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ABSTRACT
The energy-saving programmable valve, a unique comb

nation of five independent cartridge valves, not only decouple
the control of meter-in and meter-out flows but also provide
the ability of precisely controlling cross-port flows for energy
saving purpose. Our previous works have already shown that t
tremendous control flexibility gained by the proposed hardwa
re-configuration enables one not only to achieve precision co
trol of the cylinder motion but also to decrease the energy usa
significantly through actively utilizing the potential and kinetic
energy of the load in accomplishing certain tasks such as smo
stopping. However, the control of such an essentially multi-inpu
valve system to achieve the above objectives is far from trivia
In our previous works, a constant off-side pressure was assum
in the controller design for simplicity. This assumption may no
be realistic in certain circumstances where the off-side pressu
may vary from the assumed constant pressure significantly, e
pecially right after the change of working mode. As a resul
though the controller design is simplified, larger tracking erro
results during the transients.

This paper presents an improved way to coordinately contr
the five independent valves by incorporating the off-side pre
sure dynamics into the controller design. The Adaptive Robu
Control technique is applied to guarantee the stability and trac
ing performance in the presence of large system parameter va
ations and disturbances. Simulation and experimental results
s all correspondence to this author. 1
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shown to verify the much improved control performance of the
presented coordinate control strategy.

INTRODUCTION
The advent of electro-hydraulic valves and the incorpora-

tion of complex digital control have significantly improved the
performance of hydraulic systems. A new problem arises as the
applications of electro-hydraulic systems becoming increasingly
widespread: is it possible to reduce the energy usage while keep
the desired performance?

Hydraulic energy used for a certain task can be defined as:

E =
Z t1

t0
Ps(τ)Qs(τ)dτ (1)

whereE represents the hydraulic energy used for a certain task
from t0 to t1, Ps the hydraulic supply pressure andQs the pump
flow rate. For a specific task, i.e.,t0 andt1 are fixed, reducing the
energy usage is equivalent to reducing the power (the integrand).
Therefore, the word energy is abused for both energy and power
though out the paper. It is obvious that there may be two ways to
reduce the energy usage:

1. reduce the supply pressure
2. reduce the pump flow rate
Copyright c© 2003 by ASME
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Neglecting the fluid compressibility, the pump flow rate depend
only on the task unless regeneration flow is used. To reduce
supply pressure, pressures at the two cylinder chambers are
sired to be as low as possible while certain pressure difference
kept to maintain the motion task. Therefore, independent cont
of two chamber pressures and use of regeneration flow are
key point for energy saving.

Traditionally, a typical four-way directional control valve or
servo valve is used to control the hydraulic cylinder as done
almost all existing publications [1–6]. With a such a configura
tion only one of the two cylinder states, (i.e., pressures of th
two chambers), is completely controllable and there is a on
dimensional internal dynamics. Although the one-dimension
internal dynamics is shown to be stable [7], it cannot be modifie
by any control strategy. The control input is uniquely determine
once the desired motion is specified, which makes the regulat
of individual cylinder chamber pressures impossible for energ
saving. The result is that while high performance tracking ca
be attained, simultaneous high levels of energy saving cann
The uncontrollable state is due to the fact that the meter-in a
meter-out orifices are mechanically linked together in a typic
directional control valve. This is a fundamental drawback of typ
ical four-way directional control valves. If this link were to be
broken, the flexibility of the valve could be drastically increased
making the way for significant improvements in hydraulic effi
ciency [8].

The technique of breaking the mechanical linkage betwe
the meter-in and meter-out orifices is well known and has be
used in heavy industrial applications for several years. Typical
the spool valve is replaced by four poppet type valves [8]. The
is a number of slight variations on this theme throughout the m
bile hydraulics industry. Patents by Deere & Company, Moline
IL as well as Caterpillar Inc., Joliet, IL. and Moog Inc., East Au
rora, NY attest to the potential of this technique [9,10].

