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BIDIRECTIONAL ENERGY-CONVERSION APPARATUS OF A DC-DC TYPE OPERATING
BETWEEN A LOW-VOLTAGE SYSTEM AND A HIGH-VOLTAGE SYSTEM OF A VEHICLE
COMPRISING AN ENERGY-RECOVERY STAGE, AND CORRESPONDING METHOD

5 * % %

TEXT OF THE DESCRIPTION

The present invention relates to a bidirectional
energy-conversion apparatus of a DC-DC type operating
between a low-voltage system and a high-voltage system

10 of a vehicle comprising an energy-recovery stage,

said low-voltage system, which operates at a first
voltage, comprising a battery that supplies said first
voltage on a low-voltage bus,

said high-voltage system, which operates at a

15 second voltage higher than said first voltage,
comprising said energy-recovery stage of the vehicle
that supplies said second voltage,

salid second voltage being supplied through an
intermediate energy-storage system to a DC-DC

20 conversion module, which converts said second voltage
into said first voltage for said low-voltage bus.

In the automotive field, energy-recovery systems
are known. In particular, energy-recovery systems are
known that use regenerative shock absorbers, which

25 convert movements of the shock absorber into electrical
energy.

In this context, for example, of particular
interest from the standpoint of efficiency of
conversion are regenerative shock absorbers that

30 envisage a conversion of the linear motion of the stem
into a rotary motion of the shaft of an electric
generator from which it is hence possible to recover in
the form of electricity the energy that would otherwise
be dissipated in heat. It is known to carry out this

35 conversion using mechanical or hydraulic means in such



WO 2019/049009 PCT/IB2018/056674

10

15

20

25

30

35

a way that the rotation of the shaft of the electric
generator will occur always in the same direction of
rotation, irrespective of the direction of the velocity
of the stem. This enables a higher efficiency of energy
conversion, from kinetic to electrical energy. The
electric generator is wusually a DC generator which
supplies a DC voltage at output. 1If, instead, a
synchronous generator is used, an inverter is employed.
In either case, it 1is anyway necessary to use a DC-DC
converter to match the output voltage of the electric
generator to the battery of the vehicle, in particular
a motor vehicle.

It is likewise known to use a stage for conversion
from high voltage to low voltage, specifically a DC-DC
converter that 1is controlled in output voltage, to be
matched to the battery voltage, in a way similar to the
regulator of an alternator.

Illustrated in Figure 1 is a diagram representing
an electro-mechanical model of a known energy-recovery
apparatus, designated as a whole by the reference
number 10. Designated by 11 is a shaft of an electric
generator 12, associated to which are an angular
velocity & and a torque 7. R,y denotes the output
resistance of the electric generator 12, for example a
DC generator, whereas Re denotes the equivalent
resistance of the circuits of the portion of apparatus
downstream of the electric generator 12, 1i.e., the
resistance seen by the electric generator 12, the
equivalent resistance Re being regulated, for example,
by the aforementioned inverter. Denoted by V., 1s the
loadless voltage of the electric generator 12, denoted
by I, is the current of the generator 12, and denoted
by  Vippepe 1s the voltage that 1is set up on the
equivalent resistance R..

Consequently, from what has been discussed so far,
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it follows that it is possible to control damping of
the shock absorber by acting on the equivalent
resistance R. seen by the electric generator 12, but
the fact of having to act on the equivalent resistance
R. to control damping renders 1it, however, impossible
to operate, as in other energy-harvesting systems, by
matching the impedance seen by the generator, which, in
particular, depends upon the inverter, to the output
impedance of the electric generator 12 1in order to
maximize power transfer.

Illustrated in Figure 2 1is a conversion apparatus
designated as a whole by the reference number 90.

The above conversion apparatus 90 comprises an
energy-recovery stage 30, which includes a plurality of
regenerative shock absorbers 12, 1in particular four
regenerative shock absorbers, associated to respective
DC-DC converters in the form of inverters 13, the
outputs of which are gathered in a single output node
of the energy-recovery stage 30.

The output node of the energy-recovery stage 30
basically corresponds to a high-voltage bus HV, set up
on which are a voltage Vigpene, which is the voltage on
the DC side of the inverter 13 and an output current
from the inverter I utmwvy wWhich is the sum of the four
currents at output from the inverters 13. The voltage
Vinpepe ©f the high-voltage bus HV is sent to the input
of a high-voltage-to-low-voltage conversion stage 50,
which in the example comprises a DC-DC converter 23,
set 1n parallel on the input of which 1is a storage
element, i.e., a capacitance, Coe . In variant
embodiments, the storage element may be a battery.
Entering the DC-DC converter 23 is an 1nput current
Tinpene that is equal to the current at output from the
inverter Iguerny Mminus the current that flows in the

storage element Cpe. Of course, in the present context,
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the voltage on the bus HV is defined high with respect
to the voltage on the other end of the DC-DC converter
23, on the low-voltage bus LV, which is, instead, of a lower
value and in general corresponds to the wvoltage of the
electrical systems of the vehicle, usually 12 V.

