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Coordinate Control of Energy Saving
Programmable Valves

Song Liu and Bin Yao, Member, IEEE

Abstract—As applications of electro-hydraulic systems become
increasingly widespread, the demand for low cost, high-level
control performance and significant energy saving schemes gets
stronger and stronger. The recently developed energy-saving pro-
grammable valves, a unique configuration of five independently
controlled poppet type cartridge valves, provide hardware possi-
bility to meet the demand. Preliminary research work has shown
that the program valves’ increased flexibility and controllability
lead to significant energy-saving, due to the reduced working
pressures of the hydraulic actuators and the full use of free
regeneration cross-port flows. However, the increased hardware
flexibility also results in increased complexity in controlling the
system: for each system, instead of one control input to be synthe-
sized to meet the sole objective of control performance, five control
inputs have to be simultaneously determined for all five poppet
valves to achieve the dual objectives of both high precision control
performance and significant energy saving. This paper proposes
a two-level coordinated control scheme: the task-level configures
the valve usage for maximal energy saving and the valve-level
utilizes adaptive robust control (ARC) technique to guarantee the
closed-loop system stability and performance under various model
uncertainties and disturbances. Comparative experimental results
were obtained to show the high precision control performance
and significant energy saving achieved with the proposed low-cost
programmable valves.

Index Terms—Adaptive robust control, coordinated control,
electro-hydraulics, energy saving, valves.

I. INTRODUCTION

THE ADVENT OF electro-hydraulic valves and the in-
corporation of complex digital control have significantly

improved the performance of hydraulic systems. A new
problem arises as the applications of electro-hydraulic systems
become increasingly widespread: is it possible to reduce the
energy usage while keeping the desired control performance?
Such a problem has become increasingly important due to the
potential energy crisis that the world is going to face. The re-
cently proposed energy-saving programmable valves, as shown
in Fig. 1, provide hardware possibility to meet the demand.
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The use of programmable valves provides multiple inputs to
control the two cylinder states, the pressures and of the
two chambers of the cylinder. The result is that both cylinder
states become completely controllable and the true cross port
regeneration flow can be accurately controlled. However, to con-
trol such a multi-input nonlinear system to meet the dual objec-
tives of high control performance and significant energy saving
is far from trivial. The difficulties to control the programmable
valves not only come from the highly nonlinear hydraulic dy-
namics, large parameter variations [23], significant uncertain
nonlinearities such as external disturbances, flow leakages, and
seal frictions [17], [25], but also from the lack of accurate math-
ematical model of cartridge valves and the coordinated control
of the five cartridge valves. To simplify the controller design
process, our preliminary work assumed a constant offside pres-
sure [16]. This assumption may not be realistic in certain cir-
cumstances where the offside pressure may vary from the as-
sumed constant pressure significantly, especially right after the
change of working modes. As a result, though the controller
design is simplified, larger tracking errors may exhibit during
transients.

This paper focuses on the coordinate control of pro-
grammable valves and proposes a two-level control scheme to
address the previous challenges. Specifically, the task level con-
troller determines the configurations of programmable valves
that would enable significant energy saving while without
losing hydraulic circuit controllability for accurate motion
tracking, which is sometimes referred to as the working mode
selection in hydraulic industry. With the selected working
mode, the valve level controller regulates the pressures in
both chambers of the cylinder independently to meet the
dual objectives of precise motion tracking and energy saving.
Experimentally obtained valve flow mappings are used to
overcome the lack of mathematical models of cartridge valves.
The nonlinear physical model-based adaptive robust control
(ARC) technique [27]–[29] is employed to explicitly deal with
parametric uncertainties and uncertain nonlinearities for a
better control performance.

