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1.1 Introduction

The design of controllers for embedded systems is a difficultengineering task. Con-
trollers have to enforce properties like safety properties(e.g. “nothing bad will hap-
pen”), or reachability properties (e.g. “something good will happen”), and ideally
they should do that in an efficient way, e.g. consume the leastpossible amount of
energy. The foundations of automatic synthesis of discreteand timed controllers
have been presented in the preceding chapter 1. In this chapter, we illustrate the
application of these approaches with an industrial case study provided by the HY-
DAC ELECTRONIC GMBH company in the context of the European research project
Quasimodo [7]. We present in the sequel how to use (in a systematic way) the tool
UPPAAL -TIGA [1] (see chapter 1 for an introduction to the tool) for the synthesis,
together with tools for the verification and the simulation of a provable correct and
near optimal controller for real industrial applications.
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Fig. 1.1 Overview of the system.

The system to be controlled is depicted in Fig. 1.1 and is composed of:

1
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1. a machine which consumes oil,
2. a reservoir containing oil,
3. an accumulator containing oil and a fixed amount of gas in order to put the oil

under pressure, and
4. a pump.

When the system is operating, the machine consumes oil under pressure out of the
accumulator. The level of the oil, and so the pressure withinthe accumulator (the
amount of gas being constant), can be controlled using the pump to introduce addi-
tional oil in the accumulator (increasing the gas pressure). The control objective is
twofold: first the level of oil into the accumulator (and so the gas pressure) which
is controlled using the pump must be maintained within a safeinterval; second the
controller should try to minimize the level of oil such that the accumulated energy
in the system is kept minimal (a lower level of oil, and thus a lower gas pressure,
reduces the wear on the pump and minimizes energy consumption). The maximum
output rate of the pump is 2.2litre/sec, whereas the maximumrate of the consumer
is 2.5litre/sec: proper operation of the pump should thus anticipate the maximum
rate of the machine and pump oil in in advance to ensure that the pressure stays with
the given bounds.

To solve the HYDAC ELECTRONIC GMBH control problem, we use three com-
plementary tools for three different purposes: UPPAAL -TIGA for synthesis, the tool
PHAVER [5, 4] for verification, and SIMULINK [8] for simulation. In this chapter,
we are mainly interested in the synthesis step. For this phase, we show how to con-
struct a (game) model of this case study which has the following properties:

• it is simple enough to be solved automatically using algorithmic methods imple-
mented into UPPAAL -TIGA;

• it ensures that the synthesized controllers can be easily implemented, because it
is robust.

To meet those two requirements, we consider an idealized version of the environ-
ment in which the controller is embedded, but we put additional constraints into the
winning objective of the controller that ensure the robustness of winning strategies.
As the winning strategies are computed on a simplified model of the system, we
show how to embed automatically the synthesized strategiesinto a more detailed
model of the environment, and how to automatically prove their correctness using
the tool PHAVER [5, 4] for analyzing hybrid systems. While the verification model
allows us to establish correctness of the controller that isobtained automatically
using UPPAAL -TIGA, it does not allow us to learn its expected performance in an
environment where noise is not completely antagonist but follows some probabilis-
tic rules. For this kind of analysis, we consider a third model of the environment and
we analyze the performance of our synthesized controller using SIMULINK .

To show the advantages of our approach, we compare the performances of the
controller we have automatically synthesized with two other control strategies. The
first control strategy is a simple two-point control strategy where the pump is turned
on when the volume of oil reaches a floor value and turned off when the volume of
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oil reaches a ceiling value. The second control strategy is astrategy designed by the
engineers at HYDAC ELECTRONIC GMBH with the help of SIMULINK .

Structure of the chapter

In section 1.2, we present in more details the HYDAC ELECTRONIC GMBH control
problem. In section 1.3, we present our construction of a suitable abstract model
of the system, and the strategy we have obtained using the synthesis algorithm of
UPPAAL -TIGA. In section 1.4, we embed the controllers into a continuous hybrid
model of the environment and use the tool PHAVER to verify their correctness
and robustness: we prove that strategies obtained using UPPAAL -TIGA are indeed
correct and robust. In section 1.5, we analyze and compare the performances in term
of mean volume of the three controllers using SIMULINK .

1.2 The Oil Pump Control Problem

In this section, we describe the components of the HYDAC ELECTRONIC GMBH
case study and describe the different constraints they mustsatisfy. In addition, we
provide a first model of these components, using hybrid automata notations. Though
we will not use these models in the sequel to synthesize controllers (synthesis on real
hybrid systems is very costly and beyond the scope of any tool), they offer a very
precise specification of the system. Then we explain the control objectives for the
system to design.

