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Abstract

The goal of an idle control for automotive engines is to maintain
the engine speed within a given range, robustly with respect to
load torque disturbances acting on the crankshaft. Mean value
models have been used in the past to design idle control algorithms.
However, the behavior of the torque generation process and the
dynamics of the powertrain are not captured with enough accuracy
to guarantee that the idle control specifications as given by car
makers are met. We use a cycle-accurate hybrid model to overcome
these obstacles. To tackle the complexity of the controller design,
the system is decomposed in three parts. For each part in isolation,
a control law is derived on a simplified model assuming that the
other parts can be controlled to yield appropriate inputs. The
overall control strategy is then applied to the system. Hence, the
correct interaction of the feedback loops is formally verified using
an assume—guarantee approach, to ensure that the behavior of the
controlled system meets the given specifications.



1 Introduction

The synthesis of an idle control strategy for an internal combustion en-
gine is among the most challenging problems in engine control. The
objective is maintaining the engine speed as close as possible to the
value that minimizes fuel consumption, while preventing the engine from
stalling. The difficulty lies with the unpredictable load variations com-
ing from the intermittent use of devices powered by the engine, such as
the air conditioning system and the steering wheel servo-mechanism. A
survey on different engine models and control design methodologies for
the idle control is given in Hrovat and Sun (1997). Both time-domain
(e.g. Butts et al. (1999)) and crank-angle domain (e.g. Yurkovich and
Simpson (1997)) mean-value models have been proposed in the liter-
ature. More recently, cycle-accurate models capturing periodic engine
speed variations due to torque fluctuations, were investigated in Shim
et al. (1996). Multivariable control (Onder and Geering (1993)), ¢;
control (Butts et al. (1999)), H, control (Carnevale and Moschetti
(1993)), p-synthesis (Hrovat and Bodenheimer (1993)), sliding mode
control (Kjergaard et al. (1994)) and LQ-based optimization (Abate
and Di Nunzio (1990)) have been applied to idle control on a variety
of models. However, a fully satisfactory solution has still to emerge. In
this paper, we use a hybrid model to describe the cyclic behavior of the
engine, thus capturing the effect of each spark ignition on the generated
torque and the interaction between the discrete torque generation and
the continuous power-train and air dynamics. We consider a traditional
spark ignition engine without Gas Direct Injection (GDI). The torque
generated by each cylinder and applied to the engine crankshaft can be
assumed to be a function of the spark ignition time, and of the air-fuel
mixture mass loaded in the cylinder during the intake phase. Since the
air-to-fuel ratio is assumed to be constant (at the stoichiometric value),
then the mixture mass is controlled by the throttle plate position and
is subject to the dynamics of the cylinder filling. Hence, the available
controls for the idle problem are: the spark ignition time and the po-
sition of the throttle valve, which regulates the air inflow!. A hybrid
model of the plant is obtained from the general model of an internal com-
bustion engine presented in reference Balluchi et al. (2000b), by using

!The effect of a spark command on the torque generation is “stronger” than the one
of a throttle plate command, since air inflow is subject to both manifold dynamics and
delay due to mix compression. Hence, sudden loads can be much better compensated
with spark ignition than with air inflow, while air inflow can be used to control the
engine in steady state.



nonlinear expressions and model parameters identified on a commercial
car in collaboration with our industrial partner, Magneti Marelli Power-
train S.p.A. . In Balluchi et al. (2000b) and Balluchi et al. (2000a), the
problem of maintaining the crankshaft speed within a given range was
formalized as a “safety” specification for the hybrid closed-loop system?.

For a simplified engine hybrid model, where some nonlinear expressions
were linearized and no actuation delay was considered, the idle control
problem was solved by computing analytically the set of all hybrid states
for which there exists a hybrid control strategy meeting the specification.
The class of all “safe” controllers obtained by the procedure was called
the mazimal controller. Despite the simplification of the model, the ex-
pression of the maximal controller obtained in Balluchi et al. (2000b),
Balluchi et al. (2000a) is quite complex. Consequently, the implementa-
tion of a particular controller extracted from the maximal controller is
quite expensive in terms of computing time and memory.

