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Programmable Valves: a Solution to Bypass Deadband Problem of
Electro-Hydraulic Systems

Song Liu and Bin Yao

Abstract—The closed-center PDC/servo valves have over-
lapped spools to prevent internal leakage so that the system
can hold a position even when the power is off. However,
the over-lapped spools also introduce deadbands, which are
sandwiched by plant dynamics and valve dynamics. The
sandwiched deadbands would degrade the achievable control
performance and are very difficult to deal with. Instead of
trying to solve this sandwiched deadband control problem via
complicated advanced controls with limited improvement of
achievable performance, this paper bypasses this problem with
the use of both valve hardware redesign and advanced controls
to overcome this deadband problem completely. Specifically,
the hardware is based on the programmable valves, a unique
combination of five independently controlled poppet type
cartridge valves. This paper will compare the programmable
valves with traditional PDC/servo valves and demonstrate the
ability of completely solving the deadband control problem of
the electro-hydraulic systems using the programmable valves.
A nonlinear model based Adaptive Robust Controller with
deadband compensation is designed for PDC/servo valve and
a two-level coordinate controller is designed for programmable
valves to maximize the achievable control performance of each.
Experimental results show that the best tracking performance
is achieved through the programmable valves.

I. INTRODUCTION

Closed-center valves (either servo valve or proportional
directional control (PDC) valves) are widely used in indus-
try for motion or velocity control. An over-lapped spool is
intentionally added in this kind of valves to prevent internal
leakage so that the system can hold a position even when
the power is off. A side effect of the over-lapped spool is the
deadband problem, which in turn degrades the achievable
control performance or even destabilizes the closed-loop
system if not properly dealt with.

A conventional method to solve this problem is to add
an inverse deadband function into the system to cancel
or compensate the deadband effect [1], [2]. This method
requires two conditions: a) the deadband property is known
or accurately estimated and b) the valve dynamics is fast
enough to be neglected. The first condition can be achieved
though off-line system identification [2] or through on-
line parameter adaptation [3]. The second condition usually
does not hold unless sacrificing some system performance,
i.e., to limit the closed-loop system bandwidth so that the
valve dynamics (usually pretty slow for PDC valves, less
than 10Hz) is “fast enough” compared with the closed-loop
bandwidth.

Another way to solve this problem is to consider the
deadband being sandwiched by valve dynamics and actu-
ator dynamics. The general sandwiched deadband control
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problem is solved by Tao in [3], [4], [5]. But to apply
Tao’s method to electro-hydraulic systems, the feedback of
valve-spool position is required. Although the spool position
feedback is available in some PDC valves, it is not a
general valve configuration and would definitely increase
the system cost. In addition, the spool position measurement
is normally too noisy to help increasing the bandwidth
significantly [2].

In this paper, the sandwiched deadband problem is by-
passed by a new valve configuration—the programmable
valves, a unique combination of five independently con-
trolled poppet type cartridge valves. The programmable
valves, while having the ability to hold position due to
the virtually zero internal leakages when the cartridge
valves are shut off, are able to bypass the sandwiched
deadband problem completely when controlled properly.
The five independently controlled cartridge valves increased
the flexibility and controllability and enable not only better
tracking performance but also secondary control purposes,
such as energy saving. Our previous works have already
shown the significant energy saving obtained through the
programmable valves [6], [7]. This paper will compare the
programmable valves with traditional PDC/servo valves and
demonstrate the ability of completely solving the deadband
control problem of the electro-hydraulic systems using the
programmable valves.

This paper is organized as follows. The programmable
valves configuration is introduced first in section II. Sec-
tion III analyzes the deadband of closed-center PDC/servo
valves and poppet valves and reveals the difference of
the deadbands. A nonlinear model based Adaptive Robust
Controller with deadband compensation (section IV) is
designed for PDC/servo valve and a two-level coordinate
controller (section V) is designed for programmable valves
to maximize the achievable control performance of each.
Comperative experimental results are provided before the
conclusions.

