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Abstract. Inthis paper, we show how to apply recent tools for the automatic syn-
thesis of robust and near-optimal controllers for a real industriad sasly. We
show how to use three different classes of models and their suppoxistng
tools, UPPAAL-TIGA for synthesis, PHA¥R for verification, and 8vULINK

for simulation, in a complementary way. We believe that this case studysshow
that our tools have reached a level of maturity that allows us to tackle ititeyes
and relevant industrial control problems.

1 Introduction

The design of controllers for embedded systems is a diffiendfineering task. Con-
trollers have to enforce properties like safety properteeg. “nothing bad will hap-
pen”), or reachability properties (e.g. “something goodl appen”), and ideally they
should do that in an efficient way, e.g. consume the leasillesamount of energy. In
this paper, we show how to use (in a systematic way) modelsaiain of automatic
tools for the synthesis, verification and simulation of avalaly correct and near opti-
mal controller for a real industrial equipment. This caselgtwas provided to us by the
HyDAC company in the context of a European research project Qoasim

The system to be controlled is depicted in Fig. 1 and is corgbos: (1) a machine
which consumes oil, (2) a reservoir containing oil, (3) acLeulator containing oil and
a fixed amount of gas in order to put the oil under pressure(4&na pump. When the
system is operating, the machine consumes oil under peessiof the accumulator.
The level of the oil, and so the pressure within the accuroul@ghe amount of gas
being constant), can be controlled using the pump to intedadditional oil in the
accumulator (increasing the gas pressure). The contrelctig is twofold: first the
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level of oil into the accumulator (and so the gas pressune)eacontrolled using the
pump and must be maintained into a safe interval; secondahieatler should try to
minimize the level of oil such that the accumulated enerdiié@system is kept minimal.

In a recent work [7], we have presented an approach for thiheygis of a correct
controller for a timed system. It was based on the topPRAL-TIGA [1] applied on
a very abstract untimed game model for synthesis andipwiSnk [8] for simula-
tion. To solve the NDAC control problem, we use three complementary tools for three
different purposes: BPAAL-TIGA for synthesis, PHA¥R [5, 4] for verification, and
SIMULINK for simulation. For the synthesis phase, we show how to cocish (game)
model of the case study which has the following properties:

— it is simple enough to be solved automatically using algonit methods imple-
mented into WPAAL-TIGA;
— it ensures that the synthesized controllers can be eagilemented.

+2.2litres/second To meet those two requirements, we consider an

—> idealized version of the environment in which the
controller is embedded, but we put additional con-
straints into the winning objective of the controller
that ensure the robustness of winning strategies. As
the winning strategies are obtained in a simplified
—Vmin  model of the system, we show how to embed au-
A tomatically the synthesized strategies into a more

* detailed model of the environment, and how to au-

tomatically prove their correctness using the tool
PHAVER for analyzing hybrid systems. While the
verification model allows us to establish correct-
ness of the controller that is obtained automatically
using UPPAAL-TIGA, it does not allow us to learn its expected performanceieravi-
ronment where noise is not completely antagonist but faleame probabilistic rules.
For this kind of analysis, we consider a third model of theiremment and we analyze
the performance of our synthesized controller usingug INK .

To show the advantages of our approach, we compare the penfices of the con-
troller we have automatically synthesized with two othentool strategies. The first
control strategy is a simple two-point control strategy wehthe pump is turned on
when the volume of oil reaches a floor value and turned off wihenvolume of oil
reaches a ceiling value. The second control strategy isateglr designed by the engi-
neers at DAC with the help of SMULINK .

Vmax

Reservoir

Fig. 1. Overview of the System.

Structure of the paperln section 2, we present thevtBAC control problem. In sec-
tion 3, we present our construction of a suitable abstraaehof the system, and
the strategy we have obtained using the synthesis algogfigPPAAL-TIGA. In sec-

tion 4, we embed the controllers into a continuous hybrid ehofithe environment and
use the tool PHA¥R to verify their correctness and robustness: we prove tretegfies
obtained using BPAAL-TIGA are indeed correct and robust. In section 5, we analyze
and compare the performances in term of mean volume of tlee ttwntrollers using
SIMULINK .



