06/118997 A1 IR 0 000 )OO OO0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
9 November 2006 (09.11.2006)

(10) International Publication Number

WO 2006/118997 A1l

(51) International Patent Classification:
B60T 8/36 (2006.01) B60T 8/48 (2006.01)

(21) International Application Number:
PCT/US2006/016176

(22) International Filing Date: 27 April 2006 (27.04.2006)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/676,395 29 April 2005 (29.04.2005) US
(71) Applicant (for all designated States except US):
KELSEY-HAYES COMPANY [US/US]; 12000 Tech

Center Drive, Livonia, MI 48150 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): WEI, Hongxing
[US/US]; 25820 Abbey Drive, Novi, MI 48374 (US).
WEBER, David [US/US]; 10932 Green Oaks Drive,
South Lyon, MI 48178 (US). HALLER, Mark [US/US];
44976 N. Spring Drive, Canton, MI 48187 (US).

(74) Agent: MOLNAR, John, B.; MacMillan, Sobanski &
Todd, LLC, One Maritime Plaza, Fourth Floor; 720 Wa-
ter Street, Toledo, OH 43604 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KN, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV,
LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI,
NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG,
SK, SL, SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US,
UZ, VC, VN, YU, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: METHOD AND APPARATUS FOR DYNAMICALLY CONTROLLING PRESSURE WITHIN A VEHICLE BRAKE

SYSTEM

& (57) Abstract: A method for controlling a vehicle wheel brake (16, 18) that includes applying a pulse width modulated voltage to
an isolation valve (30) located between a master brake cylinder (14) and the wheel brake (16, 18) to develop a differential pressure
across the isolation valve (30) that is applied to the wheel brake. The differential pressure is a function of the duty cycle of the
applied voltage. Because the operation of the isolation valve (30) allows a flow of fluid through the valve, changes in the master
cylinder pressure are passed through the isolation valve (30) to the wheel brake (16, 18) .

e
=



WO 2006/118997 PCT/US2006/016176

METHOD AND APPARATUS FOR DYNAMICALLY CONTROLLING PRESSURE
WITHIN A VEHICLE BRAKE SYSTEM

BACKGROUND OF THE INVENTION

[0001]  This invention relates in general to electronic brake control systems for
vehicles and in particular to an apparatus and method for dynamically controlling the

hydraulic pressure within an electronic vehicle brake control system.

[0002]  Electronic vehicle brake control systems are becoming increasingly popular
and can incorporate a multitude of functions to assist a vehicle operator in maintaining a
vehicle under control. Typical functions provided by an electronic vehicle brake control
~ system may include, for example, Anti-Lock Brakes (ABS), Traction Control (TC) and
Vehicle Stability Control (VSC) to include Yaw Stability Control (YSC) and Active Roll
Control (ARC).

[0003] Referring now to the figures, a typical known vehicle electronic brake system
is shown generally at 10. The brake system 10 is diagonally split, with a first circuit 12
connected to a first pressure chamber of a dual chamber master cylinder 14 and operative
to control a front right wheel brake and a rear ‘ieft wheel brake, 16 and 18, respectively.
The system 10 also includes a second circuit 20 connected to a second master cylinder
pressure chamber and operative to control a front left wheel brake and a rear right wheel
brake, 22 and 24, respectively. The master cylinder 14 is mechanically connected to a
brake pedal 24 and both master cylinder pressure chambers communicate with a brake

fluid reservoir 28.

[0004] Considering the first circuit 12, the first pressure chamber of the master
cylinder 14 supplies hydraulic fluid to the circuit 12 through a first normally open
isolation solenoid valve 30. When TC is provided, the first isolation valve 30 may also be
referred to as a TC isolation valve. Two channels are defined within the first circuit by
additional normally open isolation solenoid valves 32 and 34 that control supply of brake

fluid to the front right and rear left wheel brakes, 16 and 18, respectively. Because the
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(sOIATIGIV Al Vest3 lanats4 are operative to block the supply of brake fluid to the

individual wheel brakes 16 and 18, they are referred to as channel isolation valves. The
first circuit 12 also includes a pair of normally closed dump solenoid valves 36 and 38
that are connected between the front right and rear left wheel brakes, 16 and 18,
respectively, and a low pressure accumulator 40 that stores brake fluid. Upon actuation,
the dump valves 36 and 38 bleed hydraulic ﬂﬁid from the associated wheel brake 16 and
18 to the accumulator 40. The accumulator 40 also is connected to an inlet portof a
hydraulic pump 42 that is driven by an electric motor (not shown). An outlet port of the
pump 42 is connected to the channel isolation valves 32 and 34. Thus, when actuated, the
pump 42 supplies pressurized brake fluid to the first circuit wheel brakes 16 and 18. A
normally closed supply solenoid valve 44 is connected between the pump inlet port and
the first pressure chamber of the master cylinder 14. The supply valve 44 may also be
referred to as a TC supply valve. When the both supply valve 44 and the pump 42 are
actuated, the pump draws brake fluid from the reservoir 28 through the first pressure
chamber of the master cylinder 14. When the pump 42 is not actuated and the supply
valve 44 and either or both of the dump Valve§ are opened, brake fluid will return from
the wheel brakes 16 and 18 to master cylinder 14. Any excess returned brake fluid will

flow into the reservoir 28.