In the systems as the one described in which a
system at a higher voltage is connected, by means of a
converter, to a system at lower voltage, 1in particular
to the electrical systems connected to the wvehicle
battery, the bus on the DC side of the inverter, which
is also the high-voltage side HV, 1is in what follows
referred to as “DC-1link bus”, and the storage element
Cpe 1s referred to as “DC-1link capacitance”. The DC-
link capacitance corresponds in general to the
capacitor connected to the input of the DC-DC converter
23, where the DC voltage to be converted to a lower
voltage arrives. The DC-link capacitance 1is usually
obtained via an electrolytic or film capacitor that
decouples the input of the DC-DC converter.

The aforesaid DC-link capacitance Cpe, 1in the
example described, provides an intermediate energy-
storage stage 40 at the input of the DC-DC converter
23. The voltage of the DC-link bus has, for example, a
value of 48 V.

Set between the intermediate energy-storage stage
40 and the low-voltage bus LV, on which the battery 14
is connected, is the bidirectional DC-DC converter 23,
which converts the high voltage of the high-voltage bus
HV into a low voltage on the low-voltage bus 1LV, for
charging the battery 14, but, if need be, can operate
in the other direction to convert the low voltage on
the low-voltage bus LV into high wvoltage on the high-
voltage bus HV. This bidirectionality 1s frequently
required in hybrid or electric wvehicles.

The battery 14 is also connected to an alternator
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60, which applies thereto a charging voltage Varr.

A drawback of the aforesaid systems 1s the
management of any excess energy produced, for example,
by the energy-recovery system 30.

Known from the U.S. patent No. US8723490B2 is an
apparatus for automatic regulation of the flow of
power, which envisages, 1n order to determine the
direction of ©operation of a Dbidirectional DC-DC
converter, acquisition of the sign of the currents at
input and at output and consequent setting of the
control. In the case where the devices connected to the
bus are numerous (at least four controllers for the
shock absorbers), this approach may be complex.

The object of the present invention is to provide
an improved apparatus and an improved method that will
enable the drawbacks mentioned above to be overcome.

According to the present invention, the above
object is achieved thanks to an apparatus, as well as
to a corresponding method, having the characteristics
referred to specifically in the ensuing claims.

The invention will now be described with reference
to the annexed drawings, which are provided purely by
way of non-limiting example and in which:

- Figure 1 and 2 have already been described
previously;

- Figure 3 illustrates a principle diagram of a
preferred embodiment of the apparatus described herein;

- Figure 4A shows a converter used by the
apparatus described herein in a preferred embodiment;

- Figure 4B shows a converter used by the
apparatus described herein in another embodiment;

- Figure bA 1illustrates a regulation circuit for
the preferred embodiment of the apparatus of Figure 4A;

- Figure 5B illustrates a regulation circuit for

the preferred embodiment of the apparatus of Figure 4B;
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- Figures 6, 7, and 8 illustrate implementations
of the converter of Figure 4;

- Figures 9, 10, and 11 illustrate control signals
and signals that are set up in the apparatus of Figure
3 in different configurations of operation of the
apparatus.

In brief, the solution according to the invention
regards a bidirectional energy-conversion apparatus of
a DC-DC type operating between a low-voltage system and
a high-voltage system of a vehicle comprising an
energy-recovery stage,

said low-voltage system, which operates at a first
voltage, comprising a battery that supplies said first
voltage on a low-voltage bus,

said high-voltage system, which operates at a
second voltage higher than said first voltage,
comprising said energy-recovery stage of the vehicle
that supplies said second voltage,

salid second voltage being supplied through an
intermediate energy-storage system to a DC-DC
conversion module, which converts said second voltage
into said first voltage (for said low-voltage bus),

According a main aspect of the solution described
herein,

said DC-DC conversion module comprises a
bidirectional DC-DC converter connected between the
intermediate energy-storage stage and the vehicle
battery

said apparatus 1is configured for selecting a
direction of conversion of said bidirectional
converter, from high voltage to low voltage or from low
voltage to high wvoltage, via a control circuit as a
function of the wvalue of the voltage on the high-
voltage bus.

In particular the first bidirectional converter
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comprises a buck converter for conversion from high
voltage to low voltage and a boost converter, the
converters being selectable by said control circuit for
operating, respectively, conversion from high voltage
to low voltage or from low voltage to high voltage. The
control circuilt comprises a comparator with hysteresis
with an upper hysteresis threshold and a lower
hysteresis threshold configured for comparing the
voltage on the bus with a reference voltage, and, if
the voltage on the bus exceeds the upper threshold, a
status signal 1s generated for enabling the operation
of conversion from high voltage to low voltage, or buck
mode, and, if the voltage on the bus drops below the
lower threshold, a status signal 1s generated for
enabling the operation of conversion from low voltage
to high voltage, or boost mode.

