
Energy-Saving Adaptive Robust Motion Control of Single-Rod
Hydraulic Cylinders with Programmable Valves 1

Bin Yao+ Chris DeBoer

School of Mechanical Engineering
Purdue University, West Lafayette, IN 47907, USA

byao@ecn.purdue.edu

Abstract
This paper studies the energy-saving adaptive robust motion
control of a single-rod hydraulic cylinder through the use
of programmable valves. The programmable valve used in
this study is a unique combination of five proportional car-
tridge valves connected in such a way that the meter-in and
meter-out flows can be independently controlled by four of
the valves as well as a true cross port flow controlled by the
fifth valve. The programmable valve decouples the meter-in
and meter-out flows which in turn allows tremendous con-
trol flexibility. Although at the expense of controller com-
plexity, if well utilized, the added control flexibility can be
used to significantly reduce the fluid power energy usage in
a number of motion and loading conditions to meet the soci-
ety’s need for energy conservation while without sacrificing
the achievable motion control accuracy. Such an coordinated
control solution is provided in the paper, and is shown effec-
tive through both the simulation and experimental results in
the likely operating conditions of a typical industrial backhoe
loader arm.

1 Introduction

The control of an electro-hydraulic system is far from trivial,
due to factors such as the highly nonlinear hydraulic dynam-
ics, large parameter variations, and significant uncertain non-
linearities such as external disturbances, flow leakages and
seal frictions [8, 10]. Traditionally, a typical four-way direc-
tional control valve (or a servo valve) is used for each cylin-
der [8, 10]. With such a hardware configuration, only one of
the two cylinder states (i.e., pressures of the two cambers) is
completely controllable and there exists a one-dimensional
internal dynamics. Although the one-dimensional zero dy-
namics are shown to be stable [3], it cannot be modified by
any trajectory tracking control strategy. The result is that
while high performance output trajectory tracking can be at-
tained, simultaneous high levels of energy savings cannot.

1The project is supported in part by the National Science Foundation un-
der the CAREER grant CMS-9734345. The fund from the Purdue Electro-
Hydraulic Research Center supported by the Caterpillar Inc. and the do-
nation of cartridge valves by Vickers Inc. for setting up the programmable
valves used in the experiments are gracefully acknowledged.

The uncontrollable state is due to the fact that the meter-in
and meter-out orifices are mechanically linked together in
a typical directional control valve. This is a fundamental
drawback of typical four-way directional control valves. If
this link were to be broken the flexibility of the valve control
could be drastically increased, making the way for signifi-
cant improvements in energy savings [6].

Although not so much in academic community, there have
been substantial amount of activities in industry on breaking
the mechanical linkage between the meter-in and meter-out
orifices, as attested by various US patents [6, 1, 7, 5]. Those
hardware configurations [6, 1, 7, 5] provide the possibility
of independent control of each meter-in and meter-out ports.
However, it should be realized that, to be able to achieve sig-
nificant energy savings, it is necessary to take the advantage
of regeneration flow. Regeneration flow [1, 5] is the fluid
pumped from one chamber to the other chamber using the
energy of the external load, in which little pump energy is
needed. The four valve metering unit proposed in [6, 1, 7, 5]
enables the use of regeneration flow to certain degree but not
to the fullest extent possible [1] as a truly controlled cross
port flow is not available.

The novel valve configuration used in this study takes the ad-
vantage of four-valve poppet-type configuration [1, 2] and
makes the addition of an additional valve to enable a true
cross port flow that is fully controllable. With such a novel
configuration, not only meter-in/meter-out can be fully in-
dependently controlled for precise output trajectory tracking
and for keeping pressures at suitable levels to achieve cer-
tain amount of energy saving, but also the cross port regen-
erative flow can be precisely controlled to keep total pump
(or active) flow energy usage minimum for maximum energy
savings.The proposed programmable valve configuration is
given in Fig. 1.