1.2.1 The Machine

The oil consumption of the machine is cyclic. One cycle of consumption, as given by
HYDAC ELECTRONIC GMBH, is depicted in Fig. 1.5. Each period of consumption
is characterized by a rate of consumptionmr (expressed as a number of litres per
second), a time of beginning, and a duration. We assume that the cycle is known
a priori: we do not consider the problem of identifying the cycle (which can be
performed as a pre-processing step). At time 2, the rate of the machine goes to
1.2l/s for two seconds. From 8 to 10 it is 1.2 again and from 10 to 12 it goes up to
2.5 (which is more than the maximal output of the pump). From 14 to 16 it is 1.7 and
from 16 to 18 it is 0.5. Even if the consumption is cyclic and known in advance, the
rate is subject tonoise: if the mean consumption for a period isc l/s (with c> 0), in
reality it always lies within that period in the interval[c− ε ,c+ ε ], whereε is fixed
to 0.1 l/s. This property is notedF.
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Fig. 1.2 The Machine Fig. 1.3 The Accumulator

Fig. 1.4 Model of the pump Fig. 1.5 Model of the scheduler

To model the machine, we use a timed automaton with 2 variables. The discrete
variablemr models the consumption rate of the machine, and the clock variable t
is used to measure time within a cycle. The variablemr is shared with the model
of the accumulator. The timed automaton is given in Fig. 1.2.The noise on the rate
of consumption is modeled in the model for the accumulator (see Fig. 1.3). We
indicate for each location of the timed automaton its invariant in square brackets.
For instance, one can stay in locationi1 as long as the value of the clockt is less
than or equal to 2.

1.2.2 The Pump

The pump is eitherOn or Off, and we assume it is initiallyOff. The operation of
the pump must respect the followinglatencyconstraint: there must always be two
seconds between any change of state of the pump, i.e. if it is turnedOn (respectively
Off) at timet, it must stayOn (respectivelyOff) at least until timet +2: we noteP1

this property. When it isOn, its outputis equal to 2.2l/s. We model the pump with a
two-state timed automaton given in Fig. 1.4 with two variables. The discrete variable
pr models the pumping rate of oil of the pump, and is shared with the accumulator.
The clockz ensures that 2 t.u. have elapsed between two switches.
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1.2.3 The Accumulator.

To model the behavior of the accumulator, we use a one-state hybrid automaton
given in Fig. 1.3 that uses four variables. The variablev models the volume of oil
within the accumulator, its evolution depends on the value of the variablesmr (the
rate of consumption depending of the machine) andpr (the rate of incoming oil from
the pump). To model the imprecision on the rate of the consumption of the machine,
the dynamics of the volume also depends on the parameterε and is naturally given
by the differential inclusiondv/dt ∈ [pr −m−

r (ε), pr −m+
r (ε)] with m⊲⊳

r (x) =mr ⊲⊳ x
if mr > 0 andmr otherwise. The variableVaccmodels the accumulated volume of oil
along time in the accumulator. It is initially equal to 0 and its dynamic is naturally
defined by the equationdVacc/dt = v.

1.2.4 The Control Problem

The controller must operate the pump (switch iton andoff, respecting the latency
constraint) to ensure the two main requirements:

• (R1): the level of oilv(t) at timet (measured in litres) into the accumulator must
always stay within twosafetybounds[Vmin;Vmax], in the sequelVmin = 4.9l and
Vmax= 25.1l ;

• (R2): a large amount of oil in the accumulator implies a high pressure of gas in the
accumulator. This requires more energy from the pump to fill in the accumulator
and also speeds up the wear of the machine. This is why the level of oil should
be kept minimal during operation, in the sense that

∫ t=T
t=0 v(t)dt, that isVacc(T),

is minimal for a given operation periodT.

While (R1) is asafety requirementand so must never be violated by any controller,
(R2) is anoptimalityrequirement and will be used to compare different controllers.

Note that as the power of the pump is not always larger than thedemand of
the machine during one period of consumption (see Fig. 1.5 between 10 and 12),
some extra amount of oil must be present in the accumulator before that period of
consumption to ensure that the amount of oil stays aboveVmin (requirementR1) is
not violated1.

1.2.5 Additional Requirements on the Controller

When designing a controller, we must decide what are the possible actions that the
controller can take. Here are some considerations about that. First, as the consump-
tions of the machine may deviate slightly from the ideal values (this is callednoise),

1 It might be too late to switch the pump on when the volume reachesVmin and so the controller
may have to anticipate.
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it is necessary to allow the controller to check periodically the level of oil in the
accumulator (as it is not predictable in the long run). Second, as the consumption
of the machine has a cyclic behavior, the controller should use this information to
optimize the level of oil. So, it is natural to allow the controller to take control de-
cisions at predefined instants during the cycle. Finally, wewant a robust solution in
the sense that if the controller has to turn the pumpon (or off) at timet, it can do it a
little before or after, that is at timet±∆ for a small∆ without impairing safety. This
robustness requirement will be taken into account in the synthesis and verification
phases described later.