In this connection, Figure 3 illustrates a
bidirectional energy-conversion apparatus of a DC-DC
type, designated by the reference 190, which comprises
a bidirectional DC-DC conversion module 123, which
comprises a first Dbidirectional DC-DC converter 124
connected between the intermediate energy-storage stage
40 and the vehicle battery 14 and a second auxiliary
DC-DC converter 125 connected between the intermediate
energy-storage stage 40 and an auxiliary load Raux. AS
may be noted, for the rest the apparatus corresponds to
the one described in the figure, where the energy-
recovery system 30 1s represented via a current
generator, which generates the current at output from
the inverter Iou:inv. Represented connected in parallel
to the battery 14, on which a battery voltage drop Vpa:
is present, is a generic electrical load 19,
representing the electrical loads of the vehicle that
are connected to the low-voltage bus LV (e.g., the

heated rear window) .
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It is emphasized how the solution described herein
is not, however, limited to an apparatus such as the
apparatus 190 of Figure 3, but also regards a
bidirectional energy-conversion apparatus of a DC-DC
type 123, which comprises the first bidirectional DC-DC
converter 124 connected Dbetween the intermediate
energy-storage stage 40 and the vehicle battery 14, but
not the second auxiliary DC-DC converter 125 connected
between the intermediate energy-storage stage 40 and an
auxiliary load Raux-.

In other words, the solution described herein also
applies to a conversion apparatus that only carries out
bidirectional conversion between a high voltage and a
low voltage. This apparatus is exemplified in Figure
4B, whereas a corresponding regulation circuit is
illustrated in Figure 5B.

Figure 47 illustrates, instead, a possible
topology for providing the converter module 123. This
topology, which 1s one of the simplest topologies for
obtaining a bidirectional conversion and to which
reference will be made in what follows for illustrating
the solution described herein, comprises the
bidirectional DC-DC converter 124 configured with buck
topology, i.e., comprising a switch that connects (and
disconnects) a series inductor to (from) the input,
i.e., the voltage Vpeciinr that is the energy source, so
that the inductor charges with magnetic energy and then
discharges into the battery, in this circumstance a
diode connected with its anode to ground enabling a
path for the current from ground to the battery. The
buck topology of the bidirectional converter 124,
however, comprises in this case two switches,
designated by OQpucr and Qgeest in Figure 4A, obtained for
example via MOSFET transistors, for providing the

characteristic of bidirectionality, in such a way one
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implements, seen from the high-voltage terminals BHV,
the buck behaviour, and the other implements, seen from
the low-voltage terminals LV, the boost behaviour. Each
of the switches Qpuexr and Qpoost 18 represented with a
diode in parallel connected so as to enable flow, when
the switch Qpuex 0¥ Qpoost 1S open, of a current in a
direction opposite to that in which the switch Qguexr oOr
Qroost causes flow of the current when 1t is closed.
This may, for example, be obtained via the reverse
diode between the source and the drain that is normally
present in the MOSFET. This diode completes in the case
of the buck switch the boost scheme and in the case of
the boost switch the buck scheme.

Hence, the Dbidirectional DC-DC converter 124
comprises an input capacitance Ci, connected from the
DC-1link node to ground and a first switch Qzuex
connected to the node of the DC-link bus, with a
reverse diode Dpeest 1n  parallel with 1its cathode
connected to the DC-1link node, which separates the
latter from a series inductor L in which an inductor
current I; flows. The series inductor L 1is connected to
an output node, which presents towards ground an output
capacitor Ceout, to which the battery 14 is connected in
parallel. Connected to ground between the buck switch
Qruck and the series inductor L is a second switch, the
boost switch OQOpgesc. Seen from the terminals of the
battery 14 said second switch OQgeest wWith tThe series
inductor L provides, 1in the direction of conversion
from the low-voltage bus HV to the high-voltage bus LV,
a converter with boost topology.

Likewise connected to the DC-1link node 1is the
input of the unidirectional auxiliary converter 125,
which also envisages, as has Dbeen said, a buck
topology. Hence, the unidirectional auxiliary DC-DC

converter 125 comprises an auxiliary switch  Qauxs
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connected to the DC-link node, which separates the
latter from an auxiliary series inductor L.y, in which
an auxiliary-inductor current TIi.ux flows. The auxiliary
series inductor L., 1s connected to an output node,
which presents towards ground an auxiliary output
capacitor C.ux, to which the auxiliary 1load Rau 1s
connected in parallel. In this case, since there is no
dual boost switch as in the converter 124, a diode Diux
with 1its anode connected to ground and its cathode
connected between the auxiliary switch Q.. and the
auxiliary series inductor L..,x completes the buck-
converter scheme of the converter 125.

