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(54) Abstract Title

A brake-by-wire electro-hydraulic braking system

(57) In a brake-by- wire mode, hydraulic pressure is applied from a charged pressure accumulator 22 to
braking devices 18a-18d at the vehicle wheels in response to the driver's braking demand as sensed
electronically at a brake pedal 10, and in a push- through mode, hydraulic pressure is applied to the braking
devices from a master cylinder 34. A hydraulic simulator 38 is connected hydraulically to the master cylinder
34 for providing improved feel for the driver through the brake pedal in the brake-by wire mode. When the
occurrence of a progressively falling trend in the accumulator pressure is detected, the brake pressure is
modified to reduce the brake fluid consumption by the wheel brakes, whilst at least maintaining the demanded
vehicle deceleration. A number of ways of effecting this reduction are disclosed.

At least one drawing originally filed was informal and the print reproduced here is taken from a later filed formal copy.
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The present invention relates to electro-hydraulic braking EHB systems for
motor vehicles.

A typical EHB system for a vehicle comprises a brake pedal, respective
braking devices connected to the vehicle wheels and which are capable of being
brought into communication with electronically controlled control valves in order to
apply and modulate hydraulic fluid under pressure to the braking devices, a hydraulic
pump driven by an electric motor, and a high pressure hydraulic pressure accumulator
fed by said pump for the provision of hydraulic fluid under pressure which can be
passed to the braking devices via the control valves in order to apply hydraulic fluid
under pressure to the braking devices in so called “brake by wire” mode in proportion
to the driver’s braking demand as sensed at the brake pedal. Tﬁe EHB system is
controlled by an electronic controller (ECU).

The pressure accumulator, motor driven pump and control valves together
form a hydraulic control unit (HCU). Driver’s braking demand can be sensed in any
of a number of different ways, including measurement of pedal travel, pedal actuation
velocity, pedal force and brake pressure, the braking demand being evaluated in the
ECU.

In order to make the EHB system “feel” like a conventional braking system
in so-called “push-through” mode of braking in the event of failure of the brake-by-

wire mode, a simulation unit is also provided which is connected hydraulically to the
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brake pedal and which, by increasing the volume under pressure, allows the brake
pedal to be depressed to an extent comparable with that of conventional systems.
The brake pedal acts on the simulation unit which comprises the means for measuring
the aétuation of the brake pedal and a means for simulating the pedal “feel” for the
driver. The simulation unit also includes a hydraulic master cylinder which is
arranged to supply the wheel brakes of at least one axle of the vehicle with
pressurised fluid in the event that the electro-hydraulic power system is out of order,
for example as a result of faults in the voltage supply.

Since the pressure accumulator of such an EHB system can contain only a
specific volume of brake fluid, its size should normally be specified such that it can
supply sufficient brake fluid as required by the brakes under all braking conditions.
However, there is a potential problem that, if the pump output is seriously reduced
as a result, for example, of a falling supply voltage, the pressure accumulator is not
recharged as quickly as the brake fluid is consumed by the brakes. In other words,
the pump delivery rate in such circumstances is reduced below the average
consumption of the wheel brakes so that the pressure accumulator fails to be
recharged. This problem arises particularly in the case of cadence braking (i.e.
repeated pumping of the brake pedal) and during various conditions of ABS braking,
particularly on so-called chequerboard road surfaces.

Therefore the problem underlying the present invention is to reduce the brake
fluid consumption from the pressure accumulator by the wheel brakes, at least in

certain circumstances, whereby to increase the operating time of the pressure
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accumulator, ie to increase the time for which the pressure accumulator is able to
satisfy the demand for brake fluid by the brakes.

In accordance with the present invention in its broadest aspect, this is
achieved in that the occurrence of the critical moment when the accumulator pressure
matches the pre-charge pressure at which substantially no volume of brake fluid
remains in the pressure accumulator is arranged at least to be delayed.

Advantageously, the system includes a means for detecting the occurrence of
a progressively falling trend in the accumulator pressure and, when such an
occurrence is detected, modifying the brake pressure in such a manner that the brake
fluid consumption by the wheel brakes is reduced, whilst at least maintaining the

demanded vehicle deceleration.

The reduction in the brake fluid consumption by the wheel brakes can be
achieved by reducing the average brake pressure.