1.2.6 Two existing solutions

In the next sections, we will show how to use synthesis algorithms implemented
in UPPAAL -TIGA to obtain a simple but still efficient controller for the oil pump.
This controller will be compared to two other solutions thathave been previously
considered by the HYDAC ELECTRONIC GMBH company.

The first one is called theBang-Bang controller. Using the sensor for oil volume
in the accumulator, the Bang-Bang controller turnson the pump when afloor vol-
ume valueV1 is reached and turnsoff the pump when aceiling volume valueV2 is
reached. The Bang-Bang controller is thus a simple two-point controller, but it does
not exploit the timing information about the consumption periods within a cycle.

To obtain better performances in term of energy consumption, engineers at HY-
DAC ELECTRONIC GMBH have designed a controller that exploit this timing. This
second controller is called theSmart controllerand works as follows [6]: in the
first cycle the Bang-Bang controller is used and the pressurep(t) is measured, the
corresponding volumev(t) is computed and recorded every 10ms. According to the
sampled valuesv(t) computed in the initial cycle, an optimization procedure com-
putes the points at which to start/stop the pump on the next cycle (this optimization
procedure was given to us in the form of a C code executable into SIMULINK ; un-
fortunately we do not have a mathematical specification of it). On this next cycle
the valuesp(t) are again recorded every 10ms which is the basis for the computa-
tion of the start/stop commands for the next cycle and so on. If the pressure leaves a
predefined safety interval, the Bang-Bang controller is launched again. Though sim-
ulations of SIMULINK models developed by HYDAC ELECTRONIC GMBH reveal
no unsafe behaviour, the engineers have not been able to verify neither its correct-
ness nor its robustness. As we will see later, this strategy (we use the switching
points in time obtained with SIMULINK when the C code is run) is not safe in the
long run in presence of noise.
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1.3 The UPPAAL-TIGA Model for Controller Synthesis

The hybrid automaton model presented in the previous section can be interpreted
as a game in which the controller only supervises the pump. Inthis section, we
show how to automatically synthesize, from a game model of the system and using
UPPAAL -TIGA, an efficient controller for the Hydac case study. UPPAAL -TIGA
is a recent extension of the tool UPPAAL which is able to solve timed games (see
chapter 1 for a presentation of the tool).

1.3.1 Game Models of Control Problems

While modeling control problems with games is verynatural andappealing, we
must keep in mind several important aspects. First, solvingtimed games is com-
putationally hard, so we should aim at game models that are sufficiently abstract.
Second, when modeling a system with a game model, we must alsobe careful about
the information that is available to each player in the model. The current version
of UPPAAL -TIGA offers games of perfect information(see [3] for steps towards
games for imperfect information into UPPAAL -TIGA.) In games of perfect infor-
mation, the two players have access to the full description of the state of the system.
For simple objectives like safety or reachability, the strategies of the players are
functions from states to actions. To follow such strategies, the implementation of
the controller must have access to the information contained in the states of the
model. In practice, this information is acquired using sensors, timers, etc.

1.3.2 The UPPAAL-TIGA Model

We describe in the next paragraphs how we have obtained our game model for the
hybrid automaton of the HYDAC ELECTRONIC GMBH case study. First, to keep
the game model simple enough and to remain in a decidable framework2, we have
designed a model which: (a) considers one cycle of consumption; (b) uses an ab-
stract model of the fluctuations of the rate; (c) uses a discretization of the dynamics
within the system. Note that since the discretization impacts both the controller and
the environment, it is neither an over- nor an under-approximation of the hybrid
game model and thus we can not deduce directly the correctness of our controllers.
However, our methodology includes a verification step basedon PHAVER which
allows us to prove this correctness. Second, to make sure that the winning strategies
that will be computed by UPPAAL -TIGA are implementable, the states of our game

2 The existence of winning strategies for enriched timed games with extra cost variables in unde-
cidable, see [2].
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Fig. 1.6 Model of the cyclic consumption of the machine
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Fig. 1.7 Model of the pump Fig. 1.8 Model of the scheduler

model only contain the following information, which can be made available to an
implementation:

• the volume of oil at the beginning of the cycle; we thus only measure the oil once
per cycle, leading to more simple controllers.

• the ideal volume as predicted by the consumption period in the cycle;
• the current time within the cycle;
• the state of the pump (onor off).

Third, to ensure robustness of our strategies,i.e. that their implementations are cor-
rect under imprecision on measures of volume or time, we consider some margin
parameterm which roughly represents how much the volume can deviate because
of these imprecision in the measure. We will consider valuesin range[0.1;0.4]litre
for measurement imprecision.
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Global Variables

First, we discretize the time w.r.t. ratio stored in variable D, such thatD time units
represent one second. Second, we represent the current volume of oil by the variable
V. We consider a precision of 0.1l and thus multiply the value of the volume by 10
to use integers. This volume evolves according to a rate stored in variableV rate
and the accumulated volume is stored in the variableV acc3. Finally, we also use
an integer variabletime which measures the global time since the beginning of the
cycle.

