Journal name

Design of a pressure modulator using fast-acting bistable

valves

Journal:

Part C: Journal of Mechanical Engineering Science

Manuscript ID

JMES-18-1724

Manuscript Type:

Original article

Date Submitted by the
Author:

01-Dec-2018

Complete List of Authors:

Henderson, Leon; Chalmers University of Technology, Department of
Mechanics and Maritime Sciences
Cebon, David; University of Cambridge, Engineering

Keywords:

Mechanical Modelling, Pneumatics, Actuators, Vehicle Engineering,
Magnetic Device

Abstract:

Fast-acting pneumatic valves, combined with a slip-control braking
algorithm, have recently been used to improve the straight-line braking
performance of an experimental heavy goods vehicle (HGV), on low
friction roads, by 16%. This paper describes how the fast-acting valves,
which were central to the aforementioned research, were designed for
use on a commercial vehicle. Design equations, as well as a generalised
design method, are first presented for the fast-acting bistable pneumatic
valve. A pressure observer is developed to predict the brake chamber
pressure in cases where a pressure transducer is mounted upstream. A
simple fault detection algorithm is then introduced, which utilises some
of the calculations made in the pressure observer, and is shown to
correctly identify faults on a real vehicle. Performance comparisons are
made between the new modulator and a conventional HGV electro-
pneumatic brake system. Closed loop frequency response tests show
that the control bandwidth of brake chamber pressure on a HGV can be
increased from 1.5Hz to 10Hz using the new hardware.

ONE™

http://mc.manuscriptcentral.com/(site)




Page 1 of 36

oNOYTULT D WN =

Journal name

Design of a pressure modulator using fast-acting bistable valves
L. Henderson & “D.Cebon

Submitted to IMechE: Part C, 1st December 2018

Chalmers University of Technology, Department of Mechanics and Maritime Sciences, SE-412 96
Gothenburg, Sweden

“University of Cambridge, Department of Engineering, Trumpington St, Cambridge, CB2 1PZ,
United Kingdom

"Corresponding author: leon.henderson@chalmers.se

Abstract

Fast-acting pneumatic valves, combined with a slip-control braking algorithm, have recently
been used to improve the straight-line braking performance of an experimental heavy goods
vehicle (HGV), on low friction roads, by 16%. This paper describes how the fast-acting
valves, which were central to the aforementioned research, were designed for use on a
commercial vehicle. Design equations, as well as a generalised design method, are first
presented for the fast-acting bistable pneumatic valve. A pressure observer is developed to
predict the brake chamber pressure in cases where a pressure transducer is mounted upstream.
A simple fault detection algorithm is then introduced, which utilises some of the calculations
made in the pressure observer, and is shown to correctly identify faults on a real vehicle.
Performance comparisons are made between the new modulator and a conventional HGV
electro-pneumatic brake system. Closed loop frequency response tests show that the control
bandwidth of brake chamber pressure on a HGV can be increased from 1.5Hz to 10Hz using

the new hardware.
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Introduction

Heavy goods vehicles (HGVs) exhibit considerably longer emergency stopping distances
than automobiles [1, 2]. They can also experience problems arising from their larger
dimensions, high centre of gravity and articulation points. Such issues include: roll-over,
jack-knife, trailer-swing and excessive off-tracking [3]. Antilock braking systems (ABS) have
been mandatory on HGVs in Europe and the US for some time. These systems prevent wheel
lock during braking events on low friction surfaces, reducing the likelihood of jack-knife and
trailer swing. In addition to ABS, electronic stability control (ESC) has also recently become
common on HGVs, and mandatory on new vehicles in Europe from 2012. ESC and roll-
stability control (RSC) help improve the lateral performance of the vehicle during cornering
events (on low and high adhesion surfaces respectively). This is achieved through automatic
braking of particular axles, as well as differential braking between opposite sides of the

vehicle.

The performance of ABS, ESC and RSC are limited by the response time and control
resolution of the braking system. HGV braking systems are pneumatic, differing from cars
which typically use hydraulic brake systems. Their response times are strongly affected by
pipe length, pipe diameter and actuator volume. In modern HGV braking systems an
‘electronic braking system’ (EBS) is employed. These systems still use air as the actuation
medium and still employ conventional antilock braking (ABS) pressure control algorithms
for emergency stops, but EBS sends demand signals electronically to the pressure modulating
valves, reducing signal propagation delays. A typical EBS for an HGV is shown
schematically in Figure 1. As can be seen, driver demand signals are sent from the brake
pedal (labelled 6) electronically to local modules (labelled 3, 4 and 5) which regulate the
brake pressure at the wheels. Typically, on the front axle of an HGV, normal braking control
is achieved using a single electronic proportional relay valve (4). The separate ABS
modulator valves shown in Figure 1 (5) only come into effect during ABS or stability control
events. Fully pneumatic back-up control circuits are also included to retain functionality if

electrical power is lost.

