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METHOD TO CONTROL A HYBRID
VEHICLE WITH A PARALLEL
ARCHITECTURE AND WITH A KNOWN
SPEED PROFILE FOR THE OPTIMIZATION
OF THE FUEL CONSUMPTION

TECHNICAL FIELD

[0001] The invention relates to a method to control a
hybrid vehicle with a parallel architecture and with a known
speed profile for the optimization of the fuel consumption.

PRIOR ART

[0002] There is an ever increasing production of hybrid
vehicles with a parallel architecture comprising an internal
combustion engine, which transmits a torque to the drive
wheels by means of a servo-assisted transmission provided
with a servo-assisted mechanical gearbox, and at least one
electrical machine, which is electrically connected to an
electrical storage system and is mechanically connected to a
shaft of the transmission.

[0003] The electrical machine usually is a reversible elec-
trical machine, namely it can act both as an engine by
absorbing electrical energy and by generating mechanical
work and as a generator by absorbing mechanical work and
by generating electrical energy, and it is controlled by an
inverter, which is connected to the electrical storage system,
which is designed to store electrical energy.

[0004] For hybrid vehicles with a parallel architecture,
there is a strong need to reduce the emissions of carbon
dioxide of the internal combustion engine, i.e. to reduce fuel
consumptions, though without jeopardizing the perfor-
mances of the hybrid vehicle. In other words, manufacturers
aim to optimize the cumulative fuel consumption of the
internal combustion engine, making sure, at the same time,
that the drive wheels receive the driving torque needed to
fulfil the drive requests of the driver.

SUMMARY OF THE INVENTION

[0005] The object of the invention is to provide a method
to control a hybrid vehicle with a parallel architecture for the
optimization of the cumulative fuel consumption with a
known speed profile, which does not suffer from the draw-
backs of the prior art and is easy and cheap to be imple-
mented.

[0006] According to the invention, there is provided a
method to control a hybrid vehicle with a parallel architec-
ture for the optimization of the cumulative fuel consumption
with a known speed profile according to the appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The invention will now be described with reference
to the accompanying drawings, showing a non-limiting
embodiment thereof, wherein:

[0008] FIG. 1 is a schematic view of a hybrid vehicle
implementing the control method according to the invention;
[0009] FIG. 2 shows a known speed profile of the hybrid
vehicle of FIG. 1;

[0010] FIG. 3 shows the development of some physical

quantities of the transmission relating to the speed profile of
the vehicle of FIG. 2;
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[0011] FIG. 4 shows hypothetical developments of the
driving torque delivered in sections with a constant speed of
the profile of FIG. 2;

[0012] FIG. 5 shows a diagram, in the engine speed
(rpm)/engine torque plane, of the development of the spe-
cific fuel consumption used to optimize the different devel-
opments shown in FIG. 4;

[0013] FIG. 6 shows the developments of different physi-
cal quantities of the internal combustion engine as a function
of the speed (rpm) in a section with a constant acceleration
of the profile of FIG. 2;

[0014] FIG. 7 shows a family of trajectories, in the engine
speed (rpm)/engine torque plane, used to optimize the dif-
ferent developments shown in FIG. 6;

[0015] FIG. 8 is a schematic view of the servo-assisted
transmission of the vehicle of FIG. 1; and

[0016] FIGS. 9 to 13 schematically show different oper-
ating modes of the servo-assisted transmission of FIG. 8.

PREFERRED EMBODIMENTS OF THE
INVENTION

[0017] In the accompanying drawings, numeral 1 indi-
cates, as a whole, a servo-assisted transmission for a hybrid
vehicle driven by an internal combustion engine 2, which is
provided with a drive shaft 3 rotating at an angular speed. In
particular it is a vehicle with a hybrid drive and a parallel
architecture.

[0018] The servo-assisted transmission 1 comprises a
servo-assisted mechanical gearbox 4, which is provided with
a primary shaft 5, which rotates at an angular speed and can
be connected to the drive shaft 3 by means of a servo-
assisted clutch 6, and with a secondary shaft 7, which rotates
at an angular speed and is connected to a differential 8,
which transmits the motion to the drive wheels by means of
two axle shafts 9.

[0019] The servo-assisted mechanical gearbox 4 shown in
FIG. 1 comprises six forward gears indicated with Roman
numerals (first gear I, second gear 11, third gear III, fourth
gear 1V, fifth gear V and sixth gear VI). The primary shaft
5 and the secondary shaft 7 are mechanically coupled to one
another by a plurality of pairs of gears, each defining a
respective gear and comprising a primary gear 10 fitted on
the primary shaft 5 and a secondary gear 11 fitted on the
secondary shaft 7.

[0020] Each primary gear 10 is mounted idle on the
primary shaft 5 and always meshes with the respective
secondary gear 11; on the other hand, each secondary gear
11 is splined to the secondary shaft 7 so as to rotate with the
secondary shaft 7 itself in an integral manner. Furthermore,
the servo-assisted mechanical gearbox 4 comprises three
synchronizers 12, each of which is mounted coaxial to the
primary shaft 5, is arranged between two primary gears 10,
and is suited to be operated so as to alternatively fit the two
primary gears 10 to the primary shaft 5 (i.e. so as to
alternatively cause the two primary gears 10 to become
angularly integral to the primary shaft 5). In other words,
each synchronizer 12 can be moved in one direction to fit a
primary gear 10 to the primary shaft 5, or it can be moved
in the other direction to fit the other primary gear 10 to the
primary shaft 5.

[0021] The servo-assisted mechanical gearbox 4 is oper-
ated by a hydraulic servo-commando in order to control the
synchronizers 12 so as to engage and disengage the gears;
the servo-assisted clutch 6 is operated by a hydraulic servo-
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command, as well, so as to connect and disconnect the drive
shaft 3 to and from the primary shaft 5. The servo-assisted
transmission 1 comprises a control unit 13, which controls
the hydraulic servo-commands of the servo-assisted
mechanical gearbox 4 and of the servo-assisted clutch 6.
[0022] Furthermore, the servo-assisted transmission 1
comprises a reversible electrical machine 14 (which means
that it can act both as an engine by absorbing electrical
energy and by generating mechanical work and as a gen-
erator by absorbing mechanical work and by generating
electrical energy), which is controlled by an electrical actua-
tor 15, which is connected to at least one battery 16, which
is designed to store electrical energy.

[0023] The reversible electrical machine 14 comprises a
shaft 17, which is integral to a rotor of the reversible
electrical machine 14, is normally idle (i.e. not mechanically
connected in a permanent manner either to the primary shaft
5 or the secondary shaft 7), and can be mechanically
connected to the primary shaft 5.

[0024] The servo-assisted transmission comprises a con-
nection device (18), which is designed to connect the shaft
17 of the reversible electrical machine 14 to the primary
shaft 5 of the servo-assisted mechanical gearbox 4, or to
connect the shaft 17 of the reversible electrical machine 14
to the secondary shaft 7 of the servo-assisted mechanical
gearbox 4, or to maintain the shaft 17 of the reversible
electrical machine 14 idle (i.e. not connected either to the
primary shaft 5 or the secondary shaft 7).

[0025] According to the preferred embodiment shown in
the accompanying drawings, the connection device 18 com-
prises a gear transmission 19, which is interposed between
the shaft 17 of the reversible electrical machine 14 and the
secondary shaft 7 of the servo-assisted mechanical gearbox
4, a direct drive transmission 20, which is interposed
between the shaft 17 of the reversible electrical machine 14
and the primary shaft 5, and a synchronizer 21, which is
designed to alternatively engage the gear transmission 19 or
the direct drive transmission 20.

