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COMBUSTION ENGINE

(67)  Method for controlling a throttle valve of an in-
ternal combustion engine, the valve comprising an elec-
tric actuator for controlling a position of a shutter and a
position sensor for detecting the position of the shutter,
the method comprising a step of controlling said actuator
by means of a cascade control scheme comprising an
inner control loop and an outer control loop, so as to
generate a control signal (Volt_act) given by the differ-

METHOD AND DEVICE FOR CONTROLLING A THROTTLE VALVE OF AN INTERNAL

ence between a proportional contribution and an integral
contribution, wherein the proportional contribution (Po *
e_vel) is a function of the signal generated by a controller
(C1) of the outer loop and wherein the integral contribu-
tion (C_stim) is a function of at least a position estimation
error (e_stim) between an estimated position (pos_stim)
by means of an estimator and a measured position
(pos_mis) by means of the position sensor.
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Description

Field of the invention

[0001] The present invention relates to the field of
methods and devices for controlling throttle valves of an
internal combustion engine.

State of the art

[0002] The position control of the butterfly valves con-
sists of a flat shutter fixed on a rotating shaft which lies
substantially in the plane of the shutter. The rotation of
the valve is actuated by a DC motor, sometimes by a
gear train.

[0003] Preloaded springs are associated with the
shaft, for the return of the shutter to a pre-established
position. Additionally, a position sensor is associated with
the shaft to determine shaft position and control valve
position.
[0004]
ble:

Two possible variants are commercially availa-

- one referred to as "smart", where the valve manu-
facturer supplies a device equipped not only with the
electromechanical part consisting of the valve and
its actuator, but also with the electronic module and
the relative software/firmware for controlling the po-
sition of the shutter, and

- oneindicated as "full power", where the manufactur-
er supplies only the electromechanical part.

[0005] Therefore, in the first case the valve, in addition
to the necessary electrical power supply, has a data input
for acquiring a value of a target position and a data output
which returns a value of a current position measured by
the aforementioned sensor. Therefore, the "smart"
valves are generally connected to the vehicle data net-
work, typically CAN, and to the vehicle power supply,
typically in direct current.

[0006] In the second case, the valve is not equipped
with an electronic module and therefore the reading of
the valve position is made in analog and the electronic
module with the relative software/firmware is placed in
another device, typically the engine control unit, univer-
sally indicated as ECU (Engine Control Unit).

[0007] The preloaded springs, inthe absence of power
to the electric actuator, return the shutter to a position
called "Limp home", generally close to, but not coinciding
with, the position of complete closure of the valve. Typical
values of the Limp home position are in the order of 7 -
12 degrees with respect to the fully closed position of the
valve.

[0008] The springs introduce a significant non-linearity
in the model associated with the valve.

[0009] A further relevant problem is the static or Cou-
lomb friction which determines a very different behaviour
depending on whether the difference in position between
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the current one and the target one is small or large.
[0010] Due to staticfriction, limit cycle phenomena can
be triggered, i.e. non-sinusoidal oscillations of the shutter
position, which periodically moves between two values
around the value of the target position without stabilizing
the position.

[0011] In the automotive field, the correct functioning
of these devices, both in terms of precision, i.e. of error
at steady state, and in terms of response promptness, is
fundamental for the control of the torque of spark ignition
heat engines.

[0012] Similar types of valves can also be used to con-
trol the flow of exhausted gas to be recirculated at the
intake of the heat engine. Generally, these systems are
referred to as EGR and mainly implemented in the con-
text of Diesel cycle engines.

[0013] The position control of the butterfly valves (flap
valve), in the automotive field, has the peculiarity that the
only sensor available is always and only the position one.
Among the many control techniques that can be used for
electric position drives, the "classic" one based on the
three "closed loops" in cascade should certainly be men-
tioned:

- afirst outerloop with position feedback via a propor-
tional controller

- anintermediate loop with speed feedback via a pro-
portional and integral controller

- a third, innermost loop with current feedback via a
proportional and integral controller, the so-called
torque or current loop, which returns a voltage value.

[0014] This scheme can be modified and simplified by
eliminating the innermost loop, i.e. the current loop.
Therefore, they remain

- anouterloop with position feedback via proportional
controller and

- aninternal loop with speed feedback via a propor-
tional-integral controller.

[0015] The speed is estimated, due to the fact that no
speed sensor is included.