To solve the problem in ways that are industrially feasible, we have
to take into account nonlinearities, actuation delays and yet we have to
keep a close look at implementation costs. The approach we propose in
this paper is to select semi-heuristically an easy—to—implement controller
and then verify that it satisfies the specifications.

Verifying the system by simulation and prototyping is certainly pos-
sible but we cannot guarantee that the system will satisfy the specifica-
tions in all operating conditions. In fact, it is often the case that idle
control needs extensive empirical adjustments in the car.

In this paper, we present a first cut for a methodology based on a
divide and conquer approach to obtain the controller and formal tech-
niques to guarantee that the controller is contained in the maximal con-
troller and, hence, it satisfies the specifications.

In our case, the closed-loop system is viewed as composed of three
sub-systems (intake manifold, cylinders and powertrain sub-systems).
The control law is derived by simplifying substantially each of the sub-
systems so that the hybrid nature of the model is ignored and the sub-
systems are linearized and discretized with a fixed sampling time. The
control law is synthesized so that the constraints are satisfied in this
simplified domain. Then, this control law is applied to the full-fledged
system. Of course, at this point, there is no guarantee that the control
law will yield a closed—loop system that satisfies the constraints even
though the decomposition and the corresponding simplifications have

2A safety specification requires the system to stay within a set of specified safe
states.



been made so that we do not wander far from the original model. The
basic idea of our methodology is to verify each sub-system in isolation
assuming that the behavior of the other sub-systems satisfies an appro-
priate set of conditions. Then, the consistency of the assumptions on the
behaviors is verified, knowing that each of the sub-systems works cor-
rectly in isolation. The sub-systems are the same as the ones identified
for the derivation of the control law. However, the behavior of the closed-
loop power-train sub-system is still too complex to verify formally, since
it contains the hybrid powertrain model. Hence, the hybrid powertrain
model is decomposed itself in the continuous part and the discrete part
and verified following the same divide and conquer approach. Note that
this approach is a particular case of the assume—guarantee paradigm
widely used in formal verification.

To summarize, our methodology consists of dividing the overall sys-
tem in a set of interconnected sub-systems, simplifying the model for
each, derive a control law for the decomposed, simplified system and
finally formally verify that the control law (possibly modified to take
into account some of the simplifications made) satisfies the constraints
of the full fledged model. To the best of our knowledge, this approach
is novel in hybrid control.

The paper is organized as follows: in Section 2, a description of the
hybrid model of the engine in the idle region of operation is recalled.
In Section 3, an idle speed controller is proposed and in Section 4, the
verification results on the behavior of the closed—loop hybrid system are
reported.

2 Plant hybrid model

In this section we briefly describe a hybrid model of a 4—stroke internal
combustion engine. This model has been obtained from the hybrid model
presented in reference Balluchi et al. (2000b), by specifying nonlinear
expressions and model parameters on the bases of the experimental data
obtained from a commercial car at idle speed provided us by Magneti
Marelli Powertrain (Italy).

The model is composed of four interacting blocks, namely, the intake
manifold, the cylinders, the power-train and the actuators, as shown in
figure 1.

The intake manifold pressure dynamics is a continuous-time pro-
cess controlled by the throttle-valve position a. Denoting by p the pres-
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Figure 1: Model of the engine.

sure, manifold dynamics is modelled as

p(t) = ap(p(t)) p(t) + by(p(t)) s(cx(?)) (1)

where s(«) is the equivalent throttle area, given in terms of throttle angle
«. Parameters a, and b, depend in a strongly nonlinear fashion on the
geometric characteristics of the manifold, on the physical characteristics
of the gas and atmosphere, and on the current value of the pressure p.
The dynamics of actuation of the throttle valve is modelled by a linear
first—order dynamical system:

at) = analt) +baV (%) 2)

where V' is the motor input voltage that is assumed to be a discrete time
signal produced with a sampling period 74.