[0026] The gear transmission 19 preferably has a non-even
gear ratio and comprises a gear 22, which is mounted idle on
the shaft 17 of the reversible electrical machine 14, and a
gear 23, which is splined on the secondary shaft 7 and
permanently meshes with the gear 22; the synchronizer 21 is
designed to fit the gear 22 to the shaft 17 of the reversible
electrical machine 14 and to connect the shaft 17 of the
reversible electrical machine 14 to the secondary shaft 7.
The direct drive transmission 20 has an even gear ratio and
comprises a connection element 24, which is splined on the
primary shaft 5; the synchronizer 21 is designed to fit the
connection element 24 to the shaft 17 of the reversible
electrical machine 14 and to connect the shaft 17 of the
reversible electrical machine 14 to the primary shaft 5.
[0027] Below is a description of the control mode imple-
mented by the control unit 13 to optimize the cumulative
fuel consumption of the hybrid vehicle. In particular, the
control mode described below is aimed at optimizing the
operation of the of the reversible electrical machine 14 in
order to minimize the consumption of fuel of the internal
combustion engine 2. In particular, the control mode can be
implemented in case the speed profile of the hybrid vehicle
is known beforechand (off-line mode, implemented, for
example, to carry out optimization analyses on homologa-
tion cycles or on race courses), or, alternatively, in case the
speed profile is not known beforehand (on-line mode).
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[0028] Below you can find a description of the control
mode implemented by the control unit 13 to optimize the
cumulative fuel consumption of the hybrid vehicle with a
speed profile of the vehicle known beforehand (off-line
mode).

[0029] According to FIG. 2, for each actuation cycle, the
known speed profile of the hybrid vehicle is divided into a
number of intervals; each interval represents a section of the
known speed profile of the hybrid vehicle at a constant speed
or, alternatively, with a constant acceleration or also with a
constant deceleration. According to FIG. 3a, given the
profile in time of the engaged gear, the known speed profile
in FIG. 2 produces the corresponding profile of the angular
speed (rpm) of the shaft 3 of the internal combustion engine
2. Assuming instantaneous gear shifts, the obtained angular
speed profile of the internal combustion engine 2 is divided,
in turn, into intervals with sections at a constant angular
speed or, alternatively, with a constant angular acceleration
or, also, with a constant angular deceleration. From each
interval of the partition of the known vehicle speed profile,
you can obtain a division of the known angular speed profile
of the internal combustion engine 2 into a number of
intervals equal to the number of gears engaged in the same
time frame. In the description below, explicit reference will
be made of the partition in intervals of the angular speed
profile of the shaft 3 of the internal combustion engine 2.
Supposing to operate with the sole internal combustion
engine 2 (in other words, without using the contribution of
the reversible electrical machine 14), given a model of the
vehicle, you can obtain the torque to the shaft 3 of the
internal combustion engine 2, which is suited to produce the
drive needed to execute the known speed profile shown in
FIG. 2. FIG. 35 shows the driving torque T, for each interval
of the defined partition. Finally, according to FIG. 3¢, in
each one of said intervals, you can obtain the cumulative
energy E, generated by the internal combustion engine 2 to
produce the execution of the known vehicle speed profile:
the energy values E, correspond to the peaks of the signal
shown in FIG. 3 in the area of the upper extreme of the i-th
interval. It is evident how, for example, in the intervals
representing a section of the known speed profile of the
hybrid vehicle with a constant deceleration there is a gen-
eration of a zero driving torque T, to be transmitted to the
driving wheels and the generated energy E, is equal to zero,
as well. Furthermore, said intervals of the partition of the
speed profile of the shaft of the internal combustion engine
clearly have different durations A, (based on the known
speed profile of the hybrid vehicle and on the gear shift
profile).

[0030] The torque profiles T, and the energy values E,
obtained for the internal combustion engine 2 result from the
known vehicle speed profile in case the reversible electrical
machine 14 is not used. The use of the reversible electrical
machine 14 allows you to obtain the execution of the known
speed profile of the hybrid vehicle, changing the torque
profiles T, and the energy values E, of the internal combus-
tion engine so as to optimize the operation thereof.

[0031] Therefore, the control unit 13 is designed to opti-
mize the generation of the energy E, by the internal com-
bustion engine 2 in said intervals of an actuation cycles,
namely to determine the energy values E, that optimize the
operation of the internal combustion engine 2 obtaining a
minimization of the cumulative fuel consumption for the
known speed profile of the vehicle. Furthermore, in the
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“charge saving” control mode implemented by the control
unit 13, the state of charge SOC of the battery 16 at the end
of the actuation cycle must be equal to the state of charge
SOC of the battery 16 at the beginning of the actuation
cycle; in other words, the control mode implemented by the
control unit 13 in an actuation cycle must be transparent for
the state of charge SOC of the battery 16. Vice versa, in the
“charge exhaustion” control mode, the state of charge SOC
of the battery 16 at the end of the actuation cycle must be
brought to the minimum admissible value. Finally, in the
“complete charge” control mode, the state of charge SOC of
the battery 16 at the end of the actuation cycle must be
brought to the maximum admissible value.

[0032] First of all, the control unit 13 is designed to
optimize the generation of the energy E, in the single
periods, namely to determine the torque profile T, for the
internal combustion engine 2 that permits a minimization of
the cumulative fuel consumption in the i-th interval, pro-
ducing the requested energy E,. However, two cases can
occur: a first case in which the interval refers to a section of
the known speed profile of the hybrid vehicle (i.e. angular
speed of the shaft 3 of the internal combustion engine 2) at
a constant speed or, alternatively, a second case in which the
interval refers to a section of the known speed profile of the
hybrid vehicle (i.e. angular speed of the shaft 3 of the
internal combustion engine 2) with a constant acceleration.
[0033] The case in which the interval represents a constant
speed section of the known angular speed profile of the shaft
3 of the internal combustion engine 2 is shown in FIG. 4. In
particular, FIG. 4 shows torque profiles T, of the internal
combustion engine 2, for the i-th interval with a time
duration A; of 10 seconds, for three values of constant
angular speed (i.e. 6000, 5000 and 4000 rpm) for the shaft
3 of the internal combustion engine 2. In the i-th time
interval with time duration A,, it is possible to generate the
same energy E, with different torque profiles T, of the internal
combustion engine 2: the torque profile that minimizes the
fuel consumption within the i-th interval (in which which the
speed of the shaft 3 is constant), is constant at times.
[0034] In particular, the control unit is configured to
determine the development of the torque constant at times to
be transmitted by the internal combustion engine 2 to the
drive wheels in the i-th reference interval, so as to generate
the energy E, and optimize (i.e. minimize), within the same
interval, the cumulative fuel consumption of the internal
combustion engine 2.

[0035] FIG. 5 shows, in the angular speed (rpm)/driving
torque plane of the internal combustion engine 2, a sheaf of
curves, which identify portions of the plane with the specific
fuel consumption (also known as Brake Specific Fuel Con-
sumption—BSFC) of the internal combustion engine 2.
[0036] Let’s consider, for example, case a) in FIG. 4,
where the constant angular speed n, of the internal combus-
tion engine 2, expressed as number of revolutions (rpm), is
equal to 6000 rpm. FIG. 4a shows, in grey, an oscillatory
development of the engine torque, which produces a given
energy E, in the interval, but is not optimal in terms of
cumulative fuel consumption over the interval itself. Fur-
thermore, two developments A and B of the driving torque
are shown, which produce the same energy E, as the
oscillatory torque profile: the development A is constant at
times, assumes a value of the driving torque T, that is fairly
high during the first eight seconds and a value of the driving
torque T, that is equal to zero during the last two seconds,
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which is associated with a fuel consumption that is equal to
zero, as well; the development B is represented by a constant
value of the driving torque T over the entire interval. In FIG.
5, the torque developments A and B of FIG. 4a are repre-
sented by the section (n,,t,)-(n,, 0) and by the point (n,,
Tg), respectively. The torque development B, which, in FIG.
5 corresponds to the point (n,, Tz), for which the specific fuel
consumption is minimum, given the same energy E, pro-
duced at the engine speed n;, of 6000 rpm, has a smaller
cumulative fuel consumption than the torque development A
and the oscillatory torque; as a matter of fact, the develop-
ment B corresponds to the optimal operation of the internal
combustion engine 2, in terms of minimization of the
cumulative fuel consumption, for the delivery of the energy
E, at the angular speed of 6000 rpm.