According to the solution described herein, the
two converters 124 and 125 are controlled in closed
loop in such a way that the controlled quantity is the
DC-1link voltage Vpeiink, hence, the input voltage in the
case of the first bidirectional DC-DC converter 124 in
forward mode and of the second auxiliary DC-DC
converter 125, and the output voltage in the case of
the first bidirectional DC-DC converter 124 in reverse
mode. In this way, the regulation guarantees an
extremely low voltage ripple and continuity of
operation.

The second auxiliary DC-DC converter 125 enables
dissipation of the excess energy in a load at a higher
voltage (up to that of the DC-1link bus) with respect to
the voltage of the Dbattery 14, hence with lower
currents, 1in addition to the advantage of not burdening
the low-voltage system with a further load. Moreover,
also for this converter closed-loop (non-hysteretic)
operation enables a better aspect ratio of the
dissipated power.

The first bidirectional DC-DC converter 124 and
the auxiliary DC-DC converter 125 are driven according

to different modes on the basis of the operating
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conditions of the system, in particular of the voltage
on the bus Vpeiink, and, possibly of a reference voltage
Vier, as described more fully hereinafter.

The Dbidirectional DC-DC converter 124 can be
activated in forward or reverse mode, according to the
type of conversion required by the vehicle, whereas the
second auxiliary DC-DC converter 125 is activated only
in the condition 1in which there becomes necessary
dissipation of excess energy 1in conversion from the
energy-recovery system 30 to the battery 14 (from the
high-voltage bus HV to the low-voltage bus 1LV).

In order to determine the direction of operation
of the bidirectional DC-DC converter 124, as has been
sald, 1t is envisaged to carry out substantially only
reading of the voltage on the bus Vpeiinx with consequent
determination of the direction of operation of the
first bidirectional DC-DC converter 124 and possible
activation of the second auxiliary converter 125.

This is obtained using a comparator with
hysteresis, designated by 141 in Figure 5, where
represented in detail is a regulation module 140, which
as a function of the voltage on the bus Vpeiink, 1S
configured for generating PWM (Pulse-Width Modulation)
driving signals PWMpyck, PWMpoost, and PWMa,, to control
the switches Qgucks Qpoostr and Qaux, respectively. The
comparator with hysteresis 141 is configured with an
upper hysteresis threshold Vyy and a lower hysteresis
threshold Vy.. This DC-1link wvoltage Vpeiinky 1s compared
with a reference voltage V,.t, the wvalue of which is
intermediate between the wvalue of the two hysteresis
thresholds Viy and Vs, and corresponds to a nominal
voltage wvalue of the high-voltage bus HV or, in any
case, to a target voltage wvalue. For example, the
nominal voltage value of the high-voltage bus HV may be

48 V, the upper hysteresis threshold Viy and the lower
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hysteresis threshold Vi may be 46V and 50v,
respectively, and the reference voltage Vi may be
48 V.

When the wvoltage on the bus Vpeiink exceeds the
upper threshold Vyg (for example, on account of an
event of generation of energy by the shock absorbers
12) a (status) signal 1is generated for enabling
operation in buck mode Buck mode, so that the flow of
energy will go from the DC-1link bus to the battery 14
in order to cause a reduction of the DC-link voltage
Voelink On the DC-1ink bus.

Instead, 1f the DC-link voltage Vpeiink becomes
lower than the lower threshold Vi (for example, on
account of a demand for actuation) a (status) signal is
generated for enabling the operation in boost mode
Boost mode, so that the flow of energy will go from the
battery 14 to the DC-1link bus in order to cause a rise
of the DC-1link voltage Vpeiink on the DC-1ink bus.

If the voltage Vpeiink remains within the two
thresholds Vyy and V¢, the most recent setting is
maintained. The target, or nominal, voltage of the DC-
link bus des not change in the various operating modes,
so that, within the two thresholds Vqy and Vg, the
bidirectional DC-DC converter 124 seeks to set the
nominal voltage (or 1in any case the target wvoltage)
whether it is in buck mode or in boost mode. Activation
of the auxiliary converter 125 of a buck type 1is
subordinate to the presence of the signal for enabling
operation in buck mode Buck mode to prevent operation
thereof during the boost operation of the bidirectional
DC-DC converter 124 (this would amount to a transfer
from the battery 14 to the high-voltage bus HV, with
useless dissipation of energy). The reference voltages
of the two converters 124 and 125 must be set so as to

guarantee precedence of operation for the bidirectional
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DC-DC converter 124, which is the main converter and
generates recovery of energy, over operation of the
auxiliary converter 125, which, instead, determines
dissipation of energy. To guarantee this, two values of
reference voltage are considered: the first is the
reference voltage V,.r, which is used for regulating the
bidirectional DC-DC converter 124, the second 1is a
maximum overvoltage Vy.x, Wwhich is higher than the
reference voltage V.. and corresponds to the wvalue of
overvoltage accepted in conditions of excess
regenerated energy, which 1is used for regulating the
auxiliary DC-DC converter 125, If the bus voltage 1is
lower than both of the values of the voltage references
Vyer and Vp.x, the two converters 124 and 125, which are
both in buck configuration, do not work; 1i.e., their
operation 1s not enabled. With the bus voltage Vpelink
comprised between the two voltage references Ve and
Vwax Operation only of the bidirectional DC-DC converter
124 is enabled. With a voltage higher than both of the
voltage references Vi and Vy., both of the converters
124 and 125 are enabled and active.