The cylinders block models the torque generation. The torque T
generated by each piston at each cycle depends on the thermodynamics
of the air—fuel mixture combustion process. The profile of T' depends on
the phase of the cylinder, the piston position, the mass m of air and ¢
of fuel loaded during the intake phase, and on the spark ignition timing.
For idle speed values, the quantity m of air loaded into each cylinder at
the end of the intake run can be assumed to depend only on the value
of the intake manifold pressure at the intake end time ¢;,; as

m = km(p(tint))p(tint) (3)

Assuming that fuel injection is regulated by an inner control loop that
maintains the air-to-fuel ratio to stoichiometry, the profile of the torque
T generated by each cylinder can be described by a piecewise constant
function that is assumed to be zero everywhere except in the expansion
phase in which

T(t) = Gmn(p) (4)



where the gain G is a constant parameter, ¢ is the spark advance?, and
7(g) is the ignition efficiency.

When the gear is neutral and the clutch is released, the secondary
driveline is disconnected from the engine so that the power-train is
described only in terms of the crankshaft speed n and position 8, by the
continuous time system

w(t) = ann(t) +bn (T(t) — Ti(t)) (5)
0(t) = knn(t) (6)

where a,, b, are constant parameters, T' is the torque produced by the
engine, and 7 represents a load torque acting on the crankshaft.

The ignition actuators must produce the spark ignition at every
cycle, according to the current decision of the control algorithm, and
synchronously with the crankshaft position 6. Since ignition control
takes time to actuate, then, it has to be decided sufficiently in advance
to make sure that it is properly delivered to the plant. The spark is in
general ignited with a different spark advance at every cycle. The value
of the spark advance must then be computed at the end of the intake
stroke, so that the ignition subsystem can be programmed to ignite the
spark at the proper time.

In conclusion, the behavior of a four—cylinder in-line engine and
power-train can be represented using only one discrete state, as shown in
figure 2. In fact, the engine kinematics are such that, at any time, each
cylinder is in a different stroke of the engine cycle and only one cylinder
is generating the torque 7. Every half of a crankshaft run, i.e., when
6 = 180, the control law f,(-) is computed to obtain the spark ignition
to be applied to the cylinder that is entering the compression stroke at
the current dead center. The throttle valve control f,(-) is computed
at fixed frequency 1/74 and will affect the amount of air loaded by the
cylinder that is performing the intake stroke at the current sampling
time. The torque T — T is the total torque acting on the crankshaft.

3 Idle speed control design

The specification for the idle speed control is to maintain the crankshaft
revolution speed around a nominal value ng, so that it never exits a
range ng = An, with An > 0. This specification has to be achieved for

3The spark ignition time is commonly defined in terms of the spark advance that
denotes the difference between the angle of the crankshaft when the cylinder is at the
end of the compression stroke and the one at the time of ignition.
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Figure 2: Engine hybrid model at idle speed.

any value of the load torque disturbance 7; within a lower bound zero
and an upper bound TlM > 0.

The proposed control is a state feedback control. While the spark
advance feedback f,(-) is computed at dead-center times, the throttle
feedback f,(-) is set at fixed-frequency sampling times.

Let {t;} denote the sequence of dead—center times and let ¢; denote
the current dead—center time.

According to the engine hybrid model described in the previous sec-
tion and shown in figure 2, the spark advance control ¢(¢;), chosen
at time t;, will affect the value of the torque T'(t;11) that drives the
crankshaft from time ¢;1 to time t;;9. The amount of driving torque
T(t;+1) depends also on the value of the load disturbance Tj(t), acting
on the same time interval [t;11,%;12). The result of the action of this
torque will be a given value of crankshaft speed n(t;12) at time #;1o.
Let {tf} denote the sequence of sampling times t}-“ of the throttle valve
control feedback fo(-). The control actions a(tf) for tj‘ € [ti, ti+1) drive
the manifold dynamics during an intake stroke starting from the dead—
center time ¢; to the dead—center time ¢;1. The amount of mass loaded
by the cylinder at time ¢;; depends on these control actions. Note that
the corresponding torque will be produced only from time ;5 to time
t;+3, due to the delay introduced by the compression stroke.
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Figure 3: Control scheme.