The Model of the Machine

The model for the behaviour of the machine is represented on Fig. 1.6. Note that all
the transitions are uncontrollable (represented by dashedarrows). The construction
of the nodes (except the middle one labelledbad) follows easily from the cyclic
definition of the consumption of the machine. When a time at which the rate of con-
sumption changes is reached, we simply update the value of the variableV rate.
The additional central node calledbad is used to model the uncertainty on the value
of V due to the fluctuations of the consumption of the machine. This noise is not
related with the parameterm introduced previously as it concerns some possible
fluctuations in the consumption rate of the machine around its nominal rate. The
functionNoise (Fig. 1.9) checks whether the value ofV, if modified by these fluc-
tuations in the consumption rate of the machine, may be outside the safe interval
[Vmin+0.1,Vmax−0.1] 4. The functionfinal Noise (Fig. 1.9) checks the same but
for the volume obtained at the end of cycle and against the interval represented by
V1F and V2F. Note that this modelling allows in some sense to perform partial
observation using a tool for games of perfect information. Indeed, the natural mod-
elling would modify at each step the actual value of the variableV and the strategies
would then be aware of the amount of fluctuations. In our modelthe ideal value of
V is predictable because it directly depends on the current time and from the point
of view of the controller it does not give any information about the fluctuation.

The Model of the Pump

The model for the pump is represented on Fig. 1.7 and is very similar to the timed
automaton given on Fig. 1.4. Note that the transitions are all controllable (plain
arrows) and that we impose a bit more thanP1 as we require that 2 seconds have
elapsed at the beginning of the cycle before switching on thepump. Moreover, an
additional integer variablei is used to count how many times the pump has been
started on. We use parameterN to bound this number of activations, which is set to

3 To avoid integers divisions, we multiply all these values byD.
4 For robustness, we restrain safety constraints tom= 0.1 l .
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2 in the following. Note also that the time points of activation/deactivation of the
pump are stored in two vectorsstart andstop.

bool Noise(int s){
// s is the number of t.u. of consumption
return (V-s<(Vmin+1)*D|V+s>(Vmax-1)*D);}

bool final_Noise(){
// 20*D t.u. of consumption in 1 cycle
return (V-20*D<V1F*D|V+20*D>V2F*D);}

void update_val(){
int V_pred = V;
time++;
V+=V_rate;
V_acc+=V+V_pred;

}

Fig. 1.9 Functions embedded in UppAal Tiga models

The Model of the Scheduler

We use a third automaton represented on Fig. 1.8 to schedule the composition. Ini-
tially it sets the value of the volume toV0 and then it repeats the following ac-
tions: it first updates the global variablesV, V acc andtime through functionup-
date val. Then the scheduling is performed using the two channelsupdate cy5

andupdate pump. When the end of the cycle of the machine is reached, the corre-
sponding automaton sets the Boolean variabledone to true, which forces the sched-
uler to go to locationEND.

Composition

We denote byA the automaton obtained by the composition of the three automata
described above. We consider as parameters the initial value of the volume, sayV0,
and the target intervalI2, corresponding toV1F andV2F, and writeA (V0, I2) the
composed system.

1.3.3 Global Approach for Synthesis

Even if the game model that we consider is abstract and restricted to one cycle, note
that our modelling enforces the constraints expressed in section 1.2. Indeed,R1 is

5 We did not represent this synchronization on Fig. 1.6 to ease thereading.
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enforced through functionNoise, F is handled through the two functionsNoise and
final Noise, andP1 is expressed explicitly in the model of the pump. To extend our
analysis from one cycle to any number of cycles, and to optimize objectiveR2, we
formulate the following control objective (for some fixed margin m∈Q>0) :

Property(∗): Find some intervalI1 = [V1,V2]⊆ [4.9;25.1] such that

(i) I1 is m-stable: from all initial volumeV0 ∈ I1, there exists a strategy for the
controller to ensure that, whatever the fluctuations on the consumption, the
value of the volume is always between 5l and 25l and the volume at the end
of the cycle is within intervalI2 = [V1+m,V2−m],

(ii) I1 is optimalamongm-stable intervals: the supremum, overV0 ∈ I1 and over
the strategies satisfying(i), of the accumulated volume is minimal.

The strategies that fulfill that control objective have a nice inductive property: as
the value of the volume of oil at the end of the cycle is ensuredto be within I2,
andI2 ⊂ I1 if m> 0, the strategies computed on our one cycle model can be safely
repeated as many times as desired. Moreover, the choice of the margin parameter
m will be done so as to ensure robustness. We will verify in PHAVER that even in
presence of imprecision, the final volume, if it does not belong to I2, belongs toI1:
this is the reason why we fix a strict-subinterval ofI1 as a target in the synthesis
phase.