[0005] The second brake circuit 20 includes similar components that are
symmetrically related to the components described above for the first brake circuit 12,
Therefore, for the sake of brevity, the components included in the second brake circuit 20

are not described in detail here.

[0006] The Brake system 10 further includes an Electronic Control Unit (ECU) 50 that
is electrically connected to the solenoid valves. The electrical connections are shown by
dashed lines in Fig. 1; however, in the interest of clarity, only connections to two of the
solenoid valves 30 and 32 are shown. It will be appreciated that similar connections are
provided to the other solenoid valves. The ECU 50 is operative to selectively actuate the
solenoid valves under the control of a stored algorithm. The ECU 50 also is electrically
connected to wheel speed sensors 52 (one shown) for measuring the rotational speed of
each of the vehicle wheels. Typically, the brake system 10 would include a wheel speed

sensor for each of the vehicle wheels; however, some brake systems include a single rear
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wneer-speed sensor-watigenerates a signal proportional to an average of the rear wheel

speed. As shown in Fig. 1, the brake system 10 also includes a single pressure sensor 54
that monitors the pressure in the first brake circuit 20. Brake systems may also include a
second pressure sensor for the second brake circuit 20; however, since the hydraulic fluid
pressure is the same for both master cylinder pressure chambers, typically only one
pressure sensor 54 is needed. The pressure senor 54 is electrically connected to the ECU
50 and supplies a signal proportional to the pressure being generated within the master
cylinder 14. Depending upon the system, the ECU 50 may also be electrically connected
to motion sensors, such as a lateral accelerometer (not shown), a yaw sensor (not shown)

and/or a directional sensor, such as a steering angle sensor (not shown).

[0007] During operation, the ECU 50 continuously monitors output signals received
from the various sensors. Upon determining that a vehicle parameter has exceeded a
threshold, such as, for example, wheél slip during a brake activation cycle, the ECU 50 is
operative to isolate one or both brake circuits 12 and 20, actuate the pump 42 to supply
pressurized brake fluid and then selectively actuate the isolation and dump valves to
correct the situation. Similarly, upon detecting from the motion and/or direction sensors
that the vehicle is departing from its intended direction, the ECU can selectively actuate

individual wheel brakes to correct the vehicle course.

[0008] Because each brake circuit includes two isolation valves between the master
cylinder 14 and each wheel brake, the brake system 10 is often referred to as having
"double isolation" from the master cylinder. Thus, while the electronic brake system 10
is operative, the wheel brakes may not be responsive to braking changes called for by the
vehicle operator, such as increasing the wheel brake preséure. Only when the master
cylinder pressure is increased to a value above the brake circuit pressure, will brake fluid
be forced past the lip seal in the brake circuit isolation valves to increase the brake circuit
pressure. However, a partial release of brake pressure will not be transferred beyond the
isolation valves. To compensate for such isolation, known brake systems are typically
utilize one pressure sensor 54 monitoring the brake fluid pressure in both master cylinder
pressure chambers. As described above, the pressure sensor 54 is electrically connected
to the ECU 50, as shown by the dashed line. The ECU 50 is responsive to changes in the

master cylinder pressure to support the brake pressure algorithms that increase or

3 .
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desrdaserthie-hydrduticiressure applied to the individual wheel brakes. The pressure

sensor also provides the ECU 50 an initial starting point for pressure estimation while
providing information regarding actions of the vehicle operator. With respect to the latter
function, when the operator applies the brakes while the system 10 is active, the pressure
sensor 54 causes the ECU 50 to pulse open the supply valve 44, allowing a pressure
increase. Similarly, if the operator releases the brakes, the pressure sensor 54 detects the
pressure drop and causes the ECU 50 to pulse open the dump valves to decrease the
wheel brake pressure. As also described above, the brake system may include a second
pressure sensor for monitoring the hydraulic fluid pressure in the second master cylinder

pressure chamber.

[0009] The need to include one or two pressure sensors increases the complexity and
cost of the brake system 10. Accordingly, it would be desirable to eliminate the pressure
sensors from the electronic brake system. Additionally, if the pressure estimate is not
accurate, the open loop control and pressure estimation described above may cause a less
than optimal application of brake on the primary wheel for a YSC correction, thereby
reducing the desired directional correction moment. If, at the same time, the inaccurate
pressure estimate may also affect the-application of the brake on the non-YSC control
wheel, possibly causing a further reduction of the desired correction moment. The
current method of open loop control may prevent a desired further increase in the brake
pressure by overestimating the pressure at a wheel brake. Therefore, it would also be
desirable to provide a control method that does not rely upon open loop pressure

estimation for wheel pressure control.
BRIEF SUMMARY OF THE INVENTION

[0010] This invention relates to an apparatus and method for dynamically controlling

the hydraulic pressure within an electronic vehicle brake control system.

[0011]  The present invention contemplates:a brake system for a vehicle that includes
at least one wheel brake communicating with a master cylinder and having a normally
open isolation valve connected between the master cylinder and the wheel brake. The
brake system also includes a motor driven pump having an inlet port and an outlet port

with the outlet port connected to the wheel brake. The brake system further includes a
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" notmally closetisupplyvalve connected between the master cylinder and the pump inlet

port. An electronic control unit is connected to the isolation and supply valves. The

control unit also is connected to the pump motor and is selectively operable to actuate the
pump and supply valve and to supply a selected current to the isolation valve whereby the
pump builds up pressure within the brake system that is a function of the magnitude of the

current.

