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Digitally Controlled Electrorheological Valves and their Application in Vehicle
Dampers

Michael Kamelreiter®, Wolfgang Kemmetmiiller®*, Andreas Kugi®

% Automation and Control Institute (ACIN), Vienna University of Technology, Gufhausstrafie 27-29 / E376, 1040 Vienna, Austria

Abstract

The idea to replace continuously adjustable proportional valves by a certain number of simple on/off valves is known
as digital hydraulics. In recent years, various theoretical and practical works have shown the usefulness of this concept
in classical hydraulics. This contribution is concerned with the application of the concept of digital hydraulics to
electrorheological (ER) valves used in an ER damper. For this, a detailed mathematical model of ER valves, including
the dynamics of the valve due to the inertia of the fluid, is developed. First of all, an ER damper based on conventional
continuously adjustable ER valves is considered and its feasibility is proven by means of measurement results. In a
second step, two constructions of digital ER valves are proposed which both are characterized by a very compact and
simple design. The features of digital ER valves are analyzed by means of measurement results. Finally, the application
of digital ER valves to an ER damper is shown and its properties are compared to the continuously adjustable ER
damper in simulation studies on a validated model. It is shown that a similar high performance can be obtained with

digital ER dampers at significantly lower overall system costs.
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1. Introduction

Fast continuously adjustable servo or proportional
valves are normally used in hydraulic applications with
high demands on accuracy and bandwidth. In recent years,
it has been shown that also electrorheological (ER) valves
are well suited for active and semi-active applications with
fast dynamics, see, e.g., [1] and [2] for servo drives, [3]
and [4] for dampers and [5] for brakes. In conventional hy-
draulic valves, the volume flow is controlled by opening or
closing an orifice by means of a spool. In an ER valve, in
contrast, the volume flow is directly controlled by chang-
ing the apparent viscosity of the electrorheological fluid.
This is done by applying a sufficiently large electric field
to the ER fluid. Typically, the ER fluid is a suspension
of polarizable particles in a fluid phase. Under the pres-
ence of an external electric field the particles form chains
along the direction of the electric field, cf. [6], which cause
the change of the apparent viscosity of the ER fluid. The
ER effect is reversible, can be continuously controlled and
exhibits a very fast response time in the range of a few
milliseconds. The simple construction of ER valves using
two electrodes which form a flat gap is a major advantage
in comparison to conventional valves. There is, however,
the need for an expensive linear high-voltage amplifier in
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order to continuously adjust the volume flow through the
ER valve.

A linear high-voltage amplifier can be replaced by a con-
stant high voltage source, if instead of one continuously
controlled ER valve several small digitally controlled ER
valves are used, see [7]. The underlying idea is well known
in conventional hydraulics [8] and was taken up again in
2001 by a group at Tampere University of Technology who
proposed the name digital hydraulics, see [9]. The main
idea of digital hydraulics is to use several adequately sized
on/off valves in parallel instead of one proportional valve.
In combination with a digital control strategy it is possible
to adjust the volume flow of this digital valve over a wide
range with sufficient accuracy. Feasibility and usefulness
of this concept has been shown by means of practical ap-
plications, see, e.g., [9] and [10] for the position control of
hydraulic cylinders. The benefits of digital hydraulics are
low cost, robust valves, energy efficiency, fault tolerance,
no spool position feedback and an amplitude-independent
fast response time. In contrast to this there are a number
of drawbacks in comparison to conventional proportional
or servo valves, see, e.g., [9] and [11]: (i) Due to the fi-
nite number of on/off valves, a jerky motion can occur in
hydraulic drives. (ii) Fast switching of the on/off valves
causes pressure peaks in the system. (iii) Manufacturing
tolerances and the different dynamics of the on/off valves
can result in step uncertainties.

This contribution deals with the application of the idea
of digital hydraulics to ER valves, see [7], and the practi-
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cal application of digital ER valves in a vehicle damper,
see also [12]. In this work, special emphasis is laid on
the accurate modeling of the dynamics of the ER valve to
assess the influence of the dynamics on the evolution of
pressure peaks. The simple construction of an ER valve
allows for the use of a higher number of on/off valves com-
pared to conventional hydraulics. Furthermore, it is sim-
pler to guarantee small manufacturing tolerances and the
dynamics of ER valves is basically independent of the size.
Finally, instead of using expensive linear high-voltage am-
plifiers, the high voltage only has to be switched on and
off. This also significantly reduces the system costs.