2 The Oil Pump Control Problem

In this section, we describe the components of thebkc case study using hybrid
automata notations. Then we explain the control objecfivethe system to design.

The Machine.The oil consumption of the machine is cyclic. One cycle ofstomp-
tions, as given by MDAC, is depicted in Fig. 2(d). Each period of consumption is
characterized by a rate of consumption (expressed as a number of litres per sec-
ond), a date of beginning, and a duration. We assume thaytihe is knowna priori:

we do not consider the problem of identifying the cycle (Whian be performed as a
pre-processing step). At tin® the rate of the machine goesit@!/s for two seconds.
From8to 10 itis 1.2 again and from 0 to 12 it goes up t@.5 (which is more than the
maximal output of the pump). Fromnt to 16 it is 1.7 and from16 to 18 it is 0.5. Even

if the consumption is cyclic and known in advance, the ratgulgiect tonoise if the
mean consumption for a periodds/s (with ¢ > 0), in reality it always lies within that
period in the intervalc — ¢, ¢ + €], wheree is fixed t00.1 [ /s. This property is noteé.

To model the machine, we use a timed automaton with 2 vasaflee discrete
variablem,. models the consumption rate of the machine, and the dadskused to
measure time within a cycle. The variabig. is shared with the model of the accumu-
lator. The timed automaton is given in Fig. 2(a). The nois¢henrate of consumption
is modeled in the model for the accumulator.

The Pump.The pump is eithe®nor Off, and we assume it is initiall@ff. The operation
of the pump must respect the followitatencyconstraint: there must always be two
seconds between any change of state of the pump, i.e. ifurietOn (respectively
Off) at timet, it must stayOn (respectivelyOff) at least until timef + 2: we noteP,
this property. When it i©n, its outputis equal to2.2{/s. We model the pump with a
two states timed automaton given in Fig. 2(c) with two vaeabThe discrete variable
p models the pumping rate of oil of the pump, and is shared \Wwithaccumulator. The
clock z ensures thak t.u. have elapsed between two switches.

The AccumulatorTo model the behavior of the accumulator, we use a one statihy
automaton given in Fig. 2(b) that uses four variables. Thigkibe v models the volume
of ail within the accumulator, its evolution depends on thkie of the variables:,. (the
rate of consumption depending of the machine) an¢he rate of incoming oil from
the pump). To model the imprecision on the rate of the consieompf the machine,
the dynamics of the volume also depends on the pararaeted is naturally given by
the differential inclusioniv/dt € [p, — m; (€),p, — m; (€)] with m>*(z) = m, =< x

if m,, > 0 andm, otherwise. The variabl®¥acc models the accumulated volume of
oil along time in the accumulator. It is initially equal @oand its dynamic is naturally
defined by the equatiodVacg/dt = v.

The Control Problem.The controller must operate the pump (switchoiit and off,
respecting the latency constraint) to ensure the followiv@main requirements:

— (Ry): the level of ailu(t) at timet (measured in litres) into the accumulator must
always stay within twsafetybounds[V,,,in; Vinaz|, in the sequeV,,;, = 4.97 and
Vinaz = 25.11;
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Fig. 2. Hybrid Automaton Model of the System.

— (R2): alarge amount of ail in the accumulator implies a high pues®f gas in the
accumulator. This requires more energy from the pump torfithe accumulator
and also speeds up the wear of the machine. This is why thedtweé should be
kept minimal during operation, in the sense tlfgoT v(t)dt, that is Ve (T'), is
minimal for a given operation peridtl.

While (R;) is asafety requiremeraind so must never be violated by any controllBs,)
is anoptimalityrequirement and will be used to compare different contrslle

Note that as the power of the pump is not always larger thadehgand of the ma-
chine during one period of consumption (see Fig. 2(d) betvi@eand12), some extra
amount of oil must be present in the accumulator before tbabg of consumption to
ensure that the minimal amount of oil constraint (requinetig) is not violated.