[0012] The present invention also contemplates a method for operating the system
described above that includes the steps of starting the pump and opening the supply valve.
The electronic control unit then supplies a current to the isolation valve to establish a
pressure differential across the isolation valve, whereby the differential pressure is a
function of the magnitude of the current and the resulting differential pressure is applied
to the wheel brake.

[0013] In the preferred embodiment, the current supplied to the isolation valve is
established by applying a pulse width modulated voltage to the isolation valve with the
magnitude of the current determined by the duty cycle of the pulse width modulated

voltage.

[0014] Various objects and advantages of this invention will become apparent to those
skilled in the art from the following detailed description of the preferred embodiment,

when read in light of the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] Fig. 1 is a typical known electronic vehicle brake control system.

[0016] Fig. 2 is an electronic vehicle brake control system in accordance with the

present invention.

[0017] Fig. 3 is a graph illustrating the relationship between the differential pressure

across an isolation valve as a function of the current supplied to the valve winding.

[0018] Fig. 4 is a flow chart illustrating an algorithm for the operation of the brake

control system shown in Fig. 2.
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"[064 01 i Figs 5 A58 are graphs of wheel brake pressures during operation of the

brake control system shown in Fig. 2.

[0020] Fig. 6 is a flow chart illustrating a subroutine that may be included in the
algorithm shown in Fig. 4.

[0021] Fig. 7 is an isometric view of an electronic brake control unit that includes the

system shown in Fig. 2.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0022] The present invention contemplates an electronic brake system that does not
include a brake fluid pressure sensor and a method of operating same. Referring again to
the drawings, there is illustrated in Fig. 2 an electronic brake system 60 that is in
accordance with the present invention. Components shown in Fig. 2 that are similar to
components shown in Fig. 1 have the same numerical identifiers. The brake system 60 is
again diagonally split into first and second brake circuits that are labeled 12 and 20,
respectively. As described above, the second brake circuit is symmetrically related to the
first brake circuit and, in the interest of clarity, the components in the second brake circuit
are not specifically identified. The primary difference between the brake system 60
shown in Fig. 2 and the prior art brake system 10 shown in Fig. 1 is the omission of the

pressure sensor 54 for monitoring the brake pressure in the prior art brake system.

[0023] Considering the first brake circuit 12, the present invention utilizes tﬁe brake
circuit isolation valve 30 as a pressure relief valve. The force developed by the solenoid
that urges the armature of the normally open circuit isolation valve 30 toward its closed
position is proportional to the magnitude of the current supplied to the solenoid winding.
Also, the valve 30 includes a spring that urges.the valve armature toward its open
position. Thus, there is a maximum differential pressure, Ap, across the valve 30 that
corresponds to the force generated by the solenoid winding. The relationship between Ap
and the solenoid current is illustrated in Fig. 3, where the vertical axis represents the
differential pressure across the valve, Ap, in bars and the horizontal axis represents the

current, I, supplied to the solenoid winding in milliamps. Typically, the solenoid coil is
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héttatsdiby alPiilsk Width Modulated (PWM) voltage having a variable current duty

cycle. Since the winding current I is directly proportional to the average value of the
PWM voltage which, in turn, is directly proportional to the duty cycle of the voltage, the
duty cycle of the PWM voltage is also shown along the horizontal axis in Fig. 3. For
illustrative purposes, a linear relationship is shown in Fig. 3; however, a non-linear
relationship (not shown) may also exist. For any winding current value shown in Fig. 3,
the isolation valve 30 will be closed for any differential pressure Ap below the graph line.
However, for any value of winding current I, when Ap is above the graph line, the valve
30 will be urged open as the pressure differential exceeds the force generated by the

solenoid winding.

[0024] The present invention utilizes the relationship between winding current I and
the differential pressure Ap across the valve 30 to control the hydraulic pressure in the
corresponding brake circuit. Thus, the present invention contemplates building pressure
within the first brake circuit 12 by selective operation of the electronic brake system
components included in the first circuit. An algorithm for operation of the invention is
illustrated by the flow chart shown in Fig. 4. It will be appreciated that the algorithm
shown in Fig. 4 is intended to be exemplary and that the operation of the system 60 may
vary from the sequence and details shown in Fig. 4. The algorithm is entered through
block 68 and advances to functional block 70, where pump 42 is started and begins to
build pressure at its outlet port. The algorithm then advances to functional block 72
where the brake circuit supply valve 44 is opened, allowing brake fluid to flow from the
master cylinder reservoir 28 to the inlet port of“the pump 42. Because the apply valve 32
 for the front right wheel brake 16 remains opeﬁ while the associated dump valve 36
remains closed, the pressure generated by the pump 42 also is applied to the front right

wheel brake 16. The algorithm then continues to functional block 74.