The paper is organized as follows: Sections 2 and 3 are
dedicated to the mathematical modeling of continuously
adjustable ER valves and their application in a vehicle
damper. Based on the model of the continuous ER valve,
different constructions of digital ER valves are proposed
and validated by means of measurement results in Section
4. In Section 5, the feasibility of the approach will be
discussed by comparing the simulation results of a vehi-
cle damper based on continuous ER valves with the same
vehicle damper equipped with digital ER valves. Finally,
in Section 6, a short summary and an outlook to future
research activities are given.

2. Continuous ER valves

In this section, the mathematical model and the func-
tional principle of a continuously adjustable ER valve are
discussed. In general, an ER valve consists of a flat (or
annular) channel of height H, which is formed by two elec-
trodes of length L and width W, see Fig. 1. The pressure
difference Ap = p; — p, between the inlet pressure p; and
the outlet pressure p, drives a volume flow ¢ of the ER
fluid. By applying a voltage U to one electrode while the
other electrode is earthed, an electric field £ = U/H is
generated which is used to change the rheological proper-
ties of the ER fluid.
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Figure 1: Flat channel ER valve.

In most cases the ER fluid is a suspension of polariz-
able particles in a fluid phase. In order to describe the
behavior of the ER fluid in response to an electric field
FE, mathematical models describing the microscopical be-
havior of the particles have been developed, see, e.g., [6]

or [13]. These models are, however, not suitable for the
modeling of an ER valve, since the computational effort
is by far too high. Therefore, mathematical models of
ER valves are commonly based on the description of the
behavior of the ER fluid in the framework of continuum
mechanics. Here, a generalized Cauchy stress tensor in-
corporating the electric field is employed, see, e.g., [14],
[15]. The general constitutive equation for this Cauchy
stress tensor can be simplified for the given flat channel
geometry and the following assumptions: (i) the fluid is
isotropic, incompressible and has a constant temperature,
(ii) the flow in the ER valve is laminar and (iii) the dynam-
ics of the ER effect can be neglected. Then, an extended
Bingham material model of the form (see, e.g., [16])

it #0, ()

with the shear stress 12, the field strength dependent yield
stress 79(E), the shear rate ¥ = OQuq(x2,t)/0x2, the ve-
locity profile uq(x2,t) and the dynamic viscosity n of the
ER fluid for £ = 0, can be derived. Based on measure-
ments, the following relation is used for the approximation
of To(E)

o12 = To(E)sign(y) + ny

_ a B+ agEZ + a3E3 if
() = { by + 0 E else .

Therein, the constant parameters a1, as, as, by, by and E
are obtained from measurements, see Fig. 2 for the char-
acteristic behavior of a typical ER fluid.

6000

o 1 2 3 4 5 6 1T
E in kV/mm

Figure 2: Comparison between model (solid line) and mea-
surement (circles) of the field dependent yield stress 7o(E)
of a typical ER fluid.

The practical applicability of devices based on digi-
tal ER valves depends essentially on the pressure peaks
and/or volume flow peaks induced by the switching of the
individual valves. In order to be able to describe the tran-
sient signals during switching, a dynamic model of the ER
valve is needed. In general, ER valves exhibit a finite dy-
namics due to the following two reasons: (i) The ER effect,
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i.e. the formation of particle chains, is not infinitely fast.
Therefore, the static relationship (2) has to be extended
by some kind of dynamics. (ii) The inertia of the ER fluid
is not negligible, i.e. pressure drop and volume flow are
coupled via a differential equation. In the literature, only
a few works are dealing with the modeling of the dynam-
ics of ER valves, see, e.g. [17] and [18]. In the following a
brief summary of the model obtained by [17] will be given,
considering the dynamics only due to the inertia of the
fluid. This model will then be extended to cover at least
approximately the finite dynamics of the ER effect.