Additional Requirements on the ControllaVhen designing a controller, we must de-
cide what are the possible actions that the controller clem tdere are some consid-
erations about that. First, as the consumptions are sutmewise, it is necessary to
allow the controller to check periodically the level of ailthe accumulator (as it is not
predictable in the long run). Second, as the consumptiohefitachine has a cyclic
behavior, the controller should use this information taroje the level of oil. So, itis
natural to allow the controller to take control decisionpratdefined instants during the
cycle. Finally, we want a robust solution in the sense th#téf controller has to turn
on (or off) the pump at time, it can do it a little before or after, that is at timet A

5 It might be too late to switch the pump on when the volume reathes.



for a smallA without impairing safety. This robustness requirement gl taken into
account in the synthesis and verification phases descritted |

Two existing solutionsin the next sections, we will show how to use synthesis algo-
rithms implemented in BPAAL-TIGA to obtain a simple but still efficient controller
for the oil pump. This controller will be compared to two atlselutions that have been
previously considered by thebAc company.

The first one is called thBang-Bang controllerUsing the sensor for oil volume
in the accumulator, the Bang-Bang controller tuomsthe pump when #oor volume
valueV; is reached and turnsff the pump when aeiling volume valuel; is reached.
The Bang-Bang controller is thus a simple two-point cogrobut it does not exploits
the timing information about the consumption periods witaicycle.

To obtain better performances in term of energy consumpéingineers at MDAC
have designed a controller that exploit this timing. Thisesl controller is called the
Smart controller This controller was designed byvAc, and works as follows [6]:
in the first cycle the Bang-Bang controller is used and thewe v(¢) is measured
and recorded everi0ms. According to the sampled value@) computed in the initial
cycle, an optimization procedure computes the points athvto start/stop the pump
on the new cycle (this optimization procedure was given tmuke form of a C code
executable into 81ULINK ; unfortunately we do not have a mathematical specification
of it). On this next cycle the valuest) are again recorded evetyyms which is the
basis for the computation of the start/stop commands fonéx¢ cycle. If the volume
leaves a predefined safety interval, the Bang-Bang coatrsllaunched again. Though
simulations of SMULINK models developed by ¥bAc reveal no unsafe behaviour,
the engineers have not been able to verify its correctnassdinistness. As we will see
later, this strategy (we use the switching points in timeaotetd with SMULINK when
the C code is run) is not safe in the long run in presence ofnois

3 The UrPAAL-TIGA Model for Controller Synthesis

The hybrid automaton model presented in the previous secta be interpreted as a
game in which the controller only supervises the pump. Is $kiction, we show how to
synthesize automatically, from a game model of the systauaimg LPPAAL-TIGA,
an efficient controller for the Hydac case studpr4AL-TIGA is a recent extension of
the tool UPPAAL which is able to solve timed games.

Game Models of Control Problems&/hile modeling control problems with games is
very natural and appealing we must keep in mind several important aspects. First,
solving timed games is computationally hard, so we shoutd ati game models that
are sufficiently abstract. Second, when modeling a systemangame model, we must
also be careful about the information that is available whadayer in the model. The
current version of BPAAL-TIGA offersgames of perfect informatidsee [3] for steps
towards games for imperfect information intoPBAAL-TIGA.) In games of perfect
information, the two players have access to the full deioripof the state of the sys-
tem. For simple objectives like safety or reachability, siategies of the players are



functions from states to actions. To follow such stratediles implementation of the
controller must have access to the information containdti@rstates of the model. In
practice, this information is acquired using sensors, tinetc.

