-tank test-bed and simulations on a Cessna 82 strategy for Comp|ex p|ant5_ In literature the most popu|ar
aircraft model show the effectiveness of the proposed stragy. paradigms proposed for real-time applications are based on
adaptive/soft computing algorithms, extremely useful ase
of severe plant nonlinearities due to sudden switchings and
fault/failures occurrences (see [22] and references ithere
The complexity of nowadays computer controlled systemgd predictive schemes which can efficiently cope with the
arises from the engineering requirement to properly mergeesence of constraints and nonlinear dynamics [14], [27],
and integrate actuators, sensors and computing units ecagsj, [26], [25].
the related signal processing and feedback control tasks arThe contributions of Wang and Boyd [33] and Miksehal.
accomplished within complex and distributed data netwoykg] are here of interest when referring to MPC strategies: i
structures, see e.g. [21]). the first a Quadratic Programming (QP) algorithmic techaiqu
The resulting feedback setup is then quite “large” and {g significantly speed up the computation time of on-line MPC
expected to adapt in a timely, rapid and correct fashion &hemes is outlined. It is proved that for a large number
frequently changing environment variables and conditidhs of plant states and constraints the proposed computational
must be noted that modern computer architectures, usuajpheme is easily customizable to work within a real-time
(highly) parallel, often distributed, using many hetemogeus convex optimization scheme. In the second contribution the
resources need to be designed to properly operate for dgcagléconfiguration capabiliies of a real-time MPC scheme in
due in part to the tremendous cost of their developmeRkesence of faults in the plant structure are analyzed iildet
As a consequence, a computer controlled system needs tqhe main contribution of this paper is to develop a real-time
incorporate, in accordance with the requirements of thaeho implementation of a low-computational demanding predécti
application, a wide variety of often conflicting functiof®dn-  scheme known in literature as the command governor (CG)
functional ObjeCtiVeS and it is then natural to characteail (See [3], [5]' [17]) for the Supervision of nonlinear dyna:ﬂ'h
these setups within a real-time framework [34], [29]. systems subject to sudden switchings amongst operating and
Examples of real-time applications are humerous in ”ter@et-points and time-varying constraint paradigms by puirsg
ture ranging from manufacturing control, robot operatioms jts basic properties. It is worth to underline that, desgite
hazardous environments or life-threatening situatiomsise availability of high power computational units, the coresied
control in cars and planes, multimedia/telecommunicationjme-varying plant structures do not encourage the usevof lo
surveillance/monitoring etc. [21], [24], [12]. The main tv@-  demanding MPC schemes (see e.g. [6], [33]). The reason is
tions behind a real-time control scheme can be summarized@at each MPC initialization due to switching events ineslv
complex and often conflicting objectives (such as functina the resolution of Mixed Integer Optimization programs whic
. . . are a prohibitive task from a computational point of view.
Domenico  Famularo, ~Giuseppe = Franze ~and Angelo  Furfaro The CG approach is a predictive scheme where stabiliza-
are with DIMES, Universita degli Studi della Calabria,
Via Pietro Bucci, Cubo 42-C, Rende (CS), 87036, ITALYtion/performance is provided by the primal controller and
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during the on-line operations will be considered. The peagb with C a specified convex and compact set. It is also assumed
scheme prescribes that any change in the plant structeetsff that:
the CG design and, as a consequence, for each plant strucAssumption Al -

variatio_n a diﬁerent CG unit s_hpuld be in.princ_iple desidne 1) @ is a Schur matrix

complylng with _the new conditions. Th_e idea is then that a 2) The model plant (1) is offset-free, i.e.

suitable supervisory unit must be designed to take care of Hy(I, — )G =1

orchestrating the switching amongst the CG candidatesigluri yam m

the on-line operations. Observe that the typical structure of a CG-equipped control

A real-time implementation of the previously describedystem consists of two nested loops. The internal loop is
scheme is then proposed and summarized. At the gendlisigned via a generic linear control method, without takin
instant the plant is under the action of a given CG and tfifto account the prescribed constraints, and allows thigaes
supervisory unit acquires information on the plant streetio  to specify relevant system properties for small-signaimes,
be fulfilled at the next time instant. A sequence of evaluetio €.g. stability, disturbance rejection. The outer loop ¢siBsOf
and switching rules are taken according to a finite statike CG unit which, whenever necessary, is in charge to modify
machine which describe the situations of normal operatitige reference to be applied to the closed-loop system so as to
conditions, handling of a set-point and/or equilibrium cha avoid constraint violation. The basic idea is that of maiitay
event and handling of a constraint configuration changeteveiie closed-loop system within its nominal linear regimeeveh
The supervisor component is managed by a single periodfie stability and all other closed-loop properties are gmesd.
task which runs at the highest priority level and it is in gear The CG design problem is that of generating, at each time
to execute all the necessary CG operations (reference/stastantt, the set-pointy(z) as a function of the current state
measurement, modified CG command computation and primdt) and reference(t)
controller executions). This is achieved by means of a C++ _
implementation of the CG algorithm (see [13], [31]) on a g(t) =gl (t),r(t)) (3)
software platform based on a RTAI/Linux kernel which isn such a way that, regardless of disturbances, constrédits
a software hard real-time extension for the Linux kernelre always fulfilled along the system trajectories gendrhte
allowing to intercept the system calls and to emulate themthe application of the modified set-poingst) and possibly
y(t) =~ r(t). Moreover, it is required thay(t) — 7 whenever
r(t) — 7, wheref is eitherr or its best feasible approximation;
the CG has a finite settling time, vig(t) = # for a possibly
large but finitet whenever the reference stays constant after

1. THE COMMAND GOVERNOR(CG) DESIGN

P - - - == = - - — = = n

d(t) e D T . o .