[0016] Figs. 1and 2show two generic feedback control
schemes.
[0017] In figure 1, the feedback control scheme of a

device D provides a single feedback loop, which returns
the value of a variable to be controlled, which value is
compared with the value of an input signal, which repre-
sents the target value to which it is desired to force the
variable object of control, and the comparison, i.e. the
error, is used to correct the control signal "output” so that
the error tends to zero.

[0018] In figure 2, the control scheme is a cascade of
two feedback controls, completely similar to that of figure
1. Here the external controller C1 generates a signal ho-
mogeneous with the feedback signal of the internal loop,
so that the internal comparison has a physical meaning.
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Each of the two blocks "C1" and "C2" can include a con-
troller for example of the PID, proportional, integral, de-
rivative type or a subset, for example Pl or PD. The con-
troller C2, being the last block of the control scheme, is
the one in charge of generating the actuation signal for
the actuation of the device D.

[0019] They can be configured to compensate for the
torque contribution given by the preloaded springs and/or
static friction.

[0020] In atleast one of the loops, there is a controller,
generally of the "gain scheduling” type. In other words,
these are controllers in which the values of the parame-
ters to be calibrated, i.e. the gains Kp and Ki, are not
constant but are selected by means of lookup tables ac-
cording to two or three inputs, which in turn are a function
of predetermined operating conditions.

[0021] They are configured to return a current signal
to be converted into voltage or, more commonly, to di-
rectly return a voltage value.

[0022] Unless specifically excluded in the detailed de-
scription that follows, what is described in this chapter is
to be considered as an integral part of the detailed de-
scription.

Summary of the invention

[0023] The object of the presentinvention is to present
a control scheme for a valve that is reliable and simple
to implement, i.e. one which does not require a long con-
trollers calibration process.

[0024] The basic idea of the presentinvention is to im-
plement a cascade control scheme with only two feed-
back loops, in which an outer loop feedbacks a valve
position signal and an inner loop feedbacks a signal rep-
resentative of the valve actuation speed, calculated by
means of an estimator, and wherein the inner loop con-
troller includes a PI which generates a signal given by
the difference between a proportional contribution and
an integral contribution, in which the proportional contri-
bution is a function of the signal generated by the external
loop controller, while the integral contribution is a function
of at least the error between a position value estimated
by the estimator and a position value measured by the
position sensor.

[0025] According to a first preferred variant of the in-
vention, the proportional contribution is given by the dif-
ference between

- a first contribution proportional to the signal gener-
ated by the external loop controller and

- adither signal generated as a function of the esti-
mated speed.

[0026] According to a second preferred variant of the
invention, the gain of the proportional contribution of the
controller relative to the inner loop is vectorial and equal
to the value of a function inversely proportional to the
absolute value of the position error, of the type 1/x and
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relative powers.

[0027] According to any of the previous variants of the
invention, the external controller, when a position error
is less than or equal, in absolute value, to a predeter-
mined position error threshold, then generates a signal
coinciding with the position error, while, when the position
error exceeds, in absolute value, said threshold, then it
generates a signal coinciding with the speed error.
[0028] Then the cascade scheme, equipped with only
two feedback loops, is arranged to switch to a single loop
scheme when the position error is less than or equal to
the above threshold.

[0029] Advantageously, the fact of estimating the
speed using an estimator entails decoupling the dynam-
ics of the position from those of the speed, allowing the
use of scalar and/or vectorial parameters for the control-
lers, avoiding the implementation of matrix gain sched-
uling, with an undoubted simplification of the calibration
procedures.

[0030] This decoupling is particularly useful in consid-
eration of the non-linearities introduced by the springs.
[0031] The present variant allows the linear control
scheme to be maintained in the two domains identified
by the aforementioned threshold unlike other control
schemes which, in order to compensate for the non-lin-
earity of the controlled system, use gains that are in turn
extremely non-linear.

[0032] In particular, it is preferred that the gain of the
proportional contribution of the loop controller relative to
the position error and the gain of the integral contribution
of the loop controller relative to the speed error are scalar,
while the gain of the proportional contribution of the speed
error loop is either scalar or vectorial.

[0033] The present variants of the invention effectively
solve the problem of static friction compensation, elimi-
nating the limit cycles, which are triggered by small po-
sition errors. The dependent claims describe preferred
variants of the invention, forming an integral part of the
present description.