II. DEVELOPMENT OF ENERGY-SAVING

PROGRAMMABLE VALVES

Hydraulic energy used for a task can be defined as

(1)

where represents the hydraulic energy used for a certain task
from to , and are the hydraulic supply pressure and
flow rate of the pump, respectively. For a specific task, i.e.,
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and are fixed, reducing the energy usage is equivalent to re-
ducing the power, i.e., the integrand . Therefore, the
word energy is abused for both energy and power thoughout this
paper. It is obvious that there may be the following two ways to
reduce the energy usage:

1) reduce the supply pressure ;
2) reduce the pump flow rate .

Neglecting the fluid compressibility, the pump flow rate depends
only on the task unless regeneration flows are used. To reduce
the supply pressure, pressures at the two cylinder chambers are
desired to be as low as possible while certain pressure differ-
ence has to be kept to perform the required motion. Therefore,
independent control of two chamber pressures and the use of re-
generation flows are the two key elements for energy saving.

Traditionally, a four-way proportional directional control
(PDC) valve or servo valve is used to control each hydraulic
cylinder as assumed in almost all existing publications [5], [7],
[17], [18], [20], [25]. With such a configuration only one of the
two cylinder states is completely controllable and there is a 1-D
internal dynamics. Although the internal dynamics is shown to
be stable [4], it cannot be modified by any motion trajectory
tracking control strategy. The control input is uniquely deter-
mined once the desired motion is specified, which makes the
regulation of individual cylinder chamber pressures impossible.
The result is that while high performance tracking may be
attainable, simultaneous high levels of energy saving cannot.
The uncontrollable state is due to the fact that the meter-in
and meter-out orifices are mechanically linked together in a
four-way valve. If this link were to be eliminated, the hardware
flexibility could be drastically increased, making the way for
significant improvements in hydraulic efficiency [12].

The technique of eliminating the mechanical linkage be-
tween the meter-in and meter-out orifices is well known and has
been used in heavy hydraulic industry for years. For example,
Aardema [1] makes use of two directional control valves. One
valve controls the head end chamber flows and the other con-
trols the rod end chamber flows. One drawback to this approach
is that two directional control valves are needed at an increased
cost. The other drawback is that the control of the meter-in and
meter-out flows are not completely independent.

A more widely used variation is the use of four independent
valves of either one-way unidirectional type or poppet type, al-
lowing truly independent meter-in and meter-out flow controls.
This is used in a number of studies throughout the mobile hy-
draulics industry [2], [3], [14]. The use of this “Smart Valve” [3]
or “Independent Metering Valve” [2] provides the hardware ca-
pability of independent control of each meter-in and meter-out
ports, resulting in the ability to completely control both cylinder
states. This hardware flexibility can be used to meet the dual ob-
jectives of precise motion tracking control and high energy ef-
ficiency to a certain degree when properly utilized.

Besides eliminating the meter-in and meter-out flow cou-
pling, energy saving can also be obtained by taking advantage
of regeneration flow [8]. Regeneration flow is the fluid pumped
from one chamber to the other chamber by the energy of the
external load. Regeneration is a highly efficient process in
which little or zero pump energy is needed. Ideally, regen-
eration should be used whenever the external force is in the

Fig. 1. Programmable valves configuration.

same direction as the desired motion to attain maximum energy
efficiency. The four-valve metering unit enables the use of
regeneration flow in some extreme conditions [2] but not to the
fullest extent possible; the pressures at the cylinder chambers
must be higher than the pump supply pressure in order to
use regeneration flows. Furthermore, precise control of the
regeneration flows is not attainable with this set of hardware
because a direct cross port flow path does not exist. As such, it
is impossible to achieve simultaneous precision motion control
performance when regeneration flows are used. Partly because
of these difficulties, no results on the simultaneous precise
motion tracking and significant energy saving are published
yet.