: ® 6: a finite time. By linearity, it is possible to separate thecef§
r(t) cG 9t Primal [“() Plant |+ y(t)=r()  of the initial conditions and input from those of disturbasg

! controlle —— c(t)eC i.e. for each generic system variabbgt) : n(t) = n(t) +

| f ! n(t), wheren(t) is the disturbance-free component and)

| PRO) M (1) | depends only on disturbances. Therefore, the disturbfiaee-

e T o solutions of (1) to a constant commap(t) = w are:

x(t) = { ;”Eg } Tw = ([, —®) 'Gw
P Yo = Hy(I,—®) 'Gw 4)
Fig. 1. Command Governor structure Cy = Hc(I,— (I))_le + Lw
Consider next the following set recursions:

In Fig. 1 the basic reference governor scheme with the
model plant, the primal controller and the CG device is de- oo
picted. We will suppose that the closed-loop plant regdlate Cr = Cr_1 ~ H®"1GyD, ..., Co0 = ﬂ Cr,
the primal controller is linearized around a given equilibr =0
and discretized as

Co:=Cn~ L4D,

where A ~ & is defined as{a : a +¢e € A, Ve € £}, see

z(t+1) = @x(t) + Gy(t) + Gad(1) e.g. [8]. It can be shown that the sets are nonconservative
y(t) = Hya() () restrictions ofC such thate(t) € Coo, ¥Vt € Z,, implies
c(t) = Hex(t) + Ly(t) + Lad(t) that c¢(t) € C,Vt € Z,. Thus, one can consider only

wherez(t) € R"™ (t € Z.) is the overall state including disturbance-free evolutions of the system and adopt a ‘twors
the plant and primal controller stategit) € R™ is the CG case” approach. For reasons which will appear clear soon, it
action, i.e. a suitably modified version of the referencaalg is convenient to introduce the following sets for a given 0

r(t) € R™; d(t) € D C R", Vt € Z, is an exogenous s

disturbance, withD a specified convex and compact set such C" = Coo~Bs ®)
that0,,, € D; y(t) € R™ is the plant output which is required W = {weR™: &, cC’} (6)

. Ne H
to track(t); c(t) € R™ the constrained output vector where B;s is a ball of radiuss centered at the origin. We

c(t)eC, Vte Xy (2) shall assume that there exists a possibly vanishing 0



such thatV? is non-empty. In particulad)? is the set of all where 4; =
commands whose corresponding steady-state solutiors$ysati _ —u? )
the constraints with a tolerance marginFrom the foregoing |(zp:zgg are Jacobian matrices witfu, = x, — z;7 and

definitions and assumptions, it follows that® is closed and i e , _ ,
convex. du =u—u;?. ThenF(éz,, du) is the Taylor series remainder

The main idea is to choose at each time step a constiH{™ @nd by means of continuity arguments we have that
virtual commandg(-) = w, with w € W?, such that the | Fi(0xp, du)ll,

T 5 11T

corresponding evolution fulfils the constraints over a semi H[dzT 5UT}T‘ —0as H[‘hpv ou } H2 -0, (10)
infinite horizon and its “distance” from the constant refere pe 2
is minimal. Such a command is applied, a new state jgerefore for anyy’ > 0 there exist > 0 such that
measured and the procedure is repeated. In this respect we

define the sev(x) as MO Sule iy |[sa 5u7)| < )

H [&cg, 5uT] H 2
2

2] ]
Wfp (arp,u) |(Ip:z;3> and B,L = a—i(IP,U)

uU=u

U=u,

V(z) ={weW’: ¢(k,z,w) €Cy, Vk€ 2.} (7)

k—1

_ A. Time-varying set-points
wheret(k, x,w) = H,. | ®*z + Z OF~1=1Gw | + Lw is the

In what follows we will characterize the switching policy
of the proposed CG framework. The situation where the

references are allowed to belong to a finite levels set (see
d2] for details)

reR:={r, ..

constraint disturbance-free vir{JaOI evolution at tilm&om the
initial conditionz under the constant comman@) = w. As a
consequenc®(r) C W?, and, if non-empty, it represents th
set of all constant virtual sequences}i’ whose evolutions
starting fromz satisfies the constraints also during transients.

Thus the CG output is chosen according to the solution of tfe first considered and, for each— th linearized model
following constrained optimization problem a single primal controller/reference governor unit, héeza

termedCG;, is derived withW?, i € N == {1,2,...,N},

the set of all commands whose corresponding steady-state
solutions satisfy the constraint with margin

whereW = U7 > 0,,, and ||w||y = w! Ww. We make the following tracking assumption for each set point

A detailed discussion about the CG approach and its mé ideR:
properties can be found in [5]. For specific results on CG se¥ ~ N

LTret, i €R™ i=1,...,q, (12)

g(t) =arg min flw—r(t)|w (®)

weV(z(t))

in [16], [17], [3].[4], [1]. R W (13)
i=1
1. HYBRID COMMAND GOVERNORS andVi € N there exists at least+# i € N such that
§ 6
In this section the previous basic CG scheme is generalized Int{W; nW;} #0 (14)

to time-varying set-points and constraint configurations. whereInt{-} denotes the set interior operator. O
this end, a supervisory based CG framework capable e key points of the strategy are here summarized:
deal with the plant structure modifications (references and_ a procedure for switching betwee#(; and CG; com-

. . . . T J
qonstramt gonflguratlons) thqt could take place duringahe plying with (14) is defined as follows. By considering the
line operations is here described. _ _ , output admissible set for the genefit;

Let us consider the plant modelled by a discrete-time nealin s v o
system .Tp(t—f— 1) — f(xp(t),u(t)) (9) Zi = {[T , T ] eR™ xR |ci(/€,a:,r)€C, Vke%zrfs)

wherez,(t) € X C R, u(t) € U C R™ denote the plant and by denoting withX?, i € N, the set of all
state and the control input, respectivel), U being convex states, which can be steered to feasible equilibrium points
and compact sets. It is worth to note that disturbance sffect Without constraint violation as

can be a]so taken into account without compromising all the X% —dy e R Wl ¢ 73 for at least oney € R™
forthcoming developments. J x v

Under the hypothesis that(x,u) is continuously differ-
entiable in both its arguments we will assume that the plant
(9) could operate inV pre-specified working regioreentered
around N equilibrium points, denoted agrg?, u;?), i =
1,...,N.