Studies have shown that, by further improving the response time of the pressure control
modules at the wheel and implementing a slip-control strategy, the straight-line braking and
lateral stability of an articulated HGV can be improved when compared to a modern HGV

EBS [4, 5]. Miller et al. [4] presented straight-line braking tests obtained on a hardware-in-
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the-loop (HiL) test rig, using prototype fast-acting, high flow-rate, bistable pneumatic valves.
The improvements seen using the prototype system in this study were significant; with
stopping distance and air consumption reduced by 23% and 25% respectively compared to a
modern semitrailer EBS. Although these improvements were promising, the prototype valves
exhibited several undesirable attributes; these included: excessive electrical power
consumption, inadequate maximum operating pressure and unreliable electronic drive

circuitry.

This paper builds upon work presented in [6] and describes how the proof-of-concept fast
acting bistable valve prototypes described in [4, 6] have been further developed to enable
implementation on a HGV. Simplified magnetic equations are presented to predict the
magnetic forces within the bistable valve; key features are discussed that allow the bistable
valve to operate at the supply pressures and battery voltages common to HGVs; pressure
control equations and a brake chamber pressure observer are presented, allowing an
aggressive, high-bandwidth pressure control regime to be implemented, even when pressure
transducers cannot be mounted on the brake chamber. The pressure observer developed is

also shown to provide a simple means of fault detection on a real vehicle.

Fast-acting bistable pneumatic valve design

A prototype bistable valve, used in a successful vehicle installation [5], is shown in Figure 2a.
The valve includes a spring steel flexure which is cantilevered between the two arms of a
mild-steel ‘C-frame’. Each arm incorporates a stainless steel through-tube with an internal
diameter of 8mm, a permanent magnet and a pole-piece. The flexure tip can stick to either of
the pole-pieces by a magnetic force. A rubber seat is incorporated onto the flexure tip to form
an air-tight seal against either of the pole-piece rims so that oscillation of the flexure between
the pole pieces opens and closes the air-flow path. A copper coil is wound around the flexure;
when pulsed with electrical current this releases the valve from its current state ‘flicking’ the

flexure to the opposite pole-piece.

A sectioned view of a single bistable valve in an enclosure is shown in Figure 2b. It can be
seen that, although the valve incorporates two symmetrically positioned seats, only one is
used to channel air flow. When mounted in an enclosure in this way, the bistable valve is

equivalent to a conventional 2-2 (2 port, 2 state) solenoid valve, operating in either an open or
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closed state. For brake pressure modulation, two valve assemblies are required: one intake

(‘build”) valve and one exhaust (‘dump”) valve.

Figure 3 shows the forces acting on a bistable valve’s central flexure. When the coil is
inactive (i.e. when Fgi shown in Figure 3 is zero) the flexure is attracted to either of the
pole-pieces by a magnetic hold force (Fmag), hence being referred to as ‘bistable’. In order for

the flexure to ‘stick’ against the pole-piece the following condition must hold:

mag T ﬂDsealz (4Pu ~Fa) 2 Fey 1)
where Frey is the bending force required to displace the flexure tip by dfex and Deegq iS the
diameter of the seal formed between the pole-piece and flexure seat and P, and Py are the
absolute upstream and downstream pressures respectively. In the valve design shown, Deeg iS
approximately equal to the internal diameter of the through-tube. This differs from previous
bistable valve designs where a larger O-ring was used to form the seal, increasing the force
term in (1), and making switching more difficult. Providing a pulse of electrical current to the
coil opposes the magnetic flux in the flexure, therefore reducing Fnag, €nabling the valve to
switch states (via the restoring force Frey). In this analysis, the reduction in Frnag achieved by
coil activation is considered as an additional opposing force, Fcj . To switch the valve’s

state, Feoil must satisfy the following inequality:

7ZDsea 2(I:)u -P )
mag + : 4 : < I:ﬂex + I:coil (2)

As indicated in the above equation, the magnitude of Fcj required to switch the valve’s state
mut exceed the difference between Fnag and Frex. It increases as the pressure differential

across the valve rises, and is also affected by the cross sectional area of the seal.

Some interesting differences between this type of bistable valve and a conventional solenoid

valve are listed below:

()  The bistable valve only requires electrical power to change states, whereas a
conventional solenoid valve requires a constant electrical current to hold it in an
active state.

(i) The bistable valve’s switching speed is governed predominantly by the stiffness
and mass of the central flexure, which can be significantly higher and lower,

respectively, than a conventional solenoid valve’s moving parts.
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(iii) Large orifice sizes can be incorporated into the bistable valve, allowing the valve
to be used directly in-line. Conventional solenoids are typically used indirectly as
pilot valves in these types of applications.

(iv) A Dbistable valve has no preferred fail-state, i.e. it cannot be classed as ‘normally-
open’ or ‘normally-closed’.

(v) The maximum acceleration of the flexure occurs at the start of its motion,
immediately after it is released from one pole-piece. The maximum velocity
occurs in the middle, with the maximum deceleration and minimum velocity just
before it lands on the opposite pole-piece. This is an ideal kinematic profile for
minimising wear. Conversely a solenoid valve has its maximum acceleration in
the middle of its stroke and maximum velocity at the end, just before striking the
bump stop. This makes it slower and potentially noisier.