Hence, Figure LA 1illustrates an implementation of
the regulation module 140 that comprises the voltage
comparator with hysteresis 141, which receives on its
inputs the bus voltage Vpeiinr and the reference voltage
Veer and generates at output a comparison logic signal
HC, which 1is picked up to obtain a buck-mode-enable
signal Buck mode, and 1is 1in parallel picked up and
inverted via an inverter 145 to obtain a boost-mode-
enable signal Boost mode.

The boost-mode-enable signal Boost mode is sent to
an AND logic gate 146 together with a boost PWM signal
PWMpoost Originated by a boost regulation circuit 142,
which regulates the pulse-width modulation that is used

for controlling the boost switch Qpeest SO as to obtain
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the desired voltage regulation Vpeiink, 1in a way 1in
itself known to the person skilled in the branch, in
particular by controlling the inductor current I,
i.e., the input current, on the low-voltage vehicle
side, i.e., on the battery, of the converter 124 when
it operates in the above boost mode. The regulation
circuit 142 also receives the reference voltage value
Vyier, as control quantity of a voltage control loop, as
described in greater detail in what follows. If the
boost-mode-enable signal Boost mode is active, i.e., in
the case illustrated has the wvalue of a logic one, at
output from the AND logic gate 146 there is the boost
PWM signal PWMgeest, which can be sent to the switch
QOpoost 0f the bidirectional DC-DC converter 124, as
represented in greater detail in Figure 6.

The buck-mode-enable signal Buck mode at output
from the inverter 145, is sent to an AND logic gate 147
together with a buck PWM signal PWMz,.. oOriginated by a
buck regulation circuit 143, which regulates the pulse-
width modulation so as to obtain the desired voltage
regulation Vpeiink, 1n a way 1in 1itself known to the
person skilled 1in the Dbranch, in particular by
controlling the inductor current I, i.e., the output
current of the converter 124 operating in forward mode
(buck mode). The regulation circuit 143 also receives
the reference voltage value V.., as control gquantity of
a voltage control loop, as described in greater detail
in what follows. If the Dbuck-mode-enable signal,
Buck mode, is active, i.e., 1in the case illustrated 1is
a logic one, at output there is has the buck PWM signal
PWMp,ex, which can be sent to the switch OQpuex 0f the
bidirectional DC-DC converter 124.

The buck-mode-enable signal Buck mode 1s also sent
to an AND logic gate 148 together with a auxiliary PWM

signal PWM,,, originated by an auxiliary regulation
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circuit 144, which regulates the pulse-width modulation
so as to obtain the desired wvoltage drop Vpeclink, 1n
particular by controlling the auxiliary-inductor
current Iy, 1.e., the output current of the converter
125. The regulation <circuit 144 also receives the
maximum overvoltage value Vg.,, as control gquantity of a
voltage control loop, as described in greater detail in
what follows. It is clear how with this configuration
if the Dbuck-mode-enable signal Buck mode 1is de-
activated, i.e., it is a logic zero, the output of the
logic gate 148 is always at zero, and hence operation
of the converter 125 1is inhibited, in so far as the
auxiliary switch Q.ux remains open.

As mentioned, Figure 4B illustrates a
bidirectional DC-DC energy-conversion apparatus 1237,
which comprises the first bidirectional DC-DC converter
124 connected between the intermediate energy-storage
stage 40 and the vehicle battery 14, but not the second
auxiliary DC-DC converter 125 connected between the
intermediate energy-storage stage 40 and an auxiliary
load Raux- Figure 5B accordingly illustrates an
embodiment of the control circuit 140’ for the
converter 123’7, which comprises just the bidirectional
converter 124. Consequently, as compared to the circuit
illustrated in Figure b5A, it does not comprise the AND
logic gate 148 nor the auxiliary regulation circuit
143.

It is emphasized in this regard how the solution
described herein refers in general to an apparatus for
bidirectional conversion of energy between high and low
voltage, which does not necessarily comprise circuits
for dissipating energy overshooting by the high-voltage
bus like the auxiliary converter of Figure bA; i.e., it
refers in general to a bidirectional energy-conversion

apparatus of a DC-DC type operating between a low-
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voltage system LV and a high-voltage system HV of a
vehicle comprising an energy-recovery stage 30,

said low-voltage system LV, which operates at a
first voltage Vpar, comprising a Dbattery 14 that
supplies said first voltage Vpar on a low-voltage bus LV
’

sald high-voltage system HV, which operates at a
second voltage Vipgpener Vpeiink higher than said first
voltage Vpat, comprising said energy-recovery stage 30
of the vehicle that supplies said second voltage Vippepes
Voclinks