The average brake pressure can be reduced by, for example, limiting the
peak(s) of the maximum brake pressure and/or the peak(s) of the minimum brake
pressure (in this case the vehicle deceleration initially decreases but this is not a
problem since the driver will himself compensate by changing his driver’s braking
demand in a critical situation), and/or clipping the ceiling of the maximum brake
pressure and/or the floor of the minimum brake pressure, and/or changing the rise
rate and/or falling rate of the brake pressure, and/or reducing the boost ratio between

the driver’s braking demand and the brake pressure, and/or slowing up the pressure

decay rate.
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Preferably, for safety reasons, the reduction in the average braking pressure
is used only when the driver’s braking demand behaviour remains unchanged, at least
for a preset period of time.

Advantageously, in the event that the modified brake pressure behaviour is
found to correspond to the driver’s braking demand behaviour, the system is arranged
to be switched over to the “push-through” mode described hereinbefore.

Preferably, the detection of a progressively falling trend of the accumulator
pressure is based on the observed accumulator pressure behaviour, and/or the
observed brake pressure behaviour, and/or the driver’s demand behaviour and/or

combinations of the latter.

The invention is described further hereinafter, by way of example only, with
reference to the accompanying drawings, in which:-

Fig. 1 is a diagrammatic illustration of a typical conventional electro-
hydraulic braking system (EHB) to which the present application is applicable; and

Figs 2 to 5 are curves of accumulator pressure, brake pressure and drive
demand pressure against time to illustrate different operating modes to achieve
functions applicable to various embodiments of the present invention.

With reference first to fig 1, the illustrated EHB system comprises a brake
pedal 10 with an associated travel sensor 12 for the acquisition of the driver’s braking
demand. The driver’s demand is transferred to an electronic control unit (ECU) 13,
evaluated there, and used as the source for the generation of electrical control signals

for proportional solenoid control valves 14a, 14b, 14c, 14d, a hydraulic pump 16
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driven by an electric motor 17, wheel brakes 18a, 18b of one axle supplied with
hydraulic fluid by electrically actuated brake channels 20a, 20b and wheel brakes
18c, 18d of the other axle supplied by electrically actuated channels 20c, 20d.
Hydraulic fluid for the system is stored in a reservoir 21.

Under normal braking conditions, brake pressure modulation in the
electrically actuated brake channels 20a, 20b, 20c, 20d is effected in a known
(“‘brake-by-wire™) manner by means of the proportional solenoid control valves 14a,
14b, 14c and 14d, the brake pressure being provided by a pressure
accumulator/reservoir 22 whose pressure is maintained by the pump 16 operated by
the electric motor 17. The accumulator/reservoir 22 can be selectively isolated by a
solenoid operated valve 40 and a manually operable valve 42.

| Pressure sensors (not shown) monitor the hydraulic pressure at the wheel
brakes 18a, 18b of the front axle and pressure sensors (not shown) monitor the
hydraulic pressure at the wheel brakes 18¢, 18d of rear axle. Further pressure sensors
monitor the pressure within a push-through circuit 27 for the right and left front
wheel brakes and the supply pressure in the circuit of pump 16. Respective solenoid
valves 29 and 31 enable the brake channels 20a, 20b and 20c, 20d to be coupled
together.

The push-through circuit 27 includes solenoid controlled valves 32a, 32b to
enable these circuits to be closed (open-circuited) during normal brake by wire
operation.

The push-through arrangement includes a master-cylinder 34 coupled to the
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brake pedal 10 and to the circuit 27, the master cylinder enabling the front brakes to
be actuated manually in the event of failure of the brake-by-wire system. Coupled
to the circuit 27 is a travel simulator 38 which is activated hydraulically by master-
cylinder pressure to give “feel” to the driver during operation of the brakes in brake-
by-wire mode.

The EHB system described this far is already known. In operation, the
system is controlled by means of the ECU 13 whereby to control the brake actuators
18a-18d in accordance with the drivers braking demand established by monitoring
the actuation of the foot pedal 10 using the travel sensor 12. Fluid pressure for
operating the brake actuators is supplied by the pressurised reservoir/accumulator 22.