Flexure design
The flexure is the most important component of the bistable valve assembly. Selection of its
dimensions and material properties directly influence a range of conflicting performance

criteria, including: switching speed, maximum operating pressure and operating life.

Accurately predicting magnetic hold forces in electromagnetic actuator circuits can be
difficult due to large nonlinearities and the large number of possible flux paths. Previous
researchers have generally used either Finite-Element-Analysis (FEA) magnetics packages
(e.g. that used in [7]) or simplified nonlinear magnetic circuit models, which must be solved

iteratively [8, 9], to calculate the magnetic fluxes around such systems.

A simplified magnetic model was sought by the authors to be used as a design tool for future
bistable valve designs, for cases where the overall valve shape would be similar. Figure 4
shows the FEA simulation presented by Miller in [6] for the original bistable valve design. As
can be seen, the pole-piece and flexure regions have considerably higher magnetic flux
densities than the other parts of the valve. At these flux levels, magnetic saturation becomes
significant. As these components approach complete saturation (typically between 1.5-2.2 T
for steel alloys), their permeability tends towards that of free space (umo). By contrast, the
relative permeability (umn/ump) Of non-saturated low-carbon steel is between 2,400 and 2,800
[10]. The magnetic reluctance of regions such as the c-frame (which is not saturated in Figure
4) can therefore be considered negligible when compared to the large reluctances of the

saturated regions. In order to increase the flux that can flow along the flexure, two ‘fingers’

5
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are mounted alongside it, with small air gaps to the wedges on the side of the flexure. These
fingers increase the effective magnetic cross section of the flexure, without making it

mechanically stiffer [11].

Bearing all of the above observations in mind, a simplified model of the flexure tip was
devised to estimate both Fpag and Foii . The thickness of the flexure tip (tip, shown in Figure
3) is selected to ‘choke’ the flux in this region to a desired level, therefore controlling the
Fmag and Feoil forces directly. Flux paths through the flexure for the two valve operating

conditions (coil inactive and coil active) are shown in Figure 5.

For simple magnetic circuits with a single airgap, the magnetic hold force can be estimated
by:

2
I:mag = ¢
Zlum,OA

3)

where ¢ is the magnetic flux that passes through the airgap, umo is the magnetic permeability
of free space and A is the effective cross sectional area of the air gap [12,13]. This
approximation was found to provide reasonable predictions of the attractive force between
each of the two pole pieces and the flexure; the difference between these two forces could be

used to derive the overall force acting on the flexure tip as follows:

F — ¢12 _ ¢32
" 2:um,OAl Zzum,OAa

where the subscripts shown correspond to the flux paths shown in Figure 5a. Fringing (shown

(4)

in Figure 5) was taken into account in the definition of the air gap cross sectional areas (A;
and As) by adding the air gap length I, to the outside radius of the pole piece and subtracting
it from the inside diameter (as suggested in [14] and used by Miller et al in [6]). For example,

Az in Figure 5 is defined as follows:

B (D, +21,)* —7(D

4

o —=21,)°
orifice 3) (5)

pole

where |3 is the air gap length shown in Figure 5.
Assuming both @, and ¢, are saturated, calculation of the three flux paths shown in Figure 5a
can be estimated by the following relationships:

6
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¢1 = mln([ Bs,pole’A‘l Bs,flex Aseat Br,mag A‘mag ]) (6)
¢2 - min([Bs,flexAz ¢1]) (7)
h=0-¢ (8)

where Bssiex and Bspole correspond to the saturation flux densities (in Wh/m?) of the flexure
and pole-piece materials respectively, and the By mag and Anag terms are the remnant flux
density® and cross sectional area of the permanent magnets respectively. Az in these
equations corresponds to the cross-sectional area of the flexure seat, and is assumed to have
the same outside diameter as the pole-piece, but with no central hole.

When the coil is activated, its magnetomotive force opposes the flux in the flexure. As
electrical current is increased in the coil the flux is eventually reversed in the flexure region
and channelled back towards the other pole-piece. Flux no longer passes through A; (as

shown in Figure 5b), and the flux equations become:

¢1 = mln([ Bs,pole'A‘.'L B:;,flex Aseat Br,mag Amag]) (9)
¢, =0 (10)

9= (11)

The effective Feo is calculated by the difference between Fnag calculated using equations 6-8

(the coil inactive case) and equations 9-11 (the coil active case).

Magnetic hold force predictions from the above model were first compared to those obtained
from FEA (Figure 4) and Miller’s magnetic circuit model for the earlier generation valve.
Agreement was found to be good, but comparison to gaussmeter readings indicated the
predicted flux densities through the air gaps were approximately 20% too high. The fluxes
used in equation 5 were therefore corrected using a flux leakage coefficient (Sieakage), Similar
to that used in [9]. Each flux was redefined as follows

&,

/B leakage

(12)

¢n,useful =

with @, coming directly from equations 6-11.