[0037] In case b) of FIG. 4, the constant angular speed n,
of the internal combustion engine 2, expressed as number of
revolutions (rpm), is equal to 4000 rpm. The driving torque
development C is constant over the entire interval with a
duration of ten seconds and corresponds to the value of
driving torque T having the minimum value of specific fuel
consumption for the angular speed of 4000 rpm: point (n,,
1) in FIG. 5. Therefore, the development C of FIG. 45 is the
one leading to the minimum cumulative fuel consumption
for the generation of the corresponding energy E,. Finally,
in case c) of FIG. 4, the constant angular speed n, of the
internal combustion engine is equal to 3000 rpm. The
oscillatory torque represented in grey has low values and
produces a small contribution of energy E;. The application
of the torque value T, for which the specific consumption
BSFC is minimum at 3000 rpm, for the entire duration of the
interval could produce an energy value grater than the value
E,. Said energy value, instead, is produced by minimizing
the cumulative fuel consumption with the development D
constant at times in FIG. 4¢, which consists of the value of
optimal driving torque T, in the first four seconds and of a
value of zero driving torque for the last six seconds.
[0038] Generally speaking, given a development of the
specific fuel consumption BSFC of the internal combustion
engine 2 in the speed/engine torque domain, for each engine
speed value, the engine torque value is determined, for
which the minimum value of specific consumption BSFC is
obtained at the given engine speed: the optimal engine load
torque can be expressed as a function of the engine speed n,
Tyuv ssrc(l) and defines a curve MINg . in the speed/
engine torque domain. In the example shown in FIG. 5, the
curve MINg .. consists of the line indicated with MINg ¢z,
which corresponds to the value of constant driving torque
Truvp ssec) equal to approximately 430 Nm regardless of
the engine speed n.

[0039] Supposing that the internal combustion engine 2
needs to generate the energy E,, in the i-th interval with a
time duration A,, during which the speed of the shaft 3 of the
internal combustion engine 2 is constant at value n,
expressed in revolutions per minute and considering the
energy E, corresponding to the engine torque maintained
constant at the value T, 1, zsrc(n,) during the i-th interval,
for the minimization of the cumulative fuel consumption in
the i-th interval, the internal combustion engine 2 is con-
trolled by the control unit so as to produce the torque
Topr sp defined as follows:

[0040] 1) if the torque E, is smaller than the torque E,, the
internal combustion engine 2 delivers the optimal torque
Traw ssecly) for a fraction of the i-th interval with a
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duration equal to (E,/E,)A, an delivers a zero driving torque,
which is associated with a fuel consumption that is equal to
zero, as well, in the remaining part of the i-th interval (see
case ¢ of FIG. 4);

[0041] 2) if the torque E, is equal to the torque E,, the
internal combustion engine 2 delivers the optimal torque
Trav ssecd,) for the entire duration A, of the i-th interval
(see case b of FIG. 4);

[0042] 3) if the torque E, is greater than the torque E,, the
internal combustion engine 2 delivers the constant torque
equal to Eo/((m/30)n,A,) for the entire duration A, of the i-th
interval (see case a of FIG. 4), namely in case the specific
fuel consumption BSFC for the speed n, has one or more
local minimum points, a torque value constant at times in
correspondence to which the fuel consumption is minimized
and the energy E, is delivered.

[0043] The energy E, corresponding to the torque main-
tained constant at the value T, zorc(n,) during the i-th
interval can be expressed as follows:

Eq=(/30)n; Tagn psrc(); [1]

[0044] The specific fuel consumption BSFC of the internal
combustion engine is calculated through the ratio between
the fuel flow rate fed to the internal combustion engine 2 and
the corresponding power delivered. The concept applied to
the single engine points can be extended, defining the mean
specific fuel consumption BSFC of the internal combustion
engine 2 through the ratio between the mean fuel flow rate
Gz* and the mean power P* delivered. The mean power P*
delivered, in turn, is determined through the ratio between
the energy E* produced and the duration of the reference
time interval A*. The optimal driving torque Topr sps
defined as above, which permits the optimization of the
cumulative fuel consumption of the internal combustion
engine 2 for a given value of engine speed n, and of energy
E, to be generated in the reference time interval A,, which
corresponds to a mean power E,/A, also optimizes the
cumulative fuel consumption of the internal combustion
engine 2, for the same angular speed n,, in any other interval
j corresponding to the same mean power E/A,.

[0045] As a matter of fact, under the action of the optimal
driving torque Topr sp» the mean specific consumption
BSFC of the internal combustion engine 2 is a function of
the sole mean power P,=E,/A,, besides being a function of
the value of the angular speed n,, which is constant in the
interval. Therefore, the action of the optimal driving torque
Topr sp Permits an optimization of the mean specific con-
sumption BSFC of the internal combustion engine 2 for any
value of energy E; to be generated over any time interval A,
which correspond to the same mean power P=E/A,
requested.

[0046] Hence, the control unit 13 is designed to determine
the minimum mean specific fuel consumption BSFC, ;,; of
the internal combustion engine 2 in the reference time
interval A, as a function of the constant angular speed n,
expressed as number of revolutions (rpm) and of the mean
power P, requested.

[0047] The reversible electrical machine 14 is controlled
by the control unit 13 so as to generate a torque on the shaft
17, which produces, on the shaft 3 of the internal combustion
engine 2, the load condition defined by the optimal torque
Topr spand, at the same time, fulfils the drive request of the
drive wheels deriving from the speed profile of the hybrid
vehicle. By so doing, the internal combustion engine
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achieves the minimum cumulative fuel consumption oper-
ating at the minimum mean specific duel consumption
BSFC. In other words, the reversible electrical machine 14
is controlled by the control unit 13 so as to generate a torque
contribution to the shaft 17 of the transmission, which is
such as to compensate the request for driving torque to the
wheels deriving from the speed profile of the hybrid vehicle,
adding an additional positive or negative contribution,
which causes the internal combustion engine 2 to produce
the optimal torque, hence minimizing the cumulative fuel
consumption.

[0048] On the other hand, the case in which the interval
corresponds to a section of the known speed profile of the
hybrid vehicle with a constant acceleration is shown in FIG.
6. FIG. 6a shows the development of the angular speed of
the shaft 3 of the internal combustion engine 2, which rotates
with a given constant angular acceleration. FIG. 65 shows
the profile of the driving torque T to be transmitted to the
drive wheels within an i-th reference time interval, with a
duration A, of 27 seconds. Within the i-th reference interval,
it is possible to generate the same energy E, with a different
profile of the torque T of the internal combustion engine 2,
which permits an optimization (i.a. minimization) of the
cumulative fuel consumption of the internal combustion
engine 2 during the i-th reference interval.