[0025] In functional block 74 a predetermined Winding current I; is applied to the
circuit, or TC, isolation valve 30. Based upon the relationship shown in Fig. 3, when the
pump outlet pressure reaches the differential pressure Ap; that corresponds to Iy, the
isolation valve 30 is urged open, establishing a circulating flow path within the first brake
circuit 12. If the differential pressure across the circuit isolation valve 30 falls below Apy,

the valve 30 closes, and the pump increases the fluid pressure until the pressure again
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IrbbehédAp . Thelvalds 30 again opens, maintaining an equilibrium pressure of Ap,

within the first brake circuit 12. Effectively, there is a constant flow of brake fluid
through the brake circuit isolation valve 30. Thus, the operation of the pump 42 and the
isolation and supply valves 30 and 44 can establish a hydraulic pressure within the first
brake circuit 12 that is solely a function of the magnitude of the current supplied to the
solenoid coil winding of the brake circuit isolation valve 30. The invention also
contemplates that the front wheel isolation valve 32 is normally left open and the wheel
dump valve 36 is normally left closed. Therefore, the brake circuit pressure generated by
the operation of the pu:r]np 42 and the brake circuit isolation and supply valves 30 and 44
is applied directly to the front right wheel brake 16.

[0026] Because, the brake circuit isolation valve 30 may have a tendency to be held
frictionally in one position when an average current is applied, the present invention also
contemplates that the current supplied to the winding coil is dithered. Thus, a small
amplitude oscillation is applied to the winding coil current to overcome the friction |
between the valve armature and the valve sleeve. As a result, the differential pressure Ap.
across the isolation valve 30 remains responsive to changes in the coil current I and any

hysteresis effects upon the pressure change responses are minimized.

[0027] The differential pressure Ap built across the circuit isolation valve 30 is above
the master cylinder pressure. Therefore, if the vehicle operator depresses the brake pedal
24 and increases the pressure exerted by the master cylinder 14, the system 60 will build
pressure within the first brake circuit 12 until nearly the same Ap is reached above the
increased master cylinder pressure. Thus, the system builds a pressure on the pump side
of the brake circuit isolation valve 30 that is supported by the pressure provided by the
operator on the master cylinder side of the isolation valve 30. Similarly, if the vehicle
operator decreases the pressure supplied to the first brake circuit 12 by the master
cylinder, the pressure on the brake side of the brake circuit isolation valve 30 will
decrease by the same amount. While the operation of the first brake circuit 12 has been
described above, it will be appreciated that the invention contemplates operation of the

second brake circuit 20 in the same manner.

[0028] An example of operation of the system 60 is illustrated in Figs. 5A —5C. In
Fig. 5A, a typical wheel brake pressure requirement generated by the ECU 50 in response

8
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"{d Sehddmsigaaly; uchias a YSC correction, is shown. At time t;, in response to signals

received from the wheel speed sensors 52 and/or the vehicle motion sensors, the ECU
calls for a wheel brake application. Accordingly, as shown in the flow chart in Fig. 4, the
supply valve 44 is opened and the pump 42 is started. A current I, is supplied to the coil
of the brake circuit isolation valve 30 that corresponds to the desired pressure differential
Ap, requirement called for by the brake system 60. Accordingly, the pressure supplied to
the wheel brake 16 builds to Ap,, which is reached at t,. As also shown in Fig. SA, the
brake system pressure requirement continues until the situation is corrected at time t3, at
which time the current is reduced, allowing the brake pressure to return to its original
value at t4. It will be appreciated that, while a constant brake system pressure
requirement Ap, is shown in Fig. 5A, the magnitude of the pressure requirement may be
varied between t, and t; by the ECU 50 Varying the magnitude of the current I supplied to
the brake circuit isolatiqn valve winding. In the preferred embodiment, the winding

current is varied by chaﬁging the duty cycle of the PWM voltage applied to the valve coil.

[0029] Continuing the example, in Fig. 5B there is illustrated a brake application
called for by the vehicle operator. At time ts, the vehicle operator depresses the brake
pedal 24, raising the brake pressure in the pressure chambers of the master cylinder 14 to
an operator demand pressure, Pp, which is reached at time ts. The operator demand bake
pressure is then maintained at Pp until time t;, at which time the vehicle operator releases
the brake pedal 24. Accordingly, the brake pressure falls to the original value, which is
reached at time tg. For illustrative purposes the operator demand pressure Pp is shown as
being constant from t4 to t; in Fig. 5B; howevg#, it will be appreciated that the operator
demand pressure may vary between t; and t; as the vehicle operator changes the pressure

applied to the brake pedal 24.

[0030] The brake system 60 is operative to combine the brake system pressure
requirement shown in Fig. 5A with the operator demand brake pressure shown in Fig. 5B
to produce the total brake circuit pressure shown in Fig. 5C. Thus, beginning at t;, the
total brake circuit pressure increases to the system requirement of Ap, which is reached at
t,. At time ts, the operator depresses the brake pedal 24 and the brake circuit pressure
builds to a total value of Ap, + Pp, which is reached at time tg. The total pressure is

maintained until time t;, when the brake system pressure requirement ends. Accordingly,

o
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k& bkdke Cixdult Predstite then decreases to the operator demand pressure Pp, which is

maintained until the vehicle operator releases the brake pedal 24 at time t;. Thus, the
system 60 is operative to allow the vehicle operator to push through an active brake
system response with his desired brake application. It will be appreciated that the
composite curve shown in Fig. 5C is intended to be exemplary of the system operation
and that other sequences are possible. Thus, the operator may have already made a brake
application before the system calls for additional braking (not shown); however, the
response will be similar to that shown in Fig. 5C with the brake system requirement

pressure being added to the operator demand pressure.