This study is a preliminary work in investigating the most ef-
fective and efficient use of the proposed novel programmable
valve (Fig.1) in achieving the dual objectives of high per-
formance motion tracking and energy savings. The pro-
grammable valve is implemented on a robot arm modelled
after a typical industrial backhoe shown in Fig. 2.
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2 Problem Formulation and Dynamic Model

To illustrate the uniqueness and the application of the pro-
posed programmable valves, the boom motion control of
a three degree-of-freedom electro-hydraulic robot arm that
was built to mimic the industrial backhoe or excavator arms
in [10] is considered. The boom motion dynamics with other
two joints fixed can be described by [4].

(Jc+mL`e
2)q̈2+Gc(q2)+mLg`g =

∂xL

∂q2
(P1A1�P2A2)+Td (1)

whereq2 represents the boom joint angle,Jc is the moment
of inertia of the boom without payload,mL represents the
mass of the unknown payload,Gc is the gravitational force
of the boom without payload,xL represents the boom hy-
draulic cylinder displacement,P1 and P2 are the head and
rod end pressures of the cylinder respectively,A1 andA2 are
the head and rod end areas of the cylinder respectively,Td

represents the lumped disturbance torque including external
disturbances and terms like the unmodelled friction torque.
The specific forms ofJc; Gc `g(q2), and`e

2 are given in [4].

Assuming no cylinder leakage [8], the cylinder equations can
be written as,

V1(xL)

βe
Ṗ1 = �A1ẋL +Q1 =�A1

∂xL

∂q2
q̇2+Q1

V2(xL)

βe
Ṗ2 = A2ẋL�Q2 = A2

∂xL

∂q2
q̇2�Q2 (2)

whereV1(xL) =Vh1+A1xL andV2(xL) =Vh2�A2xL are the
total cylinder volumes of the head and rod end respectively,
Vh1 andVh2 are the initial control volumes whenxL = 0, βe

is the effective bulk modulus.Q1 andQ2 are the supply and
return flows respectively.

For the programmable valve in Fig. 1,Q1 andQ2 are given
by,

Q1 = Qv2�Qv1�Qv3; Q2 =�Qv3�Qv4+Qv5 (3)

where the orifice flowsQvi can be described by

Qv1 = fv1(∆Pv1;xv1) ∆Pv1 = P1�Pt

Qv2 = fv2(∆Pv2;xv2) ∆Pv2 = Ps�P1
Qv3 = fv3(∆Pv3;xv3) ∆Pv3 = P1�P2
Qv4 = fv4(∆Pv4;xv4) ∆Pv4 = Ps�P2
Qv5 = fv5(∆Pv5;xv5) ∆Pv5 = P2�Pt

(4)

in which fvi is the nonlinear orifice flow mapping as a func-
tion of the pressure drop,∆Pvi, and the orifice opening,xvi, of
the ith cartridge valve. Neglecting valve dynamics,xvi is re-
lated to the command valve voltagevi by a known mapping,
i.e.,xvi = xvi(vi).

Due to the fact that the nonlinear flow mappings are very
difficult to determine accurately, it is assumed that

Q1 = Q1M + Q̃1; Q2 = Q2M + Q̃2 (5)

whereQ1M andQ2M represent the flows from the approx-
imated valve mappings and̃Q1 and Q̃2 represent the mod-
elling errors of the flow mappings. The effect of the flow
modelling errors will be dealt with through robust feedback.

Given the desired motion trajectory q2Ld(t), the primary ob-
jective is to synthesize valve control voltages such that the
output y= q2 tracks q2Ld(t) as closely as possible in spite
of various model uncertainties. The second objective is to
minimize the overall energy loss.