We now describe a procedure to compute an interval verifyingProperty(∗), and
the associated strategies. We proceed as follows6:

1. For eachV0 ∈ [4.9;25.1], and target final intervalJ ⊆ [4.9;25.1], compute (by a
binary search) the minimal accumulated volumeScore(V0,J) that can be guar-
anteed. This valueScore(V0,J) is

min{K ∈ N | A (V0,J) |= control: A<> Sched.END and V acc<=K}

2. Compute an intervalI1 ⊆ [4.9;25.1] such that, forI2 = [V1+m,V2−m]:

a. ∀V0 ∈ I1, A (V0, I2) |= control: A<> Sched.END
b. the valueScore(I1) = max{Score(V0, I2) |V0 ∈ I1} is minimal.

3. For eachV0 ∈ I1, compute a control strategyS (V0) for the control objective
A<> Sched.END and V acc<=K with K set toScore(V0, I2). This strat-
egy is defined by four dates of start/stop of the pump7 and, by definition of
Score(V0, I2), minimizes the accumulated volume.

It is worth noticing that the valueScore is computed using the variableV acc which
is deduced from intermediary values of variableV. SinceV corresponds to the value
of the volume with no noise,V acc represents themean valueof the accumulated
volume for a given execution.

6 Control objectives are formulated as “control: P” following U PPAAL -TIGA syntax, whereP is
a TCTL formula specifying either a safety propertyA[]φ or a liveness propertyA<>φ .
7 It is easy to obtain these times using the vectorsstart andstop of the pump.
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Fig. 1.10 For a margin pa-
rameterm= 0.4l and a gran-
ularity of 1 (D=1 in the
UPPAAL -TIGA model), we
obtain as optimal stable inter-
val the intervalI1 = [5.1,10].
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Results.

For a marginm= 0.4l and a granularity of 1 (D=1 in the UPPAAL -TIGA model),
we obtain as optimal stable interval the intervalI1 = [5.1,10]. The corresponding
optimal strategies are represented on Fig. 1.10. For each value of the initial volume
in the intervalI1, the corresponding period of activation of the pump is represented.
We have represented volumes which share the same strategy inthe same color. For
the 50 initial possible values of volume, we obtain 10 different strategies (first row
of Table 1.1). The overall strategy we synthesize thus measures the volume just once
at the beginning of each cycle and plays the corresponding “local strategy” until the
beginning of next cycle.

Gran. Margin Stable interval Nb of strategies Mean volume

1 4 [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 1.1 Main characteristics of the strategies synthesized with UPPAAL -TIGA.

Table 1.1 represents the results obtained for different granularities and margins. It
gives the optimal stable intervalI that is computed, (note that it is smaller if we allow
a smaller margin or a finer granularity), the number of different local strategies, and
the value of worst case mean volume which is obtained asScore(I)/20. These
strategies are evaluated in sections 1.4 and 1.5.
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1.4 Checking Correctness and Robustness of Controllers

In this section, we address the verification of the correctness and robustness of the
three solutions mentioned in the previous sections. To analyze the correctness and
the robustness of the three controllers, we use the tool PHAVER [4, 5] for analysing
hybrid systems. Robustness is checked according to the typeof controller we use:
for the Bang-Bang controller, it amounts to saying that the volume cannot be mea-
sured accurately and also that the rate fluctuates (±0.1l/s); for the Smart controller,
robustness against rate fluctuation cannot be checked because we do not have a pre-
cise mathematical model of the algorithm designed by the HYDAC ELECTRONIC

GMBH engineers; for our synthesized controller, we take into account the rate fluc-
tuation, the imprecision on the measure of the volume and theimprecision on the
measure of time.

PHAVER allows us to consider a rich continuous time model of the system where
we can take into account the fluctuations of consumption of the machine as well as
adequate models of imprecision inherent to any real implementation. The PHAVER

models of the controllers are given below and the other models of the cycle and ma-
chine are the timed automata of Fig. 1.7 and Fig. 1.6. Our models take into account
the fluctuations in the consumption rate of the machine as well the imprecision on
the measure of the volume. We now review the results for the three controllers.

1.4.1 The Bang-Bang controller

The PHAVER code of the Bang-Bang controller is given in Fig. 1.11. This automa-
ton turnson the pump when a floor volume value is reached and turnsoff the pump
when a ceiling value is reached.