The dynamic behavior of an ER fluid flowing through
a flat channel ER valve is governed by the constitutive
equation (1) and the balance of momentum

0 0

— t)=P(t —_— Y, t 3
p@tul(xZ’ ) (t) + 8952012(% ) (3)
with the pressure gradient P(t) = Ap(t)/L. Combining
(1) and (3) leads to the inhomogeneous, parabolic partial
differential equation
n 02 1

;Txgul(x%t) = ;P(t)' (4)

am(mz, t) —
By taking in mind that the velocity profile is symmetrical
with respect to the middle of the gap, only the domain 0 <
29 < H/2 has to be considered. The boundary conditions
(BC) read as

BC1: uy(0,t) =0 (5a)

BC2: (751 (JL’Q, t) = — s (5b)

Do xo=H/2 n

where (5a) is the non-slip condition at the electrode of the
valve, (5b) describes the skew-symmetry of the stress in
the valve, i.e. 012(H/2) = 0, and 79(t) = 70(E(t)). The
initial condition (IC) of the velocity profile is assumed to
be of the form

IC . ul(l'g, 0) = U170(3§‘2) s (6)
with P
0 T2 70,0
= — — H — — 2
u1,0(72) 02 (H —22) PR (7)

which is the stationary solution of (4) and (5) for 7o(t) =
70,0 and P(t) = Py, with given constant values of yield
stress 79,0 and pressure gradient Fy. The general solution
of (4), (5) and (6) takes the form [17]

ul(ﬂig, t) = ﬂl(xz,t) -+ ul_ro(.fEQ) - 7_—0(25) %, (8)
with
z sin (2% + V22 ) i 4(t) - (9)
and .
() = /0 e~ T (V)N (10)

Thereby, the time constants

H 2p
T = ((2k+1)7r> n’

and the quantities

2VH 4

k=0,1,2,...  (11)

Xk (t) = o2k + 1)P(t) - 7\/>p7r(2k+1)?0(t) )
2H3/% ((—1)k (2k’+1)7r—2) d
(2k + 1)373p ar" 70(t),

which are only depending on the inputs 7o(t) = 70(t) — 70,0
and P(t) = P(t) — Py, are used. The general solution (8)
is only meaningful in the domain 0 < o < H,, where H,
is the solution of

0
871‘21141(1'2715) — =0. (13)

In the remainder of the domain a plug zone occurs, i. e. the
fluid behaves in this region like a rigid body with the ve-
locity profile

ul(mg,t):ul(Hw,tL H,y <CE‘2§H/2. (14)
In order to get a better understanding of the dynamics,
the result of the general solution (8), (14), for two different
excitations will be investigated:

1. Stepwise change of the field dependent yield stress
7o(t) at a constant pressure gradient P(¢), i.e.

To(t) = ToH(t) (15a)
P(t) =0, (15b)
with the step height 7y and the Heaviside step func-
tion
0 for t<0
H(t) = { 1 for t>0 (16)

2. Stepwise change of the pressure gradient P(t) at a
constant yield stress 79(t), i.e.

Fo(t) =0
P(t) = PH(t),

(17a)
(17b)

with the step height P.

The time evolution of the velocity profile for the two dif-
ferent excitations is depicted in Fig. 3 and Fig. 4. The
velocity profile was calculated for the fluid parameters
n = 27.4mPas and p = 1041kg/m?, the valve parame-
ters H = 0.75mm, L = 70mm and W = 40mm and
the infinite sum in (9) was approximated by a finite sum
of 1000 elements. It can be seen in Fig. 3 that, starting
from a parabolic velocity profile due to the absence of an
electrical field, an increasing plug zone is occurring in the
middle of the gap. Already after 8 ms the solution is close
to the stationary velocity profile given by (7), (14). A very
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Figure 3: Transient behavior of the velocity profile

u(xe,t) for 790 = 0, Py = Apo/L with Apy = 7bar and
a step in the yield stress of 7y = 2000 N/m?.

similar dynamic behavior appears for the second scenario,
where a step in the pressure gradient has been considered,
see Fig. 4.