3 Energy-Saving Adaptive Robust Controller Design

To meet the dual objectives of precise motion control and
significant energy saving, the following general strategies are
adopted: (i) the nonlinear model based adaptive robust con-
trol design [10, 3] is used to directly deal with the common
difficulties in the precision control of electro-hydraulic sys-
tems – nonlinear dynamics, parameter variations, uncertain
nonlinearities and the mismatched model uncertainties – to
synthesize the desired load flow that is needed for precise
motion control; and (ii) a nonlinear adaptive robust pressure
controller is developed to handle the pressure control of the
off-side chamber for energy saving purpose. The difficul-
ties of pressure control, valve nonlinearities and coordinated
control of five cartridge valves is accomplished through a
task level and valve level controllers. Given the current situ-
ation, the task level controller determines the configurations
of programmable valve that enable significant energy sav-
ing while without losing achievable motion control perfor-
mance. The valve level controller uses a model based adap-
tive robust pressure controller for off-side pressure control
and uses an adaptive robust motion controller for motion tra-
jectory tracking. The valve level also makes use of pressure
compensated inverse valve mappings to handle the effect of
nonlinear valve flow mappings in order to provide the correct
control flows to the two chambers of the cylinder.

3.1 Task Level: Valve Utilization
Let Q1d and Q2d be the desired control flows to the two
chambers of the cylinder that are needed for both the pre-
cision motion tracking and maintaining the lowest possible
cylinder chamber pressures to reduce the flow losses for en-
ergy saving. The task level of the controller determines how
the five valves of the proposed programmable valve in Fig.1
should be used in order to provide the required control flows
Q1d andQ2d. Obviously, such a process is not unique due to
the added flexility of independently controlling each of these
five valves. This subsection describes the six most popular
configurations that have been proposed in hydraulic indus-
try [1] and how these configurations are implemented on the
proposed programmable valve set. The six configurations
are the extend resistive, extend overrunning, extend overrun-
ning regeneration, retract resistive, retract overrunning, and
the retract overrunning regeneration as summarized below:

� Extend Resistive
The extend resistive mode is a standard operation in
which the control command calls for the cylinder to
be extended (i.e., ˙xL � 0) with a resistive load (i.e.,
Fload < 0). In such a situation, valve 2 in Fig.1 is used
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to provide the control flowQ1d to the head end cham-
ber for precision motion control, and valve 5 to con-
trol the flowQ2d to maintain a low pressure in the rod
end chamber for energy saving. The remaining three
valves are closed.

� Extend Overrunning
The extend overrunning mode is defined as when the
cylinder is to be extended (i.e., ˙xL � 0), with an over-
running load (i.e.,Fload > 0). In this case, valve 5 is
used to provideQ2d to regulate the motion of the cylin-
der, and valve 2 to maintain a minimal head end pres-
sure. The remaining three valves are closed.

� Extend Overrunning Regeneration
The extend overrunning regeneration mode is similar
to the previous mode in that the cylinder is to be ex-
tended ( ˙xL � 0) under an overrunning load (Fload > 0)
but with the additional requirement thatP2 >P1 so that
the external load is sufficient to pump fluid from the
rod end of the cylinder into the head end of the cylin-
der through valve 3. This reduces the flow needed
from the pump and saves energy dramatically. Flow
from the pump is still needed due to the larger head
end area. For such a case, valve 3 is used to control
the cylinder motion and valve 2 to provide the addi-
tional flow needed to maintain the desired head end
pressure.

� Retract Resistive
The retract resistive mode is a standard cylinder func-
tion in that the cylinder is to be retracted ( ˙xL �0) under
a resistive load (Fload< 0) as defined relative to the de-
sired cylinder motion. Valve 4 is used to provide the
control flow for motion control and valve 1 is used to
maintain the head end pressure at a low level.

� Retract Overrunning
The retract overrunning mode is used in the situation
that the cylinder is to be retracted ( ˙xL � 0) under an
overrunning load (Fload < 0). In this mode, valve 1 is
used to control the cylinder motion and valve 4 is used
to regulate the rod end pressure.