[0031] During the operation of the bake system 60 described above, both the front and
rear wheel isolation valves 32 and 34 are held open, which results in the same brake fluid
pressure being applied to both the front and rear wheel brakes 16 and 18. However, under
certain operating conditions, such as, for example during a YSC correction of vehicle
direction, the wheel brakes in one of brake circuits méty be required to generate different
brake torques to provide a correction brake moment to the vehicle direction. Therefore,
the present invention also contemplates utilization of a pressure mapping to provide
independent control of the wheel brakes within each of the wheel brake channels that
supply the front and rear wheel brakes within each of the brake circuits. Accordingly, for
the first brake circuit 12, the same current being supplied to circuit isolation valve 30 is
also supplied to the normally open isolation valve 34 that provides brake fluid to the rear
left wheel brake 18. Additionally, the rear brake dump valve 38 is selectively activated to
allow a circulating flow of brake fluid in the rear brake portion of the first brake circuit
12. In the preferred embodiment, the current is controlled by the duty cycle of the PWM
voltage applied to the valve coil. Thus, the same current is provided to the rear isolation
valve 34 by using the same duty cycle for the rear isolation valve voltage as applied to the
channel isolation valve 30. The result of this is that the rear isolation valve 34 holds off
the same amount of pressure Ap built in the b}aice circuit 12 from the rear wheel brake 18.
As aresult, while the sum of the master cylinaer pressure and the system pressure
requirement Ap are applied to the front wheel brake 16, only the master cylinder pressure
is applied to the rear wheel brake 18, providing control of the rear wheel brake 18 that is

independent of any electronic brake system control.

10
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[0082] I Thb tappinitdescribed above assumes valves 30 and 34 have same Ap —I

response curve. If this is not the case, the invention contemplates that a mapping is used
where the current I supplied to the rear wheel isolation valve 34 is a function of the
current Ir supplied to the first brake circuit isolation valve 30. The mapping would take
into account the different pressure response curves for the two valves 30 and 34. Thus,
the current I applied to the rear brake isolation valve may be either greater than, or less

than, the current Ir applied to the channel isolation valve 30.

[0033] A similar mapping may be utilized in other situations where different brake
responses are required for the wheel brakes within a brake circuit. Thus, the system 60 is
operable to provide different brake pressures to the wheel brakes in each brake circuit that

also are different from the master cylinder pressure.

[0034] While the use of mapping of the solénoid currents was described above for the
first bake circuit 12, it will be appreciated that the same mapping is also applicable to the

second brake circuit 20.

[0035] Returning to the flow chart of Fig. 4, the mapping is illustrated in the center
portion of the figure. After leaving functional block 74, decision block 76 is reached
where the ECU 50 determines whether a pressure other than the circuit pressure Ap is
required for the other, or mapped, wheel brake. For the brake system 60 illustrated in Fig.
2, the mapped wheel brake is the rear wheel brake in each of the circuits. If a different
pressure is not required, the algorithm transfefs to functional block 76 where the rear
brake isolation valve 18 is left open. If, in deéiéion block 76, it is determined that a
different pressure is required for the other Whéel brake in the circuit, the algorithm

transfers to decision block 80.

[0036] In decision block 80, the algorithm determines whether the master cylinder
pressure should be mapped to the other wheel brake. If the mater cylinder pressure is to
be mapped, the algorithm transfers to functional block 82 where the same current being
applied to the brake circuit isolation valve 30 is also applied to the mapped rear wheel
brake isolation valve 34. As described above, in the preferred embodiment, this
accomplished by using the same duty cycles for the voltages applied to both isolation

valves. It will be appreciated, however, that if the pressure differential — current

11
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Ybljsohisy of thé-iséldtidh valves are different, the current applied to the mapped rear

wheel brake isolation valve 34 will be a function of the current applied to the brake circuit
isolation valve 30 such that the differential pressure Ap built within the rear brake channel
is cancelled at the rear wheel brake 18. As a result, the master cylinder pressure is

applied to the rear wheel brake 18, as shown in functional block 84.

[0037] If, in decision in block 80, the master cylinder pressure is not to be mapped, the
algorithm transfers to functional block 86 where a current is applied to the mapped wheel
rear brake isolation valve 34 that is a function of the current applied to the brake circuit
isolation valve 30. As a result, the pressure applied to the mapped wheel brake 18 is
different from both the master cylinder pressure and the brake circuit pressure. The
mapping function utilized is selected by the ECU 50 based upon the desired response.
Thus, for example, different mapping functions would be used for YSC and ABS
responses of the brake system 60. Also, during an ABS response, the front and rear

wheel apply and dump valves would be used.

[0038] Upon leaving the selected mapping functional block 84 or 88, or the non-
mapping functional block 78, the algorithm advances to decision block 90 where the ECU
50 checks the sensor outputs and determines whether to continue. If further brake control
is needed, the algorithm returns to functional block 70 and continues as described above,
If, in decision block 90, the ECU 50 determines that further brake control is not needed,
the algorithm advances to functional block 92 where the pump 42 is shut off and the
valves are deactivated. The algorithm then exits through block 94.