With regard to practical applications the dynamics of
the volume flow ¢ through the valve is more important
than the dynamics of the velocity profile. The time evolu-
tion of ¢ is obtained by integrating the velocity profile (8),
(14) over the cross section of the valve. For the two excita-
tions stated before we get the results illustrated in Fig. 5.
Since the calculation of ¢ based on (8)—(12) is rather time
consuming and therefore not suitable for a controller de-
sign, an approximation of the dynamics of ¢ by means of a
Hammerstein-model [19] is proposed. The Hammerstein-
model consists of a stationary input nonlinearity, which
corresponds to the stationary volume flow relation

W(PH + 79)(PH — 279)% . PH
121 P2 if 7S -
qS(P7 TO) = g
0 else,
(18)

derived from (7), (14) for Py = P and 19,0 = 70, and a
linear time-invariant dynamic system connected in series

Q= (- q(Pm0)), (19)

To
where T} is the time constant according to (11) for k = 0.
According to Fig. 5, there is an almost perfect agreement
of the approximated model (18), (19) and the model from
(8)-(12).

The dynamic model of the ER valve developed so far
only incorporates the dynamics due to the inertia of the
fluid. Next, this model is extended to be able to describe
also the finite dynamics of the ER effect. Since the mathe-
matical description of the ER effect on a particle level is by

15y RO Ju dic AN
A:Q ______ T '\'
S s
77
) Al 2 1ms
ST A
; W 1ms
R " CeTn
= v = 0dms
S f.; - 02ms
= Y7,
5 5 l// Oms
O I 1 I
0 0.2 0.4 0.6 0.8
To in mm
Figure 4: Transient behavior of the velocity profile

uy (22,t) for 790 = 2000N/m?, Py = Apo/L with Apy =
7bar and a step in the pressure gradient of P = Ap/L
with Ap = 3bar.

far too complex to be used in this contribution, a heuristic
model will be employed. Measurements have shown that
the dynamics between the applied voltage U and the yield
stress 79 can also be modeled by means of a Hammerstein-
model. Here, the static input nonlinearity (2) is connected
in series with the linear dynamics

o=~ (ron — 1o(U/H)), (20)
er
where T, is the time constant obtained by measurements.
Thus, the overall dynamic model of an ER valve consists
of two Hammerstein-models as depicted in Fig. 6, whereby
s denotes the Laplace variable. This model will be used
throughout this paper, whenever time domain simulations
are carried out.
In the subsequent sections, the solution of the stationary
volume flow (18) with respect to P is required. Inverting
(18) for gs = g > 0 yields the pressure gradient

129 370 1 278
pP= WH3q+ ¥ + 2A(cos(§acos(1 - H3A3)) -1,
——
Py Py

(21)
with A = (WH?7y + 4nq)/(W H3). Here, Py is the pres-
sure gradient for U = 0 (Newtonian part) and Py is the
pressure gradient which can be controlled via the applied
voltage U, with the property Py = 0 for U = 0. Thus, the
stationary pressure drop along the ER valve reads as

In Fig. 7, the pressure-volume flow characteristics of an ER
valve of the same size as before (H = 0.75mm, L = 70 mm,
W = 40mm) is given as a function of the applied voltage
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Figure 5: Comparison of the exact model from PDE

and approximated Hammerstein-model of the volume flow
through an ER valve due to a step in the pressure gradient
and the yield stress.
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Figure 6: Block diagram of the dynamic model of an ER
valve.

U € [0, Umaz), where Upnar = 4kV is the maximum volt-
age. The overall work space of the continuously adjustable
ER valve is given by the grey shaded area.

3. Continuous ER damper

The ER damper prototype considered in this work to-
gether with the schematics for the use of continuous and
digital ER valves is depicted in Fig. 8. The damper was
designed by Fludicon GmbH, Darmstadt, Germany to be
employed in a panel van with a gross vehicle weight of 3.5t
[12], [20]. The damper consists of 2 chambers with corre-
sponding pressures p; and py and effective piston areas A;
and Aj. For the gas pressure py of the piston type accu-
mulator the approximation p,; ~ ps will be used, since the
accumulator piston mass is small and from measurements
the friction force is known to be small, too. The chambers
of the damper are connected via two ER valves and one
check valve. During rebound of the damper the check valve
is closed and hence both ER valves are connected in series.
On the other hand, during compression the check valve is
open and thus the volume flow only passes through the
first ER valve. This construction leads to an asymmetri-
cal characteristics of the controllable damping force, i.e.,