As explained hereinbefore, the objective of the present invention is to seek
to reduce the brake fluid consumption from the pressure accumulator 22 by the wheel
brakes 18a - 18d, at least in certain circumstances, whereby to increase the operating
time of the pressure accumulator 22, ie to increase the time for which the pressure
accumulator 22 is able to satisfy the demand for brake fluid by the brakes. This can
be achieved by reducing the average brake pressure in the brake actuators. One way
in which the average brake pressure can be reduced for this purpose is to arrange for
the ceiling of the maximum brake pressure to be limited following detection of a
progressively falling trend in the pressure in the accumulator 22, as illustrated in fig.
2 where the pressure pulses beyond the third pulse are progressively restricted. Fig.
2 also shows an alternative/additional possibility of introducing a variable knee point,

which falls to compensate for reducing accumulator pressure. This arrangement
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again assists a reducing fluid consumption.

Further possibilities for reducing the fluid consumption are to reduce the
boost ratio between the driver’s braking demand and the brake pressure, and to
change the rise rate and/or falling rate of the brake pressure, for example as illustrated
in Fig. 3.

A still further possibility for reducing the fluid consumption is to clip the
ceilings of the maximum brake pressure (and/or the floor of the minimum brake

pressure), as illustrated in Fig. 4.
A still further possibility for reducing the fluid consumption is to limit the
peaks of the minimum brake pressure and also to slow up the pressure decay rate, for

example from 1 to 2 bar, whereby the infill brake volume is not required, as

illustrated in Fig. 5.
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CLAIMS

1. An electro-hydraulic braking system of the type capable of operating in a
brake-by-wire mode wherein hydraulic pressure is applied from a charged pressure
accumulator to braking devices at the vehicle wheels in proportion to the driver’s
braking demand as sensed electronically at a brake pedal, and in a push-through
mode wherein hydraulic pressure is applied to the braking devices at the vehicle
wheels by way of a master cylinder coupled mechanically to the brake pedal, and
which includes a hydraulic simulator which is connected hydraulically to the master
cylinder for providing improved feel for the driver through the brake pedal in the
push-through operating mode, characterised by means for at least delaying the
occurrence of the condition that the accumulator pressure matches a pre-charge
pressure. at which substantially no brake fluid remains in the pressure accumulator.
2. An electro-hydraulic braking system of the type capable of operating in a
brake-by-wire mode wherein hydraulic pressure is applied from a charged pressure
accumulator to braking devices at the vehicle wheels in proportion to the driver’s
braking demand as sensed electronically at a brake pedal, and in a push-through
mode wherein hydraulic pressure is applied to the braking devices at the vehicle
wheels by way of a master cylinder coupled mechanically to the brake pedal, and
which includes a hydraulic simulator which is connected hydraulically to the master
cylinder for providing improved feel for the driver through the brake pedal in the
push-through operating mode, characterised by means for detecting the occurrence

of a progressively falling trend in the accumulator pressure and, when such an



-9.
occurrence is detected, modifying the brake pressure in such 2 manner that the brake
fluid consumption by the wheel brakes is reduced, whilst at least maintaining the
demanded vehicle deceleration.

3. An electro-hydraulic braking system as claimed in claim 2, wherein the
reduction in the brake fluid consumption by the wheel brakes is arranged to be
achieved by reducing the average brake pressure.

4. An electro-hydraulic braking system as claimed in claim 3, wherein the
average brake pressure is arranged to be reduced by,

(a) limiting the peak(s) of the maximum brake pressure and/or the peak(s) of
the minimum brake pressure, and/or

(b) clipping the ceiling of the maximum brake pressure and/or the floor of the
muumum brake pressure, and/or

(c) changing the rise rate and/or falling rate of the brake pressure, and/or

(d) reducing the boost ratio between the driver’s braking demand and the
brake pressure; and/or

(e) slowing up the pressure decay rate.

5. An electro-hydraulic braking system as claimed in any of claims 1 to 4,
wherein in the event that the modified brake pressure behaviour is found to
correspond to the driver’s braking demand behaviour, the system is arranged to be
switched over to the “push-through” mode.

6. An electro-hydraulic braking system as claimed in any of claims 1 to 5

where the detection of a progressively falling trend of the accumulator pressure is
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based on the observed accumulator pressure behaviour, and/or the observed brake
pressure behaviour, and/or the driver's braking demand behaviour and/or
combinations of the latter.

7. An electro-hydraulic braking system as claimed in any of claims 1 to 6,
wherein the reduction in the average braking pressure is used only when the driver’s

braking demand behaviour remains unchanged, at least for a preset period of time.
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