[0039] As described above, the pump 42 draws brake fluid from the master cylinder
reservoir 28. However, the invention also contemplates that the pump 42 may draw brake
fluid from the low pressure accumulator 40. Accordingly, the ECU 50 decides whether
the pump 42 draws fluid from the reservoir 28 'or the low pressure accumulator 40. In the
preferred embodiment, there is a greater demand for fluid when the pump is building
pressure and the fluid is supplied from the reservoir 28. Conversely, when the vehicle
operator is releasing the brake pedal 24, the total pressure in the brake circuit drops and
the low pressure accumulator 40 has sufficient capacity to supply the brake fluid. Since
the brake system 60 does not include a pressure sensor for moniforing the master cylinder

pressure, the invention includes an alternate method for estimating the fluid content of the

12



WO 2006/118997 . PCT/US2006/016176
ldWwiprebsuteladounuldtor 40. With the alternate method, the content of the low pressure

accumulator 40 is estimated from periodic monitoring of pump speed. A subroutine for
monitoring the low pressure accumulator is shown in Fig. 6 where blocks that are same as
shown in Fig. 4 have the same numerical identifiers. Thus, the subroutine may be

included in the algorithm illustrated in Fig. 4, or the subroutine may be run separately.

[0040] As described above, the pump is started in block 70. The algorithm then
advances to functional block 100 where the pump speed is checked by momentarily
removing the voltage being supplied to the pump 42 and measuring the back electro-
motive force, emf, which is directly proportional to the pump speed. The ECU 50 then
calculates a rate of change of the pump speed from the measured back emf. Generally,
the rate of change of the pump speed is directly proportional to the pressure at the pump
outlet port and the volume of fluid entering the pump inlet port. When the rate of change
of the pump speed, or the rate of change of the motor back emf, becomes minimal, it is an
indication that the low pressure accumulator 40 is empty and not providing fluid to the
pump. Accordingly, based upon the rate of change of the measured pump speed, or the
rate change of the motor back emf, the content of the accumulator is determined in
functional block 102. The subroutine then advances to decision block 104 where the
accumulator content determined in block 102 is compared to an accumulator volume
threshold, Tipa. If the accumulator content is less than the threshold Ty pya, there is an
insufficient volume of brake fluid in the accumulator 40 to supply the pump 42 and
subroutine advances to functional block 72 Whére the supply valve 44 is opened, allowing
the pump 42 to draw brake fluid from the master cylinder reservoir 28. The subroutine
then continues to functional block 74 and follows the algorithm illustrated in Fig. 4 and
described above. If, in decision blocic 104, the accumulator content is greater than the
threshold Typa, there is sufficient volume of brake fluid in the accumulator 40 to supply
the pump 42 and subroutine advances to functional block 106 where the supply valve 44
is closed, causing the pump 42 to draw brake fluid from the master cylinder reservoir 28.
The subroutine then continues to functional block 74 and follows the algorithm illustrated

in Fig. 4 and described above.

[0041] While the present invention has been illustrated and described for the first

brake circuit 12, it will be appreciated that the invention also contemplates operation of
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the Sbbo i -brakereiroliit*20 in the same manner. Thus, the invention contemplates

independent control of the hydraulic pressure applied to all four wheel brakes 16, 18, 22
and 24 shown in Fig. 2.

[0042] The present invention allows the vehicle operator to automatically pass
pressure demands or requirements to both YSC controlled and non-YSC controlled wheel
brakes without the use of open loop pressure estimation. Additionally, a master cylinder
pressure sensor is not needed. Furthermore, the invention is robust with respect to normal
system operating changes due to component wear and is able to detect actual failure of

the components.

[0043] While the preferred embodiment of the invention has been illustrated and
described above for a diagonally split brake system 60, it will be appreciated that the
invention also may be practiced with a vertically, or parallel, split brake system (not
shown). In a vertically split brake system, the left and right front wheel brakes are
included in a first brake circuit and the left and right rear brakes are included in a second
brake circuit. Thus, in a vertically split brake system, one wheel brake would be
controlled by the differential pressure-Ap while the other wheel brake would be controlled
by a mapped pressure, as described above. For example, in a front brake circuit, the left
front wheel brake could be controlled by the differential pressure while the right front
wheel brake could be controlled by the mapped pressure. As before, the vehicle operator .
would be able to push though the differential and mapped pressures to increase or
decrease the total pressure applied to the wheel brakes. Similarly, the invention also may
be practiced on any other brake circuit configurations, such as, for example, the wheel

brakes on the same side of the vehicle being included in a brake circuit.

[0044] The elimination of the prior art master cylinder pressure sensor allows a
significant reduction in the size of the electronic control unit utilized in the brake system
60. Accordingly, a compact electronic brake control unit in accordance with the present
invention is shown generally at 110 in Fig. 7. The electronic brake control unit 110
includes a hydraulic valve body 112 that includes a number of bores (not shown) formed -
therein that receive solenoid valve cartridges. A plurality of ports 113 (five shown)
formed in the valve body communicate with the solenoid valve cartridges via internal

passageways (not shown) formed in the valve body 112 while allowing connection of
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hirtiidulie Hinds"rometie master cylinder pressure chambers and the individual wheel