For each operating region we will suppose that the plant
dynamics can be approximated around each equilibrium
(x84, ui?),i=1,..., N, by a corresponding linearized model

g;p(; F1) = A dzy(t) + Bidult) + Fi(5zy(t), dult))

(16)
we have that

IntW) NWI # 0 = Int{X) N X} #0, i, jeN

(17)
The validity of (17) directly follows from standard viabil-
ity arguments, see [5]. Therefore, a convenient transition
reference’ € Int{W} N W2}, with & € Int{X N X0}
the equilibrium steady-state correspondingrtocan be
defined such that”, 27]" € Z) N Z?.



- The supervisor maintain€'G; as long as the distance Definition 3: Let z € R™ be a stateC’ -admissible
between the equilibrium? and the actual state(t) is j~ e 7, but notswitchingC’_-admissibleLetC?, , j* # j~,
minimal. On the contrary, it switches to the- th linear be a constraint configuration to be fulfiled at future time
model centered in; chosen according to instants. The state is

(18) indirectly-switchingadmissibleif the constraint se'C;?+ be-

longs to the following finite sequence of constraint configur

Then, by assuming that théG; unit is in use at = £, #(f) € tion 5 s s s

W}, r(t+1) € W) and the conditioMV? NW? #  holds true, Ssw = {C5,, C,,--..Cj,_,,C5 } (21)

j = axgmin 45" — 2(0)]

an_HC_G scht_eme can be adopted according to the followifgy, ji= i dn =t and(C’,C2)...(C0 .C ) switch-
switching logic: able couples. Ji? T2 Je—17" Tk
Switching procedure - Moreover
1) Solve and apply Ve, jy(@) = {we W, , : clk,z,w) €C), Yk € Zy},
Viel

gt+k):=arg min J|w—r{@)|v, k=1,...,k
wEVIEHR) represent the sets of all constant virtual sequencewgp n

2) Att =1+ k as soon ag(t) € Int{X) N X7} switch whose c-evolutions, starting from aC;?-admissiblestaté z,
to C'G; and solve satisfy the prescribed constraint con'figurat'(qh also during
g(f+k)=arg min |w—r@E+1)|y, t > i+k+1 transients. As a consequence, for a fiyed J, Vi, j)(z) C

€V; (z(t)) Wf. T Then, whenever the supervisory unit selects the CG

Note that the upper bound to the constraint horizon can candidate with respect to _thj}th constraints conf_iguration

be computed off-line with respect to all € X in a way (CGa, j), a commandy(t) is computed as a solution of the

similar to that used to determine the CG control horizon, s&lowing constrained optimization problem

[5]. The integeﬁrl_f, exploited during the on-line operations and g(t) = arg min |w — r(t)||w (22)

lasting exactlyk steps before switching to step 2, ensures that weVe, 5 (@(1))

implication (17) holds true from = ¢ + k onwards. An admissible HCG strategy can then be developed if at
each switching instant, chosen by the supervisory unit,

B. Time-varying constraint the current stater(#) is switchingadmissibleor indirectly-

We will now consider I different constraint scenarios,SWitchingadmissible The following sets
denoted withC;, j € J := {1,2,...,L}, and introduce X(‘i_ 0= {z e R" : c(k,z,w) eC;i
the following sets doubly indexed w.r.t. to the current deup  for at least onayw € WES Vke .}, Vied (23)

equilibrium/constraints scenario: . 9)
5 _— P , are finally introduced to characterize all the staté;%

W,y ={weR" s co€Cih, Vjed  (19) agmissible (each stater & X, ; can be steered to an
whereW?, . (the bullet denotes a fixed equilibrium configu£auilibrium point without constraint violation). Key asie
ration) is the set of all commandswhose constraints steady-2r€ t0 verify that the time-varying constraint scenario CG
state evolutions satisfy th¢ — th constraint configuration Strategy enjoys viability and asymptotic stability proes.
C; with a tolerance margirs (for notational simplicity we ~Proposition 1:Consider the plant (1) along with a family
will retain fixed the tolerance margin w.rt. each constraiff constant command sequenaest W, ), j € J, and let
configuration). From now on we will assume non-emptyneds be an equilibrium point reached under a constant virtual

of Wi, .. Vj € J andCl, Wi,  will satisfy the following commandao € W}, ) from an arbitraryC?-admissibleinitial
set o(v’erjlapping property: (® state. Let the assumptionsl be fulfilled, the setif, Vj €
Property 1:Let (j1,j2) € J, then J compact and convex, and the SQM{. i) vj € J, non-

5 5 s s empty, closed and convex. Then, there exists a concatenatio
Cj, ﬂ Ci, 70 WG, ) ﬂ Wi, iy 70 (20)  of finite virtual constant commands € W(‘S__’ ?7 with j € 7,
The next definitions are then instrumental to characterize 8nd of constraint configuratiort§ capable o ?symptotlcally
the possible switching features of the s€fsand W}, ,, : driving the plant fromz; to z.,,, wherew € W, .