[0049] In particular, the control unit 13 is designed to
determine the profile of the torque T to be delivered by the
internal combustion engine 2 in order to generate the
requested energy E, in the i-th reference time interval of a
duration A, and optimize the cumulative fuel consumption of
the internal combustion engine 2. The fuel flow rate G is
expressed as follows:

Gz(o, T)=NA 1)*qz(w, T)*® 2]

[0050]

[0051] qz mass of fuel burnt for each cylinder of the
internal combustion engine 2, expressed in kg;

[0052] o angular speed of the internal combustion engine
2, expressed in radians per second;

Gy fuel flow rate, expressed in kg/second;

[0053] < driving torque delivered by the internal combus-
tion engine 2, expressed in Nm; and

[0054] N number of cylinders of the engine
[0055] Hence:
2 (3]
5 ZE( <
M(w, 7) = - 8T9@
8%qr
e
[0056] wherein q,, ® and T have the same meaning as the

one described above for equation [2].

[0057] Applying Pontryagin’s maximum principle, we can
establish that the profile of the torque of the internal com-
bustion engine 2 that permits the generation of the requested
energy E, in the i-th reference interval with said duration A,,
optimizing—namely minimizing—the cumulative fuel con-
sumption of the engine over the time interval, must fulfil the
equation:
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v _ 4]
e (w, 1)

[0058] wherein w and T have the same meaning as the one
described above for equation [2]. Along the profiles for
which the cumulative fuel consumption is minimized, the
infinitesimal variations of engine torque are proportional to
the infinitesimal variations of engine speed, as the nonlinear
function M defined in [3] is the proportionality constant.
[0059] FIG. 7 shows, in the engine speed (expressed in
rpm)/engine torque T (expressed in Nm) plane, the devel-
opment of the function M introduced in [3] corresponding to
the specific fuel consumption BSFC function shown in FIG.
5 and the family of trajectories that minimize the cumulative
fuel consumption of the internal combustion engine 2
obtained in accordance with [4] when the internal combus-
tion engine is subjected to a constant angular acceleration of
the shaft 3. In the optimal solution for the driving torque
Topr 4 Similarly to what we described in the first case, the
diving torque can be delivered in accordance with [4] for the
entire duration of the time interval or for a portion thereof,
applying a zero driving torque in the remaining portion,
which is associated with a zero fuel consumption.

[0060] It is known that the specific fuel consumption
BSFC of an internal combustion engine 2 is calculated
through the ratio between the fuel flow rate and the power
delivered in stationary working points. The concept applied
to the single engine points can be extended, defining the
mean specific fuel consumption BSFC of the engine through
the ratio between the mean fuel flow rate G2* and the mean
power P* requested. As it is known, the mean power P*
requested, in turn, is determined through the ratio between
the energy E* to be produced and the reference time interval
A*. In this case, again, the driving torque Tops 4, Which, in
accordance with [4], permits an optimization of the cumu-
lative fuel consumption of the internal combustion engine 2,
when the angular speed of the engine varies with a constant
acceleration from the value n,' to the value nj?, for a given
value of energy E, to be generated in the reference time
interval A, corresponding to a mean power E/A,, also opti-
mizes the cumulative fuel consumption of the internal
combustion engine 2, for the same extremes of angular
speed n,' and n,%, in any other interval j corresponding to the
same mean power E/A;. As a matter of fact, under the action
of the optimal driving torque T,; 4., the mean specific
consumption BSFC of the internal combustion engine 2 is a
function of the sole mean power P=E,/A,, besides being a
function of the extreme values of the angular speed n,' and
n,”. Therefore, the action of the optimal driving torque
Topr 4c Permits an optimization of the mean specific con-
sumption BSFC of the internal combustion engine 2 for any
value of energy B to be generated over any time interval A,
which correspond to the same mean power P~=E/A,
requested.

[0061] Hence, the control unit 13 is designed to determine
the minimum mean specific fuel consumption BSFC, ,; of
the internal combustion engine 2 in the reference time
interval A, as a function of the extreme values of the angular
speed n,' and n expressed in rpm, which varies with a
constant acceleration, and of the mean power P, requested.
[0062] The reversible electrical machine 14 is controlled
by the control unit 13 so as to generate a torque on the shaft
17, which produces, on the shaft 3 of the internal combustion
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engine 2, the load condition defined by the optimal torque
Topr 4o and, at the same time, fulfils the drive request of the
drive wheels deriving from the speed profile of the hybrid
vehicle. By so doing, the internal combustion engine
achieves the minimum cumulative fuel consumption oper-
ating at the minimum mean specific duel consumption
BSFC. In other words, the reversible electrical machine 14
is controlled by the control unit 13 so as to generate a torque
contribution to the shaft 17 of the transmission, which is
such as to compensate the request for driving torque to the
wheels deriving from the known speed profile of the hybrid
vehicle, adding an additional positive or negative contribu-
tion, which causes the internal combustion engine 2 to
produce the optimal torque, hence minimizing the cumula-
tive fuel consumption.

[0063] To sum up, the optimal driving torque T, for the
internal combustion engine 2, which permits a minimization
of the cumulative fuel consumption over the known speed
profile of the hybrid vehicle, is given by the torque Typs gp
in the sections with a constant angular speed and by the
torque T,pr 4 in the sections with a constant angular
acceleration of the internal combustion engine 2. When
calculating the optimal driving torque T, for the internal
combustion engine 2, the control unit 13 is designed to take
into account the performance limits of the internal combus-
tion engine 2, of the reversible electrical machine 14 and of
the battery 16 as a function of their operating point.
[0064] Therefore, in the first case, in which the i-th time
interval represents a section of the known speed profile of
the internal combustion engine 2 with a constant angular
speed, the minimum mean specific fuel consumption BSFC-
aan Of the internal combustion engine 2 in the reference time
interval can be expressed in this way:

BSFCyz(P;, 1,1) (5]

[0065] P, power requested in the i-th reference time inter-
val with a duration A;; and

[0066] n,' angular speed of the internal combustion engine
2 constant in the i-th reference time interval.

[0067] In the second case, in which the i-th time interval
represents a section of the known speed profile of the
internal combustion engine 2 with a constant angular accel-
eration, the minimum mean specific fuel consumption
BSFC,,» and the fuel flow rate G of the internal combus-
tion engine 2 in the reference time interval can be expressed
in this way:

BSFCaan(P;, 1, 1) [6]
Gz(P; 1!, n) [7]
[0068] P, power requested in the i-th reference time inter-

val with a duration A;;

[0069] n,' initial angular speed of the internal combustion
engine 2 in the i-th reference time interval; and

[0070] n,? angular speed of the internal combustion engine
2 at the end of the i-th reference time interval.

[0071] For each actuation cycle with a known speed
profile of the hybrid vehicle, you can obtain a known profile
of'angular speed for the internal combustion engine 2, which
is divided into time intervals representing sections of the
profile with a constant angular speed or with a constant
acceleration; the optimal distribution of the mechanical
energy E, of the internal combustion engine 2 in each one of
said time intervals is obtained by solving the following
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problem of global minimization over the entire time frame
of the actuation cycle of the known speed profile of the
hybrid vehicle

miny | FG(E) (8]

wherein FC,(E,) indicates the cumulative fuel consumption
in the i-th time interval under the action of the optimal
driving torque T, which is obtained by multiplying the
minimum mean specific fuel consumption indicated in [5]
and [6] for the energy E,. The cumulative fuel consumption
FC,(E,) depends on the sole energy values E, subjected to the
optimization, besides depending on the known parameters of
angular speed of the internal combustion engine 2 with a
constant value or at the two extremes of the time interval.
[0072] The optimization in [8] of the cumulative fuel
consumption over the entire time frame of the actuation
cycle is subjected to conditions concerning the state of
charge SOC of the battery 16 at the end of the actuation
cycle, which depend on the storage management mode
implemented by the control unit. In the “charge saving”
control mode, the state of charge SOC of the battery 16 at the
end of the actuation [text missing or illegible when
filed] itial state of charge SOC; in the “charge exhaustion”
control mode, the state of charge SOC of the battery 16 at the
end of the actuation cycle must be brought to the minimum
admissible value. Finally, in the “complete charge” control
mode, the state of charge SOC of the battery 16 at the end
of the actuation cycle must be brought to the maximum
admissible value. The state of charge SOC of the battery at
the end of the actuation cycle depends on possible electrical
loads supplied with power by the battery 16, besides depend-
ing on the energy cumulatively absorbed by the reversible
electrical machine 14.