To ensure robustness (and implementability) of this control strategy, we introduce
imprecision in the measure of the oil volume: when the volumeis read it may differ
by at mostε = 0.06 l from the actual value (precision of the sensor). Tuning this
controller amounts to choosing the tightest values for the floor and ceiling values
at which the controller switches the pump (fromon to off or the other way). In our
experiment we found that 5.76 and 25.04 are the best margins we can expect.
With this PHAVER model and the previous margins8, we are able to show that:
(1) this control strategy enforces the safety requirementR1, i.e. the volume of oil
stays within the bounds[4.9;25.1]; (2) the set of reachable states for initial volume
equal to 10l can be computed and it is depicted in Fig. 1.12; this means that this
controlled system is “cyclic” from the end of the first cycle on, and the same interval
[10.16;14] (for the volume) repeats every other cycle. It is thus possible to compute
(with PHAVER) the interval of the accumulated volume over the two cycles:for this
controller, the upper bound is 307 and the mean volume is 307/20= 15.35.

8 And another suitable piece of PHAVER program to perform the needed computations.
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1: // ——————————————————–
// bang bang Controller automaton

3: // this controller starts in on or off and then
// switch on or off when a bound is reached

5: // ——————————————————–

7: eps1:=0.06; // imprecision on the volume measure
margin_min:=0.86; // best we can do

9: margin_max:=0.06; // best we can do

11: automaton controller
input_var: v; // v is given by the cycle+tank automaton

13:

synclabs: switch_on , switch_off ; // synchronized with the cycle+tank
15:

loc on: while v <= VMAX - margin_max + eps1 wait {true}
17: when v>=VMAX-margin_max-eps1 sync switch_off do {true} goto off;

19: loc off: while v>=VMIN+margin_min - eps1 wait {true}
when v<=VMIN+margin_min+eps1 sync switch_on do {true} goto on;

21:

initially : off & true ; // values for no noise
23: end

Fig. 1.11 Bang-Bang controller in PHAVER
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Fig. 1.12 Cyclic Behavior of the Bang-Bang controller with Noise

1.4.2 The Smart Controller

The Smart Controller designed by HYDAC ELECTRONIC GMBH is specified by
a 400 line C program and computes the start/stop timestamps for the next cycle
according to what was observed in the previous cycle (see endof section 1.2). This
controller requires to sample the plant every 10ms in order to compute the strategy to
apply in the next cycle: although it is theoretically possible to specify this controller
in PHAVER, this would require at least 100× 20 discrete locations to store the
sampled data in the previous cycle. It is thus not realistic to do this as PHAVER

would not be able to complete an analysis of this model in a reasonable amount of
time.
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1: // ——————————————————–
// HYDAC smart controller automaton

3: // this controller starts in off and then
// switch on or off at given time points

5: // ——————————————————–

7: // time between switch is at least 2

9: automaton controller

11: contr_var: t; // this is the time reference of the controller
synclabs: switch_on , switch_off, tau1 ; // synchronized with the cycle+tank

13:

loc off1: while t<=2.16 wait {t’==1}
15: when t==2.16 sync switch_on do {t’==t} goto on1;

17: loc on1: while t<=4.16 wait {t’==1}
when t==4.16 sync switch_off do {t’==t} goto off2;

19:

loc off2: while t<=9.05 wait {t’==1}
21: when t==9.05 sync switch_on do {t’==t} goto on2;

23: loc on2: while t<=11.42 wait {t’==1}
when t==11.42 sync switch_off do {t’==t} goto off3;

25:

loc off3: while t<=13.96 wait {t’==1}
27: when t==13.96 sync switch_on do {t’==t} goto on3;

29: loc on3: while t<=16.04 wait {t’==1}
when t==16.04 sync switch_off do {t’==t} goto last;

31:

loc last: while t<=20 wait {t’==1}
33: when t==20 sync tau1 do {t’==0} goto off1;

35: initially : off1 & t==0 ;

37: end

Fig. 1.13 HYDAC ELECTRONIC GMBH Smart Controller in PHAVER

Instead we have built the PHAVER controller (given in Fig. 1.13) that corre-
sponds to the behaviour of the smart controller in a stationary regime, and in the ab-
sence of noise. It turnsonandoff so that the pump is active exactly during the three
intervals[2.16;4.16], [9.05;11.42] and[13.96;16.04] during each cycle. Indeed us-
ing simulation, the engineers of HYDAC ELECTRONIC GMBH had discovered that
the behavior of their controllers in the absence of noise wascyclic (stable on sev-
eral cycles) if they started with an amount of oil equal to 10.3 l . This is confirmed
by the simulations we report on at the end in Fig. 1.19 and by Fig. 1.14, obtained
with PHAVER showing that the smart controller stabilizes with no fluctuations in
the rate.

However, our simplified version of the Smart controller given in Fig. 1.13 (with-
out imprecision on the timestamps of start and stop of the pump), is not robust
against the fluctuations of the rate: the behavior of the system in the presence of
noise is depicted in Fig. 1.15 and it can be shown with our PHAVER models that
after four cycles, the safety requirementR1 can be violated. Unfortunately, there
is no way of proving the correctness of thefull Smart controller with PHAVER,
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Fig. 1.14 Smart Controller / no fluctuations Fig. 1.15 Smart Controller / fluctuations

and SIMULINK 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) produces anaverage accumu-
lated volume of around 221 per cycle i.e. an average volume of11.05.