! The remnant magnetization of a magnetic material is the flux density (B) which remains in the material once
an applied field has been removed. For the permanent magnets in this case it represents the maximum flux
density generated by the magnet in an effective ‘short-circuit’ case.

7
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A comparison of the magnetic hold force predicted by the above model (with 5. =1.3)to

experimental results for three pole-piece/flexure combinations plotted as a function of pole-
piece diameter and flexure tip thickness is shown Figure 6. As can be seen, the model fits the
experimental data reasonably well. The derivation of F; (the difference between the coil
active and coil in-active cases) is also shown schematically in the figure, where the ‘Omm
Flexure’ data represents a case where no flux passes through the flexure to the yokes (A; in
Figure 5). As can be seen, increasing the flexure tip thickness from 1.7mm to 3.4mm

approximately doubles Fj.

Figure 6 also shows the effect of pole-piece diameter on magnetic hold force. At a fixed
flexure tip thickness, Dyole Can be selected to maximise the magnetic hold force. This strategy
is often referred to as pole-piece focusing. Three distinct regions can be seen in Figure 6 for
increasing pole-piece diameter (zones 1-3). In zone 1, flux through the flexure seat is limited
by saturation in the pole-piece face; zone 2 corresponds to a saturated flexure seat (Aseat In
Figure 5) and zone 3 corresponds to full remnant flux being provided by the permanent
magnets (i.e. magnetic short circuit). To maximise Fnag for a given flexure thickness, the
pole-piece diameter should be selected at the boundary between zones 2 and 3, where the
flexure seat is saturated and no further magnetic flux can be provided by the permanent
magnets. Beyond this point the achievable Frag reduces, due to a lower flux density passing

through the pole-piece face.

Referring back to equation 1 it can be noted that Fex (the restoring force acting on the flexure
due to bending) must be less than Frg in order for the flexure to hold to the pole-piece (at
zero pressure). The bending properties of the flexure are governed predominantly by the root
part of the flexure (i.e. the tyoot and L; dimensions shown in Figure 3). In order to simplify the
calculation of Fye for a given flexure displacement at the centre of the pole-piece, the thicker
tip region is assumed to have infinite bending stiffness. Standard deflection equations for a
beam subject to a transverse force and moment (taking into account the offset at which Fag
acts, L, in Figure 3) can be combined and rearranged to give the following equation for Fyey
[15]:

5ﬂexE|
flex = 2
L{Lé+ LL,+ L;J

F (13)
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where E is the Young’s Modulus of the flexure material, | is the second moment of area of
the flexure root region and dsey is the transverse deflection of the flexure tip at the centre of

the pole-piece (shown in Figure 3).

The required drex Was selected such that the cross-sectional area available for air flow past the
flexure was greater than the orifice diameter of the through-tube (8mm), i.e.:

2

D
D8 ey > —2 (14)
4

pole® flex

This ensures that the high air flow rates needed for EBS control are achievable. The pole-
piece angle was set at a fixed value, corresponding to the predicted angle of the flexure tip
(6rip) at the specified flexure deflection (dqex) and was calculated using equation 15 (once
again obtained from standard beam deflection equations for an applied force and moment)
[16].

0. = I:flex L12 + 2Ff|ex L2L1
v 2El

(15)

Valve switching speed was required to be at least the same as that achieved by Miller’s [4]
valves (approximately 3-4ms). Switch time for bistable valves is made up of two main
components: firstly, the time taken for electrical current to build in the coil, and secondly, the
time taken for the flexure to move to the opposite pole-piece. Previous testing had suggested
that both of these delays were significant [16]. The overall desired switch time was therefore
split equally between the two. The time taken for the flexure to travel to the other pole-piece
is governed by the first natural frequency of vibration of the flexure. The flexure design
incorporates significant mass and rotational inertia at its tip. Rayleigh’s Principle was used to
estimate the value of the first natural frequency (w1) of the thick tip flexure design. This
method calculates the approximate natural frequency (wp) for a specified mode shape as [17]:

0, === (16)

where Vmax is the maximum potential energy of the vibration mode, and fmax IS a maximum

Kinetic energy term with the time derivatives removed [17]. Substituting in the relevant
functions for a point mass and inertia (the thick flexure tip) positioned at the end of a uniform
beam (the flexure root), equation 16 becomes:
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Xflex

2
2
ILllEI[ d UZJ dx
0 2 d

10) a7

n

2 ~
~ul 1 1
J;) EprootArootudeﬂex +§mtipu(|-1)2 +§‘]tip9(|‘1)2

where u(Xsex) 1S the mode shape, Xqex IS position along the longitudinal axis of the flexure root
(shown in Figure 3), O(xiex) is the flexure angle at position Xsex (i.€. du/dXfiex), Mip IS the mass
of the flexure tip and Jip is the moment of inertia of the tip region taken about the bending

axis at the end of the thin part of the flexure (Xsiex = L1).