II. PROGRAMMABLE VALVES CONFIGURATION

The programmable valves are composed of five indepen-
dently controlled poppet type cartridge valves, as shown in
Fig. 1. Not only can this configuration fulfil all four-way
PDCl/servo valve’s functionalities, but also enables accurate
control and the use of regeneration flow through the cross
port valve (valve #3).

When the programmable valves in Fig. 1 are used, the
meter-in and meter-out flow Q; and Q, are given by,

Or = 0n—01-03
Q2 = 7Qv37Qv4+Qv5 (1)

where Q,;, (i=1,2,..,5) are the flow through the ith
cartridge valve. Therefore, when valve #2 and #5 are open
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Fig. 1. Programmable Valves Configuration.

while other three are all closed, this configuration works
similarly as PDC/servo valves to provide positive meter-
in and meter-out flow; when valve #1 and #4 are open
while other three are all closed, this configuration provides
negative meter-in and meter-out flow like PDC/servo valves.
When valve #3 is open, this configuration is capable to
provide cross port regeneration flow provided that the
necessary pressure conditions in the two cylinder chambers
are met.

Another important advantage of the programmable valves
is the independent control of the five cartridge valves.
With the conventional PDC/servo valve, the meter-in and
meter-out flow are coupled and can not be controlled
independently due to the single input signal to the valve,
therefore the pressures at the two cylinder chambers can not
be controlled independently. On the other hand, with the
programmable valves, all the flows, Q,; through Q,s, are
controlled independently, therefore, meter-in and meter-out
flows are decoupled and the pressures at the two cylinder
chambers can be controlled independently. The increased
controllability would result in better performance and en-
able secondary control objective such as energy saving [6].

IIT. DEADBANDS OF CLOSED-CENTER VALVES
VS. POPPET VALVES

The deadband of closed-center PDC/servo valve is due
to the over-lapped spool, as shown is Fig. 2. It is obvious
that the deadband is sandwiched by two dynamic blocks
— valve dynamics and plant dynamics, as shown in Fig. 3.
A common solution is to add a deadband inverse function
(DBI) to cancel the deadband (DB). However, because
the spool can not travel infinitely fast, the cancellation
would never be perfect. This solution is economical, easy to
implement and acceptable if one does not require too much
for the tracking performance. On the other hand, when both
performance (fast response and accurate tracking) and the
ability of holding position when the valve is shut off are

desired, the above solution usually results in either limit
cycle or large steady state error, and must be replaced with
better and more complicate control schemes.
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Fig. 3. PDC/servo Valve Controlled Hydraulic System.

The poppet type cartridge valves, as shown in Fig. 4, also
have deadband, which is due to the fact that the input signal
has to be large enough to overcome the spring force and
static friction. Once the poppet moves, the orifice opens.
Therefore, the deadband is the input deadband which is
easy to cancel, as shown in Fig 5. In addition to this, the
dynamic responses of the cartridge valves are usually much
more faster than PDC valves. Neglecting cartridge valve
dynamics is more reasonable than neglecting PDC valve

dynamics.
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Fig. 4. Poppet Type Cartridge Valve.
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IV. MOTION CONTROL WITH PDC/SERVO
VALVES

To test and compare the four-way PDC/servo valves and
programmable valves, both valves are used to control the
boom motion of an electro-hydraulic robot arm located at
Ray. W. Herrick Laboratories. The Adaptive Robust Control
technique, developed by Yao and Tomizuka [8], [9], would
be applied to both systems to maximize the achievable per-
formance of each. The controller design for the PDC/servo
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valve controlled system with deadband compensation is
described in this section, while the design for programmable
valves controlled system will be introduced in the next
section.

A. Dynamic Model

The boom motion dynamics of the electro-hydraulic robot
arm with the other two joints (swing and stick) fixed can
be described by [2], [6].