[0073] Furthermore, in order to restrict the search for the
optimal solution for the problem ]8] of minimization of the
cumulative fuel consumption, further conditions are intro-
duced, which limit, at the top and at the bottom, the
unknown energy E, values depending on the power that can
be delivered by the reversible electrical machine 14 and on
the capacity as well as voltage of the battery 16.

[0074] Below you can find a description of the control
mode implemented by the control unit 13 to optimize the
cumulative fuel consumption of the internal combustion
engine in case the the speed profile of the hybrid vehicle is
not known beforehand (on-line mode).

[0075] FIG. 8 schematically shows the servo-assisted
transmission, wherein the internal combustion engine 2
rotates at an angular speed w; and delivers a driving torque
Tz The internal combustion engine is further characterized
by an efficiency n and absorbs a power W . The internal
combustion engine 2 is connected to auxiliary mechanical
loads AUX, which also rotate at an angular speed w equal
to the angular speed w; of the internal combustion engine 2
and absorb a driving torque T, The internal combustion
engine 2 is connected to a servo-assisted mechanical gear-
box 4, which, in turn, is characterized by an efficiency 755.
[0076] In FIGS. 8 to 13, the “Reduction” block corre-
sponds to the connection device 18 indicated in FIG. 1;
whereas the “Transmission Output” block corresponds to the
differential 8 in FIG. 1.

[0077] On the other hand, the battery 16, which is suited
to store electrical energy, is characterized by an efficiency
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Mg, by a state of charge SOC and by a temperature Tb, and
supplies power to the reversible electrical machine 14 with
a voltage V,. The battery 16, which is suited to store
electrical energy, is manufactured so as to supply power to
the further electrical loads LOADS of the hybrid vehicle
with the same voltage V, supplied to the reversible electrical
machine 14 and a current I,. The battery 16 delivers, as a
whole, a current I, to supply power to the reversible elec-
trical machine 14 and the electrical loads LOADS.

[0078] The reversible electrical machine 14 is character-
ized by an efficiency n,,, rotates at an angular speed w,,and
delivers a driving torque T,, The reversible electrical
machine 14 is connected to a connection device 18 charac-
terized by an efficiency n,. Finally, the elements at the
output of the servo-assisted transmission (indicated with
Transmission Output) rotate at an angular speed coo and
absorb a driving torque T,

[0079] Furthermore, the following quantities are defined:

[0080] G fuel flow rate of the internal combustion
engine, function of the angular speed w; and of the
driving torque Tz;

[0081] P, power of the internal combustion engine,
given by the product of the angular speed w and of the
driving torque Tz;

[0082] P, power of the output of the servo-assisted
transmission, given by the product of the angular speed
w, and of the driving torque T,;

[0083] P, power of the auxiliary loads AUX of the
hybrid vehicle, given by the product of the angular
speed w, and of the driving torque T_;

[0084] P, power of the electric loads LOADS of the
hybrid vehicle, given by the product of the voltage V,,
and of the current I;

[0085] P,, power of the reversible electrical machine
14, given by the product of the angular speed w,, and
of the driving torque T,,; and finally

[0086] P total power of the single cells making up the
battery 16, which is given by the product of the voltage
V,, of the current I, and of the efficiency 1), in case the
current I, is smaller than zero (i.e. in case the reversible
electrical machine 14 operates as a generator by
absorbing mechanical work and by generating electri-
cal energy); and by the product of the voltage V,,, of the
current [, and of the inverse of the efficiency lib in case
the current I, is greater than or equal to zero (i.e. in case
the reversible electrical machine 14 operates as an
engine by absorbing electrical energy and by generat-

ing mechanical work).
[0087] Taking into account the sole contribution of the
internal combustion engine 2 and of the auxiliary loads
according to FIG. 9, the specific fuel consumption BSFC of
the internal combustion engine 2 for a given value of the
power P of the internal combustion engine 2 is defined as:

BSFC(Py) = Grlwg, TE) 9]
Pg
[0088] wherein G, wg Tz and P have the meaning

described above.

[0089] On the other hand, the specific fuel consumption
BSFC of the auxiliary loads AUX and of the output of the
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servo-assisted transmission for a given value of the power
P, of the output of the servo-assisted transmission is defined
as

Gg(wg, TE(Ta, T0)) [10]

BSFCpwr(Po) = Prt P
A

[0090] wherein G, g, Tz, Pp and P, have the meaning
described above and the driving torque T is determined as
a function of the driving torque t, and of the driving torque
To

[0091] With reference to the efficiency of the internal
combustion engine 2, the optimal power P corresponds to
the value P;* that permits a minimization of the specific fuel
consumption BSFC defined in [9]. Similarly, with reference
to the efficiency of the internal combustion engine 2 coupled
to the servo-assisted transmission, the optimal power P, at
the output of the servo-assisted transmission corresponds to
the value P, * that permits a minimization of the specific fuel
consumption BSFC, - defined in [9]. In this case, the
corresponding optimal power value P * for the internal
combustion engine 2 is, in general, different from the
optimal value determined minimizing [9].

[0092] According to FIG. 10, on the other hand, taking
into account the contribution of the internal combustion
engine 2 and of the reversible electrical machine 14 oper-
ating as a generator by absorbing mechanical work and by
generating electrical energy and ignoring the contribution of
the auxiliary loads AUX and of the further electrical loads
LOADS, the specific fuel consumption BSFC,,, for the
charge of the battery 16 during the drive is defined as:

Gr(wg, T5(7o0, I§7) [11]

BSFCcur(Pg, Po) = Po P

[0093] wherein G, g, Py, Ts, T, and Py have the mean-
ing described above and the driving torque T is determined
as a function of the driving torque T, and of the current I,.
In this case, the current I, is smaller than zero, as the
reversible electrical machine 14 operates as a generator by
absorbing mechanical work and by generating electrical
energy. In particular, the power P, given by the product of
the voltage V,, of the current I, and of the efficiency 1),,, is
smaller than zero.

[0094] The optimal value Pz* of the charge power P of
the battery 16 corresponds to the value that permits a
minimization of the function [11] for a given value of the
power P, of the output of the servo-assisted transmission. In
correspondence to the optimal charge power P;z*, you obtain
the optimal power value P.* for the internal combustion
engine 2 for the charge of the battery 16 during the drive
with power P, delivered.

[0095] According to FIG. 11, on the other hand, taking
into account the contribution of the internal combustion
engine 2 and of the reversible electrical machine 14 oper-
ating as a generator by absorbing mechanical work and by
generating electrical energy and taking into account the
contribution of the auxiliary loads AUX and of the further
electrical loads LOADS, the specific fuel consumption
BSFC % for the charge of the battery 16 during the drive
is defined as:
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Grlw, T5(To. Ta, I, I§70) (121
Pi+Po+PL—Pp

BSFCcr(Pg, Po) =

[0096] wherein G, wg, Po, Tz Ty To, Py, Pr, I and P,
have the meaning described above. The driving torque T is
determined as a function of the driving torque T, of the
driving torque T, of the current I, and of the current I, (in
this case, the current I, is smaller than zero, since the
reversible electrical machine 14 operates as a generator by
absorbing mechanical work and by generating electrical

energy).