Definition 1: The stater € R" is Cf-admissiblej e J,if Proof " See Appendix A. )
there existas € W . such thate(k, , w) € C°,Vk € 7 . It remains to prove that the system (_1) undg_r the action of the
(e, J Y 77 proposed HCG enjoys the asymptotic stability property.

o b bt o Proposition 2:Let the assumptional be fulfilled and the
Definition 2:Let x € R™ be a state:’j,—adms&blej* € setsV., j(z(?), Vj € J be non-empty for any switching
J,andC?,, j* # j~, aconstraint configuration to be fulfilled time instant. It is assumed that there exists a instant time
at future time instants. The statds switchingcf,—admissible t* under which the switching of constraint configurations

if there existsw € W(é -) such thate(k, z, w) € C%, ,Vk € terminates and the reference signal is such thet, = r,
o j [l Gt ~ . ~ « . .
Z. . The pair(z, w) is saidswitchingC?_-executableand the for all ¢t > ¢, with ¢ > ¢* andr being a constant value. Then:

constraint configuratioﬂ;?+ switchable tliglo[g(t +1)—g(t)] =0 (24)

The pair(z,w) is saidclf-executable




lim [2(t) — 2] = On (25) RT-HCG Strategy -At the generic time instant, the plant
t—o0 . . . . .

. S _is under the action of th€'G(; ; unit and the supervisor
wherez ;) = (I—®)'Gg(t). There exits a finite timé; >  receives the information on the plant structure to be felll
such that at t + 1. The supervisor logic retains valid th€G/; ;) unit
(26) as long as the distance between the equilibriuffi and the

actual statez(¢) is minimal and the constraint configuration
is unchanged. The supervisor switches according to:

- Set-point Change - The selected unitGgx;;, ;) unit
wheres’ is chosen according to the rule

g(t)=g:=arg min |lw—r{t)|e, Vt>1s
weW, )

where j being identified as the last constraint configuration
activated by the supervisor from onwards.
Proof - The proof followsmutatis mutandighe same lines
used for the basic CG scheme. For details see [5]. O
Remark 1 - Note that even if the initial and final set-
points belong toW5 .+, or the final set-point is fixed in
time, thei — th Ilneanzed model approximates the nonlinear ~
dynamics (9) only in a neighbouring region of the actiath
equilibrium point, see e.g. [18]. While the state evolution The supervisor scheme is depicted in Fig.r&t + 1) is
departs in fact S|gn|f|cant|y from , an obvious performance the reference known at the time instardand to be tracked at
degradation will take place and a possible way to cope witht- 1, Ct.++1 is the constraint configuration known @aand to
this drawback is to consider the opportunity to commute tte fulfilled att + 1 andr(t), x(¢) are the reference and state
controller structure also when the distance between theeeur measurements. The following distinct events may occur:
statez(t) and the actual equilibrium point;? significantly ~ « Set-point change (state transitiorew-eq Fig. 6) -
increases. To this end, lI€; C R™ be the set of states If r(tt +1) ¢ W j)» @ switching to thei’ — th

i’ := argmin||z;? — z(¢) || (29)
k

Constraints Change - The selected unids/;, ;. if a
constraint configuratior€;, # C; occurs.

such that thei — th linearized model retains its validity in linearized model selected by (29) must be imposed. Then,
terms of nonlinear system trajectory approximation and let the time intervalft, ¢ + 1], is divided in two parts: the
the actual instant when usingG/;, ;). Then, ifz(t) ¢ 7; a first is used to compute the new commay(d) via the
switching amongst the CG candidates takes place by means CG/;, ; device, while the lasting part is exploited for the
of the Switching procedureThe set7; can be obtained by computation of the new'G ;. ;) unit.

resorting to linearization arguments, see (10)-(11), mmge Note that even ifr(¢|t + 1) ¢ WZ ;)» this does not

of semi-algebraic conditions. By noting that an equivalent represent an hitch because in V|ew of the properties (13)
description of this set of states can be given by deriving an and (14), there always exists a sequenc€6funits able

appropriate normalized polynomial level surface funcligp) to comply with the set-point requirement. Fig. 2 depicts
in the extended space:= [6z], 6u”]", i.e. the conditions under which the'G; ;) — CG, j
T; = Projy {= € R™™, |Vi(2) < 1, 27) switching is admissible;

where Proj is the projection ontaX. Then, by exploiting T
the requirements (11), there exists a polynomial levelamerf R .
functionV;(z) for the semi-algebraic s¢t € R" ™™ | V;(z) < § ey
1} if the following set inclusion holds | W'

{z € R, |Vi(2) S 1N {z € R, |27 2 <ot} Cow

C {z e R™™ | Fy(2)T Fi(2) <7l'} e

(28) R o 3

The computation off; can be achieved by solving a Sum-of- ! P 1

Squares optimization problem, see [32]. O § . )
IV. REAL-TIME HYBRID COMMAND GOVERNOR | T -7 i

(RT-HCG) SCHEME

In this section a supervisory CG-based real-time scheme
for the proposed arctltztecture is detailed. Given a set 99 2. Set-point change switching
operating pointg(z; )} for (9), we will assume that:
To precisely state the overall control framework, the filog

> « Constraint configuration change (state transitiorew-
assumptions are made:

conf, Fig. 6) -
Bl - At each time instant, the supervisory unit is informed Becausg th)e on-line design of tit&G;, ; unit could
on the current plant structure; require more than one sampling time and the action of
B2 - The time intervallo v, necessary for the on-line compu-  CG(; ;) is no longer admissible, to guarantee constraint
tation of the CG action is such thdby < 75, with T fulfilment at each time instant an adequate controller
the sampling time; must be considered. Such a regulator, in place of the

The idea we want to develop can be summarized as follows. primal control law K; and theCG|;, ;) device, should



be capable to satisfy all the constraints regardless set-

point tracking properties until th€'G;/, ;) computation
phase is accomplished. Hereafter, we denote it asdfes
controller K4, ¢ (See Appendix B).
In Fig. 3 it is shown that ifC; N C;; # () then the same
holds true for botW?. . AW? , “andX? W’ .
() i J ) (4, J) (4, 37)
As a consequence th€G(; ;) — CGy;, ;) switching
can be carried out.