The five-valve energy saving programmable valves shown in
Fig. 1 were developed by Yao and his students during the past
several years [16], [26] to take full advantage of the four-valve
metering mechanism in decoupling the meter-in and meter-out
flow regulations [2] and the addition of a fifth valve to enable
the precise control of direct cross port flow. The result is a
set of programmable valves capable of independently control-
ling each cylinder state as well as providing fully controlled re-
generation flows for maximum energy saving and simultaneous
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Fig. 2. Five-valve meter-in and meter-out.

precise motion tracking. To significantly reduce the manufac-
turing cost, the proposed programmable valves use proportional
poppet-type cartridge valves, which are known as economical
alternatives to large proportional valves [21], though their flow
mappings are more complex and hard to obtain accurately.

It should be noted that the proposed five-valve configuration
is fundamentally different from other five-valve programmable
valves in the literature. Specifically, the work done by Hu and
Zhang in [10] and [11] also used a set of five individually con-
trolled E/H valves for flow and pressure controls. The schematic
diagram of their programmable valves is shown in Fig. 2. It is
obvious that the valves 1–4 provide the same functionality as the
four-valve metering unit [2] and the fifth valve (V5) connects the
pump and the tank directly and provides a dual-function of line
release and an equilibrium port of P-to-T in a direction control
valve. Thus, precise control of cross-port flow is not available
with this set of hardware configuration as opposed to the pro-
posed ones shown in Fig. 1.

III. DYNAMIC MODELS AND PROBLEM FORMULATION

To illustrate the benefits of the proposed programmable
valves, they are used to control the boom motion of a three de-
gree-of-freedom (DOF) electro-hydraulic robot arm which was
built to mimic the industrial backhoe or excavator arms studied
in [25]. With the coordinate systems, joint angles and physical
parameters of the system defined in Fig. 3, the boom motion
dynamics with the other two joints fixed can be described by
[5], [16]

(2)

where represents the boom joint angle, represents the
boom cylinder displacement, is the moment of inertia of
the boom without payload, represents the mass of the
unknown payload, is the gravitational load of the boom
without payload, and are the head and rod end pressures
of the cylinder, respectively, and are the head and rod
end ram areas of the cylinder, respectively, is the damping
and viscous friction coefficient and represents the lumped

disturbance torque including external disturbances and terms
like the unmodelled friction torque. The specific forms of

, and can be found in [5]. The moment
of inertia and the gravity force both depend on the unknown
payload . For notational simplicity, they are split into two
parts in (2). The first parts, and , are their values
under no payload situation, and the second parts, the terms

and , are the additional values due to the
unknown payload . The second parts will be estimated
online later via real-time parameter adaptation.

Neglecting cylinder flow leakages, the hydraulic cylinder
equations can be written as [17]

(3)

where and are the
total cylinder volumes of the head and rod ends including con-
necting hose volumes, respectively, and are the initial
control volumes when is the effective bulk modulus.

and are the supply and return flows, respectively.
When the programmable valves in Fig. 1 are used to control

the boom motion, and are given by

(4)

where is the orifice flow through the th
cartridge valve and can be described by

(5)

in which is the nonlinear orifice flow mapping as a func-
tion of the pressure drop and the orifice opening of
the th cartridge valve. According to the valve manufacturer’s
data sheet, the valve dynamics between and the command
voltage to the th valve can be modeled by a second-order
transfer function with a natural frequency of rad/s
and damping ratio of , which is of sufficiently high
bandwidth to be neglected in the controller design stage as done
in this paper. The dual objectives of this study can then be stated
as follows.

• Performance. Given the desired motion trajectory ,
the primary objective is to synthesize control signals for
the five cartridge valves (i.e., ) such that
the output tracks as closely as possible in spite
of various model uncertainties.

• Energy Usage. The secondary objective is to minimize the
overall energy usage.