10

U=4kV
8/

//Uzskv

U =2kV
2//

. ——u=1kv
U=0kV

Ap in bar

¢ in 1/min

Figure 7: Characteristics of a continuously adjustable ER
valve.

high damping in the rebound stage and low damping in
the compression stage, which is typically used in automo-
tive dampers to allow for a trade-off between ride comfort
and road holding. The remaining quantities depicted in
Fig. 8 are the piston displacement s, the piston velocity
v, the pressure in between the ER valves p3, the volume
flows ¢1, g2 and g3 through the individual valves and the
digital control inputs z; and zo which will be explained in
the following sections.

By neglecting all the dynamics, i. e. assuming an incom-
pressible fluid and infinitely fast ER valves (7p = 0 and
T, = 0), the force provided by the ER damper

F=F(s,0,U) =—(Ag — A1)pa(s) + A1 Ap(v,U) (23)

Fs(s) Fy(v,U)

with Ap = p; —p2 can be divided into an energy preserving
spring part Fy(s) due to the gas-pressure in the accumula-
tor and a dissipative damping part F,(v, U) resulting from
the pressure drop along the valves, see [20]. Friction forces
between cylinder and piston are typically small compared
to Fy(s) and Fy(v,U) and can therefore be neglected. The
dissipative part of the considered continuously adjustable
ER damper is depicted in Fig. 9 as a function of the voltage
U applied to the ER valves. The forces during compres-
sion are plotted in the fourth quadrant in order to keep
the illustration compact.

In order to validate the damper model, measurements
have been carried out at a damper test stand. The goal
was to track a desired trajectory of the damping force while
the piston was moving in a sinusoidal way according to
s = 0.04sin(7t). The control law necessary for this ap-
plication, i.e. the applied voltage U as a function of the
desired damping force F¢ and the piston velocity v, can
be obtained by inverting the dissipative part in (23) in the
form

U=U(v,FY). (24)
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Figure 8: ER damper with schematics for the use of con-
tinuous and digital ER valves.

The results obtained at the damper test stand are depicted
in Fig. 10. The measured damping force shows good agree-
ment with its reference value and this justifies the feasi-
bility of the mathematical models being used. The next
sections will answer the question, whether and how it is
possible to obtain similar results for the same ER damper
but with digitally controlled ER valves.

4. Digital ER valves

As already outlined in the introduction, the main idea
of digital hydraulics is to approximate the functionality of
continuously adjustable proportional valves by a number
of independently controllable on/off valves. For this pur-
pose, n on/off valves are typically connected in parallel,
cf. Fig. 11. The overall volume flow of the digital valve is
then given by

n
7= q¢;j(Ap)s;, (25)

j=1
where s; € {0,1} indicates if the corresponding valve is
open or closed. By a suitable choice of the size (i.e. the
effective opening area) of the valves it is possible to cover
a wide volume range by a small number of valves. If a
binary coding of the size of the valves is chosen, then the

volume flows of the individual valves read as

q; = QBQj_17 .] = 17 sy T (26)

where gp denotes the volume flow of the smallest valve. In
conventional hydraulics, the main difficulties in designing

10 U =4kV
rebound U= 3KV

=2kV

U
Do

U=0kV
U=4kV

\

compression

o

0.2 0.4 0.6 0.8

|v| in m/s

—_

Figure 9: Characteristics of the continuously adjustable
ER damper.

ref.
- — — sim.
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tin s

Figure 10: Comparison of measurement and simulation of
a continuously adjustable ER damper.

such a digital valve are the high demands on the manufac-
turing accuracy and the timing of the valves.