0
(Je+mpl2)g = aiqL (PiA] — PoAy) — Ge(q)
—mygle(q) —Dy-4+T(t,q,9) @

where g represents the boom joint angle, J. is the moment of
inertia of the boom without payload, m; represents the mass
of the unknown payload, G, is the gravitational load of the
boom without payload, x; represents the boom hydraulic
cylinder displacement, P and P, are the head and rod
end pressures of the cylinder respectively, A and A, are
the head and rod end areas of the cylinder respectively,
Dy is the damping and viscous friction coefficient and T
represents the lumped disturbance torque including external
disturbances and terms like the unmodelled friction torque.
The specific forms of J;, G, ¢, and £, are given in [2]. The

Stick Cylinder

Fig. 6. Three Degree-of-Freedom Electro-Hydraulic Robot Arm.
inertial moment and the gravity force both depend on the
unknown element my. As a result, the inertial moment and
the gravity force are split into two components: the terms
J. and G.(g) which contain only calculable quantities and
the terms mygly(q) and myI? which contain the unknown
quantity my. The unknown terms have to be estimated later
on-line via parameter adaptation.

Neglecting cylinder flow leakages, the hydraulic cylinder
equations can be written as [10],

Vi(xr) J )
I(XL)PI = A+ Q1= A1 SEg+ Qi + O
. 94

Va(xy) - 9 )

_2;;%) P = Ayip—0r=A 8iqu —Owm+02 (3

where V) (XL) =Vy +A1xy and VQ()CL) = Vjp —Apxy are the
total cylinder volumes of the head and rod ends including
connecting hose volumes respectively, Vj,; and V), are the
initial control volumes when x; = 0, B, is the effective
bulk modulus. Q; and Q; are the supply and return flows
respectively, Q1y and Oy are supply and return flows
satisfying the orifice equation.

O = kqlxvr APy
QZM = quxvr Vv AP, 4)

where k1 and k,; are orifice flow coefficients which can be
obtained through off-line system identification, x,, are the
virtual valve spool displacement, and AP; and AP, are the
pressure drops across the valve.

B. ARC Controller Design

Define a set 8f parameters as 6 = [0y,...,06]", 6 =
@’ 02 = Jc""";:lllg’ 63 = J<7+7;71Lle2’ 94 = ﬁe’ 65 = Btem
05 = B.Oan. It is practically to assume that all parameters
and disturbances are bounded and the bounds can be esti-
mated with a priori information.

Neglecting the valve dynamics, the system dynamics
equations can be rewritten as:

6, [odx 0
§j = J—l a—qz(PlAlfpzAz)*Gc Jrl—zlgl;
C e
1
—q92+93—l—2glg+A
e
. A] axL 64 95
P = ——¢64+ — — +A
| Vi 8qq 4+V1Q1M+Vl+ 0,
. A2 axL 94 66
P = ——¢by— — ——+A 5
) v aqq 4 V2Q2M V2+ 0, (5)
Step 1

Define a switching-function-like quantity as

. . . . A

n=u+kizi=4—4qr, ¢r=qa—kiz (6)
where z; = g — q4(¢) is the output tracking error with g,(r)
being the reference trajectory. Differentiate (6) while noting

®)

1 dxg 1 1
iy = 01| —(=—PL.—G.)+ =gl | —=¢gl,
22 1 Jc(aq L )+lezg£’ lezgé
—Gr—6g+6:+A (7

where P, = PiA1 — P>A; is defined as the load force. If we
treat Pp, as the control input to (7), we can synthesize a
virtual control law P;; such that z is as small as possible.
Since (7) has both parametric uncertainties 6; through 63
and uncertain nonlinearity A, the ARC approach proposed
by Yao [9] will be generalized to accomplish this system.

The design details are similar to those in [11], [2] and
omitted. The resulting control function P, consists of two
parts given by

PLa(,9: 61,62, 03,1) = PLaq + PLas
Praa = 2 [Get (= Ygle + 02— 0+ gl +3i)|

_ Je 94
Otmin OxL

Pras = Prast + Pras2, Prasi = kazo
3)
in which Py, functions as an adaptive model compen-
sation, and Pp4, is a robust control law with k, > 0, and
P4 is chosen to satisfy the following robust performance

conditions as in [11]

. p) ~
i {10 GPue 0T +A <&
i %P0 <0

(©))
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where & is a design parameter. If P, were the actual control
input, the adaptation function as defined in [2] would be

T =wr22, . .
A . 10)
¢2: [%(%PMM_GC)+églga_q271707050 (

where wp > 0 is a constant weighting factor.