The valve configuration used in this study takes the fou
valve poppet type valve [11, 12] and makes the addition of a
additional valve to enable true cross port flow. The configur
tion allows independent meter-in, meter-out control in additio
to the availability of cross port regenerative flow. The result
a programmable valve capable of controlling each cylinder sta
as well as providing regeneration flow for optimal energy usag
The programmable valve configuration used in this study is se
in Fig. 1.

The use of the programmable valve provides multiple inpu
to control the two cylinder states. The effect is that both cylin
der states,P1 andP2, become completely controllable. However
the control of such an essentially multi-input nonlinear syste
to achieve the dual objectives is far from trivial. The difficul
ties come not only from the highly nonlinear hydraulic dynam
ics, large parameter variantions [13], significant uncertain no
linearities such as external disturbances, flow leakage and s
frictions [1, 5], but also from the coordination of five cartridge
2
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Figure 1. PROGRAMMABLE VALVE LAYOUT.

valves. In our previous works, a constant off-side pressure wa
assumed in the controller design for simplicity. This assumption
may not be realistic in certain circumstances where the off-sid
pressure may variate from the assumed constant pressure sign
icantly, especially right after the change of working mode. As a
result, though the controller design is simplified, larger tracking
error results during the transients.

This paper focuses on the coordinate control of the pro
grammable valves. Instead of assuming constant pressure at o
side, the off-side pressure dynamics is considered in the motio
controller design. The Adaptive Robust Control technique is ap
plied to guarantee the stability and tracking performance in the
presence of large system parameter variations and disturbance

DYNAMIC MODEL AND PROBLEM FORMULATION

To illustrate the uniqueness and the application of the pro
posed programmable valves, the boom motion control of a thre
degree-of-freedom (DOF) electro-hydraulic robot arm that was
built to mimic the industrial backhoe or excavator arms in [5] is
considered. With the coordinate systems, joint angles and phys
cal parameters of the system defined in Fig. 2, the boom motio
Copyright c© 2003 by ASME
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Figure 2. THREE DOF ELECTRO-HYDRAULIC ROBOT ARM.

dynamics with other two joints fixed can be described by [6,14].

(Jc +mL`e
2)q̈2 =

∂xL

∂q2
(P1A1−P2A2)−Gc(q2)

−mLg`g(q2)−D f · q̇+T(t,q2, (̇q)2) (2)

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 load of the boom
without payload,xL represents the boom hydraulic cylinder dis-
placement,P1 andP2 are the head and rod end pressures of the
cylinder respectively,A1 andA2 are the head and rod end areas
of the cylinder respectively,D f is the damping and viscous fric-
tion coefficient andT represents the lumped disturbance torque
including external disturbances and terms like the unmodelle
friction torque. The specific forms ofJc,Gc, `g, and`e are given
in [6]. The inertial moment and the gravity force both depend
on the unknown elementmL. As a result, the inertial moment
and the gravity force are split into two components. The terms
Jc andGc(q2) contain only calculable quantities and the terms
mLglg(q2) and mLl2

e which contain the unknown quantitymL.
The unknown terms have to be estimated later on-line via pa
rameter adaptation.

Neglecting cylinder flow leakages, the hydraulic cylinder
equations can be written as [1],

V1(xL)
βe

Ṗ1 = −A1ẋL +Q1 =−A1
∂xL

∂q2
q̇2 +Q1

V2(xL)
βe

Ṗ2 = A2ẋL−Q2 = A2
∂xL

∂q2
q̇2−Q2 (3)

whereV1(xL) = Vh1 +A1xL andV2(xL) = Vh2−A2xL are the total
cylinder volumes of the head and rod ends including connectin
3

d

-

g

hose volumes respectively,Vh1 andVh2 are the initial control vol-
umes whenxL = 0, βe is the effective bulk modulus.Q1 andQ2

are the supply and return flows respectively.
When the programmable valve in Fig.1 is used,Q1 andQ2

are given by,

Q1 = Qv2−Qv1−Qv3

Q2 = −Qv3−Qv4 +Qv5 (4)

where the orifice flowsQvi can be described by

Qvi = fvi(∆Pvi,xvi), i = 1,2, ...5 (5)

in which fvi is the nonlinear orifice flow mapping as a function of
the pressure drop∆Pvi, and the virtual orifice openingxvi of the
ith cartridge valve.xvi is related to the valve command voltagevi

by an seconde order dynamic approximation (6).