� Retract Overrunning Regeneration
The retract overrunning regeneration mode occurs un-
der the same conditions as the previous mode ( ˙xL � 0
andFload < 0) but with the additional requirement that
P1 >P2 to ensure that the external load is large enough
to pump fluid from the head end chamber to the rod
end chamber through valve 3. The excess flow due the
differing head and rod end areas is drained to the tank
through valve 1. Valves 1 and 3 are used to regulate
the head end pressure to control the cylinder motion.
Valve 5 is completely opened to the tank as a preven-
tative anti-cavitation measure to maintain the rod-end
pressure at the minimum reference pressure for energy
saving. The result is an extremely efficient mode that
requires no pump flow.

3.2 Valve Level: ARC Pressure Controller Design
The pressure controller design is intended to regulate the
pressure of the off-side of the cylinder. The working side
is defined as the side critical to the motion of the cylinder
and the off-side is defined as the other end where cylinder
pressure can be arbitrarily set. The working and off-sides
of the cylinder change depending on the working conditions
of the robot arm. As the off-side cylinder flow changes, the
working side flow must be adjusted as well to maintain the
desired cylinder flow critical to precise motion control. As
such, it is necessary to determine how to control the pres-
sure in one side of the cylinder first. In the following, only
the pressure control of the head-side chamber is presented;
the design for the rod-end chamber can be worked out in the
same way.

From (2) and (5), the head side cylinder chamber dynamics
are,

V1

βe
Ṗ1 = �A1ẋL +Q1M + Q̃1M (6)

wherexL is the boom cylinder displacement. In order to use
parameter adaptation to reduce parametric uncertainties to
improve performance, it is necessary to linearly parameterize
the system dynamics in terms of a set of unknown parameters
θp. Let θp beθp = [θβe;θQ], whereθβe =

1
βe represents the

effect of unknown bulk modulus, andθQ = Q̃1Mo represents
the unknown nominal value of the flow modelling error. The
cylinder dynamics for the head end chamber can be rewritten
as follows.

Ṗ1 =
1

θβeV1
(�A1ẋL +Q1M +θQ+ Q̃1Mt ) (7)

whereQ̃1Mt = Q̃1M�θQ represents the variation of the flow
modelling error with respect to its nominal value, which is
assumed to be bounded byjQ̃1Mt j � γQ1. The goal is to have
the cylinder pressureP1 regulated to a specified pressureP1d.
Define the pressure tracking error as

eP1 = P1�P1d (8)

Taking the derivative of (8) and substituting in (7)

ėP1 =
1

θβeV1
(�A1ẋ2L +Q1M +θQ+ Q̃1Mt )� Ṗ1d (9)

If Q1M is treated as a virtual control input, the pressure con-
trol law can be defined as

Q1Md = Q1Mda+Q1Mds (10)

whereQ1Mda is a model compensation term defined by

Q1Mda = A1ẋ2L + θ̂βeV1Ṗ1d� θ̂Q (11)

andQ1Mds is a robust feedback term and defined as follows.

Q1Mds=�kpeP1+Q1mds2 (12)

Q1Mds2 is a nonlinear robust term determined in the follow-
ing. Define a positive semi-definite functionVPs as

VPs=
1
2

θβee
2
P1 (13)
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Taking the derivative of (13) using (9) withQ1M = Q1Md the
resulting equation is given by

V̇Ps= eP1

�
1

V1
(�A1ẋ2L +Q1M +θQ+ Q̃1Mt )�θβeṖ1d

�

=�
kp1

V1
e2

P1+eP1

�
1

V1
(Q1Mds2� θ̃Q� Q̃1Mt )+ θ̃βeṖ1d

�
(14)

Using the same technique as in [9, 12],Q1Mds2 can be chosen
to satisfy

i eP1

h
1
V1
(Q1Mds2� θ̃Q� Q̃1Mt )+ θ̃βeṖ1d

i
� εp

ii eP1Q1Mds2 � 0
(15)

whereεp is a design parameter. To determine the adaptation
law, define

VPa =VPs+
1

2γβe
θ̃2

βe+
1

2γQ
θ̃2

Q (16)