The following notations will be used throughout this paper.
Let denote a suitably selected unknown pa-
rameter vector in the system dynamic equation and denote the
estimate of and the estimation error (i.e., ). Let

and
be the upper and lower bound of the unknown parameter vector

, respectively, i.e., , in which the operation
for two vectors is performed in terms of the corresponding
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Fig. 3. Three-DOF electro-hydraulic robot arm.

elements of the vectors. With known and , a discon-
tinuous projection
can be defined [19], [9] as

if and
if and

otherwise.
(6)

By using an adaptation law given by

(7)

where is a diagonal matrix and is an adaptation function
to be synthesized later, it can be shown [27] that for any adapta-
tion function , the projection mapping used in (7) guarantees

(8)

Unless explicitly specified, the adaptation law structure (7)
with the discontinuous projection (6) will be used wherever
adaptation is needed.

IV. NONLINEAR CARTRIDGE VALVE FLOW MAPPING

For controller design purpose, one needs an accurate yet
simple model for the cartridge valves. Although the cartridge
valve has simple structure, the precise mathematical model
of its dynamics is very complex and may not be suitable for
controller design purpose [6], [13], [15], [22]. Due to the fast
response of cartridge valves, it is reasonable to neglect the
dynamics from the commanded input voltage to the orifice
opening. With this simplification, is related to the valve
command voltage by a static mapping. Thus, from (5)

(9)

where are some nonlinear functions. Though analytical
forms of the above equations may not be known, one can
always use experimentally obtained flow mapping lookup
tables to approximate the above functions. Fig. 4 shows one
of the five flow mappings, i.e., the nonlinear flow rate through
a cartridge valve as a function of the valve input voltage and
the pressure drop across the valve orifice. As seen, the flow
mappings have deadbands and complex shapes that cannot be
described by simple analytical nonlinear functions like those
used in traditional valves. The previous flow mapping plots
can be inverted to give the valve input voltage as the function



38 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 16, NO. 1, JANUARY 2008

Fig. 4. Experimentally obtained flow mapping of Valve #3.

Fig. 5. Inverse flow mapping of Valve #3.

of the flow rate and the pressure drop. The resulting inverse
flow mapping, as shown in Fig. 5, will be used to calculate the
control signals once given the flow rates that the valves have to
provide.

As the experiments to obtain the previous flow mappings can
only be done with finite number of sample points, there might
be quite substantial flow modeling errors. As such, the and

in (3) should be expressed as

(10)

where and represent the flows obtained from the pre-
vious valve flow mappings and and represent the mod-
eling errors of the flow mappings. The effect of the flow mod-
eling errors will be dealt with through robust feedback in the
controller design stage.

Fig. 6. Two-level control structure.

V. TWO-LEVEL COORDINATED CONTROL STRATEGY

The difficulties in the coordinate control of the five cartridge
valves for simultaneous precise motion tracking and pressure
control for energy saving are to be dealt with through a two-level
controllers, as illustrated in Fig. 6. Given the current system
states and desired motion trajectory, the task level controller
determines the configurations of the programmable valves that
would enable significant energy saving while without losing hy-
draulic circuit controllability for precise motion tracking, which
is referred to as the working mode selection. Under the selected
working mode, the valve level controller uses the adaptive ro-
bust control technique to control the pressures in both chambers
independently to achieve the stated dual objectives. The details
are given as follows.

A. Working Mode Selection

Let be the load force to actuate the
cylinder rod. For precise motion tracking, one needs to control

accurately to deliver the desired load force that can generate
the required motion. With conventional four-way valves, the so-
lution is unique because the two chamber pressures and
are coupled and cannot be controlled independently. However,
with the programmable valves, the solution is no longer unique.
The fact that both and can be controlled independently
results in tremendous flexibility to control the system. The so-
lution pursued in this paper is to regulate to track the desired
motion trajectory while maintain and as low as possible
for energy saving. Thus, one of the two cylinder chambers will
be kept at a low pressure, which is referred to as the offside,
while the other chamber’s pressure would be critical to the mo-
tion tracking and is referred to as working side in the following.