Fig. 3. Constraint configuration change switching

« Equilibrium change (state transitiomew-eq Fig. 6) -
By checking (18) it results that a switching to tiHe- th

model is more adequate to approximate the plant behavior

(9). Then, the time intervalt, ¢ + 1], is split in two
fractions: the first portion is used to compuj€t) by

using the current reference goverro6;, j), while the

remaining available computation time is used to begin

with the derivation of theC'G/;/, ;) unit. Finally, Fig. 4

describes the requirements under which it is possible to

perform theCG;, ;) — CG(y, j) switching.

Fig. 4. Equilibrium change switching

A. Supervisor finite state automaton

Ct|t+1 | r(t|t+1)

Supervisor

switching
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g
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Fig. 5. Supervisory scheme

state automaton as detailed in Fig. 6. Specifically, thres-op
ating states are definetOME : normal operating condition
under a CG unit actionEQ-SW: handling of a set-point or
an equilibrium point change evenENF-SW: handling of a
constraint configuration change event.

The Supervisoris set by default to thélOME state where

switch-done

switch-done

new-conf

Fig. 6. Supervisorautomaton

the control action is carried out by a single periodic task
TG, ;, (Fig. 7) which runs at the highest priority level and
executes all the CG operations. In particular, the:,
actions are: reference and state measurements acquisition
line computation of the reference governor outp(id), primal
controller execution and application gft).

Teg)

Fig. 7. Task scheduling (HOME state)

The aim of this section is to outline the discrete event part
of the proposed real-time CG architecture. To this end, thelf the set-point or an equilibrium point change occurrence
Supervisorbehaviour can be described by means of a finiie detectedrfew-eqevent) theSupervisoiswitches to th&eQ-



SW state where the operation mode enables the computat®nMain results for RT-HCG

of the new CG design. In particular the transitl@ME — The main properties of thRT-HCG strategy are summa-
EQ-SW occurs when one of the following two events takejzeq in the next Proposition.

place:z(t) ¢ T; or r(t|t+1) # r(t) andr(t|t +1) ¢ W), i) Proposition 3: Suppose that assumptiodd, A2, B1, B2,
Theni’ = arg;ninﬂxiq —z(t)||, i" # i, and theCG(y, j) IS (13)-(14) for the time-varying set-point scenario and thepP

designed under the conditidmt{W? . AW?, } 0. erty 1 for the time-varying constraint scenario hold. Then:
From a real-time perspective, the é’sjién of the'CG is asgigne * No constraint configuration change occurrenceak the
to an aperiodic taskgy which is released wheEQ-SW properties of the CG device (see [2] Theorem 1, pg. 345)

becomes active and runs at a lower priority level with respec ~ are preserved. _

to 7o, - In the general case (see Fig. 8y is not able ~ « Constraint configuration change occurrences The

to compliete its task (CG design) within a single sampling K sase controller guarantees “plant workability”: asymp-

period because a fraction of this time interval must be used fofic stability and constraint fulfilment.

for the execution ofrc, ,,. Therefore, the process; is Proof - Under no constraint configuration change, the overlap-
KRR . oy . . ™

pre-empted a certain number of times fyc,, . As soon Ping condition (14) directly guarantees viability propetty

as the taskrsy accomplishes its jobsvitch-done event), resorting to similar arguments as in [5]. During a constrain

the Supervisorswitches to the new’G;/, ;), and the system configuration change, its fulfilment and the stability areere

operation mode is set tdOME . lost due to the controlleK s, .. On the contrary tracking per-
formance may be lost because the system behaves essentially
in an open-loop fashion. Finally, because this phase lasta f
Teei H H H x finite time period tracking operations can be safely receder
Tow . T ‘ ‘ m ‘ by connecting the CG unit associated with the new constraint
' ' ‘ \ ~  configuration. O
Tegy R 2 t+3—|
rféw-éq* T T EQsW T switch-done HOME V. EXPERIMENTS

Two numerical examples are used to validate the perfor-
Fig. 8. Task scheduling (EQ-SW state) mance of the proposed supervisory strategy. First, a l&dygra
experiment which allows to evaluate the effectiveness ef th

A different mode transition occurs when a constraint COsT_ G scheme on a real process is presented. Then, simula-
figuration change is detectedgw-confevent), i.eHOME = yi5hq o 4 Cessna 182 aircraft model, used as a more complex

,CNF'SW' where the one-step ahead cqnstralnt Conf'gurat'%Qample, are shown. The implementation and experimental
is such that;, =: Cy;1 ¢ C;, and, thanking to (20), we have asuits are discussed in the next subsections.

thatC,,41 N C; # 0.

In this case, the CG design is accomplished by an aperiogic The four-tank process physical model

task instancersy,. On the other hand, at the actual time
instantt (see Fig. 9), the actions provided by, , are
not adequate because the fulfilment of the new constraint B&
is no longer guaranteed. Then, witHin ¢+ 1] the Supervisor
establishes the execution of a new task , denotedas
whose actions are: computation&t, s and its application in
order to ensure at least constraint satisfaction. At eatiirdu
sampling timeft+¢, t+1+1], ¢ > 1, a periodic taskrqrc iS

in charge to manage the control action dueAg,s.. Note
that both7cs and 75¢. tasks inherit the priority level of
TCGG, ;- Finally, when thersy, (switch-done event) ends,
the Supervisorde-schedules,, ¢.. The taskrcc(iy » is now
restarted and equipped with the new on-line computed C
The system operation mode is then reset toHIRME state.

A laboratory four-tank process is used to evaluate the
formance of the proposd&Ril-HCG supervisory strategy.

mathematical representation for the four tank process is
first derived by resorting to input/output measurements and
geometrical/physical data. The goal is to regulate the wate
levels hs(t) and hy(t) (plant outputs) at given set-points by
acting on the incoming water flows via the supply pump
voltagesV; (t) and Va(t) (plant inputs).