Step 2

Let z3 = PL — Pr4 denote the input discrepancy. Define
QO = %Ql M+ %QzM. In this step, a virtual control flow
Ord wiil be syntilesized so that zz converges to zero or a
small value with a guaranteed transient performance and
accuracy.

From (5),

3 =P —Puy , ,
A2 A .
=6 |0~ (Y1+752) SLd| + 165+ 326, (A1)
—PrLac+A1Ag1 —A2Agr — PLay
where

5 0Py . , 0Py, OP,
Prae = S84+ 544+ =5

IP, 60 0
= T4 =7 (G P = Ge) — 7 8le(q)

+ézc}— é3 +A} + 8;3"@

Prau 12)

in which § represent the calculable part of § given by

G= JGEPL— Gl + sl — 024+ 65— fgly  (13)

In (12), P4 is calculable and can be used in the construc-
tion of control functions, but P4, cannot due to various
uncertainties. Therefore, Py, has to be dealt with via certain
robust feedback in this step design.

In viewing (11), Qr, can be thought as the control input
for (11) and step 2 is to synthesize a control function Qr4
for Q; such that P; tracks the desired control function
Py synthesized in Step 1 with a guaranteed transient
performance.

Similar to (8), the control function Q;, consists of two
parts given by

014(4:4,P1,P2,0,1) = Qraa + OLas
_ A% A% ox
QLda—(V—l‘*‘v—i)@q L ,
— 4 (V—1195+V—§96—Pde+,—j§—;Z2)

1
Oras = Qrast + Qras2, Qrast = — g, —k323

(14)

where k3 >0 .
Like (9), Qrus» is a robust control function chosen to
satisfy the following two robust performance conditions

23{64Q1mas2 — 07 93 — %I;-LZ"AJrAlAQ] —AxAp,} < &
23Q1mds2 <0
(15)
where & is a positive design parameter. The adaptation
function as defined in [2] would be

T=12+4 0323 (16)

where @3 is defined as:

=
Q|
<.

) a7

Step 3

Once the control functions Q;, for Qy is synthesized as
given in (14), the control input with deadband compensation
can be calculated by

w=DBI | 5 Qua (18)
Vikql\/A_Pl'i_ V;k‘ﬂ AP,

where DBI(-) represents inverse deadband function.

V. MOTION CONTROL WITH THE
PROGRAMMABLE VALVES

The difficulties in the control of five cartridge valves are
dealt with through a coordinate two-level controller: the
task level and the valve level controllers. Given the current
working condition, the task level controller determines how
to use the five cartridge valves to enable significant energy
saving while without losing hydraulic circuit controllability
for motion tracking, which is sometimes referred to as the
working mode selection in hydraulic industry. The valve
level controller uses an adaptive robust control technique to
control the pressures in both chambers independently with
selected working mode to obtain the dual objectives.

A. Working Mode Selection

The task level controller determines how the five valves
of the proposed programmable valves in Fig. 1 should
be used in order to provide the required control flows
for motion tracking while maintaining the lowest possible
cylinder chamber pressures to reduce the flow losses for
energy saving. Obviously, such a process is not unique
due to the added flexibility of independently controlling
each of these five valves. The working mode selection is
task dependent. There are five tracking modes and three
regulation modes. The tracking mode selection [6], shown
in Table I, is based on the desired cylinder velocity X4,
chamber pressures P; and P and desired load pressure Py,
given in (8). The regulation mode selection is shown in
Table II, where € is a small preset tolerance.

B. Off-side Pressure Regulation

The objective of the off-side pressure regulator is to
keep the off-side pressure at a constant low pressure Py.
To illustrate the design procedure, this section designs a
pressure regulator for those working modes, for which P,
is the off-side. The regulator design for P; follows the same
procedure and is omitted here.