brakes. The pump 42 and low pressﬁre accumulator 40 are also mounted within the valve
body 112 and communicate with the solenoid valves via the internal passageways. A
motor 114 mounted upon a surface of the valve body 112 drives the pump 42. An
electronic control unit housing 118 also is mounted upon the valve body 112 and includes
the microprocessor and other components of the electronic control unit 50 that selectively
actuate the solenoid valves. In the preferred embodiment, the electronic control unit
housing 118 is removable and carries the solenoid coils (not shown) that actuate the
solenoid valves. Each of the coils is electrically connected to the electronic control unit
50 and also slidably receives a corresponding sleeve. The sleeves contain the moveable
valve armatures that control the flow of brake fluid through the valve body 112 while also
providing fluid seals so that the electronic circuits, to include the solenoid coils, may be
removed for testing and servicing without opening the hydraulic brake circuits 12 and 20.
An electrical connector 120 is included with the electronic control unit housing 118 to
connect the electronic control unit 50 to the wheel speed sensors 52, a vehicle power
supply, a vehicle ground and any vehicle motion sensors that are included in the brake
system 60. Thus, the brake control unit 110 includes all of the hardware and electronics
needed to implement the system 60 and is easily installed in hydraulic brake systems by
inserting the unit 110 between the master brake cylinder 14 and the individual wheel
brakes 16, 18, 22 and 24.

[0045] The overall size of the electronic brake control unit 110 is approximately that
of prior art units ABS units that did not includé a pressure sensor. In the preferred
embodiment, the hydraulic valve body is shapéd as a rectangular parallelepiped having a
generally square base with sides approximately 100 mm long and a height of
approximately 45 mm. However, it will be appreciated that the invention also may be
practiced with valve bodies having other shapes and sizes. The present invention
contemplates mounting eight or ten solenoid valve cartridges upon the valve body 112;
however, depending upon the specific brake system, more or less valve cartridges also
may be utilized. Eight valve cartridges would typicaily be used with ten needed when
rear brake TC is included. In addition to ABS and VSC, the inventors contemplate that
the brake control unit 110 coulld be used to provide both oversteer and understeer control,

front brake TC and TC for vehicles having rear mounted engines and a limited slip
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Qi bhEnl” Bubihdrmidie, the unit 110 could be used to implement ARC. The uniform

small package size provides unexpected advantages in that the vehicle manufactures do
not need to meet different space requirements and hydraulic line layout for individual
vehicle platforms. Instead, a uniform footprint is provided by the compact control unit
110. The inventors also contemplate that the compact control unit 110 could be
integrated with the master brake cylinder 14 to further reduce the brake system
complexity while also reducing mass and the overall envelope. Thus, the inventors
expect a significant reduction in complexity and manufacturing costs with the use of the
control unit. 110. Additionally, the compact control unit 110 may be used with prior art
brake systems by either providing an electrical connection to a pressure sensor mounted
upon the brake master cylinder 14 or mounting an external pressure sensor upon the valve

body 112.

[0046] In accordance with the provisions of the patent statutes, the principle and mode
of operation of this invention have been explained and illustrated in its preferred
embodiment. However, it must be understood that this invention may be practiced
otherwise than as specifically explained and illustrated without departing from its spirit or |

scope.
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CLAIMS
What is claimed is:

1. A brake system for a vehicle comprising:

at least one wheel brake;

a master brake cylinder;

a normally open isolation valve connected between said master cylinder and said
wheel brake;

a motor driven pump having an inlet port and an outlet port, said outlet port
connected to said wheel brake;

a normally closed supply valve connected between said master cylinder and said
pump inlet port; and ‘

an electronic control unit connected to said isolation and supply valves, said
control unit also connected to said pump motor, said control unit selectively operable to
actuate said pump and supply valve and to supply a selected current to said isolation
valve whereby said pump builds up pressure within the brake system that is a function of

the magnitude of said current.

2. The brake system according to claim 1 further including a compact
hydraulic valve body having a plurality of bores formed therein that receive said isolation
and supply valves, said valve body also having a bore formed therein that receives said
pump, said valve body further having internal passageways formed therein that
communicate with said valves and said pump and a plurality of ports connected to said

master brake cylinder and said wheel brake.

3. The brake system according to claim 2 wherein said compact valve body is
a rectangular parallelepiped having sides that are Jess than 100 mm long and height that is

less than 50 mm.

4. The brake system according to claim 1 wherein said electronic control unit
actuates said isolation valve by applying a pulse width modulated to said valve, said pulse
width modulated voltage having a variable duty cycle with said duty cycle selected to

provide the desired current to said valve.
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Ehelbrake system according to claim 4 wherein said current supplied to said

isolation valve is dithered to prevent valve sticking.

6. The brake system according to claim 1 wherein said wheel brake is a first
wheel brake and further wherein the brake system also includes a second wheel brake that

communicates with said pump outlet port.

7. The brake system according to claim 6 wherein said isolation valve is a first
isolation valve and further wherein the system includes a second normally open isolation
valve between said second wheel brake and said pump outlet port, said second isolation
valve being connected to said electronic control unit, said electronic control unit being
operative to selectively apply a current to said ésecond isolation valve whereby the

pressure applied to said second wheel brake is controlled.

8. The brake system according to claim 7 wherein said current applied to said

second isolation valve is the same as said current applied to said first isolation valve.

9. The brake system according to claim 7 wherein said current applied to said

second isolation valve is a function of said current applied to said first isolation valve.

10.  The brake system according to claim 7 including at least one vehicle
parameter sensor connected to said control unit, said control unit being responsive to

signals received from said sensor to active the brake system.

11.  The brake system according to claim 10 wherein said sensor is a wheel

speed sensor.