WhenQ̃1Mt = 0, noting ii of (15)

V̇Pa��
kP1

V1
e2

P1+
1

γβe
θ̃βe

h
˙̂θβe+ γβeṖ1deP1

i
+

1
γQ

θ̃Q

�
˙̂θQ�

γQ

V1
eP1

�
(17)

The adaptation laws are then chosen to be( ˙̂θβe = Projθβe
(�γβeṖ1deP1)

˙̂θQ = ProjθQ
(

γQ
V1

eP1)
(18)

With the above pressure control law and parameter adapta-
tion law, using the standard ARC arguments as in [9, 12], it
can be shown that a prescribed pressure transient response is
achieved in general and asymptotic pressure tracking is at-
tainable whenQ̃1Mt = 0.

3.3 Valve Level: ARC Motion Controller Design
In this subsection, an ARC motion controller is synthesized
for the working chamber of the cylinder for precision mo-
tion tracking. The design is similar to those in [10, 4] and is
summarized below.

Define the unknown parameter setθ = [θ1;θ2;θ3]
T asθ1 =

1

1+ l2e
Jc

mL

, θ2 = Tn
Jc+mLl2e

, θ3 = βe. The system dynamic equa-

tions can thus be linearly parameterized in terms ofθ as

q̈2 = θ1
Jc
[ ∂xL

∂q2
(P1A1�P2A2)�Gc(q2)]+

θ1
l2
e

glg� 1
l2
e
glg+θ2+ T̃

Ṗ1 =
θ3

V1(q2)
(�A1

∂xL
∂q2

q̇2+Q1M + Q̃1M)

Ṗ2 =
θ3

V2(q2)
(A2

∂xL
∂q2

q̇2�Q2M � Q̃2M)

(19)
whereT̃ = Td�Tdn

Jc+mLl2e
. The unknown parametersθ1;θ2;θ3 and

the uncertain nonlinearities,̃T, are physically bounded. In
addition, it is assumed that

jQ̃1M(xv;∆P1)j � δQ1(∆P1); jQ̃2M(xv;∆P2)j � δQ2(∆P2) (20)

whereδQ1(∆P1), andδQ2(∆P2) are known. For simplicity,
let ˆ̈q2 represent the calculable part of ¨q2, which is given by

ˆ̈q2 =
θ̂1
Jc
[ ∂xL

∂q2
(P1A1�P2A2)�Gc]+

θ̂1
l2
e

glg� 1
l2
e
glg+ θ̂2 (21)

Define a switching-function-like quantity as

z2 = ż1+k1z1 = q̇2� q̇2r ; q̇2r
∆
= q̇2d�k1z1 (22)

where z1 = q2� q2d(t) is the output tracking error with
q2d(t) being the reference trajectory. Differentiating (22) and
noting (19)

ż2 = θ1
Jc

h
∂xL
∂q2

(P1A1�P2A2)�Gc

i
+ 1

l2
e

θ1glg� 1
l2
e
glg+θ2+ T̃� q̈2r

(23)
whereq̈2r=q̈2d�k1ż1 is calculable. In (23), define the load
force asPL = P1A1�P2A2. If we treatPL as the virtual con-
trol input to (23), we can synthesize a virtual control lawPLd
for PL such thatz2 is as small as possible. The design de-
tails are similar to those in [10, 4] and omitted. The resulting
control functionPLd consists of two parts given by

PLd(q2; q̇2; θ̂1; θ̂2;t) = PLda+PLds

PLda =
∂q2
∂xL

h
Gc(q2)+

Jc

θ̂1
(� θ̂1

l2
e

glg+ 1
l2
e
glg� θ̂2+ q̈2r )

i
PLds= PLds1+PLds2; PLds1 =� Jc

θ1min

∂q2
∂xL

(k2s1+k2)z2

(24)

in which PLda functions as an adaptive model compensa-
tion, andPLds is a robust control law withk2 > 0 andk2s1
being a positive nonlinear control gain function to be speci-
fied later, andPLds2 is chosen to satisfy the following robust
performance conditions as in [10]

i z2[
1
Jc

θ1
∂xL
∂q2

PLds2� θ̃Tφ2+ T̃ ]� ε2

ii z2
∂xL
∂q2

PLds2 � 0
(25)

whereε2 is a design parameter. IfPL were the actual control
input, the adaptation function as defined in [4] would be