The dynamics of P, is described in (3) and (1). In
order to use parameter adaptation to reduce parametric
uncertainties to improve performance, it is neccesary to
linearly parameterize the system dynamics in terms of a set
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TABLE I
PROGRAMMABLE VALVES TRACKING MODE SELECTION

X4 P Valve Configuration | Off-side | Mode
01=0n
>0 >0 0> = Ous P, Tl
>0 <0 Ql i Qv2 - Qv3 P, V)
O =—03
>0 01=—03
<0 P 0> ) 0 =0y5—03 P i
> 01 =-0y
<0 P<p 0= —0u B ™
Ql = 7Qvl
<0 <0 Or— 00 P T5
TABLE II
PROGRAMMABLE VALVES REGULATION MODE SELECTION
Xq X —X4 Valve Configuration | Off-side | Mode
_ 01=—03
=0 == 0 =050 P RI
_ _ Ql = QvZ
=0 < —€ 0> =0ys P R2
_ : 0:1=0
=0 | otherwise 0,=0 R3

of unknown parameters 6,,. 6), is defined as 6, = [65,6p]”,
where 6 = B, and 6p = .02, Q2 is the nominal value of

0>, i.e. 02 = 02, +Ag. The P, dynamics can be rewritten
as follows.
. Az 8xL eﬁ 9Q
py— 20M 2B O — 22 4 A 19
2= Y, 00, 2% v, Qom v +Ap (19)

The goal is to have the cylinder pressure regulated to a
desired constant low pressure Fy. It is practical to assume
that the parameters and Ay are bounded by some known
bounds, because both bulk modulus B, and the modelling
error of the flow mapping are practically bounded and the
bound can be found with a priori information.

Define the pressure regulation error as ey, = P> — Py, the
error dynamics would be same as the pressure dynamics
because P is constant.

A2 8xL
Vs aq

Q> is the control input and the control law can be defined
as:

. 6 9
épy = Q2M + =20 — - + Ag (20)

A

V2 8x GQ

= A 21
Oom epr + 230 g — 6[; 21

(kp2 + ksz)

eﬁ min

where (A, g’q‘g g2 — Q—B) is the model compensation term and

called as Qopa, kpo > 0, and kpo GV

to dominate the parameter estimation error and unmodelled
disturbances, which is chosen to satisfy the following con-
ditions:

~epy is the robust term

0 ~
‘3172(]‘172‘?6—!36172 - ¢;2 Op+A40) = —§
Bmin
kp2s > 0 (22)
where epsilon,, is a positive design parameter.
The parameter adaptation law is defined as
6, = Projo,(Tops - Op2-epn) (23)

where I',pp is positive definite diagonal adaptation rate

matrix, and ¢, = [?,; g“;L g2 — Q‘Z}g“, L7,

The above adaptive robust control law (fl) and adaptation
law (23) provides prescribed transient response and final
tracking accuracy in general and asymptotic tracking in
the absence of uncertain disturbance. Theoretical proof of

standard ARC performance can be found in [9], [8], [12].

C. Working-side Motion Controller Design

In this section, an ARC controller is designed for those
working modes, for which P; is the working-side. The
controller design for P, follows the same procedure and
is omitted here.

The parameter definition and the first design step are
same as those in Section IV-B.

Step 2

Let z3 = PL — Pr4 denote the input discrepancy. In this
step, a virtual control flow will be synthesized so that
z3 converges to zero or a small value with a guaranteed
transient performance and accuracy.

From (5),

=P Py

——(’ﬁ+"—%>axL()e+ 20400 + -6+ 126
=— (W +7) 5.(4)26 1Qom + 77 05 s

—Prac+ ?;-: 0401m +A1Ag1 —A2Ag2 — PLay
24
where P4 and Py, were defined in (12).

In viewing (24), Q1 can be thought as the control input
for (24) and step 2 is to synthesize a control function Qg
for Qi such that P, tracks the desired control function
P4 synthesized in Step 1 with a guaranteed transient
performance.