12.  The brake system according to claim 11 further including at least one
vehicle motion sensor, said control unit also being responsive to signals received from

said vehicle motion sensor.

13.  The brake system according to clém 12 further including a steering angle
sensor that is electrically connected to said electronic control unit, said steering angle
sensor being operative to generate a signal that is a function of the vehicle steering angle
and to transmit said signal to said electronic control unit, said control unit also being

responsive to signals received from said steering angle sensor.

18



WO 2006/118997 . _ __ PCT/US2006/016176
14, The Brakesystem according to claim 11, wherein said first and second

wheel brakes on located on the same end of the vehicle.

15.  The brake system according to claim 11, wherein said first and second

wheel brakes on located on opposite ends of the vehicle.

16.  The brake system according to claim 11, wherein said first and second

wheel brakes on located on diagonally opposite ends of the vehicle.

17.  The brake system according to claims 11 further including a low pressure
accumulator connected to said pump inlet port, said accumulator operative to supply

hydraulic fluid to said pump.

18. A method for controlling a vehicle wheel brake comprising the steps of:

(a)  providing a master brake cylinder connected through a normally open
isolation valve to the wheel brake, the master cylinder also connected through a normally
closed supply valve to an inlet port of a pump, the pump also having an outlet port
connected to the wheel brake;

(b)  starting the pump;

(c)  opening the supply valve; and

(d)  supplying a current to the isolation valve to establish a pressure differential
across the isolation valve, whereby the differential pressure is a function of the magnitude

of the current and the resulting differential pressure is applied to the wheel brake.

19. " The method according to claim 18 wherein the current is supplied in step
(d) by applying a pulse width modulated voltage to the isolation valve with the magnitude
of the current determined by the duty cycle of the pulse width modulated voltage.

20.  The method according to claim 19 wherein step also includes providing a
compact hydraulic valve body having a plurality of bores formed therein that receive the
isolation and supply valves and the pump, the valve body further having internal
passageways formed therein that communicate with the valves and pump and a plurality

of ports connected to the master brake cylinder and the wheel brake.
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217 e lbraké system according to claim 20 wherein the compact valve body is

a rectangular parallelepiped having sides that are less than 100 mm long and height that is

less than 50 mm.

22. A brake system for a vehicle comprising:

at least one wheel brake;

a master brake cylinder;

a normally open isolation valve connected between said master cylinder and said
wheel brake;

a motor driven pump having an inlet port and an outlet port with said outlet port
connected to said wheel brake;

a supply of brake fluid connected to said pump inlet port; and

an electronic control unit connected to said isolation valve and said motor driven
pump, said control unit selectively operable to actuate said pump and to supply a selected
current to said isolation valve whereby said pump builds up pressure within the brake

system that is a function of the magnitude of said current.

23.  The brake system according to claim 22 wherein said supply of brake fluid
is said master brake cylinder and further wherein a normally closed supply valve is
connected between said master brake cylinder and said pump inlet port, said supply valve
being connected to said electronic control unit and selectively actuated thereby to supply:

‘brake fluid from said master cylinder to said pump.

24.  The brake system according to claim 23 further including a low pressure
accumulator that is also connected to said pump inlet port for supplying brake fluid to
said pump, said electronic control unit operative to sense the volume of brake fluid
contained within said low pressure accumulator and, upon the volume of brake fluid
being below a predetermined threshold, to opeﬁ said supply valve to provide brake fluid

to said pump inlet port from said master brake cylinder.

25.  The brake system accofding to claim 24 further including a compact
hydraulic valve body having a plurality of bores formed therein that receive said solenoid
valves, said valve body also having bores formed therein that receive said pump and said

low pressure accumulator, said valve body further having internal passageways formed
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werern tart eommumoate with said brake system components and a plurality of ports

connected to said master brake cylinder and said wheel brake.

26.  The brake system according to claim 25 wherein said compact valve body is
a rectangular parallelepiped having sides that are less than 100 mm long and height that is

less than 50 mm.

27.  The brake system according to claim 24 wherein said electronic control unit
momentarily interrupts the power being supplied to said motor driven pump and samples
the pump motor back electro-motive force; said electronic control unit operative to
determine the volume of brake fluid contained within said low pressure accumulator as a
function of the rate of change of the pump motor pump motor back electro-motive force
and to compare the volume to said predetermined threshold for actuation of said supply

valve.

28.  The brake system according to claim 22 further including a low pressure
accumulator connected to said pump inlet port, said low pressure accumulation operative

as said supply of brake fluid to said pump inlet port.

29.  The brake system according to claim 28 further including a normally closed
supply valve that is connected between said master brake cylinder and said pump inlet
port, said supply valve being connected to said electronic control unit, said electronic
control unit operative to sense the volume of brake fluid contained within said low
pressure accumulator and, upon the volume of brake fluid being below a predetermined
threshold, to open said supply valve to provide. brake fluid to said pump inlet port from

said master brake cylinder.

30.  The brake system according to claim 29 wherein said electronic control unit
momentarily interrupts the power being supplied to said motor driven pump and samples
the pump motor back electro-motive force; said electronic control unit operative to
determine the volume of brake fluid contained within said low pressure accumulator as a
function of the pump motor pump motor back electro-motive force and to compare the

volume to said predetermined threshold for actuation of said supply valve.
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