3.1 Controller structure

Due to the complexity of the system to control, our strategy is to decom-
pose the system into three nested sub-systems and to devise an appropri-
ate control for each of them in isolation, assuming that the variables that
connect the sub-system to the others satisfy an appropriate assumption.
The interconnect variables are subject to control and the assumption is
chosen so that the controller can indeed make them true when applied
to the appropriate sub-system. Of course, there is no a priori guarantee
that the control law derived with these heuristics satisfy the constraints
when applied to the hybrid model. The goal of the verification step is
to prove that the strategy pays off: the constraints are indeed satisfied.
The controller is composed of three nested loops:

e an engine speed control in the outer loop, which is responsible
for the generation of torque values the cylinders are requested to
produce;

e a torque control in the middle loop, which regulates the torque
produced by the engine to the desired value and is implemented
by the spark advance feedback f,(-);

e a manifold control in the inner loop, which is responsible for reg-
ulation of the mass loaded by the cylinders and implemented by
the throttle valve feedback f,(-).

The overall control scheme is shown in figure 3.

3.2 Speed and torque control loops

In this section, we detail the simplifications and show how the control
law is derived. The hybrid nature of the torque generation process is



approximated by means of a fixed frequency 7/30 = 1/7y dicrete time
process and the driveline dynamics is discretized with sampling period
T so that it reduces to:

n(kto + 70) = aln(kmo) + be (T (kmo) — Ty (ko))

with a¢ = e*™ and b¢ = (e%™) — 1)(b,/a,). The robustness of the
closed—loop system behavior with respect to this approximation has to
be checked in the verification phase. Moreover, assuming that the middle
loop will be able to produce the requested torque with a one-step delay,
we have

T(kro) = T(kmo — 0) (7)

where T'(ky) is the driving torque during the expansion phase from time
kty to kto + 79 and T'(kTo — 79) is the reference torque computed at the
end of the intake phase by the speed controller. This torque depends on
the mass of air

m(kto — 70) = km(p(kT0 — 70)) P(kT0 — T0)

loaded in the cylinder entering the compression phase and on the spark
advance ¢(k7y — 79) that will be applied to the same cylinder.

_ We design an engine speed control feedback such that the torque
T (kTy — 79) emulates that of a PI controller, represented as follows:

T(z) = K, (1 + LQ (n(z) S ) (8)

(2 —1 z—1

This controller is able to asymptotically compensate constant torque
disturbances. The gain K, and the time constant 77 are selected as to
stabilize the system dynamics

n(kto + 10) = aln(kro) + BT (k7o — 70) (9)

around the nominal engine speed ng, when the disturbance torque 7T; is
constant.
The spark advance is then computed by simply inverting equation

T(kro — 70) = G m(kto — 70)) 1 (0(k7o0 — 70))

taking into account the saturation ¢ € [Qmin, Pmaz)- If the computed
spark advance is not saturated, then it will be able to produce the desired
torque, as in (7), on the basis of the mass of air loaded at time k7y — 7.



Furthermore, the middle-loop control has to generate the sequence
of reference values m(k7my — 79) that is given as input to the manifold
control inner loop. This reference value, when produced, will affect the
torque generated in the time interval [k79+ 79, k79 +270] and is computed
by inverting equation

T(kro — 1) = G (ko — 7o) 1 (o) (10)

where the parameter g, with Ymin < ©o0 < Qmaz, is the nominal spark
advance to be used during idle control. The tuning of the control pa-
rameter g to value smaller than ¢,,,, allows some degree of reacting to
fast positive torque requests using the spark advance input. Similarly,
setting g to a value greater than ¢,,;,, allows to react to fast negative
torque requests.

Note that the mass of air loaded into the cylinder at time kry—7y, i.e.,
at the end of the intake phase, depends on the throttle control applied
on the time interval [kTy — 279, k7o — 70).

3.3 Intake manifold control loop

The objective of the intake manifold control is that of making the cylin-
ders load the amount of mass m specified by the torque control.

For the design of the intake manifold control, we assume that the
reference signal m is produced at a fixed frequency 1/7y and 74 is such
that 79 = Na74 for an appropriate integer N4 . The robustness of the
closed-loop system with respect to this assumption has to be checked in
the verification phase.