Similar to (8), the control function Q1,4 consists of two
parts given by

O1ma(q2,G2,P1, P, 0,1) = Qitaa + Qiasas

_ Vi g 6 9x 4. 1(A1 | A3y dx
Oimda = fr%{ J—Ea—qzzzj 94[(7{ + vz)a—qzch
= Qo] — 057! — 067> + Prac}
v,
Oimas = Qimast + Qimas2, Qimdst = — z79,—k323
(25)
where k3 >0 .

Like (9), Qimas2 is a robust control function chosen to
satisfy the following two robust performance conditions

23{04Q1ma52 — 07 93 — aPMA+A1AQ1 —A)Ap,} < &
2301mds2 <0
(26)
where €3 is a positive design parameter. The adaptation
function would be

T="T+ @23 27
where @3 is defined as:
r a. P, ad b
}Ca—’;ézz T [+ (3Z§PL —G.)+ églg]
Py -
g, 12
A aP;d
e N (28)
- (V—} + 37 ) ,942612-5- 2 0om + 5 7 Q1Ma
Ay
i
L v i
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Step 3

Once the control functions Q14 for Qg is synthesized
as given in (25), the next step is to use the pressure compen-
sated inverse valve mappings to calculate the specific valve
control voltage command to provide the desired “flows”—
Q1mq- The nonlinear pressure compensated valve mapping
can be obtained through off-line experiments and builds into
a look-up table.

VI. COMPARATIVE EXPERIMENTAL RESULTS

For comparison, a closed-center four-way PDC valve
(Vikers KBFDG4V-5-2C50N-Z-PE7-H7-10), a critical cen-
ter servo vavle (Paker BD760AAANI0) and the pro-
grammable valves (the combination of five proportional
poppet type cartridge valves — Vikers EPV10-A-8H-12D-U-
10) are used to control the boom motion of electro-hydraulic
arm located at Ray. W. Herrick Laboratories. Same adaptive
robust controller and same gains are used for the three cases.
The task is to control the arm to track a desired point-
to-point motion trajectory shown in Fig. 7. The controller
gains are chosen to be k; = k» = k3 = 12, adaptation rate
be I' = diag{le — 10,1e — 10,2¢ — 8,8¢4,1e — 4,1e — 4}.
Additional gain for the off-side regulator for programmable
valves is k¢ = 20, adaptation rates for off-side regulation
are I'yrp = diag{2e4,1e — 6}.

Desired Point-to-Point Trajectory

® s 0 T2 i
Time (sec)

Fig. 7. Desired Point-to-Point Trajectory.

The experiments were done for PDC valve without/with
deadband compensation, servo valve and programmable
valves. The tracking errors are shown in Fig. 8. Not surpris-
ingly, the PDC valve without deadband compensation ex-
hibits the largest tracking error both at transient and steady
state. The PDC valve’s performance was greatly improved
by the simple deadband compensation as shown in Fig. 8.
Both servo valve and programmable valves show excellent
tracking performances, but the programmable valves have
shorter transient period and prescribed steady state tracking
error.

VII. CONCLUSIONS

The deadband control problem of electro-hydraulic sys-
tems is completely solved through hardware reconfiguration
and advanced control technique. The sandwiched deadband
of PDC/servo valves is bypassed through the use of the
programmable valves, whose deadband is at the input
side and much easier to compensate than the sandwiched
deadband. The task-level controller smartly figures out the
working modes according to the available information,
and the valve-level controller utilizes advanced nonlinear

Tracking Error
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Fig. 8. Tracking Performance.

adaptive robust control technique to guarantee prescribed
transient and steady state performance in the existence of
model uncertainties and disturbances. The programmable
valves, having virtually zero internal leakages, fast response
speed, full functionality of PDC/servo valves and more
flexibility and controllability, are promising alternatives of
PDC/servo valves. Experimental results confirm that best
tracking performance is obtained through the programmable
valves.
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