xvi(s)
vi(s)

=
ω2

v

s2 +2ζvωvs+ω2
v

(6)

where the nominal values of natural frequencyωv and the damp-
ing ratioζv are353.6rad/secand1.03respectively, according to
the manufacture’s data sheet. The valve dynamics are neglecte
in controller design due to their sufficiently high bandwidth, but
are considered in the system model for simulation.

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 (7)

whereQ1M andQ2M represent the flows obtained from the ap-
proximated valve mappings and̃Q1 andQ̃2 represent the mod-
elling errors of the flow mappings. The effect of the flow mod-
elling errors will be dealt with through robust feedback.

Given the desired motion trajectoryq2d(t), the primary ob-
jective is to synthesize control voltages for the five cartridge
valves such that the outputq2 tracksq2d(t) as closely as possible
in spite of various model uncertainties. The second objective is
to minimize the overall energy usage.

WORKING MODE SELECTION
The difficulties in the coordinate control of five cartridge

valves for precision motion and pressure control are dealt with
through a task level and valve level controllers. Given the cur-
rent working condition, the task level controller determines the
Copyright c© 2003 by ASME
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Table 1. Programmable valves tracking mode selection

ẋd Plda Valve Configuration Off-side Mode

> 0 > 0
Q1 = Qv2

Q2 = Qv5

P2 T1

> 0 < 0
Q1 = Qv2−Qv3

Q2 = −Qv3

P1 T2

< 0
> 0

P1 > P2

Q1 = −Qv3

Q2 = −Qv3 +Qv5

P2 T3

< 0
> 0

P1 ≤ P2

Q1 = −Qv1

Q2 = −Qv4

P2 T4

< 0 < 0
Q1 = −Qv1

Q2 = −Qv4

P1 T5

configurations of programmable valves that would enable signif
icant energy saving while without losing hydraulic circuit con-
trollability 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 con
trol the pressures in both chambers independently with selecte
working mode to obtain the dual objectives. The working mode
selection is introduced in this section and the Adaptive Robus
Controller designs are detailed in the following sections.

The task level of the controller determines how the five
valves of the proposed programmable valves in Fig. 1 shoul
be used in order to provide the required control flows for motion
tracking while maintaining the lowest possible cylinder cham-
ber pressures to reduce the flow losses for energy saving. Obv
ously, such a process is not unique due to the added flexibility o
independently controlling each of these five valves. The work
ing mode selection is task dependent. There are five trackin
modes and three regulation modes. The tracking mode sele
tion [14], shown in Table 1, is based on the desired cylinder ve
locity ẋd, chamber pressuresP1 andP2 and desired load pressure
Plda, which would be explained later in the section of controller
design Eq. (16). The regulation mode selection is shown in Tabl
2, whereε is a small preset positive number.

OFF-SIDE PRESSURE REGULATOR DESIGN
The objective of the off-side pressure regulator is to keep th

off-side pressure at a constant low pressureP0. To illustrate the
design procedure, this section designs a pressure regulator
those working modes, for whichP2 is the off-side. The regulator
design forP1 follows the same procedure and is omitted here.