In order to obtain a reasonable estimate of w; a simple cubic mode shape was assumed. This
provided zero displacement and gradient at x = 0, and maximum displacement, gradient and

curvature at Xgex = L1
Substituting this into equation 17 gives the following estimate of w;:

12E]
w’ = K (18)
Ploos ML 90, L,

tip
Comparing the natural frequency obtained from equation 18 to that obtained by an FEA

analysis (Abaqus) for a model of the thick tip flexure indicated that @, estimates using the

above approximation were around 10% higher than the FEA solution. This error was
considered to be sufficiently small, for equation 18 was to be used as a design tool to estimate
how flexure design changes would influence the valve’s switching time, avoiding the need to

build detailed FEA model for each design change.

Assuming that the flexure travels from one seat to the other with a motion approximating half
a sine wave, the mechanical switching time will be 7 /w1, The total switching time (At,,.,)

can therefore be estimated as:
Atswitch = %)1 + z-coil (19)
where 7. is the rise-time of the electrical current in the coil.

In order to estimate the fatigue life of the flexure (due to cyclic bending of the flexure root),

bending stress (o,,,) at the base of the flexure was calculated using Equation 24.

10

http://mc.manuscriptcentral.com/(site)



Page 11 of 36 Journal name

1
2

/ Foe (L + L)oo

: 0 g =R (20)

6

7 with Fex calculated according to equation 13, C representing the stress concentration factor
g of the flexure root. As a steel flexure was to be used, setting a maximum allowable o, to
1(1) 50% the ultimate tensile strength of the material ensured a theoretical infinite fatigue life

5 [18].

14

1 2 Pressure switch tests

1; The pneumatic supply pressure on the tractor units of HGVs is typically 12 bar, it was

19 therefore necessary for the bistable valve to operate at this pressure before any vehicle

;? implementation could be carried out. Experimental pressure switch tests were carried on

;g various valve and flexure design iterations to ensure that this design goal was met. In this test,
24 the valve was subjected to a fixed pressure difference and the current in the coil was

52 increased until the flexure switched pole pieces. Figure 7 shows the maximum switching

;g pressure achieved relative to magnetomotive force generated by the coil (Amp-turns in the
;g coil windings) for 3 different bistable valve designs. The main features of the different valve
g; generations shown are as follows:

gi (i)  Generation 1: this is the original prototype presented by Miller in [19]. The flexure
22 was flat and made of spring steel. The seal was formed between the pole-piece and
37 flexure using an O-ring on the pole-piece face.

ig (i) Generation 2: this flexure design was also presented by Miller in [4]. ‘Finger’

2(1) components were incorporated into the flexure to provide additional flux carrying
42 paths, while not affecting the bending stiffness of the flexure.

ji (iii)  Generation 3: this design once again incorporated additional ‘fingers’. These were
22 cantilevered from the base of the flexure, reducing the overall mass of the moving
j; part of the flexure. The flexure tip thickness was increased to carry more flux. The
49 rubber seat was attached to flexure, allowing Deg to be reduced relative to the

ﬁ? previous valve generations.

52

gi The improvements achieved by the additional fingers can be seen by comparing the

55 generation 1 and generation 2 results. The additional improvements achieved by the

?? generation 3 valve/flexure design can also be seen. The generation 3 prototype achieved a

gg maximum switching pressure beyond 12 bar (higher pressures could not be tested due to

60 limitations in the compressed air supply). Its results also have a much steeper gradient than

11
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those obtained for the other two valves. This is due to the reduction of Dgg in the revised
rubber seat design which required less force to lift the flexure from the seat at a given

pressure.

Predicted F;j values obtained from equations 6-11 for the generation 1 and generation 3
flexures are superimposed on Figure 7. The prediction for the flat flexure agrees well with the
saturation limit that can be seen as a ‘knee’ in the experimental results. For reference, the
magnetomotive force corresponding to a 100 turn (a feasible number of windings that could
fit around the flexure in the bistable valves), 2Q coil, operating at 24V is also shown on
Figure 7 at approximately 1200 A-t. HGVs typically use 24V batteries, so any commercial
bistable valve system would need to be able to run at this voltage. Clearly the generation 1
and 2 designs are well below the required maximum switch pressure (12 bar) at this point. By

contrast the generation 3 valve should be able to switch 12 bar at 24V.

The preceding sections of this paper have presented various simplified models which can be
used to estimate the performance of a bistable valve design. Figure 8 shows a flow chart of
the design process, using these equations, to design a bistable valve to meet arbitrary
performance metrics. The process is separated into two main steps; first the magnetic
requirements are met by choosing appropriate flexure tip dimensions. Then, flexure root
dimensions are selected to achieve the desired mechanical performance metrics. As can be
seen in Figure 8 the process may require some iteration if the desired valve specifications

cannot be met while ensuring an infinite flexure fatigue life.