The geometrical parameters (length, height and width) of
the four tanks (Fig. 10) aré2.15c¢m, 23 ¢m, and 7.7 em,
respectively. The pumps are RUE360 GPH type, having a

Volts supply voltage and the water tank levels are medsure

y using pressure transducers Cerd8af PMP 131 model.
The tanks and the pumps are connected by flexible plastic
pipes, whose diameters ailg = do = 2c¢m, diz = doy =
Tos Tﬁ # # ds = dy = 0.98cm anddyy = dag = 0.75 cm.

Tew +| = A nonlinear process model could be achieved by using mass
: ¢ ¢ balance and Bernoulli’s law

Tae B B (A e s s g 4 (V)

Teagj, 77 2 73 G =152 V2GR — 1% V2R + o 2(V2)
,,,,,,,,,,,,,,,,,,,, 4ot
new-conf CONF-SW switch-done HOME % =—u3 Z—z V2ghs — uis %: V2ght + pos %: V2ghs
Fig. 9. Task scheduling (CNF-SW state) % :—u4i—i V2ghy — ;LM%Z* vV2ghi + ;Lm%f V2ghso

(30)



TABLE |
ESTIMATED PARAMETERS OF THE MODEL(31)

@1 | 00713 B1 | 0.1769] Bio | -1.2102
s | 01232 B2 | 0.107 | Bz, | -0.6021
a3 | 0.2937 | ais | 0.4870 | azs | 0.2429
s | 0.2348 | ais | 0.2127 | azs | 0.3146

into account such a simplified linear behavior. The modeis (e
(31)), obtained from the identification process fully désed
and analyzed in [11] are listed in Table I.

The four-tank process has been fully described and analyzed
in [11] under the assumption that the pumps operate in linear
regimes within the rangig, 8] Volt. and the supervisory HCG
strategy has been implemented on a real time computing unit.
For HCG design purposes, the model (31) has been linearized
around the following three equilibrium points:

27 = [0.6065 1.3050 5 5|7, uS? = [7.1550 6.9424]7,
Fig. 10. The laboratory four tanks process. 257 = [1.0310 2.2185 8.5 8.5]7, uS? = [7.2504 7.3421]7,
257 = [1.6981 3.6540 14 14]7,  uS? = [7.3664 7.8281]7,

where A; = 93.555cm? i = 1,...,4, a3 = ag = a13 = where z(t) = [hy(t) ha(t) ha(t) ha(t)]T and u(t) =
aze = 0.754cm?, a4 = ags = 0.442cm? are the tanks and [V (t) V(t)]”. Then, the linearized models have been dis-
outlet hole cross-section areas andi = 1,...,4 the water cretized using forward Euler differences with a samplimgeti
levels, respectively. The supply voltage to thin pump isV;, T, = 0.1s and physical constraints on maximum water
the corresponding output water flow is given by the nonline&vels and maximum pump supply voltage have been con-
law ¢;(V;) and the gravity acceleration is denoted gy sidered:h;(t) < 16, [cm], i = 1,...,4 and 6 < V;(t) <

The p; coefficients are used for taking into consideratio, [Voit], i = 1,2. The following CG parametersj; =
the effects of water turbulence, real pipe water flows an®—% i = 1,2,3, and ¥ = I, have been chosen and the
other model uncertainties. Such factors cannot be avoideshstraint horizork, = 130 was computed via the numerical
in an accurate system modelling and their numerical valupgocedure proposed in [16]. Further, in order to charanteri
are not so simple to be determined. In order to overcortige set of admissible disturbances/measurement errdrgjact
such a drawback, the idea here developed is to resort t@mthe four tanks, the following convex and compact region
gray-box identification process by considering the follogvi has been considered and used in the CG setting:
mathematical model for the four-tank process 4

D:={deR"'|Ud<h},

o = —arVhi+ BV + Buo ,
_ 4 _ T
B /By + BaVa + o an whereU_{_IJ,h_0.3*[11111111] [em)].
% —  aus/T + ans/Tig — asv/a Zzetvsgn(’jlgl compfer}sat(;rk’i,zl_: 1,2,?;, r:lave bFeen de5|gne_d
e -degree of freedom Q contro ers. For comparison
T = auvhi +aavhs — asvhy purposes a single CG unit has been off-line designed by
where referring to the equilibriunz7?, «{?). The following scenario

has been taken into consideration:

ar1=4-v/2g (1 (a13 + a1a)) , 0o = 7-v/2 g (111 (azs + az4)) . _
Starting fromz(0) = [0.5458 1.1745 4.5 4.5]T, the set-points

_ 1 -1 7 . .
a1y = 2;v29 (n13013) s a2y = 5;v/29 (23023) h3ref = harer = 14.5cm are first considered. Then &t10 s
az = 4-v2¢ (u3az), a1, = 47v/29 (paa1a) a set-point changeh,.; = harey = 10 cm) and a constraint
configuration change < hi(t) <1 , = 1,2 and
Qo = A%\/E(#MGM), Oy = A%\/E(MCM), 9 98X < hi(t) < 15, [em], 4 ’

9.5 < h;(t) < 15, [em], i = 3,4) jointly occur.

ki ; _

Bi=a,pi=12 All the experiments are reported in Figs. 11-13. As it result
Based on experimental tests, it has been determined that tthee HGC device is capable to adequately comply both with
pumps operate in linear regimes when restricted within thiee tracking requirements of the first phgd6e210] s and the
voltage rangé6, 8] Volt. As a consequence, we will put thosesuccessive time-varying scenario. It can be observed in fac
constraints on pump voltages and will consider the follgvinthat (Fig. 11) first both the Tank® and4 settle down to the
linear relationship between the input voltagégt) and the prescribed set-points and then such a strategy is capable to
incoming water flowsy; (V;(t)), i.e. ¢;(t) = k; Vi(t), i = 1,2. deal with the new set-point/constraint configuration witho
Moreover, the parameters, = ’X? ,1 = 1,2, along with the constraint violation, see also Fig. 12. This is clearly achd
coefficientsk;,, will be treated as offsets and added to takby means of appropriate CG switchings as highlighted in Fig.