The application of this idea to ER valves is straightfor-
ward since the volume flow (18) of an ER valve is a linear
function of the valve’s width W. Thus, it is only necessary
to scale the widths of the individual ER valves according
to

W; =Wg2i~t, j=1,...,n, (27)

with the width Wpg of the smallest valve. Figure 12 de-
picts a possible construction of a parallel digital ER valve
with n = 3 bits. The control of these ER valves is carried
out in the form U; = (1 —5;)Upqz, with the constant volt-
age Umaq and the switches (transistors) s; € {0,1}, j =
1,...,n. The overall volume flow through the parallel dig-
ital ER valve reads as

q=zqp, with z= Zszj_17 (28)
j=1
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Figure 12: Configuration of a binary coded 3 bit parallel
digital ER valve.

where gp is the volume flow of the ER valve with the
smallest width Wpg and no voltage applied to it. Special
attention has to be paid to the dimensioning of the length
L and the height H of the individual valves. For a proper
operation of the digital ER valve, it has to be guaranteed
that the individual ER valves can be completely closed for
the maximum expected pressure difference Apy,q. if they
are connected to the supply voltage U,,q.. This leads to
the condition, cf. (18),

2LT O(Em,aac)
H )
for the choice of L and H.

Fig. 13 shows the pressure-volume flow relationship for
a digital ER valve comprising 3 binary coded ER valves
connected in parallel of height H = 0.75 mm, length
L =70 mm and width Wi = 5.7 mm. It can be seen that
the volume flow ¢ through the digital ER valve can be con-
trolled by switching on and off the voltages Uj, j = 1,2,3,
of the individual ER valves. The main advantages of a
digital ER valve in comparison to digital hydraulics us-
ing conventional valves are: (i) The construction of the
individual ER valves is very simple. Thus, it is easier
to guarantee the necessary manufacturing accuracy. (ii)
The individual ER valves can be included in one flat (or
annular) channel by simply adjusting the areas of the elec-
trodes. (iii) The dynamics of ER valves is independent of
the width and length of the valves, cf. (11).

In many applications, e.g., semi-active dampers, it is
desired to control the pressure drop along the valve rather
than the volume flow through the valve, see, e.g., [21],
[22], and [20]. Achieving this functionality with digital

Umaﬂc

Ap’maz < with Emaz =

(29)

40

30 z=T

g °7

g z =
= 20

E =

> o

10} L

z =

05 2 4 6 z=0

Ap in bar

Figure 13: Characteristics of a binary coded 3 bit parallel
digital ER valve.

hydraulics based on conventional on/off valves is difficult.
In contrast, the pressure drop along a digitally controlled
ER valve can be easily changed by switching on and off the
applied voltage. Note that the pressure drop Ap along the
ER valve for a constant voltage U and a constant volume
flow ¢ is a linear function of the length L of the valve, cf.
(21) and (22). Thus, using n ER valves of height H, width
W, and length
Lj=Lg2™ ' j=1,...,n, (30)
where Lp denotes the length of the smallest valve, in series
connection, a digital ER valve can be constructed which is
very well suited for pressure control. The overall pressure
drop along the serial digital ER valve is then given by

Ap = zApp + Apy, with z= Zsﬂj_l, (31)
j=1

where Apy = Py L is the overall Newtonian pressure drop
with the overall length L = >~ L; and App = PyLp is the
pressure drop along the smallest valve without its Newto-
nian part for U = Upp,qe-

Fig. 14 shows a possible implementation of a binary
coded serial digital ER valve with 3 bit. The correspond-
ing pressure-volume flow characteristics of a valve with
H = 0.7 mm, W = 40 mm and L = 10 mm is given
in Fig. 15. This figure shows that a control of the pres-
sure drop along the serial digital ER valve as a function of
z is possible by switching on and off the voltage applied
to the individual valves. The benefit of serial digital ER
valves can be clearly seen by having a closer look at the
characteristic curves for constant z, where only a small de-
pendence of the pressure drop on the volume flow is given.
Thus, even large changes in the volume flow lead to small
changes in the pressure drop along the valve.