Brief description of the figures

[0034] Further objects and advantages of the present
invention will become clear from the detailed description
that follows of an embodiment of the same (and of its
variants) and from the annexed drawings given for purely
explanatory and non-limiting purposes, in which:

Figs. 1 and 2 show feedback control schemes ac-
cording to the prior art;

Fig. 3 shows an example of a control diagram of a
butterfly valve according to the present invention;
Figs. 4 and 5 show examples of preferred variants
of the invention according to the present invention;
Fig. 6 shows a preferred variant of the invention
which can be implemented in the diagrams of figures
3 - 5. The same reference numbers and letters in the
figures identify the same elements or components



5 EP 4 269 772 A1 6

or functions.

[0035] It should also be noted that the terms "first",
"second", "third", "superior”, "inferior" and the like may
be used herein to distinguish various items. These terms
do not imply a spatial, sequential, or hierarchical order
for the modified items unless specifically indicated or in-
ferred from the text.

[0036] The elements and characteristics illustrated in
the various preferred embodiments, including the draw-
ings, can be combined with each other without however
departing from the scope of protection of the present ap-
plication as described below.

Detaield descritpion

[0037] Fig. 3 shows afirstexample of a control scheme
according to the present invention.

[0038] The input pos_des represents the target posi-
tion signal. This signal is subtracted from the signal of
the measured position pos_mis by the position sensor
associated with the valve shutter shaft. The result of the
comparison is the position error signal e_pos. The posi-
tion error signal is input to a first controller C1, which can
have any form, although a preferred variant is described
below. This first controller C1 is also referred to as posi-
tion loop or outer loop controller. The first controller re-
ceives as input the position error e_pos and a signal rep-
resenting the speed estimate vel_stim, generated by an
"Estimator". The output signal of the first controller is re-
ferred to as speed error e_vel, shown in Fig. 6.

[0039] Itis therefore understood that the present con-
trol scheme is based exclusively on a target position sig-
nal pos_des and on the measured position pos_mis of
the shutter. The motor parameters do not enter into this
control scheme in any way.

[0040] Another signal that is used is the signal repre-
sentative of the control signal Volt_act, described below,
which is input, together with the shutter position error, to
the observer, also described below.

[0041] Therefore, when the present control scheme
was bench tested, it was not necessary to use any inter-
nal combustion engine to evaluate the effectiveness of
the same control. The estimator, "Estimator”, forexample
implements a Kalman filter or a Fuzzy logic, which, as a
function of the control actuator signal Volt_act, and of the
signal of the measured position Pos_mis, generates the
signal representative of the estimated speed vel_stim.
Evidently, the estimator implements an electro-mechan-
ical model of the valve which can be found in the literature
["Variable-Structure Control of Electronic Throttle Valve",
Yaodong Pan; Umit Ozguner; Oguz Hasan Dagci. IEEE
Transactions on Industrial Electronics (Volume: 55, Is-
sue: 11, Nov. 2008). Page(s): 3899 - 3907].

[0042] The control scheme is a cascade scheme with
only two feedback loops, in which an internal loop com-
prises a Pl which generates the control signal Volt_act
given by the difference between
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- a proportional contribution Po * e_vel, where Po, in
the example of Figs. 3 and 4 is a scalar gain, and

- anintegral contribution, function at least of the error
between a position estimated by the estimator and
a position measured by the position sensor.

[0043] In particular, the integral contribution is given
by k* [e_stim + CM(pos_stim), where

- Kis the integration gain, preferably scalar,

- CMis afunction describing the torque of the preload-
ed springs as a function of the estimated position.
Preferably, CM has a form of the type:

- K a1l*pos_stim + P1 if the estimated pos_stim po-
sition is greater than or equal to the Limp Home po-
sition, where K_a1 is the constant of the first spring
and P1 is the preload torque of the first spring.

- K a2 * pos_stim + P2 if the estimated position
pos_stim is lower than the Limp Home position,
where K_a2 is the constant of the second spring and
P2 is the preload torque of the second spring.

[0044] The integral contribution generates a torque
C_stim, which mustbe converted into a currentor voltage
signal through the conversion parameter C, so that it can
be added algebraically to the proportional contribution to
generate the control signal Volt_act. For this purpose, a
gain Cis provided to carry out this conversion. Preferably,
the control signal Volt_act is a voltage signal. Thus the
quantity C * C_stim is in current or voltage.

[0045] According to a first preferred variant of the in-
vention, shown with the help of Fig. 4, the proportional
contribution is given by the difference between

- afirst contribution proportional to the signal gener-
ated by the external loop controller Po * e_vel ed

- adither signal generated as a function of the esti-
mated speed.