The dynamics ofP2 is described in (3) and (4). In order
4
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Table 2. Programmable valves regulation mode selection

ẋd x−xd Valve Configuration Off-side Mode

= 0 > ε
Q1 = −Qv3

Q2 = −Qv3 +Qv5

P2 R1

= 0 <−ε
Q1 = Qv2

Q2 = Qv5

P2 R2

= 0 otherwise
Q1 = 0

Q2 = 0
R3

to use parameter adaptation to reduce parametric uncertainties
improve performance, it is neccesary to linearly parameterize th
system dynamics in terms of a set of unknown parametersθp. θp

is defined asθp = [θβ,θQ]T , whereθβ = βe andθQ = βeQ̃2n, Q̃2n

is the nominal value of̃Q2, i.e. Q̃2 = Q̃2n+∆Q. TheP2 dynamics
can be rewritten as follows.

Ṗ2 =
A2

V2

∂xL

∂q2
q̇2θβ−

θβ

V2
Q2M− θQ

V2
+∆Q (8)

The goal is to have the cylinder pressure regulated to a de
sired constant low pressureP0. It is practical to assume that the
parameters and∆Q are bounded by some known bounds, because
both bulk modulusβe and the modelling error of the flow map-
ping are practically bounded and the bound can be found witha
priori information.

Define the pressure regulation error asep2 = P2−P0, the
error dynamics would be same as the pressure dynamics becau
P0 is constant.

ėP2 =−θβ

V2
Q2M +

A2

V2

∂xL

∂q2
q̇2θβ−

θQ

V2
+∆Q (9)

Q2M is the control input and the control law can be defined as:

Q2M = (kp2 +kp2s)
V2

θβmin
ep2 +A2

∂xL

∂q2
q̇2− θ̂Q

θ̂β
(10)

where(A2
∂xL
∂q2

q̇2− θ̂Q

θ̂β
) is the model compensation term and called

asQ2Ma, kp2 > 0, andkp2s
V2

θβmin
ep2 is the robust term to domi-

nate the parameter estimation error and unmodelled disturbance
which is chosen to satisfy the following conditions:

ep2(kp2s
θβ

θβmin
ep2−φT

p2θ̃p2 +∆Q) ≥ 0

kp2s ≥ 0 (11)
Copyright c© 2003 by ASME
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The parameter adaptation law is defined as

˙̂θp = Pro jθp(Γpφp2ep2) (12)

whereΓp is positive definite diagonal adaptation rate matrix, and
φp2 = [A2

V2

∂xL
∂q2

q̇2− Q2Ma
V2

, − 1
V2

]T .
The above adaptive robust control law (10) and adaptatio

law (12) provides prescribed transient response and final trac
ing accuracy in general and asymptotic tracking in the absence
uncertain disturbance. Theoretical proof of standard ARC per
formance can be found in [15–17].

ADAPTIVE ROBUST MOTION CONTROLLER DESIGN
The dynamics of the boom motion and pressures at bot

chambers are described in (2) and (3). Define a set of param
ters asθ = [θ1, ...,θ6]T , θ1 = 1

1+ l2e
Jc

mL

, θ2 = D f

Jc+ml l2e
, θ3 = Tn

Jc+mL l2e
,

θ4 = βe, βeQ̃1n, θ7 = βeQ̃2n. It is practically to assume that all
parameters and disturbances are bounded and the bounds can
estimated witha priori information.

The system dynamics equations can be rewritten as:

q̈2 =
θ1

Jc

[
∂xL

∂q2
(P1A1−P2A2)−Gc

]

+
θ1

l2
e

glg− q̇2θ2 +θ3− 1
l2
e

glg +∆

Ṗ1 = −A1

V1

∂xL

∂q2
q̇2θ4 +

θ4

V1
Q1M +

θ5

V1
+∆Q1

Ṗ2 =
A2

V2

∂xL

∂q2
q̇2θ4− θ4

V2
Q2M− θ6

V2
+∆Q2 (13)

To illustrate the adaptive robust motion controller design
this section presents a design procedure for those workin
modes, whose working side is the head end chamber, i.e.P1.
The controller design forP2 follows the same procedure and is
omitted here.