TheUpPPAAL-TIGA Model. We describe in the next paragraphs how we have obtained
our game model for the hybrid automaton of thedAc case study. First, to keep the
game model simple enough and to remain in a decidable frark€ywee have designed
a model which: (a) considers one cycle of consumption; (Bs w8 abstract model of
the fluctuations of the rate; (c) uses a discretization offfreamics within the system.
Note that since the discretization impacts both the cdetraind the environment, it is
neither an over- nor an under-approximation of the hybriiganodel and thus we can
not deduce directly the correctness of our controllers. &l@k our methodology in-
cludes a verification step based on PH&RAvhich allows us to prove this correctness.
Second, to make sure that the winning strategies that wittdmputed by BPAAL-
TIGA are implementable, the states of our game model only comte following
information, which can be made available to an implemeotati

— the volume of oil at the beginning of the cycle; we thus onlyaswee the oil once
per cycle, leading to more simple controllers.

— the ideal volume as predicted by the consumption periodercitele;

— the current time within the cycle;

— the state of the pumm( or off).

Third, to ensure robustness of our strategiesthat their implementations are correct
under imprecisions on measures of volume or time, we consimi®e margin param-
eterm which roughly represents how much the volume can deviatausecof these
imprecisions. We will consider values in rangel; 0.4]!.

Global Variables First, we discretize the time w.r.t. ratio stored in var@Dbl| such
thatD time units represent one second. Second, we representrtieatcvolume of oil
by the variableV. We consider a precision ®f1/ and thus multiply the value of the
volume by10 to use integers. This volume evolves according to a ratediarvariable
V_rate and the accumulated volume is stored in the varidhkcc’. Finally, we also
use an integer variabtéme which measures the global time since the beginning of the
cycle.

The Model of the Machinelhe model for the behaviour of the machine is rep-
resented on Fig. 3(a). Note that all the transitions are minotbable (represented by
dashed arrows). The construction of the nodes (except tddlenone labelledad)
follows easily from the cyclic definition of the consumptiohthe machine. When a
time at which the rate of consumption changes is reachedimm@\supdate the value
of the variableV _rate. The additional central node callddhd is used to model the
uncertainty on the value &f due to the fluctuations of the consumption. The function
Noise (Fig. 4) checks whether the value ¢f if modified by these fluctuations, may
be outside the intervaV/,,;,, + 0.1, V.. — 0.1] & The functionfinal_Noise (Fig. 4)

8 The existence of winning strategies for timed games with costs in undecidabl¢2].
" To avoid integers divisions, we multiply all these valueshy
8 For robustness, we restrain safety constraints bf.
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Fig. 3. UPPAAL-TIGA models.

checks the same but for the volume obtained at the end of apd@gainst the interval
represented by1F andV2F. Note that this modelling allows in some sense to perform
partial observation using a tool for games of perfect infation. Indeed, the natural
modelling would modify at each step the actual value of thiéatde V and the strate-
gies would then be aware of the amount of fluctuations. In cadlehthe ideal value of

V is predictable because it directly depends on the currard &ind from the point of
view of the controller it does not give any information abthe fluctuation.

The Model of the Pum@.he model for the pump is represented on Fig. 3(b) and is
very similar to the timed automaton given on Fig. 2(c). Ndt&t the transitions are all
controllable (plain arrows) and that we impose a bit moratha as we require that
2 seconds have elapsed at the beginning of the cycle befotehsmg on the pump.
Moreover, an additional integer variaklés used to count how many times the pump
has been started on. We use paramités bound this number of activations, which is
set to2 in the following. Note also that the time points of activatideactivation of the
pump are stored in two vectostart andstop.



bool Noise(int s){
/1 s is the nunmber of t.u. of consunption
return (V-s<(Vm n+l)*D| V+s>(Vnax-1)*D); }

voi d update_val (){
int V.pred =V,
ti me++;
V+=V_rat e;

bool final_Noise(){ V._acc+=V4V_pr ed:

[/ 10+«D t.u. of consunption in 1 cycle
return (V-10%D<V1F*D| V+10*D>V2F+D); } }

Fig. 4. Functions embedded in UppAal Tiga models

The Model of the Scheduléie use a third automaton represented on Fig. 3(c) to
schedule the composition. Initially it sets the value of tlsdume toVO and then it
repeats the following actions: it first updates the globaialdesV, V_acc andtime
through functiorupdate_val. Then the scheduling is performed using the two channels
update_cy® andupdate_pump. When the end of the cycle of the machine is reached,
the corresponding automaton sets the boolean vardiie to true, which forces the
scheduler to go to locatioBND.