[0046] In particular, the dithering signal is equal to J *
CC(vel_stim), where J is preferably a scalar gain, and
CC is a sign function. This contribution generates a
square wave with a duty cycle that depends on vel_stim.
[0047] The substantial advantage of the present vari-
ant is that the triggering of limit cycles is avoided by gen-
erating a dithering signal, which is a function of the
vel_stim generated by the estimator itself, in other words
it is a self-generated dithering and not generated exter-
nally to the variables of system.

[0048] According to a second preferred variant of the
invention, described with the aid of Fig. 5, the gain of the
proportional contribution of the controller relative to the
internal loop is vectorial and equal to the value of a func-
tion inversely proportional to the absolute value of the
position error, of the 1/x type and related powers.
[0049] In particular, the proportional contribution is
equal to vel_des * Pw(le_pos|), where Pw is a vector
whose value is selected as a function of the absolute
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value of the position error.

[0050] The substantial advantage of the variant of Fig.
5 is that for small position variations, the error is small
and therefore the gain Po is relatively high, allowing static
friction to be overcome quickly and guaranteeing speed
and precision in correcting the error because it causes
that no limit cycles are triggered. Conversely, for a high
error, the gain is relatively low, and together with the in-
tegral contribution of the controller, it provides for a rapid
correction of the error.

[0051] Preferably, the gain of the integral contribution
is greater than the smallest gain value of the proportional
contribution of the same second controller.

[0052] This ensures that the torque of the preloaded
springs is quickly compensated for, which is strongly non-
linear around the Limp Home position precisely because
they are preloaded.

[0053] It is worth highlighting that, generally, estima-
tors are used for speed estimation. However, the estima-
tor must take into account the non-linearities introduced
by the springs. Therefore, the modelling of the valve, per-
formed in the estimator, according to the preferred vari-
ants of the invention, is used directly in the control to
generate the integral contribution C_stim.

[0054] Fig. 6 is shown to indicate an example of a pre-
ferred external controller C1 according to the present in-
vention. This controller finds application in any of the var-
iants shown in Figs. 3 - 5.

[0055] This solution also allows the internal loop to be
kept linear since the proportional of the relative controller
does not depend on the speed error but on the position
error, which is external to this loop.

[0056] The externalcontroller C1, when aposition error
is less than or equal, in absolute value, to a predeter-
mined position error threshold e_s, then generates a sig-
nal coinciding with the position error e_pos, while, when
the position error exceeds, in absolute value, said thresh-
old, then it generates a signal coinciding with the speed
error e_vel. The switch SW is responsible for selecting
between the two error inputs e_pos and e_vel. Only for
an easier understanding of the diagram, e_vel indicates
the output signal of the switch, but it is clear that it de-
pends on the condition of the switch itself.

[0057] According to the present invention, the second
controller C2 does not include matrix "gain scheduling",
on the contrary, the gains are scalar or at most vectorial
as in the case of the solution of Fig. 5. Preferably, the
gain of the proportional contribution Pa of the first con-
troller C1 is scalar.

[0058] Thanks to the present variant, regardless of the
starting position of the valve shutter, excellent control
behavioris obtained, bothinterms of speed, i.e.response
time, and precision, i.e. error at zero steady state.
[0059] Thesecond controller C2 can also include a de-
rivative contribution by defining a PID and also in this
case the gain is a scalar or at most a vectorial function.
Furthermore, unlike the usual controllers equipped with
integral contribution, the present invention, regardless of
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the preferred variants, does not require an "anti-windup"
logic, since the integral contribution based on the esti-
mation error, between the measured position and the es-
timated position, is not subject to the "windup" phenom-
enon. This represents an undoubted advantage over the
prior art.

[0060] The control scheme, accordingtoany ofthe pro-
posed variants, can be implemented in an engine control
processing unit ECU through a suitable soft-
ware/firmware module or it can be implemented through
adedicated control unit associated with the valve accord-
ing to the "smart" solution indicated above.

[0061] The present invention can advantageously be
implemented through a computer program comprising
coding means for carrying out one or more steps of the
method, when this program is executed on a computer.
Thus, itisunderstood that the scope of protection extends
to said computer program and also to computer readable
means comprising a recorded message, said computer
readable means comprising program coding means for
carrying out one or more steps of the method, when said
program is run on a computer. Variants of the non-limiting
example described are possible, without however de-
parting from the scope of protection of the present inven-
tion, including all equivalent embodiments for a person
skilled in the art, to the contents of the claims.