Step 1
Define a switching-function-like quantity as

z2 = ż1 +k1z1 = q̇2− q̇2r , q̇2r
∆= q̇2d−k1z1 (14)

wherez1 = q2− q2d(t) is the output tracking error withq2d(t)
being the reference trajectory. Differentiate (14) while noting
(13)

ż2 = θ1

[
1
Jc

( ∂xL
∂q2

PL−Gc)+ 1
l2e

glg
]
− 1

l2e
glg− q̈2r −θ2q̇2 +θ3 +∆

(15)
5
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wherePL = P1A1−P2A2 is defined as the load force. If we treat
PL as the control input to (15), we can synthesize a virtual control
law PLd such thatz2 is as small as possible. Since (15) has both
parametric uncertaintiesθ1 throughθ3 and uncertain nonlinearity
∆, the ARC approach proposed by Yao [15] will be generalized
to accomplish this system.

The design details are similar to those in [5, 6] and omitted.
The resulting control functionPLd consists of two parts given by

PLd(q2, q̇2, θ̂1, θ̂2, t) = PLda+PLds

PLda = ∂q2
∂xL

[
Gc + Jc

θ̂1
(− θ̂1

l2e
glg + θ̂2q̇2−θ3 + 1

l2e
glg + q̈2r)

]

PLds = PLds1 +PLds2, PLds1 =− Jc
θ1min

∂q2
∂xL

k2z2

(16)
in whichPLda functions as an adaptive model compensation, and
PLds is a robust control law withk2 > 0 , andPLds2 is chosen to
satisfy the following robust performance conditions as in [5]

i z2[ 1
Jc

θ1
∂xL
∂q2

PLds2− θ̃Tφ2 +∆]≤ ε2

ii z2
∂xL
∂q2

PLds2 ≤ 0
(17)

whereε2 is a design parameter. IfPL were the actual control
input, the adaptation function as defined in [6] would be

τ2 = w2φ2z2, φ2
∆=

[
1
Jc

( ∂xL
∂q2

PLda−Gc)+ 1
l2e

glg,−q̇2,1,0,0,0
]T

(18)
wherew2 > 0 is a constant weighting factor.

Step 2
Let z3 = PL−PLd denote the input discrepancy. In this step,

a virtual control flow will be synthesized so thatz3 converges to
zero or a small value with a guaranteed transient performanc
and accuracy.

From (13),

ż3 = ṖL− ṖLd

=−
(

A2
1

V1
+ A2

2
V2

)
∂xL
∂q2

(̇q)2θ4 + A2
V2

θ4Q2M + A1
V1

θ5 + A2
V2

θ6

−ṖLdc+ A1
V1

θ4Q1M +A1∆Q1−A2∆Q2− ṖLdu

(19)

where

ṖLdc = ∂PLd
∂q2

q̇2 + ∂PLd
∂q̇2

ˆ̈q2 + ∂PLd
∂t

ṖLdu = ∂PLd
∂q̇2

[− θ̃1
Jc

( ∂xL
∂q2

PL−Gc)− θ̃1
l2e

glg(q2)+ θ̃2q̇2− θ̃3 +∆]+ ∂PLd
∂θ̂

˙̂θ
(20)

in which ˆ̈q2 represent the calculable part ofq̈2 given by

ˆ̈q2 = θ̂1
Jc

[ ∂xL
∂q2

PL−Gc]+ θ̂1
l2e

glg− θ̂2q̇2 + θ̂3− 1
l2e

glg (21)
Copyright c© 2003 by ASME
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In (20), ṖLdc is calculable and can be used in the construction o
control functions, butṖLdu cannot due to various uncertainties.
Therefore,ṖLdu has to be dealt with via certain robust feedback
in this step design.

In viewing (19),Q1M can be thought as the control input for
(19) and step 2 is to synthesize a control functionQ1Md for Q1M

such thatPL tracks the desired control functionPLd synthesized
in Step 1 with a guaranteed transient performance.