[0097] The optimal value P;* of the charge power P; of
the battery 16 corresponds to the value that permits a
minimization of the function [12] for a given value of the
power P, of the output of the servo-assisted transmission. In
correspondence to the optimal charge power P;*, you obtain
the optimal power value P;* for the internal combustion
engine 2 for the charge of the battery 16 during the drive
with power P, delivered.

[0098] According to FIG. 12, on the other hand, taking
into account the contribution of the internal combustion
engine 2 and of the reversible electrical machine 14 oper-
ating as an engine by absorbing electrical energy and by
generating mechanical work and ignoring the contribution of
the auxiliary loads AUX and of the further electrical loads
LOADS, the specific fuel consumption BSFC,, 5 for the
discharge of the battery 16 during the drive is defined as:

Gp(wg, Tp(To, I ) (131

BSFCpcur(Pp, Po) = 7
0 —neimnePp

[0099] wherein Gz, wz, Po, Map Oc Mz T To and Py
have the meaning described above and the driving torque T
is determined as a function of the driving torque T, and of
the current I,. In this case, the current I, is greater than zero,
as the reversible electrical machine 14 operates as an engine
by absorbing electrical energy and by generating mechanical
work. In particular, the power P, given by the product of the
voltage V,, of the current I, and of the inverse of the
efficiency m,,, is greater than zero.

[0100] The optimal value Pg* of the discharge power Py
of the battery 16 corresponds to the value that permits a
minimization of the function [13] for a given value of the
power P, of the output of the servo-assisted transmission. In
correspondence to the optimal discharge power Pg*, you
obtain the optimal power value P * for the internal com-
bustion engine 2 for the discharge of the battery 16 during
the drive with power P, delivered.

[0101] According to FIG. 13, on the other hand, taking
into account the contribution of the internal combustion
engine 2 and of the reversible electrical machine 14 oper-
ating as an engine by absorbing electrical energy and by
generating mechanical work and taking into account the
contribution of the auxiliary loads AUX and of the further
electrical loads LOADS, three different situations can occur.

[0102] In the first case, the specific fuel consumption
BSFC, -y for the discharge of the battery 16 during the
drive is defined as:
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Gr(wg, Tp(To, I ) (141

BSFCpenp(Pg. Po) = —E0E: TE(T0- Ig "~ )
pcur(Pg. Po) Pat Po+ PrL—1sP5

[0103] Equation [14] applies in case the product of the
power Pz of the single cells making up the battery 16 and of
the efficiency m of the battery 16 is smaller than or equal to
the power P; of the electrical loads of the hybrid vehicle,
namely when the power delivered by the battery is, at the
most, sufficient for supplying power to the electrical loads.
[0104] The optimal value Pz* of the discharge power Py
of the battery 16 corresponds to the value that permits a
minimization of the function [14] for a given value of the
power P, of the output of the servo-assisted transmission.
[0105] In the second case, the specific fuel consumption
BSFC,pz for the discharge of the battery 16 during the
drive is defined as:

Grlwg, e(to, IBHR)) [15]

BSFCpeur(Pa, Po) =
DR B 200 = B ¥ Po —nunic(ns Ps — Pr)

[0106] Equation [15] applies in case the product of the
power P of the single cells making up the battery 16 and of
the efficiency mj of the battery 16 is grater than the power
P; of the electrical loads of the hybrid vehicle and in case the
following in equation is fulfilled:

MMeNelp~Pr)=Po [16]

[0107] which defines the condition in which the power
delivered by the battery is, at the most, sufficient for sup-
plying power to the electrical loads and for the drive.
[0108] The optimal value Pz* of the discharge power Py
of the battery 16 corresponds to the value that permits a
minimization of the function [15] for a given value of the
power P, of the output of the servo-assisted transmission.
[0109] n the third and last case, the specific fuel consump-
tion BSFC, . for the discharge of the battery 16 during the
drive is defined as:

Grlwg. T5(to, IFHR)) (171

Pa —ncemunc(ngPs — Pr) — Po)

BSFCpchr(Pg, Po) =

[0110] which defines the condition occurring when the
power delivered by the battery 16 is greater than what is
necessary for supplying power to the electrical loads and for
the drive.

[0111] The optimal value P;* of the discharge power Pz of
the battery 16 corresponds to the value that permits a
minimization of the function [16] for a given value of the
power P, of the output of the servo-assisted transmission.
[0112] In correspondence to the optimal discharge power
Pg* r obtained in the three different cases by minimizing,
respectively, the functions [14], [15] and [17] for a given
value of the power P, of the output of the servo-assisted
transmission, you obtain the optimal power value P.* for the
internal combustion engine 2 for the discharge of the battery
16 during the drive with power P, delivered.

[0113] In the first, in the second and in the third case
discussed above, respectively, it is possible to define the
following quantities:
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Po=PotP—npPp [18]
Po~PoryMeMsFp-F1) [19]
PornoaPo~MmeNals=PL)) [20]
[0114] Now equations [14], [15] and [17] can be changed

by inserting quantity P,, which was defined in equations
[18], [19] and [20]. Equations [14] , [15] and [17] obtained
by so doing can be all expressed in the following common
form:

Gr(wg, TE) [21]

BSFCpcur(Pg, Po) = PrP BSFCpwr(Pp)
0

[0115] The optimal value of the power P, of the internal
combustion engine 2 corresponds to the value that permits a
minimization of the function [12] for a given value of the
power P, of the output of the servo-assisted transmission
and for a given value of the power Py of the single cells
making up the battery 16. Evidently, equation [21] corre-
sponds to equation [10]. In other words, the optimal value of
the power P, of the internal combustion engine 2 corre-
sponds to the value that permits a minimization of the
function of the specific fuel consumption BSFC of the
auxiliary loads AUX and of the output of the servo-assisted
transmission for a given value of the power P,

[0116] In equations [14] to [21] G, Mg Nass Nas Nas DO
P,, P;, P, I,, Tz and P, have the meaning described above
and the driving torque T is determined as a function of the
driving torque T, and if the current (in this case, the current
1, is greater than zero, as the battery 16 delivers electrical

energy).

[0117] Considering the generic configuration shown in
FIG. 8, in which the reversible electrical machine 14 can act
partly as an engine by absorbing electrical energy and by
generating mechanical work and partly as a generator by
absorbing mechanical work and by generating electrical
energy and considering a partial charging cycle of the
battery 16, consisting of two consecutive charge and dis-
charge phases, the specific fuel consumption BSFC_, for
the charge cycle is defined as:

8Gg(wg, TSR + [22]

(1 - 8)Gglwg, Te(y M)

BSFCcr(Pg, Po) = Pri Pyt PL_Pp

[0118] wherein 8 is the “charge share” namely the time
fraction in which the reversible electrical machine 14 oper-
ates as a generator by absorbing mechanical work and by
generating electrical energy, whereas 1-9 is the “discharge
share” namely the time fraction in which the reversible
electrical machine 14 operates as an engine by absorbing
electrical energy and by generating mechanical work. As we
are dealing, as a whole, with a charge cycle, equation [23]
is applied in case the following in equation is fulfilled for the
mean power P, of the cells of the battery 16:

Py=Vp[d* Iz (1-6)* 17 ]<0 [23]
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[0119] The specific fuel consumption BSFC_,, for the
charge cycle is a function of a charge current I;“%, of a
discharge current I,”““® and of the power P, expressed by
[23].