CompositionWe denote byA4 the automaton obtained by the composition of the
three automata described before. We consider as parantieéemsitial value of the
volume, sayl;, and the target intervak, corresponding t&1F andV2F, and write
A(Vy, I) the composed system.

Global Approach for SynthesisEven if the game model that we consider is abstract
and restricted to one cycle, note that our modelling enfothe constraints expressed
in section 2. IndeedR; is enforced through functioNoise, F is handled through the
two functionsNoise andfinal_Noise, andP, is expressed explicitly in the model of the
pump. To extend our analysis from one cycle to any number désy and to optimize
objectiveR,, we formulate the following control objective (for some fikenarginm €

Qo) :
Find some interval; = [V1, V2] C [4.9; 25.1] such that (Properti«)):

(i) I is m-stable from all initial volumeVy € I, there exists a strategy for the
controller to ensure that, whatever the fluctuations on gdmsemption, the value
of the volume is always betweenl and25 | and the volume at the end of the
cycle is within intervally = [V} +m, Vo — m)],

(i4) I, is optimalamongm-stable intervals: the supremum, o¥gre I; and over the
strategies satisfyingy), of the accumulated volume is minimal.

The strategies that fulfill that control objective have aeriitductive propertyas the
value of the volume of oil at the end of the cycle is ensuredetavtbthin 75, andls C I

if m > 0, the strategies computed on our one cycle model can be safebated
as many times as desired. Moreover, the choice of the maagangetern will be
done so as to ensure robustness. We will verify in PlAVhat even in presence of
imprecisions, the final volume, if it does not belongtg belongs tol;: this is the
reason why we fix a strict-subinterval 6f as a target in the synthesis phase.

° We did not represent this synchronization on Fig. 3(a) to ease the geadin



We now describe a procedure to compute an interval veriffiroperty(«), and the
associated strategies. We proceed as foltéws

1. For eacH/} € [4.9;25.1], and target final interval C [4.9; 25.1], compute (by a
binary search) the minimal accumulated volu§wre(Vy, J) that can be guaran-
teed. This valu&'core(Vy, J) is

min{K € N| A(Vp,J) Econtrol: A<> Sched. END and V.acc<=K}
2. Compute an interval, C [4.9;25.1] such that, fods = [V; +m, Vo —m]:

@ vV € I, A(Vp, Iz) =control : A<> Sched. END
(b) the valueScore(I;) = max{Score(Vy, I2) | Vo € I} is minimal.

3. For eachl, € I;, compute a control strategy(V;) for the control objectiveA<>
Sched. END and V.acc<=K with K set toScore(Vj, I2). This strategy is de-
fined by four dates of start/stop of the pudtand, by definition ofScore(V;, I»),
minimizes the accumulated volume.

It is worth noticing that the valu§core is computed using the variabléacc which

is deduced from intermediary values of varialileSinceV corresponds to the value of
the volume with no noise/_acc represents thmean valuef the accumulated volume
for a given execution.

ResultsFor a marginm = 0.4l and
a granularity ofl (D=1 in the UpPAAL- um,
TIGA model), we obtain as optimal sta- s ol
ble interval the intervall; = [5.1,10]. § ol
The set of corresponding optlmal strate-=
gies are represented on Fig. 5. For eacrE
value of the initial volume in the interval
I, the corresponding period of act|vat|on 5
of the pump is represented. We have rep- me (s)
resented volumes which share the samFig. 5. Strategy forD = 1 andm = 0.4 1.
strategy in the same color. For the ini-
tial possible values of volume, we obtaifi different strategies (first row of Table 1).
The overall strategy we synthesize thus measures the vglighence at the beginning
of each cycle and play the corresponding “local strategyil time beginning of next
cycle.