Closed loop pressure control

Two separate 2-2 valves are required to modulate air pressure at the brake chamber. In a
conventional pneumatic ABS system, this type of valve manifold is referred to as an ABS
modulator valve (shown in Figure 1). A CAD model of the bistable modulator assembly
(housing 2 valves) is shown in Figure 9; the inlet and outlet valves, along with the pneumatic
flow paths into and out of the brake chamber, are clearly shown. The size of this assembly is
comparable to a conventional ABS modulator valve, allowing the valves to be mounted close

to the brake chamber.

12
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Pressure controller details

A flow diagram of the control tasks carried out by a local wheel-slip control module is shown
in Figure 10. As can be seen in the figure, the pressure controller receives pressure demands
from a wheel slip controller, which is designed to track the maximum available adhesion
force between the tyre and road. For more detail regarding the slip control and F observer
blocks shown in Figure 10 please refer to [20]. The pressure control and pressure observer

blocks are presented in more detail below.

Flow through each of the bistable valves is controlled via pulse-width-modulation (PWM),
where the mark-space ratio (Rys) of each valve governs how long they spend open during a
particular control cycle; for example, when Rys = 0.75, a valve will be open for 75% of a
single control cycle. Rys is recalculated at the start of each control cycle; a cycle time of

20ms was used for the bistable valves in the work described here.

A simple proportional pressure controller was used to define the desired mark-space ratio

(Rwms) for the inlet and outlet valves, using the following relationship:

RMS = kpress(Pdem - Pc) (21)

where P is the brake chamber pressure, Pgem is the demand pressure and Kpyess IS @ tuning
gain. Here, positive Rys values correspond to an inlet valve demand, and negative Rys
corresponding to an outlet valve demand. Two physical changes were made relative to the
system used with the earlier bistable valves [16]. Firstly, the main pressure control
calculation and the PWM parts of the controller were implemented in a single digital
microprocessor, as opposed to the analogue circuitry used in [16]. This change enabled more
flexibility in the control algorithms, and reduced the number of electrical components at the
wheel station, since the same microprocessor could be used for slip control calculations. The
second change was the repositioning of the pressure transducer. In previous HiL testing [4]
the pressure transducer was mounted to a second port on the brake chamber. This provided a
direct measurement of brake chamber pressure (P¢). However, HGV brake chambers that also
incorporate spring-brakes (which are common to most vehicles) only have a single inlet port,
making mounting a pressure transducer in this configuration impossible. Including the
pressure transducer in the valve enclosure assembly was seen as a more elegant solution,

allowing the new valve block assembly with integral pressure transducer to be fitted to a

13
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range of different brake chambers. The pressure transducer location is marked on the CAD

model of the valve enclosure shown in Figure 9.

Preliminary testing

Preliminary testing of the pressure controller identified a potential problem with the new
system layout. Simulations of the original analogue pressure controller by Miller et al [4], had
suggested that the minimum proportional gain (Koress) Needed to be close to 2x10°Patin
order to achieve a control bandwidth above the typical HGV wheel-hop frequency (12.5Hz)
[4]. A gain of 1.5x10°Pa™ was achieved during the HiL testing in [4].

Figure 11 shows the pressures in the valve block enclosure and brake using a Kpress = 1.5x10°
>pa’ with the new bistable valve hardware. Excessive ‘chatter’ can be seen, as well as a clear
difference between Pen (the valve block enclosure pressure used in the pressure control
calculations) and the actual brake chamber pressure (P.). The large spikes in enclosure
pressure seen in Figure 11 are due to the throttling of air through the restrictions between the
bistable modulator and the actual brake chamber and the dynamics of the air volume between
the modulator and the brake chamber.

A chamber pressure observer was proposed to estimate P, from the measured pressure in the

valve enclosure. This is presented in the following section.

Chamber pressure observer
Detailed models of the air flow through the bistable valves, as well as the brake chamber’s
volume versus pressure characteristics, were presented in [4]. These provided a good

understanding of the brake chamber’s response to changes in valve state.

Flow through each of the bistable valve orifices was estimated using one-dimensional fluid
flow theory, as described in detail in [16,20]. The governing equations are presented below:

1y, = s,,cfA,,cW% if % <p, (choked) (22)
1 -1
my, = S,CrA,C; ﬁ(i—j)y 1- (’;—Z) voif % > p,, (non-choked) (23)

u

where the subscript v corresponds to either the inlet (in) or outlet (out) valve, S, is the valve

state (open =1, closed = 0), C; is the valve discharge coefficient (determined experimentally
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by Miller in [19]), A, is the cross-sectional area of the valve orifice, P, is the upstream

pressure, and Py is the downstream pressure. C; and C, are constants defined by:

7+l

" |2
;C, = 24
) R(r -1 =

Per 1S the critical pressure ratio, defining when the air flow through the orifice is choked or

non-choked, and is calculated by the equation 26.

2 .
Py = (_J ~ 0.5 for air (25)
Y+

The air within the brake chamber volume was modelled as a polytropic gas of the form
PV“=const, where P and V are absolute pressure and volume respectively. Brake chamber
pressure was therefore described by the following relationship:

VP, + acVePe (26)
RT, RT

(ainmin - aoutmout) =

where V. is the chamber volume, R is the gas constant for air and T is the brake chamber

temperature.