[0120] If, on the other hand, we consider a partial dis-
charge cycle of the battery 16, always consisting of two
consecutive charge and discharge phases, the specific fuel
consumption BSFC,, - for the discharge cycle is defined
as follows:

5Gg(wg, TrUER)) + [24]
(1 - 0)Gg(wg, Te(lg )

BSFCpeur(Pg. Po) =
DR B 200 = B ¥ Po —nunic(ns Ps — Pr)

[0121] wherein d and (1-9) are defined as above, ;% is
the charge current and 1,7 is the discharge current of the
battery 16.

[0122] Equation [24] is applied in the case of greatest
interest, when condition [16] is fulfilled. Furthermore, as the
cycle under examination is, as a whole, a discharge cycle,
equation [24] is applied in case the following in equation is
fulfilled for the mean power P of the cells of the battery 16:

Pp=Vp[0*I;CHR (1-8)*I;PHR|<0 [25]

[0123] The optimal value of the charge current I,“”® and
the optimal value of the discharge current I;”““® corre-
spond to the values that permit a minimization, respectively,
of the functions [22] and [24] for a given value of the power
P, of the output of the servo-assisted transmission and for a
given value of the power P of the single cells making up the
battery 16.

[0124] According to a preferred variant, the “charge
share” 6, which represents the time fraction in which the
reversible electrical machine 14 operates as a generator by
absorbing mechanical work and by generating electrical
energy, is calculated by means of the following ratio:

Pp JDCHR [26]
B
Ve

IEHR _ IECHR

[0125] and is a function of the charge current I,“® of the
battery 16, of the discharge current ;7<% of the battery 16
and of the total power Py of the cells making up the battery
16.

[0126] Similarly, if we consider the generic configuration
shown in FIG. 8, the internal combustion engine 2 is
designed both to exclusively generate a driving torque T to
be transmitted to the drive wheels and to supply power to the
auxiliary loads AUX or to also provide a supplementary
driving torque to be delivered to the reversible electrical
machine 14, which operates ad a generator by absorbing
mechanical work and by generating electrical energy. In the
second case, the internal combustion engine 2 turns out to be
overloaded by the power requested by the reversible elec-
trical machine 14. Similarly to what we did before, let’s
consider an overload cycle consisting of two consecutive
phases: a first overload phase with an overload by the
reversible electrical machine 14 and a second boost phase in
which the reversible electrical machine 14 boosts the inter-
nal combustion engine 2.
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[0127] The specific fuel consumption BSFC, ,, during
the overload cycle, in which the reversible electrical
machine 14 operates, on an average, as a generator, thus
overloading the internal combustion engine 2 relative to the
request for generation of power for the drive, is defined as
follows:

O0GE(wE, TLoap) + [27]

(1 - 8)Ge(wE, Tgo0sT)

BSFCroap(P, Po) = Pavx + Po—Pj

[0128] wherein J is the “overload share” namely the time
fraction in which the reversible electrical machine 14 oper-
ates as a generator by absorbing mechanical work and by
generating electrical energy, whereas 1-8 is the “boost
share” namely the time fraction in which the reversible
electrical machine 14 operates as an engine by absorbing
electrical energy and by generating mechanical work. The
internal combustion engine 2 produces the driving torque
T; 04p 10 the overload phase and the driving torque Tz5557
in the boost phase.

[0129] Equation [27] is applied in case the control unit 13
orders the overload operating mode, namely when the fol-
lowing in equation is fulfilled for the mean power PE of the
internal combustion engine 2:

Pr= Or *[0*T204p+(1-8)*Tz00s 1/ > PavxtPoMes [28]

[0130] wherein the driving torques T, p and Tgzoos7 as
well as the “overload share” § and the “boost share” 1-8 are
defined as above, wy is the angular speed of the internal
combustion engine 2, P, is the power requested by the
auxiliary loads AUX, P, is the power on the output shaft of
the servo-assisted transmission, and 1 is the efficiency of
the transmission.

[0131] For the overload cycle described above, the opti-
mal value of the driving torque T, ,  to be transmitted to the
drive wheels during the overload phase and the optimal
value of the driving torque Tz,os7 t0 be transmitted to the
drive wheels during the boost phase of the internal combus-
tion engine 2 correspond to the values that permit a mini-
mization, respectively, of the function [27], for a given value
of the power P, of the output of the servo-assisted trans-
mission and for a given value of the mean power P of the
internal combustion engine 2, which fulfils [28].

[0132] Let’s consider, instead, the case in which the inter-
nal combustion engine 2 is boosted by the reversible elec-
trical machine 14, in a boost cycle that is similar to the
overload cycle, but with the second boost action prevailing
over the first action.

[0133] The specific fuel consumption BSFCy 57 during
the boost cycle, in which the reversible electrical machine 14
operates, on an average, as an engine, thus boosting the
internal combustion engine 2 relative to the request for
generation of power for the drive, is defined as follows:

O0GE(wE, TLoap) + [29]
(1 - )Gg(wg, Toosr)

BSFCpoosr(Pg. Po) = Paux + Po —uncPs
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[0134] Equation [29] is applied in case the control unit 13
orders the boost operating mode, namely when the following
in equation is fulfilled for the mean power P of the internal
combustion engine 2:

Pr= QE=* [6*%20.40+(1-0)* go0st] <Pavx+PoMes [30]

[0135] In [29] and [30] the driving torques T;,,, and
Tzoosr as well as the “overload share” & and the “boost
share” 1-9 are defined as above, wy is the angular speed of
the internal combustion engine 2, P, is the power
requested by the auxiliary loads AUX, P, is the power on the
output shaft of the servo-assisted transmission, and m,, Mg
e 15 are the efficiencies of the reversible electrical machine
14, of the connection device 18 and of the servo-assisted
transmission, respectively.

[0136] For the boost cycle described above, the optimal
value of the driving torque T, to be transmitted to the
drive wheels during the overload phase and the optimal
value of the driving torque Tz,0s7 t0 be transmitted to the
drive wheels during the boost phase of the internal combus-
tion engine 2 correspond to the values that permit a mini-
mization, respectively, of the function [29], for a given value
of the power P, of the output of the servo-assisted trans-
mission and for a given value of the mean power PE of the
internal combustion engine 2, which fulfils [30].

[0137] According to a preferred variant, the “overload
share” 8, which represents the time fraction in which the
reversible electrical machine 14 operates as a generator by
absorbing mechanical work and by generating electrical
energy, is calculated by means of the following ratio:

Pg [31]
— —TB0OST
WE

TLOAD — TBOOST

[0138] and is a function of the power P of the internal
combustion engine 2, of the angular speed w, of the driving
torque T, 4 10 be transmitted to the drive wheels during the
overload phase, in which the internal combustion engine 2
provides a supplementary driving torque to be delivered to
the reversible electrical machine 14, and of the driving
torque Tzoos7 10 be transmitted to the drive wheels during
the boost phase, in which the internal combustion engine 2
is boosted by the driving torque produced by the reversible
electrical machine 14.

[0139] The description above can find advantageous appli-
cation in a hybrid drive vehicle with any type of parallel
architecture.

[0140] For example, the description above can find advan-
tageous application in an embodiment (not shown) of the
vehicle, wherein the reversible electrical machine 14 is
controlled by an electrical actuator 15, which is connected to
at least one battery 16 designed to store electrical energy and
comprises at least one shaft 17; the shaft 17 is integral to a
rotor of the reversible electrical machine 14, cannot be
mechanically connected either to the primary shaft 5 or to
the secondary shaft 7 of the servo-assisted mechanical
gearbox 4, and can be mechanically connected, by means of
the connection device 18, to a differential, which transmits
the motion to the further wheels by means of two respective
axle shafts.