said second voltage Vippepe, Voelink Peing supplied
through an intermediate energy-storage system 40 to a
DC-DC conversion module 23; 123, which converts said
second voltage Vigpener Vpeiink into said first voltage Vipa:
for said low-voltage bus LV, wherein said DC-DC
conversion module 123 comprises a bidirectional DC-DC
converter 124 connected Dbetween the intermediate
energy-storage stage 40 and the vehicle battery 14, and
said apparatus is configured for selecting a direction
of conversion of said bidirectional converter 124, from
high voltage HV to low voltage LV or from low voltage
LV to high voltage HV via a control circuit 140 as a
function of the wvalue of the voltage Vpeiinr on the high-
voltage bus HV.

The auxiliary 1load Rgy must be sized so as to
guarantee the entire dissipation of the excess energy;
i.e., 1t must have a resistive wvalue not higher than,
i.e., lower than or equal to, the wvalue that would
cause a voltage drop across it equal to the voltage on
the bus Vpeiinxy in the presence of the maximum current
deriving from the auxiliary DC-DC converter 125 of a
buck type.

The operation described, 1in particular for the

regulation circuit of Figure b5A, 1is obtained wvia the
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use of the three regulation circuits 142, 143, 144, one
for each mode, the boost mode, the buck mode, and the
auxiliary mode, the latter mode being enabled only
during buck-mode operation. FEach regulation circuit
142, 143, 144 envisages a respective voltage control
loop on the bus Vpeiiny and a pulse-width modulator,
where this 1is wunderstood as being a circuit that
generates a PWM signal with a pulse-width modulation
determined by one or more control signals, which
regulates an 1internal inductor-current loop (for
example, a loop operating in Peak-Current Mode). The
outputs of the three pulse-width modulators are enabled
by the boost-mode-enable signal Boost mode or buck-
mode-enable signal Buck mode described above and
directed to the switches Qsoosts QOrucks Qaux (0r to their
drivers) for operating in the required configuration.

For example, with reference to Figure 6, the
control loop comprises an adder 143a, which receives as
control gquantity, or setpoint, the reference voltage
Vier;, Wwhich 1t compares with the bus voltage Vperink
picked up on the input of the converter 123, to obtain
an error signal that drives, through a compensation
circuit 143b, an internal current loop 143c, which, for
example, carries out a current limitation. The output
of the current loop is supplied as control signal to a
pulse-width modulator 143d, which also receives also
the current wvalue I. of the inductor L for controlling
the pulse-width-modulation value and, as illustrated in
Figure 5, supplies a signal PWMz.,.. to the logic gate
147, which also receives the buck-mode-enable signal
Buck mode. At output from the logic gate 147 1is the
signal  PWMpuck, which controls, preferably through
drivers, opening and closing of the buck switch OQpuck-
The boost switch Qpeest 1s kept open.

In Figure 7 the boost regulation circuit 142 is
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similar, with an internal current loop 142c that
carries out a current limitation of its own at a limit
current value.

In Figure 8 the auxiliary regulation circuit 144
is similar, with an internal current loop 144c that
carries out a current limitation of 1its own, and
moreover the maximum overvoltage Vg, 1s given as
reference or setpoint wvalue for limiting the wvoltage
value.

Figure 9 illustrates diagrams that plot as a
function of time the waveforms of signals of the
apparatus described herein in a condition of turning-on
and successive entry of excess energy on the bus.

The voltage on the bus Vpeiinry uUpon the turning-on
rises, while the converter 23 is operating in boost
mode (signal Boost mode at high 1level). When the
voltage on the bus Vpeiinr exceeds the upper hysteresis
threshold V¢y; of the comparator 141, this switches its
output, the boost-mode-enable signal Boost mode drops
to the low logic level, and the buck-mode-enable signal
Buck-mode goes to high logic 1level, enabling the
bidirectional DC-DC converter 124 to function in buck
mode converting the high voltage of the HV side into
low voltage on the LV side. The auxiliary DC-DC
converter 125 1is enabled if the voltage on the bus
Vpeiink has exceeded the maximum overvoltage Vy.x and the
bidirectional converter 124 1s 1n buck mode (the
driving signal PWM_ux is issued) . The auxiliary
converter 125 is disabled when the voltage on the bus
Vpeiink has dropped below the maximum overvoltage Viyax.
When the voltage on the bus Vpeiink drops below the lower
hysteresis threshold Vs, of the comparator 141, the
apparatus returns into boost mode.