1.4.3 Controller Computed with UPPAAL-TIGA

We now study the correctness and robustness of the controller synthesized with
UPPAAL -TIGA. This verification phase is necessary because during the synthesis
phase we have used a very abstract model of the system and alsodiscrete time.
To force robustness and correctness, we have imposed additional requirements on
the winning strategies (our inductive property together with the margin). Instead
of proving by hand that the model and the objective yield to a correct and robust
controller we perform a formal post-check of the controllerin the presence of noise
and imprecision. We summarize here the results of this verification phase. In the
sequel we use the controller for granularity 2 and margin 4: this controller can be
seen as 14 different local controllers, each one managing one of the 14 intervals in
which the initial volume can be at the beginning of a cycle. Wewill focus on those
strategies here but we have automated the process and the others may be treated
along the same lines.

To make sure that our strategies are implementable, we have verified them in
presence of fluctuations of the rate consumption and two types of imprecision: on
the time-stamp of start/stop of the pump (we use∆ = 0.01 second), and on the
measure of the initial volume, the imprecision being 0.06 l . Fig. 1.16 shows how the
volume is controlled over 3 cycles: after the first one att = 20, we measure the real
volume with uncertainty (0.06 l ) and use the corresponding controller from 20 to 40
and for 40 we again switch to another one.

We have designed a generic PHAVER model for controllers with 2 starts and 2
stops during one cycle which is given in Fig. 1.17.

For example, the controller for initial volume within[5.7;6.3] is obtained by
settingstarti andstopi with the correct values for this initial volume. In this
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Fig. 1.16 The Pump Controlled over 3 Cycles

1: // ——————————————————–
// TIGA controller automaton

3: // this controller starts in off and then
// switch on or off at time points defined in another file

5: // ——————————————————–

7: // time between switch is at least 2
delta:=0.01; // this defines the maximum error on

9: // the date at which start/stop are performed

11: automaton controller

13: contr_var: t; // this is the time reference of the controller
synclabs: switch_on , switch_off ; // synchronized with the cycle+tank

15:

loc off1: while t<=start1+delta wait {t’==1}
17: when t>=start1-delta sync switch_on do {t’==t} goto on1;

19: loc on1: while t<=stop1+delta wait {t’==1}
when t>=stop1-delta sync switch_off do {t’==t} goto off2;

21:

loc off2: while t<=start2+delta wait {t’==1}
23: when t>=start2-delta sync switch_on do {t’==t} goto on2;

25: loc on2: while t<=stop2+delta wait {t’==1}
when t>=stop2-delta sync switch_off do {t’==t} goto last;

27:

loc last: while true wait {true} ;
29:

initially : off1 & t==0 ;
31:

end

Fig. 1.17 Generic PHAVER Controller with two Start/Stop(s).

automaton, there is a variableδ (delta) which models the interval in which we
issue the start/stop commands: we cannot measure time with infinite accurracy and
thus we will only be able to issue the start/stop actions in aninterval around the
precise time points given by the controller: if the ideal synthesized controller has to
issueswitch on at 2.5, the implementation of the controller can only ensure it will
be issued in[2.5−δ ;2.5+δ ]. We use the model for the cycle and pump automaton
given Fig. 1.4 and 1.5. The valuesv1 andv2 are set according to the controller we
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Fig. 1.18 The overall SIMULINK model.

want to check (e.g.v1 = 5.7 andv2 = 6.3 for the controller which has to be used
for the volume within[5.7;6.3]). As our controllers should handle all the possible
values of the volume at the beginning of a cycle, as well as to be robust w.r.t. errors
in the volume measurement, we add a variable (ε) eps which models this error:
it means we use the controller for[5.7;6.3] on a larger interval which is given by
[5.7− ε;6.3+ ε ]. Still our controller should ensure that the final volume is within
[5.1;8.9]. To ensure overlapping and full coverage of the initial volume range, we
need to setε larger than 0.05: we choose 0.06 for the following experiments9. To
validate the controller synthesized with UPPAAL -TIGA we check the following:

1. we setδ = 0.01 second,ε = 0.06, and the maximum rate fluctuation isf = 0.1;
2. we check that the set of reachable states of each of the 14 controllers is within

[Vmin;Vmax] which is the safety requirement of the accumulator;
3. we check that, starting fromIε = [5.1− ε;8.9+ ε] the final values of the vol-

ume are within the interval[5.1;8.9]. Thus we have an inductive proof that our
controller is safe and robust w.r.t. triple(δ ,ε , f ).

1.5 Simulation and Performances of the Controllers

In this section, we report on results obtained by simulatingthe three controller types
in SIMULINK , with the purpose of evaluating their performance in terms of the
accumulated volume of oil.