Table 1 represents the results obtained for different deaities and margins. It
gives the optimal stable intervalthat is computed, (note that it is smaller if we allow a
smaller margin or a finer granularity), the number of différcal strategies, and the
value of worst case mean volume which is obtainedas-e(I)/20. These strategies
are evaluated in sections 4 and 5.

10 15

4 Checking Correctness and Robustness of Controllers

In this section, we report on the results concerning thefigation of the correctness
robustness of the three solutions mentioned in the predeations. To analyze the

10 Control objectives are formulated asohtrol: P” following U PPAAL-TIGA syntax, wherd®
is a TCTL formula specifying either a safety propeffy] ¢ or a liveness propertf<>q.
1 This is easy to obtain these times using the vecitagt andstop of the pump.

9



[ Granularity] Margin [ Stable interva] Number of strategiesMean volumé]|

1 1 (5.1, 10] 10 8.45
1 3 [5.1,9.8] 10 8.35
1 2 [5.1,9.6] 9 8.25
1 1 5.1,9.4] 9 8.2
2 4 [5.1,8.9] 14 8.05
2 3 5.1,8.7 14 7.95
2 2 5.1,8.5 11 7.95
2 1 [5.1,8.3] 11 7.95

Table 1. Main Characteristics of the Strategies Synthesized witlrAAL-TIGA.

correctness and the robustness of the three controllerssevéhe tool PHA¥R [4, 5]
for analysing hybrid systems. Robustness is checked aogptathe type of controller
we use: for the Bang-Bang controller, it amounts to sayira the volume cannot be
measured accurately and also that the rate fluctuai@g 1/ s); for the Smart controller,
robustness against rate fluctuation cannot be checkedjfayathesized controller, we
take into account the rate fluctuation, the imprecision emtieasure of the volume and
the imprecision on the measure of time.
PHAVER allows us to consider a rich con- =
tinuous time model of the system where
we can take into account the fluctuations *
of consumption of the machine as well ag
adequate models of imprecisions inhererit
to any real implementation. The PHAW® °
models used in this paper are available in , ‘ S ‘

the extended version of this paper on the ° ’ Tmoooond) *
authors’ webpages. This model takes into

account the fluctuations in the consumpFig. 6. Cyclic Behavior of the Bang-Bang
tion rate of the machine as well the im-controller with Noise

precision on the measure of the volume. We now summarizeethdts for the three
controllers.

The Bang-Bang controllerTo ensure robustness and implementability of this control
strategy, we introduce imprecision in the measure of theadilme: when the volume is
read it may differ at most by = 0.06 ! from the actual value (precision of the sensor).
Tuning this controller amounts to choose the tightest v&afoe this floor and ceiling.

In our experiment we found th&t76 and25.04 are the best margins we can expect.
With this PHAVER model and the previous margfiswe are able to show that: (1) this
control strategy enforces the safety requirententi.e. the volume of oil stays within
the boundd4.9; 25.1]; (2) the set of reachable states for initial volume equald

can be computed and it is depicted in Fig. 6; this means tlettmntrolled system is
“cyclic” from the end of the first cycle on, and the same in&t0.16; 14] (for the

12 And another suitable piece of PHAM program for the computations.
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volume) repeats every other cycle. It is thus possible tomdm(with PHAWER) the
interval of the accumulated volume over the two cycles: fig tontroller, the upper
bound (worst case) 07 and the mean volume 8)7/20 = 15.35.