In order to design a suitable brake chamber pressure observer, the existing brake chamber
model (equations 23-27) was extended to include an additional restriction, C; and an
additional valve block enclosure volume, Vene (these are shown schematically in Figure 9).
C. and cross-sectional area, A; were obtained via experiment and direct measurement
respectively. m. (the mass flow rate of air into the brake chamber) was calculated using the
flow equations presented in equations 23-26, with S, (valve state) set to 1. Valve enclosure
pressure (Penci) Was modelled by the following equation:

. . . _ Venclpencl
(ainmin — OoutMoyt — acmc) - (27)
RTenct

where Vene Was assumed fixed, and taken directly from the CAD model of the valve
enclosure. The Teng and o values here correspond to the valve block enclosure temperature

and the polytropic flow constants respectively.

Equations 23-28 were combined to create a simple non-linear pressure observer, based on an
observer design presented by Bigras and Khayati in [21]. The general observer structure was

as follows:

15
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acR:Te .
PC VC(PC) mC KC S
p = RTenct . . . + K (Pencl - Pencl) (28)
encl m (ainmin — OoutMoyt — acmc) encl

where states with a ‘“*’ represent estimates, and K¢ and Kenc are observer gains. The Peng
signal shown is the sensor signal obtained from the pressure transducer. Several assumptions
and simplifications were made here, so that real-time implementation was feasible. Variable

brake chamber volume was only included in the V. term. The \&term, which was included in

[4], was neglected here to reduce computational load. This simplification introduced some
inaccuracies in the plant model. The resulting error was, however, considered acceptable as
P.V. and V,.P. values calculated for a typical for a chamber fill process (equation 27) indicated
that the later term was generally around 2 orders of magnitude larger than the former. All
mass flow rate terms were implemented as pre-calculated look-up tables relative to the ratio
P4 /Py (via equations 23-26).

The observer gains (K. and Kenci) were iteratively tuned by post-processing data obtained
from HiL experiments. Sample results obtained from the observer are shown in Figure 12a
and Figure 12b, for chamber fill and exhaust cycles respectively. Agreement between the
actual and observed states is good. Figure 13 shows the closed loop response of the pressure
controller to a step pressure demand, using the estimated pressure as the feedback signal for
the digital pressure controller. The actual brake chamber pressure data shown is only included
as a reference. Comparing Figure 13 to Figure 11, a significant improvement in controller
stability can be seen. The chattering seen in the earlier case has been removed completely and
the controller now takes approximately 50ms to reach steady state (as opposed to 200ms for

the same pressure controller without an observer).

Fault Detection

In addition to improving the pressure control response of the bistable valve system, the

A

P

encl

chamber pressure observer can also be used to detect faults. The P, term in equation

ncl
29 provides a measure of how well the measured valve enclosure pressure agrees with the
expected value, given the current valve state demands. Monitoring this term can therefore
identify failures relating to both bistable valve hardware (e.g. a blocked valve orifice) and the

high-current valve drive electronics (e.g. a blown transistor). One advantage of this type of

16
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fault detection strategy is that the error term is already calculated during the pressure observer

calculations, so very little additional computational capacity is required to check for faults.

During the vehicle tests carried out in [5] the fault detection strategy discussed above was

A

P

encl

implemented in real-time. The P, term was passed through a simple first-order filter

ncl
with a 0.1 second time constant to reduce the chance of false positive fault detections during
pressure transients. An error threshold of 0.5 bar was then used to trigger a ‘fault detected’
flag which could be used for safety intervention if needed. An example of the fault detector
correctly identifying a problem during a constant pressure demand commissioning test is
shown in Figure 14. As can be seen, the brake chamber at wheel 1 did not fill correctly in this
case (due to a failure in the drive circuit electronics). The failure was correctly identified by

the fault detector within 0.1 seconds.

Hardware-in-the-loop testing: bandwidth comparisons

To control slip in the presence of the wheel-hop vibration mode, a control bandwidth of at
least 12.5Hz is required [4]. Figure 15 shows sample pressure traces of the generation 2 and
generation 3 bistable valves attached to brake chambers, responding to a 10Hz pressure
demand. The response of a conventional HGV EBS system is also shown for reference. The
conventional hardware is not capable of following the sinusoidal brake pressure demand at
this frequency. The bistable valves achieve significantly better pressure demand tracking,
with the generation 3 showing much better performance than generation 2.