In the more general case of the solution here

described of Figure 5B, the control circuit 140’
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comprises the comparator with hysteresis 141 with an
upper hysteresis threshold Vg and a lower hysteresis
threshold V. configured for comparing the voltage on
the bus Vpciink With a reference voltage Vier, and, 1if the
voltage on the bus Vpeiinr exceeds the upper threshold
Viy, a status signal is generated for enabling the
operation of conversion from high wvoltage to low
voltage, or buck mode Buck mode, and if the voltage on
the bus Vpeiinry drops below the lower threshold Vg, a
status signal 1s generated for enabling the operation
of conversion from low voltage to high voltage, or
boost mode Boost mode. The control circuit 140 only
comprises the respective regulation circuits 142, 143
for the buck mode and the boost mode, which generate
respective PWM driving signals PWMguck, PWMgzoost fOI
driving respective switches Qpucks Qroost ©f said buck
converter OQauecks L, Dgucx and boost converter OQpoosts Ly
Dioost 7 and Jjust the logic circuits 147, 148 for
selectively supplying at output from said regulation
circuit 140 said PWM driving signals PWMzuck, PWMpeest LCO
said respective switches Qpucr, OQpoost, uUnder the control
of said status signal for enabling the operation of
conversion from high voltage to low voltage, Buck mode,
and sald status signal for enabling the operation of
conversion from low voltage to high voltage,
Boost mode.

Figure 10 1illustrates diagrams that plot as a
function of time the waveforms of signals of the
apparatus in a condition in which the input energy,
coming from the energy-recovery system 30 is in excess
with respect to the energy that can be transferred into
the battery 14.

In this case, the converter 123 is in buck mode;
when the voltage on the bus Vpeiinxy exceeds the maximum

overvoltage Vg, the auxiliary converter 125 is enabled
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(the driving signal PWM,,; 1is 1ssued).

Figure 11 1illustrates diagrams that plot as a
function of time the waveforms of signals of the
apparatus in an additional condition that represents
the case where the maximum overvoltage Vg, 1is set at a
value higher than that of the other thresholds. In this
mode, the voltage ripple increases, but a better mean
energy transfer i1s obtained, in so far as dissipation
of the excess energy 1s limited by storing it
temporarily in the storage element.

Also in this case, the converter 123, initially in
buck mode with the bidirectional DC-DC converter 124
activated in buck mode to convert the high voltage into
low voltage, activates the auxiliary DC-DC converter
125 when the wvoltage on the bus Vpeiinr €exceeds the
maximum overvoltage Vy.x and de-activates it, instead,
when the voltage on the bus Vpeiinr subsequently drops
below the maximum overvoltage Vyax.

The solution proposed may be applied also in the
case in which is energy-management strategies are to be
implemented by varying the voltage of the high-voltage
bus (for example, in the presence of an energy-storage
element such as supercapacitors or a Li-ion battery).
In this case, the reference voltages V,.r, the threshold
hysteresis voltages Vo, Vo, and the maximum
overvoltage Vg, must be rendered settable in time.

Hence, from the foregoing description the
advantages of the solution emerge clearly.

Advantageously, the apparatus and method described
enable regulation of the flow of power in an automatic
way without requiring reading of the currents. Known
solutions for determining the direction of operation of
a bidirectional DC-DC converter envisage acquisition of
the sign of the currents at input and output and

consequent setting of the control. In the case where
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the devices connected to the bus are numerous (at least
four controllers for the shock absorbers) this approach
may be complex. The solution proposed envisages,
instead, Jjust reading of the voltage on the high-
voltage bus with consequent determination of the
direction of operation of the first converter and
possible activation of the second converter.

Of course, without prejudice to the principle of
the invention, the details of construction and the
embodiments may vary widely with respect to what has
been described and illustrated herein purely by way of
example, without thereby departing from the scope of

the present invention.
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CLAIMS

1. A bidirectional energy-conversion apparatus of
a DC-DC type operating between a low-voltage system
(LV) and a high-voltage system (HV) of a wvehicle
comprising an energy-recovery stage (30),

sald low-voltage system (LV), which operates at a
first voltage (Vpar), comprising a battery (14) that
supplies said first voltage (Vpar) on a low-voltage bus
(LV),

sald high-voltage system (HV), which operates at a
second voltage (Vippepe, Vopciink) higher than said first
voltage (Vpar), comprising said energy-recovery stage
(30) of the vehicle that supplies said second voltage
(Vinpeoe, Voelink) s

sald second voltage (Vippepe, Vpciink) belng supplied,
through an intermediate energy-storage system (40), to
a DC-DC conversion module (23; 123), which converts
salid second voltage (Vippeoe, Vpciink,) 1nto said first
voltage (Vpar) for said low-voltage bus (LV),

said apparatus being characterized in that:

said DC-DC conversion module (123) comprises a
bidirectional DC-DC converter (124), connected between
the intermediate energy-storage stage (40) and the
vehicle battery (14); and

said apparatus 1is configured for selecting a
direction of conversion of said bidirectional converter
(124), from high wvoltage (HV) to low voltage (LV) or
from low wvoltage (LV) to high wvoltage (HV), via a
control circuit (140) as a function of the value of the
voltage (Vpeiink) On the high-voltage bus (HV).