The Smart Controller. The Smart Controller designed byYHAC is specified by a
400 line C program and computes the start/stop dates forekiecaycle according to
what was observed in the previous cycle (see end of sectidrh®) controller requires
to sample the plant everlOms in order to compute the strategy to apply in the next
cycle: although it is theoretically possible to specifystiebntroller in PHAWER, this
would require at leastO0 x 20 discrete locations to store the sampled data in the pre-
vious cycle. It is thus not realistic to do this as PH#&®would not be able to complete
an analysis of this model in a reasonable amount of timeedastve have built the
PHAVER controller that corresponds to the behaviour of the smartrotier in a sta-
tionary regime, and in the absence of noise. It tuwnsand off so that the pump is
active exactly during the three intervgia16;4.16], [9.05; 11.42] and [13.96; 16.04]
during each cycle. Indeed using simulation, the enginekt$ymAc had discovered
that the behavior of their controllers in the absence ofauwias cyclic (stable on sev-
eral cycles) if they started with an amount of oil equal®a3 {. This is confirmed by the
simulations we report on at the end in Fig. 10 and by Fig. tlafained with PHAER
showing that the smart controller stabilizes with no flutituss in the rate. However,
our simplified version of the Smart controller (without irepision on the dates of start
and stop of the pump), is not robust against the fluctuatibtiseorate: the behavior of
the system in the presence of noise is depicted in Fig. 7(®)itacan be shown with
our PHAVER models that after four cycles, the safety requireni@ntan be violated.
Unfortunately, there is no way of proving the correctnestheffull Smart controller
with PHAVER, and SMULINK only gives an average case. In this sense we cannot trust
the Smart controller for ensuring the safety property.

The ideal Smart Controller (no noise on the rate) producesvarage accumulated
volume of aroun@21 per cycle i.e. an average volumeldf.05.

125
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Fig. 7. Behavior of the FrDAC Smart Controller
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Controller Computed wittUPPAAL-TIGA. We now study the correctness and robust-
ness of the controller synthesized witlPRAAL-TIGA. This verification phase is nec-
essary because during the synthesis phase we have usedabgagct model of the
system and also discrete time. To force robustness andctioesss, we have imposed
additional requirements on the winning strategies (oundtiste property together with
the margin). But instead of proving by hand that the modelthedobjective are giv-
ing by construction robust and correct controller, it is madequate to formally verify
this. We summarize here the results of this verification phasthe sequel we use the
controller for granularity2 and margind: this controller can be seen ag different
local controllers, each one managing one ofthéntervals in which the initial volume
can be at the beginning of a cycle. We will focus on those esgiat here but we have
automated the process and the others may be treated alosantieelines.

To make sure that our strategies are implementable, we teifeed them in pres-
ence of fluctuations of the rate consumption and two typesipfeécisions: on the date
of start/stop of the pump (we ust = 0.01 second), and on the measure of the initial
volume, the imprecision bein@06 (. Fig. 8 shows how the volume is controlled over
3 cycles: after the first one at= 20, we measure the real volume with uncertainty
(0.06 1) and use the corresponding controller frémto 40 and for40 we again switch
to another one.

Volume/Time
12

11+

-
o

Volume (v)

L L L L L
0 10 20 30 40 50 60
Elapsed time (t)

Fig. 8. The Pump Controlled over 3 Cycles with thekhAAL-TIGA Controller

5 Simulation and Performances of the Controllers

In this section, we report on results obtained by simulativegthree controller types in
SIMULINK , with the purpose of evaluating their performance in terihe accumu-
lated volume of oil.

SIMULINK models of theBang-Bangcontroller as well as of th&martcontroller
of HYDAC have been generously provided by the company. As for the edgttrollers
— differing in granularity and margin — synthesized byRAAL-TIGA, we have made
a RuBY script which takes BPAAL-TIGA strategies as input and transforms them into
SIMULINK 's m-format.
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Fig. 9. The overall SMULINK model.
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Fig. 10. The three controller types withiBULINK