SIMULINK models of theBang-Bangcontroller as well as of theSmartcontroller
of HYDAC ELECTRONIC GMBH have been generously provided by the company.
As for the eight controllers – differing in granularity and margin – synthesized by
UPPAAL -TIGA, we have made a RUBY script which takes UPPAAL -TIGA strate-
gies as input and transforms them into SIMULINK ’s m-format.

Fig. 1.18 shows the SIMULINK block diagram for simulation of the strategies
synthesized by UPPAAL -TIGA. The diagram consist of built-in functions and four

9 If the real volume is 5.65, we may obtain a measure of 5.7 or 5.6: what we check is that both the
controllers for 5.7 and 5.6 will ensure the final volume is the interval[5.1;8.9].
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(a) Bang-Bang controller
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(b) Smart Controller
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Fig. 1.19 The three controller types with SIMULINK

subsystems:Consumer, Accumulator, Cycle andPump (we omit the details of
the subsystems). TheConsumer subsystem defines the flow rates used by the ma-
chine with the addition of noise: here the choice of a uniformdistribution on the
interval[−ε ,+ε ] with ε = 0.1l/shas been made. TheAccumulator subsystem im-
plements the continuous dynamics of the accumulator with a specified initial volume
(8.3l for the simulations). In order to use the synthesized strategies the volume is
scaled by a factor 10, then rounded and fed into a zero-order hold function with a
sample time of 20s. This ensures that the volume is kept constant during each cy-
cle, which is feed into the strategy function. ThePump activation subsystem takes
as input the on/off timestamps from the strategy (for the given input volume of the
current cycle) and aCycle timer, that holds the current time for each cycle.

Now, the plots in Fig. 1.19 are the result of SIMULINK simulations of the con-
trollers, illustrating the volume of the accumulator as well as the state of the pump
(on or off) for a duration of 200 s, i.e. 10 cycles. Though the simulations do not
reveal the known violation of the safety requirementR1 in the HYDAC Smart con-
troller case, the simulations yield useful information concerning the performance of
the controllers. In particular, the simulations indicate that the accumulated oil vol-
ume for all controllers grow linearly with time. Also, thereis clear evidence that the
strategies synthesized by UPPAAL -TIGA outperform the Smart controller of HY-
DAC – which is not robust – and also the Bang-Bang controller – which is robust but
far from optimal.

This is highlighted in Table 1.2, giving – for each of the ten strategies – the simu-
lation results for the accumulated volume of oil , the corresponding mean volume as
well as the worst case mean volume according to synthesis of UPPAAL -TIGA. The
table shows – as could be expected – that UPPAAL -TIGA’s worst case mean vol-
umes consistently are slightly more pessimistic than theirsimulation counter-parts.
More interestingly, the simulation reveals that the performances of the synthesized
controllers (e.g. G2M1) provide a vast improvement both of the Smart Controller of
HYDAC ELECTRONIC GMBH (33%) and of the Bang-Bang Controller (45%).
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Controller Acc. volumeMean volumeMean volume (TIGA)

Bang-Bang 2689 13.45 -
HYDAC 2232 11.16 -

G1M4 1511 7.56 8.45
G1M3 1511 7.56 8.35
G1M2 1518 7.59 8.25
G1M1 1518 7.59 8,2

G2M4 1527 7.64 8.05
G2M3 1513 7.57 7.95
G2M2 1500 7.5 7.95
G2M1 1489 7.44 7.95

Table 1.2 Performance characteristics based on SIMULINK simulations.

1.6 Conclusion

In this paper we have presented a model-based methodology for the systematic de-
velopment of robust and near-optimal controllers. The methodology applies a chain
of tools for automatic synthesis (UPPAAL -TIGA), verification (PHAVER) and sim-
ulation (SIMULINK ). Initially, sufficiently simple and abstract game models are used
for synthesis. The correctness and robustness of the strategies are then verified us-
ing continuous hybrid models and – finally – the performance of the strategies are
evaluated using simulation models.

Applied to the industrial case study provided by HYDAC ELECTRONIC GMBH,
our method provides control strategies which outperforms the Smartcontroller as
well as the simpleBang-Bangcontroller considered by the company. More impor-
tant – whereas correctness and robustness of the Smart controller is unsettled – the
strategies synthesized by our method are provably correct and robust. We believe
that the case study demonstrates the maturity and industrial relevance of our tools.

Directions for further work include:

• Improve the performance of our controller further by optimizing over several
cycles, and/or

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

• Consideration of other imprecision, e.g. with respect to the timing of consumer
demands.

• Consideration of other optimization criteria. An interesting feature of theSmart
controller of HYDAC ELECTRONIC GMBH seems to be that the oil volume is
kept in a rather narrow interval, a feature which could possibly be beneficial for
increasing the life-time of theAccumulator.

• Use the emerging version of UPPAAL -TIGA supporting synthesis under partial
observability in order to allow more accurate initial game models.
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