TABLE |l 9 T T T T T T T
COMPUTATIONAL LOADS (MS)
o et i i e el i T T
E I SRmatEE e L R et LR R TR AT NS
State Min. | Max. g 7 K/\ : : A ]
HOME 08 | 16 T y
EQ-SW || 24.8 | 39.2 B = e e e
CNF-SW || 24.8 | 39.2
5O 50 100 150 200 250 300 350 400
13. In particular, it is interesting to note that at= 40 sec. 9 r r r r r r r
the switchingCG ;1) — CG(3,1) occurs in view ofRe- 8
; 1) QLEUES I VIEW OTRe= g e — = e = e
mark 1 arguments: becaus® = {J, : 070, < 0.15}, = : I
Tz = {0, : 056, < 0.1} and the state measuremertl0) = = 7 ‘ | 1
[2.52, 3.23, 14.05,12.32]7, we have thate(40) — 25" ¢ 7o > | __ |
andz(40) — 257 € Ts.
Conversely, the singl€’G ; ;) action is not'capable to settle 5 - o0 1e0 200 20 a0 a0 400
down to 14.5 ¢cm becauséh;..y = 14.5¢cm, i = 3,4, do not Time [s]

belong toWVy. Moreover, as expected, the time varying sce-

nario cannot be managed Y,y and therefore constraint Fig. 12. Voltages provided by the pumps: solid-line with H@ad dot-line
violations occur (Flg 11) with CG q,1). Prescribed constraints: dashed lines.

Finally, a computational load analysis has been carried out

Note that: 1) algebraic computations have been performed
by means of uBLAS [7]; 2) the CG outpuf(t) has been

achieved by solving a QP optimization problem via a C++
implementation of the algorithm proposed in [20]; 3) theltea %

14
12
10

g [em]

o \

. . . . /
time framework is the RTAI v. 3.5 hosted on a i386 Linux® s} :‘" g
Kernel v. 2.6.19 architecture running on a Sony Vaio (Irel i 6/ :
2.5 GHz, 2 GB ram). Table Il reports the minimum/maximum 4 o : . : i i i ]
computation times needed to execute the tasks associated to © 50 100 150 200 250 300 350 400
each automaton state at each time instant
16 T T T T T T T
h, h, :;' i |
4 4 r 1
7 <
A / < 10r \
31 / ® gl A
i 3t/ - 8
'g' I\ / L/ 4
[$] 21 \onginiads il ! 6 '
=] ‘ et 2/ | af 1 i 1 1 1 1 ]
! [.' :: _____ ,' 0 50 100 150 200 250 300 350 400
() I
oO 100 200 300 400 ! 0 100 200 300 400 10
O [GunCen gy SCEPS O
h h
3 4 23 40 210 220
15—= 15 Time [s]
1
z 100 ANgrmrwars 10 f e Fig. 13. Outputs of HCG and'G; 1y units
f 1 y 1
L i' 1 l’ 1
51 i 5 i
1 1 described by the following equations
0 ! 1
0 100 200 300 400 0 100 200 300 400 . p’U S
Time [s] Time [s] o= ——(Cp, + Cp, o + CDq 5% +CD5 ) +(32)
T
Fig. 11. Water levels behaviours: solid-line with HCG and-litee with — cosa — gsin(f — «)
CG(1,1)- Prescribed constraints: dashed lines. m S’
. _pv
a = 20 (CL0+CLaOé+CLq 9 -i-CL(;c ) (33)
B. Aircraft flight control N sina + 2 cos(f — )
. . . . muv v
In this section the HCG strategy is applied to the speed 028, @
and attitude control of a light utility aircraft, namely the ¢ = — == (Crmy + O a+0m +Cm5 ) (34)
Cessna 182 subject to angle of attack and surface deflection . vy
constraints. By using the lines indicated in [30], the 3- 9 =4q (35)
DOF longitudinal model of the aircraft motion dynamics is h = —vsin(f — ) (36)
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Note that such a description belongs to the class of plasdcillations shown in Fig. 14 (angle of attack: the uppghti
models (9) withz,(t) = [v(t) a(t) ¢(t) 6(t)]T andu(t) = subplot). This irregular behaviour is avoided when a proper
[T(t) 5.(t)]*. Meaning of the involved variables and parameRT-HCG unit is added: thanking to the capability of the
ters are standard and are reported in [30]. Moreover, asaprimproposedRT-HCG strategy to apply control actions deriving
controllers we have designed optimal control laws inclgdirby more accurate plant linearizations (CG swtichings) the
integrals to regulate velocity and pitch angle state vdemb drawbacks due to significant and sudden velocity variations
In the proposed numerical simulation, we have considerezin be mitigated. The second interesting situation is edlat
« ten equilibrium points: to the inability of the aircraft to track the reference on the
20 = T cq pitch attitude angle (lower-right subplot of Fig. 14) witho
2 =[32.90.2400.24)7, 257 = [34.70.20800.21]" the RT-HCG action and and, as a consequence, the Cessna
8 = [508 —0.096], ug? = [600 —0.08]" 182 loses altitude as shown in Fig. 16. This critical event
T T  can be understood by recalling that the primal controller is
eq _ %2501_48841]?] ’ xéq _ %306 0_1840(;%103] designed with respect to the operating painf?, »i?) and
’ the corresponding plant linearizion does not approximiage t
= 450.09300.091]"  nonlinear Cessna 182 behaviour when the aircsafticiently
[ 600 — 0.015]" departs from(z7?, u{?). This phenomenon does not occur
w7 — [47.60.07500.075]7, sz — [50.10.0600.06]” under theRT-HCG action because it is capable to use a new
=
=

75! = [37.80.16400.164]", o’ = [
[

667 - 0,006 _ [7010.002)" CG unit which is on-line designed with respect to a compatibl
[
[

ug? = [551 — 0.05]7, uﬁ =

plant linearization. For the sake of completeness, we Haae t
52.50.048 00.048]7, 5510 = [550.03700.037]7 reported in Table I all the switching sequences during the
= [7380.009]7, ufd = [7760.015]7 on-line operations amongst the CG units that are computed

. a sampling fimeZ, = 0.001 s: by means of the Sectioh prescriptions.