Miller et al [4] used a sinusoidal chirp signal of 0.75bar amplitude, centred about 4bar
(absolute pressure), to estimate the bandwidth of the bistable valve pressure control loop. The
amplitude and offset of the chirp signal were chosen to represent a typical ABS or slip control
stop on a low to medium friction road. ldentical tests were carried out with the generation 3
system to enable a direct comparison against the previous generation system. The pressure
demand chirp signal lasted 30 seconds and spanned a frequency range of 0.5-50Hz. The same
tests were also carried out with a conventional EBS system as a baseline comparison. Figure
16 shows the frequency response (as a Bode plot) of the three systems for frequencies
between 1 and 50Hz. The generation 3 results shown here correspond to the ensemble
average responses of 6 prototype valve enclosures. The results for the generation 2 system
correspond to the tests carried out by Miller et al in [4]. For linear systems, the bandwidth is

defined as the frequency at which a 3dB drop in gain occurs. These points are marked on
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Figure 16. By this measure, the generation 3 valve has a bandwidth of 20Hz while

conventional valves have a bandwidth of 6Hz. As the system is highly nonlinear, a more

realistic measure of bandwidth is the frequency where a 45° lag in phase occurs (which for

linear systems would correspond to the -3dB frequency). These are also marked on Figure 16,

with the generation 3 system achieving an apparent control bandwidth of just over 10Hz. This

is significantly higher than both the conventional EBS (1.5Hz) and generation 2 bistable

valves (6Hz).

Conclusions

18

(i)

(i)

(iii)

(iv)

(v)

Experimental results show that a simplified magnetic model, which assumes
magnetic flux through the magnetic circuit is limited by saturation in one or more
components, can be used to correctly predict the magnetic hold force and
maximum switching force of a bistable pneumatic valve.

A bistable valve flexure and seat design that incorporates a ‘thick tip’ and
additional magnetic flux channelling components can meet the necessary
performance criteria for implementation in a conventional heavy goods vehicle
(HGV) pneumatic brake system, (12bar maximum supply pressure, 8mm orifice
diameter and 24V operation). These performance criteria were not met by previous
bistable valve designs.

A pressure observer that includes a non-linear pneumatic model of a brake
chamber and its orifices can be used to accurately predict brake chamber pressure
with a pressure transducer located at some distance upstream from the brake
chamber. This facilitates precise control of pressure in the brake chamber.

The error term included in a brake chamber pressure observer can be used to
identify faults in bistable valve hardware and electronics on a real vehicle while
requiring very little additional computational capacity.

Closed loop pressure control tests indicate that a bistable ABS modulator valve
connected to a brake chamber with a digital pressure controller can achieve a
pressure control bandwidth of 10Hz, significantly higher than conventional HGV

EBS hardware (1.5Hz) and a previous-generation bistable valve system (6Hz).
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28 Figure 1: Schematic showing typical heavy goods vehicle (HGV) electronic brake system
29 (EBS) layout [22]; (1) EBS central module, (2) Trailer control valve, (3)Two channel axle
modulator, (4) Electronic proportional relay valve, (5) ABS modulator valve, (6) Foot valve,
32 (7) Pneumatic relay valve, (8) Redundancy valve, (9) Park brake control, (10) Compressed
33 air storage tanks.
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Figure 2: A bistable pneumatic valve; (a) prototype used in vehicle tests [5], (b) schematic
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Figure 4: Magnetic flux paths predicted through early bistable valve concept using FEA
simulation [6]. Red and blue regions correspond to high and low values of magnetic flux
density respectively.
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Figure 5: Flux paths through flexure tip; (a) Coil inactive, flexure held to pole-piece, (b) Coil
active, flexure released. Effective areas A;-A; are shown schematically by shaded bars.
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flexure back to the yokes (A, in Figure 5)
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Specity the following performance criteria:
1. Desired orifice cross sectional area
2. Maximum supply pressure
3. Maximum allowable switching delay

v

Calculate F_ required to switch (equation 2)

v

Calculate required flexure tip thickness and
pole-piece diameter (equations 4-11)

\

Search for combination of L ; and t . that

achieve:
1. F ex 0.8Fmag to ensure flexure holds to
magnet (0 ex calculated by equation 14,
F e calculated by equation 13)
2. 2m/w, < maximum switching delay
(equation 19, calculating J, » and L, from

tip thickness and pole-piece diameter
defined in previous step)

v

Check flexure root stress (equation 21)

v

Manufacture and test prototype. Fine tuning of
F mag €40 be achieved by machining material

off pole piece surface

Figure 8: General bistable valve design process
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Figure 9: Generation 3 bistable valve enclosure and brake chamber model used in brake
38 chamber pressure observer
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Figure 10: Local wheel controller flow diagram for slip control system with bistable valve
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32 Figure 11: Preliminary pressure controller performance, generation 3 valve enclosure (Kpress
= 1.5x10°Pa™)
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Figure 12: Brake chamber pressure observer performance: (a) Chamber fill, (b) Chamber
exhaust
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Figure 13: Closed loop pressure control performance of generation 3 valve enclosure, brake
33 chamber pressure observer active (Kpress = 1.5x10'5Pa'1)
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Figure 14: Fault detection during vehicle pressure control commissioning; (a) Brake
chamber pressures, (b) Error measurements generated by brake chamber pressure observer
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Figure 15: Pressure controller performance, response to 10Hz sinusoidal pressure demand:
45 (a) Conventional EBS hardware, (b) Generation 2 bistable valve system, (c) Generation 3
46 bistable valve system
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