τ2 = w2φ2z2; φ2
∆
=
h

1
Jc
( ∂xL

∂q2
PLda�Gc)+

1
l2
e
glg;1;0

iT
(26)

where w2 > 0 is a constant weighting factor. Letz3 =
PL �PLd denote the input discrepancy. Following similar
derivations as in [10, 4], it can be shown that

ż2 =
θ1
Jc

∂xL
∂q2

z3�
θ1

θ1min
(k2+k2s1)z2+

θ1
Jc

∂xL
∂q2

PLds2� θ̃Tφ2+ T̃
(27)

and the time derivative of positive semi-definite (p.s.d.)
functionV2 defined byV2 =

1
2w2z2

2 is

V̇2 = 1
Jc

∂xL
∂q2

w2θ1z2z3+w2z2(
1
Jc

θ1
∂xL
∂q2

PLds2� θ̃Tφ2+ T̃)

�w2
θ1

θ1min
(k2+k2s1)z2

2
(28)

With the above development, an actual control flow can then
be synthesized so thatz3 converges to zero or a small value
with a guaranteed transient performance and accuracy. The
specific control law varies depending on the cylinder func-
tion used. Specifically, for the retract resistive, extend over-
running, and extend overrunning regeneration modes, the
head-end is the off-side chamber and is controlled by the
ARC pressure controller presented before. The rod-end is
then the working chamber and will be controlled by the ARC
motion control law synthesized as follows.
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For simplicity, assume that the ARC pressure controller is
able to maintain the off-side chamber pressure at the desired
constant pressure, i.e.,P1 = P1d = constant, from (19),

ż3 = ṖL� ṖLd

= θ3[�
A2

2
V2

∂xL
∂q2

q̇2+(A2
V2

Q2M)+ A2
V2

Q̃2]� ṖLdc� ṖLdu
(29)

where

ṖLdc =
∂PLd
∂q2

q̇2+
∂PLd
∂q̇2

ˆ̈q2+
∂PLd

∂t

ṖLdu =
∂PLd
∂q̇2

[� 1
Jc
( ∂xL

∂q2
PL�Gc(q2))θ̃1�

1
l2
e
glg(q2)θ̃1� θ̃2+ T̃]+ ∂PLd

∂θ̂
˙̂θ

(30)
In (30), ṖLdc is calculable and can be used in the construc-

tion of control functions, buṫPLdu cannot due to various un-
certainties. Therefore,̇PLdu has to be dealt with via certain
robust feedback in this step design. Define theQ2L andQ̃2L
as

Q2L = A2
V2

Q2M; Q̃2L = A2
V2

Q̃2 (31)

Then, in viewing (29),Q2L can be thought as the virtual
control input for (29) and step 2 is to synthesize a control
functionQ2Ld for Q2L such thatPL tracks the desired control
function PLd synthesized in Step 1 with a guaranteed tran-
sient performance.

Consider the augmented p.s.d. functionV3 = V2 +
1
2w3z2

3,
wherew3 > 0 is a weighting factor. From (29)