Similar to (16), the control functionQ1Md consists of two
parts given by

Q1Md(q2, q̇2,P1,P2, θ̂, t) = Q1Mda+Q1Mds

Q1Mda = V1
A1θ̂4

[− θ̂1
Jc

∂xL
∂q2

z2 + θ̂4

(
(A2

1
V1

+ A2
2

V2
) ∂xl

∂q2
q̇2− A2

V2
Q2M

)

−θ̂5
A1
V1
− θ̂6

A2
V2

+ ṖLdc]
Q1Mds = Q1Mds1 +Q1Mds2, Q1Mds1 =− V1

A1θ4min
k3z3

(22)
wherek3 > 0 .

Like (17),Q1Mds2 is a robust control function chosen to sat-
isfy the following two robust performance conditions

i z3

[
θ4Q1Mds2− θ̃Tφ3− ∂PLd

∂q̇2
∆+A1∆Q1−A2∆Q2

]
≤ ε3

ii z3Q1Mds2 ≤ 0
(23)

whereε3 is a positive design parameter. The adaptation functio
as defined in [] would be

τ = τ2+φ3z3 (24)

whereφ3 is defined as:

φ3
∆=




1
Jc

∂xL
∂q2

z2− ∂PLd
∂q̇2

[ 1
Jc

( ∂xL
∂q2

PL−Gc)+ 1
l2e

glg]
∂PLd
∂q̇2

q̇2

− ∂PLd
∂q̇2

−
(

A2
1

V1
+ A2

2
V2

)
∂xL
∂q2

q̇2 + A2
V2

Q2M + A1
V1

Q1Ma
A1
V1
A2
V2




(25)

With the above ARC controller, it can be proven that the
same theoretical motion tracking performance results as in [5,6
are obtained. The details are omitted.

Once the control functionsQ1Md for Q1M is synthesized as
given in (22), the next step is to use the pressure compensat
inverse valve mappings to calculate the specific valve contro
voltage command to provide the desired ”flows”—Q1Md. The
details can be worked out easily and are omitted.
6
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SIMULATION AND EXPERIMENTS
Some simplifications have been made when implementin

the proposed control strategy. The selection of the specific robu
control terms by (11), (17) and (23) is rigorous and should be th
formal approach to choose. However, it increases the complex
of the resulting control law considerably since it may need signi
icant amount of computation time to calculate the lower bound
As an alternative, a pragmatic approach is to simply choosekp2,
k2 andk3 large enough without worrying about the specific val
ues ofkp2s, k2s andk3s. By doing so, (11), (17) and (23) will be
satisfied at least locally around the desired trajectory. On the o
hand, we hope all the gains are as large as possible to have fa
response and stronger ability to reject disturbance; on the oth
hand, too large gains (high bandwidth) may excite the unmo
elled dynamics and cause instability. For this system, becau
we neglected the valve dynamics which is about353rad/sec, it
is safer to keep the closed loop bandwidth less than35rad/sec,
which is a guideline to choose gains.

The complete controller is simulated in Simulink. The ARC
motion controller parameters used in simulations are:k1 = k2 =
k3 = 35, Γ = diag{1e−11, 1e−10, 2e−8, 8e+4, 1e−
4, 1e−4}. The parameters for the off-side pressure regulato
are:kp = 35 andΓp = diag{2e+4, 1e−6}. The desired con-
stant low pressure for off-side isP0 = 200KPa. The controller is
tested for two point-to-point trajectories, shown in figure 3. Th
fast trajectory has maximal angular acceleration and velocity
5rad/s2 and1rad/s, which is close to the physical limit; the slow
trajectory0.2rad/s2 and0.08rad/s.