Fig. 9 shows the ULINK block diagram for simulation of the strategies syn-
thesized by BWPAAL-TIGA. The diagram consist of built-in functions and four sub-
systems:Consumer, Accumulator, Cycle timer andPump activation (we omit the
details of the subsystems). Ti@mnsumer subsystem defines the flow rates used by
the machine with the addition of noise: here the choice ofifotm distribution on the
interval [—e, +¢] with e = 0.1//s has been made. Thccumulator subsystem imple-
ments the continuous dynamics of the accumulator with aifspeitial volume g.31
for the simulations). In order to use the synthesized girasghe volume is scaled with
a factor 10, then rounded and feed into a zero-order holdifumwith a sample time of
20s. This ensures that the volume is kept constant durirfy @axde, which is feed into
the strategy function. ThBump activation subsystem takes as input the on/off dates
from the strategy (for the given input volume of the curreytle) and aCycle timer,
that holds the current time for each cycle.

Now, the plots in Fig. 10 are the result ofBJLINK simulations of the controllers,
illustrating the volume of the accumulator as well as theestéthe pump (on or off) for
a duration of 200 s, i.e. 10 cycles. Though the simulationsataeveal the known vio-
lation of the safety requiremeRY in the HYDAC Smart controller case, the simulations
yield useful information concerning the performance ofdbetrollers. In particular, the
simulations indicate that the accumulated oil volume fdicahtrollers grow linearly
with time. Also, there is clear evidence that the strategig®hesized by BPAAL-
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TIGA outperform the Smart controller of \WbAC — which is not robust — and also the
Bang-Bang controller — which is robust but very non-optimal

[ Controller]Acc. volumgMean voluméMean volume (TGA)]|

Bang-Bang 2689 13.45 -
HYDAC 2232 11.16 -
GiM4 1511 7.56 8.45
G1M3 1511 7.56 8.35
GiM2 1518 7.59 8.25
GiM1 1518 7.59 8,2
G2Mm4 1527 7.64 8.05
G2M3 1513 7.57 7.95
G2M2 1500 7.5 7.95
G2M1 1489 7.44 7.95

Table 2. Performance characteristics based om@B.INK simulations.

This is highlighted in Table 2, giving — for each of the terattgies — the simulation
results for the accumulated volume of oil , the correspogdirean volume as well as
the worst case mean volume according to synthesissefddL-TIGA. The table shows
— as could be expected — thabRhAL-TIGA’s worst case mean volumes consistently
are slightly more pessimistic that their simulation comparts. More interestingly, the
simulation reveals that the performances of the syntheésipatrollers (e.g. G2M1)
provide a vast improvement both of the Smart Controller gDiC (33%) and of the
Bang-Bang Controller (45%).

6 Conclusion

In this paper we have presented a model-based methodologhdsystematic de-
velopment of robust and near-optimal controllers. The wattogy applies a chain
of tools for automatic synthesis @BAAL-TIGA), verification (PHAWER) and simula-
tion (SMULINK ). Initially, sufficiently simple and abstract game modeie ased for
synthesis. The correctness and robustness of the stratagi¢hen verified using con-
tinuous hybrid models and — finally — the performance of thatsgies are evaluated
using simulation models.

Applied to the industrial case study provided bybhc, our method provides con-
trol strategies which outperforms ti&nartcontroller as well as the simpRBang-Bang
controller considered by the company. More important — whsgrcorrectness and ro-
bustness of the Smart controller is unsettled — the stietesyinthesized by our method
are provably correct and robust. We believe that the casly stemonstrates the matu-
rity and industrial relevance of our tools.

Directions for further work include:
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— Improve the performance of our controller further by op#img over several cy-
cles, and/or

— Improve the performance of our controller further by addinghe predefined points
when we can measure the volume (even with imprecision).

— Consideration of other imprecisions, e.g. with respechttiming of consumer
demands.

— Consideration of other optimization criteria. An inteiegtfeature of theSmart
controller of HrDAC seems to be that the oil volume is kept in a rather narrow
interval, a feature which could possibly be beneficial far@asing the life-time of
the Accumulator.

— Use the emerging version of RPAAL-TIGA supporting synthesis under partial
observability in order to allow more accurate initial gamedals.
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