V̇3 = V̇2+w3z3ż3 = V̇2 jPLd

+w3z3

h
θ3Q2L +Q2Lde�φT

3 θ̃+θ3Q̃2L�
∂PLd
∂q̇2

T̃� ∂PLd

∂θ̂
˙̂θ
i
(32)

whereV̇2 jPLd is a short-hand notation used to representV̇2

whenPL = PLd (or z3 = 0), i.e. V̇2 jPLd= V̇2�
θ1
Jc

∂xL
∂q2

w2z2z3,
andQ2Lde andφ3 are defined by

Q2Lde=
1
Jc

w2
w3

∂xL
∂q2

z2θ̂1� θ̂3
A2

2
V2

∂xL
∂q2

q̇2� ṖLdc

φ3 =

2
664

w2
w3Jc

∂xL
∂q2

z2�
∂PLd
∂q̇2

h
1
Jc
( ∂xL

∂q2
PL�Gc(q2))+

1
l2
e
glg
i

� ∂PLd
∂q̇2

�
A2

2
V2

∂xL
∂q2

q̇2+Q2Lda

3
775

(33)
Similar to (24), the control functionQ2Ld consists of two

parts given by

Q2Ld(q2; q̇2;P1;P2; θ̂;t) = Q2Lda+Q2Lds

Q2Lda =� 1
θ̂3

Q2Lde

Q2Lds= Q2Lds1+Q2Lds2; Q2Lds1 =� 1
θ3min

(k3+k3s1)z3
(34)

wherek3 > 0 andk3s1 is a positive definite control gain func-
tion which will be specified later. Substitute (34) into (32)
and noting (33), the time derivative ofV3 can be expressed
by

V̇3 = V̇2 jPLd +w3z3(θ3Q2Lds2� θ̃T φ3+θ3Q̃2L�
∂PLd
∂q̇2

T̃)

�w3
θ3

θ3min
(k3+k3s1)z2

3�w3z3
∂PLd

∂θ̂
˙̂θ

(35)

Like (25),Q2Lds2 is a robust control function satisfying the
following two conditions

i z3

h
θ3Q2Lds2+θ3Q̃2L� θ̃Tφ3�

∂PLd
∂q̇2

T̃
i
� ε3

ii z3Q2Lds2 � 0
(36)

whereε3 is a design parameter.

Once the control functionsQ1Md for Q1M andQ2Ld for Q2L

are synthesized as given in (10 and (34), the next step is
to use the pressure compensated inverse valve mappings to
back out the specific valve openings needed to provide the
desired ”flows”,Q1Md andQ2Ld. The details can be worked
out easily and are omitted.

4 Experimental Results

The completed controller is implemented on the hydraulic
system shown in Fig.2. A simple extend, stop, retract and
stop point to point trajectory, which represents the mostly
encountered industrial operations, is used with and without
a 50 pound external loading. The experimental results with
and without a 50 lb. load, Fig. 3 and Fig. 4, show that the
controller performs reasonable well in each case with a max-
imum error of 0:04 rad or approximately 2:3Æ. The cylinder
pressures in both cases remain very low, thus achieves sig-
nificant energy saving. The energy usage is calculated as the
pump flow times the pressure drop from pump to tank. The
energy usage is zero when the cylinder is the retracting over-
running regeneration function, as seen between the time of
5.5-8.5 seconds. The plot of the energy usage includes an
additional line representing the potential decrease in energy
usage with a load sensing pump as seen in the simulation
results. The plot of the energy usage includes an additional
line representing the potential decrease in energy usage with
a load sensing pump. The current set up makes use of a con-
stant pressure supply pump that is not ideal for energy sav-
ing. A load sensing pump that can provide the needed flow
at the highest working pressure would significantly reduce
the energy usage if used in conjunction with the proposed
programmable valve. The plot labelled as ’LS Energy Us-
age’, calculates the anticipated energy usage if a load sens-
ing pump was used, assuming that the pump would track the
highest working pressure and add an additional 500KPamar-
gin of pressure.

5 Conclusions
The utilization of the programmable valve and the incor-
poration of an ARC pressure controller and an ARC mo-
tion controller as detailed in this paper result in signifi-
cant gains in energy saving while achieving cylinder motion
tracking. Simulation and experimental results obtained ver-
ify the claims.
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Figure 2: Experimental Setup
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Figure 3: Boom ARC Experiment (No Load)
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Figure 4: Boom ARC Experiment (50 lḃLoad)
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