« physical constraints below reported: o

18.13 < <77 37 % T‘""‘ vtl:ofmmcs ]
< v <77 [m/sed (37) g //’ 3
-0.26< a <0.26 [rad] (38) S S— <
20F o o
-1.75< ¢ < 1.75 [rad/sec] (39) ’
—07< 6 <07 [Tad] (40) % 5 10 15 20 04 5 10 15 20
0< T <2357.2[N] (41) oo C
o 0.5
—0.48 < 6. <048 [rad] (42) 3 A ) Ow——w\(,
Then, the following flight scenario has been used for simula” - v T W
tion PUrposes. . . . _zc; — _5_ — _10_ — _15_ — ;o o 5 10 15 20
The reference velocity and the reference pitch attitudeleang Time(s] Time [s]

are initially set towv,.; = 38.95m/s and 6,.; = 0.15rad

; ; ; Fig. 14. Velocity, angle of attack, pitch attitude rate artdtpattitude angle.
reSpeCtlveW' Then, both references are Imearly Intmmﬂ The dashed lines are the reference signals. The dash-dtésdrepresent
betWeent = 78 and t == 12 58 tO reaCh the flnal Set' the prescnbed constraints.
pointsv,e; = 55m/s and eref = 0.037rad. The initial state
condition is chosen as(0) = [36.9 0.177 0.00 0.177]7.

The chosen knobs of the CG units @fe=10"%,i =1,...,4 3000

and¥ = I, while the constraint horizon is equaltg = 200. Z 20007 [— e |~ B
The numerical results are reported in Figs. 14-15, where oo [ Without RTHCG /"LL
comparisons with the dynamical behaviours obtained withou o D D S e
the action of theRT-HCG are presented. Recall that physical

saturations of the aircraft input are taken into accoung se *°f=--=--f - s -isosmosdoo oo sdo T aE S oTs
constraints (41) and (42). Moreover it is interesting to ung | i

derline that the two schemes identically behave until thet fir = -

CG switching occurrence, i.e. at= 10.3521s CG 1) — B T S S '%gm;'[s%‘ BT

CG(2,1)- The observed behaviour is compliant with the CG
philosophy because if constraints violations do not ocber tF 15. Thrust and deflection angle. The dash-dotted limgsesent the
CG becomesransparentwith respect to the primal controllerprescr.bed constraint.

action, see Figs. 14-15.

Comparisons put in light two main phenomena deservingFinally the minimum/maximum computation times are sum-
specific attention. Around = 11 s, an attempt to track the marized in Table IV, where it results that the equilibrium
velocity reference is observed, the prescribed upper lonit change switching needs at least two sampling time inteteals
the thrust is quite quickly reached when tRE-HCG unit be on-line completed. On the other hand, it must be undetline
is disconnected and thereby the saturations give rise to that the used sampling tim&’( = 0.001 s) is smaller with
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Becausez; is an equilibrium point we have that Note that the condition (47) is imposed to ensure the admis-
1o sibility of the K;-to-K,,r. switching and it can be shown

vo = - Gw+3a (43) by exploiting the same farguments as e.g. in [10], while the

where is an additive perturbation such thi|| < ¢ with requirementC;; , NC; # 0 guarantees thak; N Zyqze # 0.

¢ sufficiently small. Let us suppose that oneg has been Finally, the numerical computation df,s. can be obtained

reached, a new constraint scena®p, such thatC? NCJ, # ), by solving an LMI feasibility problem, see [9] and [23].0

occurs. In view of Property 1 (eq. (20)), a new command

such thatw € C;-‘ mC]‘i can be considered and the constrained

vector becomes
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Becausew € C} N (Y, the constraint vector; fulfils the
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where\ € [0,1) is such thatvx € R" one has thab”z| <
MMN¢||z||, Vk € Zy; o(H.) ando(G) the maximum singular _
values of the matricesl: andG respectively O Conl) Sy, o e sontans
The conclusion is that starting sufficiently close to an eq tems.

librium point z;, w € nyj, if a switching to the constraint

scenaricﬂ?, occurs, in a finite time one can arrive as close as

desired to any state,, € W, ; Without constraint violation.
B The safe controller design

At the current instant, let C; and Cjjir1 be the constraint
and the one-step ahead constraint configurations, regelgcti |
A safe controller K,,r., capable to ensure the constrai
satisfaction from¢ + 1 onwards must be designed such th
the switching fromkK; to K,,r. preserves asymptotic stabil- ’
ity properties of the closed-loop system. The latter can
accomplished as follows. L&E; := {x € R" |27 Pz < 1}
be the invariant region associated to the control l@wand
achieved by means of standard Lyapunov arguments. Then,
because the switching frodi; to K,¢. must also guarantee
the asymptotic stability of the closed-loop system and the
constraint satisfaction;(t) € Cy 4, Vt > ¢+1, the controller
Kqase is computed by solving the following problem:
Ksqfe Problem - Find a state feedback lav s, ¢ and a pos-
itive definite matrixP;,¢. such that the following conditions
hold true T
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