The intake manifold and cylinder filling dynamics are discretized
with sampling period equal to the throttle valve control sampling time
T4. By inverting equation (3), a sequence p of manifold pressure set-
points is obtained from the sequence of desired mass m given by (10).
Hence, a PID controller that produces convergence of the manifold pres-

sure p to the target signal p is used for the throttle piecewise—constant
control feedback f,(-):

TAZ 7p(z—1)

V(z)zkp(u Az, ) 0 -5E) (1)

7r(z—1) TAZ

3.4 Simulations

Simulation results are reported in figure 4. The crankshaft revolution
speed has to be maintained around the nominal value ng = 800 rpm

10
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Figure 4: Simulation results.

with maximum excursion of +50 rpm so that 79 = 30/n¢ = 37.5 msec.
The value of the powertrain parameters are a, = —1.531 and b, =
95.49; those of the intake manifold are: 74 = 19/4, a, = —20.94, b, =
1821, aq = —10.3, b, = 9.8 and ¢y = 12. Finally, the PID controllers
are defined by the following time constants and gains: K, = 0.0781,
71 = 234.5 msec, Kp = 0.0613, 7 = 135.7 msec, 7p = 29.5 msec.
Figure 4 shows relevant signals in a simulation of the closed-loop system,
obtained with a load torque T; that is a step of amplitude 5 Nm applied
at time t = 3.2 sec.

11



4 Closed—loop system behavior verification

In this section, we need to show that the hybrid feedbacks described in
sections 3.2, 3.3, when applied to the full hybrid system model described
in section 2, achieve the task of maintaining the engine speed within the
specified range, for any action of the load disturbance, provided that
the initial condition of the hybrid system belongs to a specified set. In
other words, we need to show that a given set of initial conditions is
a robust invariant set for the closed loop system obtained by applying
the proposed idle speed control to the hybrid engine model. This result
guarantees that, if the hybrid system state is steered inside this set (that
may not be the maximal one), then the proposed idle feedback control
can be activated and the idle speed specification will be met under any
load disturbance.

In Balluchi et al. (2000a), the maximal robust invariant set for an
engine at idle speed was computed analytically for a simplified engine
hybrid model, where the nonlinear expressions were linearized and no
actuation delays were considered. The main objective there was to estab-
lish the best performances achievable by a given engine without adding
any detail and/or constraints on the idle speed controller. The approxi-
mated linear expressions were used to make the analytical computation
feasible and the largest set of initial conditions for which at least an idle
speed controller exists was derived.

In this paper, we added details and constraints on the controller,
specifying actuator delays and dynamics in the hybrid model of the
engine. Hence, the verification task is more complex and cannot be
carried out analytically. We need to show that, from a given set of initial
conditions, the controller synthesized in the previous section achieves
the idle speed specification. Due to the added details on actuations
characteristics and due to the choice of a particular controller, this set
of initial conditions will be necessarily contained in the maximal robust
invariant set for idle speed control computed for the nonlinear model.

Performing formal verification of the behavior of the entire hybrid
closed-loop system with respect to the given specification is prohibitively
complex. Hence, we decided to apply an assume-guarantee paradigm
to verify the correctness of the proposed controller. The verification is
based on the same decomposition of the system used in the design of the
feedback controls. Then, we consider first the powertrain closed—loop
system, then the cylinders closed—loop system, and finally the intake
manifold closed—loop system.

12



4.1 Engine speed feedback formal verification

Applying the assume—guarantee paradigm, the correctness of the behav-
ior of the speed control outer loop is verified assuming that the torque
control middle loop will produce the requested values of torque with a
single phase delay.

First, we analyze the evolution of the continuous dynamics (5)-(6).
To this end, we compute in the configuration subspace (n,T') a set P such
that if, at each dead center, the configuration is inside the set P, then the
continuous evolution of n(t) will satisfy the system specification n(t) €
[ng — A,ng + A] also for any ¢ between dead center times, under any
action of the torque disturbance T;. The set P is obtained by backwards
integration of equations (5)-(6) over a stroke for 7; € [0, 5| Nm. Figure 5
shows the set P.
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Figure 5: The set P.