The simulation results with and without a25Kg load are
shown in Fig. 4 through Fig. 7, where first plot represents trac
ing error, second represents angular velocity, third one are t
pressures at the two chambers, fourth one shows the energy
age of this system and a system with load sensing pump, the l
Copyright c© 2003 by ASME
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Figure 4. SIMULATION, SLOW TRAJECTORY WITHOUT LOAD.

one represents the selected working mode (1—5 represent trac
ing mode T1-T5, 6—8 regulation mode R1-R3). The simulations
show that the controller performs very well in each case with a
maximum error less than0.01rad and the final tracking accuracy
down to resolution level. The cylinder pressures in both case
remain very low, thus increasing efficiency of the system. The
energy usage is calculated as the pump flow times the pressu
drop from pump to tank. The energy usage is zero when th
cylinder is working in tracking mode T3 or regulation modes R1
or R3, because regeneration flow is used to power the cylinde
motion. The zero energy consumption can be observed in the p
riod from 5 to 9 seconds. The plot of the energy usage include
an additional line representing the potential decrease in energ
usage with a load sensing pump. The current set up and simul
tion makes use of a constant pressure supply that is not highly e
ficient. A load sensing pump that can provide the needed flow a
the highest working pressure would significantly reduce the en
ergy usage if used in conjunction with the programmable valve
The plot labelled as ’LS Energy Usage’ calculates the anticipate
energy usage if a load sensing pump was used. It also assum
that the pump would track the highest working pressure and ad
an additional500KPamargin of pressure.

The completed controller is also implemented on the hy
draulic system and tested identically to the tests run in the sim
ulation results. In the actual implementation of the controller a
number of changes are necessary. Due to limited bandwidth
the valve the controller gains are lowered from 35 to 20 to reduc
control signal chattering.

The experimental results with and without a25Kg load, Fig.
8 through Fig. 11, show that the controller performs well in each
case with a maximum error less then0.02rad. The difference
between the simulation and experimental results is the differin
gains used. The cylinder pressures in both cases remain very lo
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Figure 5. SIMULATION, SLOW TRAJECTORY WITH 25Kg LOAD.
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Figure 6. SIMULATION, FAST TRAJECTORY WITHOUT LOAD.

thus reducing energy usage of the system. The energy usage
calculated as the pump flow times the pressure drop from pum
to tank. The energy usage is zero when the cylinder is work
ing in tracking mode T3 and regulation modes R1 and R3, when
regeneration flow is used, as seen between the time of 5-9 se
onds. The plot of the energy usage includes an additional lin
representing the potential decrease in energy usage with a loa
sensing pump as seen in the simulation results.

CONCLUSIONS
The coordinate control of energy-saving programmable

valves presented in this paper achieves excellent tracking pe
formance and significant reduction of energy usage. The dua
objectives of good tracking and energy-saving are made possib
Copyright c© 2003 by ASME
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Figure 7. SIMULATION, FAST TRAJECTORY WITH 25Kg LOAD.

0 1 2 3 4 5 6 7 8 9
−0.02
−0.01

0
0.01
0.02

ra
d

Experiment, Slow Trajectory without Load

Error

0 1 2 3 4 5 6 7 8 9
−0.2
−0.1

0
0.1
0.2

ra
d/

s BM Ang Vel

0 1 2 3 4 5 6 7 8 9
0

2000
4000
6000
8000

K
pa

P1 Pres
P2 Pres

0 1 2 3 4 5 6 7 8 9
0

200
400
600
800

W
at

ts Energy Usage   
LS Energy Usage

0 1 2 3 4 5 6 7 8 9
0
2
4
6
8

M
od

e

Time (sec)

Working Mode

Figure 8. EXPERIMENT, SLOW TRAJECTORY WITHOUT LOAD.

by the flexible programmable valve system. The adaptive robu
control technique guarantees prescribed tracking performanc
even in the presence of unmodelled uncertainties and extern
disturbances. And incorporating the off-side dynamics into the
controller design further increase the system performance. Bo
simulations and experiments show very small tracking errors i
the transient period, almost asymptotic tracking, smooth mod
changing and almost constant off-side pressure. The experime
results also show that the final tracking accuracy is down to th
resolution level.
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