Up to now, a binary coding of the individual valves
with size ratios of 277! has been used, since this yields
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Figure 15: Characteristics of a binary coded 3 bit serial
digital ER valve.

the lowest possible number of valves for a given resolu-
tion. However, since it is necessary to switch many valves
at the same time in this coding scheme, e.g. when chang-
ing from state z = 7 to z = 8, unequal dynamics of the
valves and non-ideal flow rates (e.g. due to manufactur-
ing tolerances) might lead to pressure peaks and nonlinear
characteristics. In order to circumvent these drawbacks,
different coding schemes have been outlined in the litera-
ture for conventional digital hydraulics. According to [11],
pulse number modulation with equal size of all valves has
the best properties in this context whereas coding based
on the Fibonacci numbers with ratios 1,1,2,3,5,8,... and
other hybrid schemes represent a middle course. In any
coding scheme, the improvement of robustness is achieved
by increasing the number of valves.

In general, the problems due to unequal valve rise times
and non-ideal flow rates are less serious when using ER
valves instead of conventional valves. As already men-
tioned, the construction of ER valves is very simple and
hence a very accurate manufacturing can be expected. Sec-
ondly, the dynamics of ER valves only depend on the oil
density, oil viscosity and the height of the valve, cf. (11).
Thus, the dynamics is expected to be identical for parallel

or serial connected ER valves of different lengths or widths.
However, if it is desired to use pulse number modulation
due to its robustness, a large number of small and cheap
valves is needed. ER valves are very well suited for this
kind of application, since a large number of valves can be
easily obtained by a suitable design of the electrodes of the
valves. Despite the large number of valves, the construc-
tion and the control unit remain simple and thus costs are
expected to be low.

In order to show the feasibility of digitally controlled
ER valves, a test stand has been developed, see Fig. 16a.
The test stand has two main features: (i) In addition to
the measurement of the pressure drop, the volume flow, the
voltage and the temperature, it is of great interest to exam-
ine the flow pattern within the ER valve. This requirement
led to the use of optical transparent top and bottom walls
(quartz glass) of the flat channel. By sputtering indium-
tin-oxide (ITO) onto the glass surface, highly conductible
electrodes of almost arbitrary shape and with a high op-
tical transmittance can be produced. Fig. 16b shows the
upper and lower electrode of a binary coded 3 bit serial
digital ER valve. (ii) It is desired to test different configu-
rations of serial or parallel digital ER valves with different
shapes of the electrodes. This can be easily achieved by
changing the two glass discs with the electrodes sputtered
on.

In the subsequent measurements a binary coded 3 bit
serial digital ER valve as depicted in Fig. 14 and Fig. 16b
with a height H = 0.75 mm, a width W = 40 mm and a
length Lp = 10 mm is considered. For the validation of the
3 bit serial digital ER valve, static and dynamic measure-
ments were carried out. The measured (static) pressure-
volume flow characteristics in Fig. 17a show a very good
agreement with the mathematical model for moderate and
high volume flows. In the case of very low volume flows,
however, larger deviations occur. This is due to the fact
that the constitutive equation (1) is not able to exactly
describe the behavior for small shear rates 4. In practical
applications, it is possible to avoid very low shear rates by
means of a suitable construction of the valve. Furthermore,
the static behavior can by approximated by look-up tables
or more complex material models which are based on the
measurement results. Nevertheless, the basic functionality
of the serial digital ER valve could be demonstrated by the
static measurement results.

To show the dynamic behavior of the serial digital ER
valve a sinusoidal pressure signal is tracked with the digital
ER valve at a constant volume flow of ¢ = 2 1/min. The
results in Fig. 17b show again very good agreement of the
measurements with the expected behavior. Especially, no
pressure peaks during the switching of the valves could
be observed which is in agreement with the theoretical
examinations.
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Figure 16: (a) ER valve test stand and (b) ITO coated glass discs.

5. Digital ER damper ER damper, cf. Fig. 18.

The goal of this section is to show the feasibility of ap- 10
plications based on digitally controlled ER valves. There-
fore, both continuous ER valves of the ER damper of Sec-
tion 3 are replaced by adequately coded digital ER valves.
Thereby, the overall dimensions of the digital valves are 5
equal to the respective continuous valve, see Fig. 8. In
the following, the ER valve with control input z; and 25
will be denoted as first and second ER valve, respectively.
The remaining degrees of freedom left for the construc- 0
tion of the digital ER damper are the choice of the coding
scheme and the number of bits, for each of the two digital
ER valves. An obvious solution, with a minimum number

rebound

Fy in kN

compression

of ER valves, is a binary coding scheme for both valves. _5 ; ; ; ;
Unfortunately, this solution leads to a resolution which is 0 0.2 0.4 0.6 0.8 1
different in the compression and the rebound stage. Fur- [v] in m/s

thermore, in the rebound stage the same force level can

be obtained by different control inputs. By looking at Figure 18: Characteristics of the proposed digital ER
the force difference between U = 0V and U = 4kV for damper.