2. The apparatus according to Claim 1,
characterized in that said first bidirectional
converter (124) is configured for operating in a buck-

conversion mode (Qsuexs L, Dgucx) from high wvoltage to
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low voltage and a boost-conversion mode (Qpoosts Ly,
Dzoost) y Said modes being selectable by said control
circuit (140) for operating, respectively, conversion
from high voltage (HV) to low voltage (LV) or from low
voltage (LV) to high voltage (HV).

3. The apparatus according to Claim 2,
characterized in that said control c¢ircuit (140)
comprises a comparator with hysteresis (141) with an
upper hysteresis threshold (Vyy) and a lower hysteresis
threshold (V1), which is configured for comparing the
voltage on the bus (Vpeiink) with a reference voltage
Veer, and, if the voltage on the bus (Vpeiink) exXceeds the
upper threshold (V:y), a status signal is generated for
enabling the operation of conversion from high voltage
to low voltage, or buck mode (Buck mode), and

if the voltage on the bus (Vpeiink) drops below the
lower threshold (V¢.), a status signal is generated for
enabling the operation of conversion from low voltage
to high voltage, or boost mode (Boost mode).

4. The apparatus according to any one of the
preceding claims, characterized in that said control
circuit (140) comprises respective regulation circuits
(142, 143) for the buck mode and the boost mode, which
generate respective PWM (Pulse-Width Modulation)
driving signals (PWMgpyck, PWMzeest) for driving respective
switches (Qpucks Qroost) ©0f said buck converter (Qzuer, L,
Deuck) and said boost converter (Qaoosts L, Dgoost), and
logic circuits (147, 148) for selectively supplying at
output from said regulation circuit (140) said PWM
driving signals (PWMgpuycr, PWMgeest) ©TO said respective
switches (QOpucks Opoosts) uUnder the control of said status
signal for enabling the operation of conversion from
high voltage to low voltage (Buck mode) and said status
signal for enabling the operation of conversion from

low voltage to high voltage (Boost mode).
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5. The apparatus according to any one of the
preceding claims, characterized in that said apparatus
(90; 190) comprises an auxiliary load (Raux) / in
particular an external load, which can be connected in
order to enable dissipation of the excess energy
supplied by the energy-recovery system (30),

said DC-DC conversion module (123) further
comprising a bidirectional DC-DC converter (124)
connected between the intermediate energy-storage stage
(40) and the vehicle battery (14), and a second DC-DC

converter (125) connected between the intermediate
energy-storage stage (40) and said auxiliary load
(Raux) .

6. The apparatus according to any one of the
preceding claims, characterized in that said apparatus
is configured for selecting a direction of conversion
of the first bidirectional converter (124), from high
voltage (HV) to low voltage (LV) or from low voltage
(LV) to high wvoltage (HV) ), and activation or
deactivation of said second auxiliary converter (124)
via a control circuit (140) as a function of the value
of the voltage (Vpeiinx) on the high-voltage bus (HV).

7. The apparatus according to any one of the
preceding claims, characterized in that said first
bidirectional <converter (124) further comprises an
auxiliary buck converter (Qauxs Lauxs Daux), which can be
selected if said one buck converter (Qsucks L, Dguck) 18
selected active for conveying the bus voltage (Vpeiink)
on the auxiliary load (Rauy) .

8. The apparatus according to any one of the
preceding claims, characterized in that said control
circuit (140) is configured for:

disabling operation of the first converter (124)
and of the second converter (125) i1if the bus voltage is

lower both than the reference voltage value (V..r) and
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enabling operation only of the bidirectional DC-DC
converter (124) if the bus voltage (Vpciink) 1s comprised
between the reference voltage value (Vyier) and the
maximum overvoltage value (Vugay),

enabling operation of the first converter (124)
and of the second converter (125) 1if the bus voltage
(Vpeiink) 18 higher both than a reference voltage value
(Veer) and than a maximum overvoltage value (Vyax) -

9. A method for bidirectional energy conversion
between a low-voltage system (LV) and a high-voltage
system of a vehicle according to any one of Claims 1 to
8, said method comprising selecting a direction of
conversion of the first bidirectional converter (124),
from high voltage (HV) to low voltage (LV) or from low
voltage (LV) to high wvoltage (HV)), as a function of
the wvalue of the voltage (Vpeiink) on the high-voltage
bus (HV).

10. The method according to Claim 9, characterized
in that it comprises executing an operation of
comparison with hysteresis (141) with an upper
hysteresis threshold (Voy) and a lower hysteresis
threshold (Vyy), and, if the voltage on the bus (Vpeiink)
exceeds the upper threshold (Viy), a status signal 1is
generated for enabling the operation of conversion from
high voltage to low voltage, or buck mode (Buck mode),

if the voltage on the bus (Vpeiink) drops below the
lower threshold (V¢.), a status signal is generated for
enabling the operation of conversion from low voltage

to high voltage, or boost mode (Boost mode).
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