[0141] The description above can also find advantageous
application in an embodiment (not shown) of the hybrid
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vehicle provided with two reversible electrical machine 14,
each controlled by a respective electrical actuator 15;
wherein the two electrical actuators 15 are connected to one
another and to at lest one respective battery 16 designed to
store electrical energy. Each reversible electrical machine 14
comprises a shaft 17, which is integral to a rotor of the
respective reversible electrical machine 14, is usually idle,
and can be mechanically connected to the primary shaft 5 of
the servo-assisted mechanical gearbox 4 by means of a
respective connection device 18.

[0142] Both methods described above for the control of a
hybrid vehicle with a parallel architecture (both in case of a
known speed profile and in case of an unknown speed
profile) have the advantage of permitting an optimization of
the cumulative fuel consumption of the internal combustion
engine 2, namely they allow the reversible electrical
machine 14 and the internal combustion engine 2 to always
operate in the best conditions, i.e. optimizing fuel consump-
tions and reducing polluting emissions.

[0143] Furthermore, the methods described above for the
control of a hybrid vehicle with a parallel architecture are
easy and cheap to be implemented in a control unit 13, as
they do not require any physical changes and use a small
calculation capacity of the control unit 13 itself.

1. A method to control a hybrid vehicle with a parallel
architecture and with a known speed profile, wherein the
hybrid vehicle is provided with an internal combustion
engine, a servo-assisted transmission and a reversible elec-
trical machine, which can act both as an engine by absorbing
electrical energy from a storage system and by generating
mechanical work to transmit a driving torque to the drive
wheels and as a generator by absorbing mechanical work
and by generating electrical energy to be stored, if necessary,
in the storage system;

the method comprises the steps of:

obtaining, from the known speed profile and from the

known profile of the engaged gear of an actuation
cycle, the known profile of the angular speed of a drive
shaft;

dividing the known profile of the angular speed of the

drive shaft of an actuation cycle into a plurality of
reference time intervals (Ai) with a different duration
and, respectively, with a constant angular speed or with
a constant angular acceleration or with a constant
angular deceleration;

determining the optimal distribution of the mechanical

energy (E,) produced by the internal combustion engine
for each one of the time intervals (A,), solving the
problem of the global minimization of the cumulative
fuel consumption over the entire time frame of the
actuation cycle:

min ) FC(E;)

i

wherein the function FC,(E,) expresses the cumulative fuel
consumption over the reference time interval (A,) when the
internal combustion engine cumulatively produces mechani-
cal energy (E,) over the reference time interval (A)), follow-
ing an optimal driving torque profile (t,p7) for the minimi-
zation of the cumulative fuel consumption to be transmitted
to the drive wheels, and wherein, for the reference time
intervals (A,) with a constant angular speed, the value of the
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angular speed (n,") is known and, for the reference time
intervals (A,;) with a constant angular acceleration or decel-
eration, the values of the initial speed (n,') and final speed
(n?) are known;
controlling the reversible electrical machine to deliver to
the drive wheels an additional driving torque to be
added to the optimal driving torque (T,p;) for the
minimization of the cumulative fuel consumption
delivered by the internal combustion engine, so as to
transmit to the drive wheels the drive corresponding to
the execution of the known speed profile of the hybrid
vehicle.

2. A method according to claim 1, wherein the driving or
braking torque (t,,) delivered by the reversible electrical
machine to ensure the execution of the known speed profile
of the hybrid vehicle is determined through the difference
between the torque requested to the drive wheels for the
execution of the known speed profile of the vehicle and the
torque produced upon the drive wheels by the action of the
optimal driving torque (T,p;) delivered by the internal
combustion engine, related to the shaft of the reversible
electrical machine.

3. A method according to claim 1 and comprising the
further step of controlling the reversible electrical machine
for the delivery of the braking torque requested by the
known speed profile of the vehicle to carry out the recovery
of'the kinetic energy or potential of the vehicle in the storage
system during the braking phases of the vehicle.

4. A method according to claim 1 and comprising the
further steps of:

learning the state of charge (SOC) of the storage system;

and

controlling the reversible electrical machine to deliver the

additional driving torque (T,,) to the drive wheels only
in case the state of charge (SOC) of the storage system
is sufficient to deliver the additional driving torque
(Tasz)-

5. A method according to claim 1, wherein the problem for
the determination of the values of mechanical energy (E,) for
the minimization of the cumulative fuel consumption over
the entire time frame of the actuation cycle is global opti-
mization as a function of the state of charge (SOC) of the
storage system and, in particular, of its final value, whose
development depends on possible electrical loads supplied
by the storage system and on the energy cumulatively
absorbed by the reversible electrical machine.

6. A method according to claim 1 and comprising the
further step of determining the optimal driving torque (T z7)
of the internal combustion engine as follows:

in the reference time intervals (A,) in which the angular

speed (n,!) is constant and known, the optimal driving
torque (Topy) of the internal combustion engine
assumes a value that is constant at times, so as to
generate the quantity of mechanical energy (E,) estab-
lished by the global optimization and minimize the fuel
consumption of the internal combustion engine;

in the reference time intervals (A,) in which the angular

acceleration is constant and the angular speed evolves
from a first known value (n,') to a second known value
(n,%), the optimal driving torque (t,p;) of the internal
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combustion engine is determined by applying Pontry-
agin’s maximum principle, which leads to:

dT_M
e (w, 7)

wherein T and o indicate the driving torque, expressed in
Nm, and the angular speed, expressed in radians per
second, of the internal combustion engine and

wherein g indicates the mass of fuel burnt in an engine
cycle for each cylinder of the internal combustion
engine, expressed in kg.

7. A method according to claim 1, wherein both for the
reference time intervals (A,) with a constant angular speed
and for the reference time intervals (A,) with a constant
angular acceleration, the driving torque (T,p7) produced by
the internal combustion engine and transmitted to the drive
wheels, which allows the cumulative fuel consumption in
the respective reference time interval (A,) to be minimized,
is greater than zero for a portion of the reference time
interval (A,) and assumes a value substantially equal to zero
in the remaining portion of the reference time interval (A,).

8. A method according to claim 1 and comprising the
further step of determining the cumulative fuel consumption
(FC,E,)) for the reference time intervals (A,) as a function
of the value of mechanical energy (E,):

for the reference time intervals (A;) with a constant

angular speed, determining the optimal mean specific
fuel consumption (BSFC) of the internal combustion
engine in the reference time interval (A,) upon variation
of the power (P,), for the value of known and constant
speed (n,') in the reference time interval (A,), corre-
sponding to the delivery of the optimal driving torque
(Topr) by the internal combustion engine, which mini-
mizes the fuel consumption over the reference time
interval (A)); and determining the cumulative fuel con-
sumption (FC,(E,)) from the optimal mean specific fuel
consumption (BSFC);

for the reference time intervals (A;) with a constant

angular acceleration, determining the optimal mean
specific fuel consumption (BSFC) of the internal com-
bustion engine in the reference time interval (A,) upon
variation of the power (P,), for the known values of
initial speed (n,') and final speed (n,) of the reference
time interval (A)), corresponding to the delivery of the
optimal driving torque (TOPT) by the internal combus-
tion engine, which minimizes the fuel consumption
over the reference time interval (A,); and then deter-
mining the cumulative fuel consumption (FC,(E,)) from
the optimal mean specific fuel consumption (BSFC).

#* #* #* #* #*