|[v] = 1m/s in Fig. 9, it becomes obvious that the force
difference in the rebound stage is about three times larger
than in the compression stage. In other words, the pres-
sure difference over the second ER valve is about twice
the value of the first ER valve. This leads to the follow-
ing choice of the coding for the two digital ER valves: To
get a good force resolution in the compression phase at a
minimum number of bits, a binary coding scheme with a
resolution of ny bits for the first ER valve will be used. The
second ER valve will be coded linearly with ny = 2 bit.
Already a choice of ny = 3 leads to a very good approx- Fé

d
imation of the damping characteristics of the continuous Ap® =p1—p2 = A, (32)

For a damping force control, the overall digital control
input z as well as the partial control inputs z; and 25 of the
individual valves have to be calculated as a function of the
desired damping force F§ and the piston velocity v. Again,
for the controller design, the dynamics is neglected, i.e. an
incompressible fluid and infinitely fast ER valves (Tp = 0
and T, = 0) are assumed. With these assumptions the
overall pressure drop can be calculated as
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Figure 17: Comparison of measurement and model of a binary coded 3 bit serial digital ER valve.

and the volume flows are given by

@ = Aw (33a)
A it v>0
q2_{ 0 if v<o0. (33b)
The pressure differences over the first ER valve

Apy = p1 — p3 and the second ER valve Apy, = p3 — po
are given in the form

Ap1 = Appiz1 + Apnt (34a)
Aps = Appazo + Apno, (34b)
with Apgy = PyLpi, Apyi = PyL; and 2z €

{0,1,...,2™ — 1} for the first binary coded valve and
Apps = PyLps, Apnz = PynLy and z € {0,1,...,n2}
for the second linearly coded valve. Thereby, the over-
all length of the two ER valves is denoted by L; and Lo,
the respective length of the shortest valve is denoted by
Lpy and Lps and the pressure gradients Py and Py are
given by (21). Subsequently it is assumed that the desired
damping force can be realized and hence lies within the
damping characteristics of the ER damper. Since the ER
damper is a passive system which cannot actively generate
any force at rest, we will additionally assume that F¢ =
holds for v = 0. Considering these assumptions, the par-
tial control inputs z; and z, are given in the compression
phase, i.e. for v <0, by
Ap® — Apny
zZ1 { Ap31 J (35&)

29 =0, (35b)

3
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g meas
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(b) Sine-wave (dynamic response).
and in the rebound phase, i.e. for v > 0, by
Ap? — Apyy — ApNzJ
zg = 36a
? L Appa (36a)
Ap? — A - A — 22A
7 = L 4 PN1 PN2 — 22 szJ ’ (36b)
Appi

where || denotes the integer part of 2. The overall control
input then reads as

2=z +2M2. (37)

In order to assess the quality of the digital ER damper
the tracking results for the same force trajectory as for the
continuous ER damper are depicted in Fig. 19. Thereby,
a dynamics of the ER effect of T, = 1 ms has been used.
The simulation results show that the tracking performance
of the digital ER damper is almost as good as the corre-
sponding continuous version. It should be emphasized,
that these excellent results are already obtained with a
low resolution of 3 bit for the first and 2 bit for the second
ER valve. Dynamical pressure or force peaks, which are
known from conventional digital hydraulics, could not be
observed. Therefore, digital ER valves are a very inter-
esting approach for semi-active suspension systems, both
with respect to their high performance and the low system
costs

6. Conclusion and Outlook

In this paper, the idea of digital hydraulics was success-
fully extended and applied to an ER damper prototype. A
dynamical model of continuously adjustable ER valves was
presented, considering the inertia of the fluid and the dy-
namics of the ER effect, in order to assess the magnitude of

10
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