Hence, the speed controller produces a correct behavior if, for any
evolution of the closed—loop system, at each dead center the engine
torque T and the engine speed n belong to the set P. Let zf; denote the
state of the PI engine speed controller. Under the assumption that the
torque control middle loop will produce the requested values of torque
with a single phase delay, the evolution of variables (ny, T}, z,é ) for the

13
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closed-loop system* is given by

Nk+1
Tt

I
2k+1

g 2 (el 1) (T~ T) (12)
n
~ TI + T4
Ty = 2L — Kp IT, % (g, — mg) (13)
T
2 — Kp—(ng — no) (14)
TI

In (12), t* denotes the dead-center time that is modeled as a bounded

unknown disturbance in the range [30/(no + A),30/(ny — A)].

This

formalization allows us to verify the robustness of the closed—loop system
with respect to the fact that the engine speed controller is designed for
the discrete time approximation of the process (5) using t* = 79. At each
dead center the engine torque 7} and the engine speed n; belong to the
set P, if there exists a not empty robust invariant set Mp contained in
P x R and the PI controller initial configuration 2} is chosen such that

(’no, Ty, Zé) € Mp.

Then, to complete the verification of the speed controller we have

4The index k refers to the k-th dead center.

14
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Figure 7: Assumed behavior for the intake manifold closed—loop subsys-
tem.

to compute a robust invariant set Mp for dynamics (12),(13) and (14),
contained in P x R. Such invariant set is required to be robust with
respect to both the unknown load torque 7; and the unknown dead
center times t*.

Figure 6 shows the maximal invariant set Mp for dynamics (12),(13)
and (14) contained in P x R, robust with respect to the load torque
disturbance 77 only. This set has been computed applying backwards
reachability analysis starting from the set P x R under any action of the
disturbance Tj.

Further elaboration of this set to ensure robustness with respect to
the disturbance t* is currently under investigation.

Notice that, since the assumed behavior for the torque closed—loop
sub-system is that of producing the desired torque T with a single phase
delay, the specification to be verified for the middle sub-system does not
depend on the evolution of the outer control loop. This allows us to
formally verify that if the intake manifold control inner loop will exhibit
an input-output behavior that is contained in the stream depicted in

15



figure 7, in terms of requested mass m(k — 1) and loaded mass during
the intake strokes m(k), then the torque control middle loop is able to
produce the requested behavior between the desired torque T and the
engine torque 7.

Finally, in the last step of the assume-guarantee approach, we will
consider the verification of the intake manifold control inner loop to
show that the behavior of the throttle valve control is correct, in the
sense that it provides the assumed behavior specified in figure 7. An
objective of this verification is to show that the discrete representation
of the pressure dynamics, used in the design of the throttle valve con-
trol, models sufficiently well the continuous evolution of the manifold
pressure. A second issue is verifying that the interaction between the
two loops with different triggers (the throttle control running at fixed
frequency 1/74 and torque control synchronized with the engine dead
centers) produces a correct behavior.

5 Conclusions

The idle speed control problem has been formalized as a safety specifi-
cation for a hybrid model of the engine and the power-train. The hybrid
model describes the intake manifold and cylinder filling dynamics, the
torque generation process and the powertrain, as well as throttle and
spark ignition actuators. An idle speed controller has been designed
exploiting the decomposition of the system in three components: the
engine speed controller, the torque controller and the intake manifold
controller. For the design of each controller, a simplified model of the
plant is used. Each controller is synthesized assuming that the other
sub-systems can be controlled to give the appropriate input-output be-
havior.

The control law so obtained is then applied to the hybrid system
modeled in its entirety and simulation results are obtained. Since there is
no guarantee that the behavior of the closed-loop system will satisfy the
specifications, we apply formal verification techniques to demonstrate
that the control law does indeed meet the constraints. Since formal
verification is a very complex task, we applied an assume-guarantee
approach that views the system as composed of the three sub-systems
for which the control law was derived. The assume—guarantee principle
allows us to obtain a set of formal verification problems that are solvable
within the domain of present formal verification tools.

16
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