[0062] From the description given above, the person
skilled in the art is capable of realizing the object of the
invention without introducing further constructive details.

Claims

1. Method for controlling a throttle valve of an internal
combustion engine, the valve comprising an electric
actuator for controlling a position of a shutter and a
position sensor for detecting the position of the shut-
ter, the method comprising a step of controlling said
actuator by means of a cascade control scheme
comprising an inner control loop and an outer control
loop, so as to generate a control signal (Volt_act)
given by the difference between a proportional con-
tribution and an integral contribution, wherein the
proportional contribution (P * e_vel) is a function of
the signal generated by a controller (C1) of the outer
loop and wherein the integral contribution (C_stim)
is a function of at least a position estimation error
(e_stim) between an estimated position (pos_stim)
by means of an estimator and a measured position
(pos_mis) by means of the position sensor.

2. Method according to claim 1, wherein said propor-
tional contribution is given by the difference between

- a first contribution, proportional to the signal
generated by the outer loop controller and

- a dithering signal generated as a function of
the estimated shutter speed.
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Method according to claim 1, wherein a gain of the
proportional contribution of the controller of the in-
ternal loop is a vector and equal to the value of a
function inversely proportional to the absolute value
of the position error, of the type 1/x and related pow-
ers.

Method according to any one of the preceding claims
1 -3, wherein said valve comprises a pair of preload-
ed springs associated with a rotating shaft on which
the shutter is fixed, for returning the shutter to a pre-
determined position, and wherein said integral con-
tribution (C_stim) is equal to the sum of

- a first contribution equal to the product of the
integral of the position estimation error (e_stim)
and a scalar gain (K) and

- a second contribution (CM(pos_stim)) describ-
ing a pair of preloaded springs as a function of
the estimated position.

Method according to any one of the preceding
claims, wherein said outer loop comprises a control-
ler (C1), the method comprising a step of configuring
said controller (C1) so as to generate a signal (e_vel)
as

- function of a signal representative of a position
error (e_pos) when an absolute value of the po-
sition error is less than or equal to a predeter-
mined threshold (e_s) or

- function of a signal representative of a shutter
speed error (e_vel) when the absolute value of
the position error is greater than said predeter-
mined threshold (e_s).

6. A method according to claim 5, wherein said speed

error is calculated as the difference between

- a signal representative of a target speed
(vel_des), proportional to said signal represent-
ative of the position error and

- a signal representative of an estimated shutter
speed (vel_stim) calculated by an observer (Es-
timator).

Method according to claim 6, wherein said signal rep-
resentative of the position error (e_pos) is filtered by
means of a first controller (C1) comprising a propor-
tional controller, so as to generate said signal rep-
resentative of the target shutter speed.

Method according to claim 7, wherein a gain of said
proportional contribution of said first controller (C1)
and/or a gain of said integral contribution (1) of said
second controller (C2) is a scalar one.

Computer program comprising program coding
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10.

1.

12.

means suitable for carrying out all the steps of any
one of claims 1 to 8, when said program is run on a
processing unit operatively connected to a position
sensor and an electric actuator throttle valve and a
signal source representative of a target position
(pos_des) of the throttle valve plug.

Computer readable means comprising a recorded
program, said computer readable means comprising
program coding means adapted to perform all steps
of any one of claims 1 to 8, when said program is
run on a processing unit operatively connected with
a position sensor and an electric actuator of a throttle
valve and to a signal source representative of a target
position (pos_des) of the throttle valve shutter.

Control system of a throttle valve of an internal com-
bustion engine, the valve comprising an electric ac-
tuator for controlling a position of shutter and a po-
sition sensor for detecting the position of the shutter,
the system comprising processing means (ECU)
configured to control said actuator by means of a
cascade control scheme comprising an inner control
loop and an outer control loop, so as to generate a
control signal (Volt_act) given by the difference be-
tween a proportional contribution and an integral
contribution, wherein the proportional contribution
(P * e_vel) is a function of the signal generated by
a controller (C1) of the outer loop and wherein the
integral contribution (C_stim) is a function of at least
one position estimation error (e_stim) between a po-
sition estimated (pos_stim) by an estimator and a
measured position (pos_mis) by the position sensor.

Vehicle equipped with aninternal combustion engine
and a throttle valve arranged on a relative intake or
exhaust manifold of the internal combustion engine
and equipped with the throttle valve control system
according to claim 11.
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