In the hydraulic industry the working mode selection is nor-
mally done based on the directions of the load and the desired
motion only; for example, the overrunning load in which the
load is in the same direction as the desired motion and the re-
sistive load in which the load is opposite to the direction of the
desired motion. This ad hoc method may be adequate during the
steady-state period of the system but not for transient periods
such as the rapid acceleration or deceleration periods. For ex-
ample, during the acceleration period, it may still need large ex-
ternal hydraulic energy to achieve the required acceleration even
with an overrunning load. To overcome these transient prob-
lems of traditional ad hoc working mode selection methods, this
paper will present a nonlinear model based one. Specifically, in-
stead of simply checking the load and motion directions to make
the working mode selection, the proposed method first calcu-
lates the desired force of the hydraulic cylinder that is needed
to deliver the required motion and uses this information along
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TABLE I
PROGRAMMABLE VALVES TRACKING MODE SELECTION

TABLE II
PROGRAMMABLE VALVES REGULATION MODE SELECTION

with the desired motion and actual chamber pressure measure-
ment to determine how the five cartridge valves should be used.
The calculation of the desired load force will be explained in
detail in Section V-C.

The working mode selection is task dependent. There are five
tracking modes and three regulation modes proposed in this re-
search. The tracking mode selection, shown in Table I, is based
on the desired cylinder velocity , the actual cylinder pressures

and , and the desired load force for motion tracking;
the detailed expression of will be given later in the motion
controller design subsection. The regulation mode selection is
shown in Table II, where is a small preset positive number.

Mode represents the standard working condition, in which
the control command calls for the cylinder to be extended with
a resistive load. The most efficient usage of the programmable
valves is to use valve number 2 to provide the control flow for
the head end chamber and to use the valve number 5 to maintain
a low pressure in the rod end chamber, i.e., the offside.

In mode , the cylinder may extend under an external over-
running force or in a deceleration period, and , which
enables the regeneration flow from rod end chamber to head end
chamber. This reduces the flow needed from the pump and, thus,
saving energy significantly. Flow from the pump is still needed
due to the large head end area. In this case, valve number 3 is
used to control the cylinder motion and valve number 2 is used
to maintain the desired low pressure in the offside, the head end
chamber.

Mode is another standard operation in that the cylinder is
to be retraced under a resistive load. Valve number 4 is used to
provide the control flow while valve number 1 is used to main-
tain the head end pressure at low level.

Mode is used in the situation that the cylinder is to be re-
tracted under an overrunning external force or in a deceleration

period, but the head end pressure is not higher than the rod
end pressure . In this mode, valve number 1 is used to control
the cylinder motion and valve number 4 is used to regulate the
rod end pressure to the desired low level.

Mode occurs under the similar condition as T4, with the
additional constraint that , which ensures that the re-
generation flow can be pumped from the head end chamber
to the rod end chamber through valve number 3. The excess
flow due to the larger head end area is drained back to the tank
through valve number 5. In this mode, valve number 3 is used
to control cylinder motion while valve 5 to regulate the desired
low pressure at rod end chamber. This results an operation re-
quiring no pump flow and no active energy usage.

When the desired velocity is zero, the cylinder is working
in a position regulation mode. Potential energy can be used to
lower the cylinder/arm in mode , which is similar to mode

. No regeneration flow is expected to use in mode , which
is similar to mode . The small positive number is the preset
tolerance. When the position difference between the actual and
desired positions is less than the tolerance, the system enters
mode and would close all the valves.

B. Offside Adaptive Robust Pressure Regulator Design

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

The dynamics of is described in (3) and (10). 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 parame-
ters . is defined as , where and

, in which is the nominal value of . The
dynamics can then be rewritten as follows:

(11)

where . The goal is to have the
cylinder pressure regulated to a desired constant low pressure

. Assume that the parameters are bounded by some known
bounds, and so is . This assumption is realistic because both
bulk modulus and the modeling error of the flow mapping are
practically bounded.

Define the pressure regulation error as , the
error dynamics would be the same as the pressure dynamics
because is constant

(12)

With being the control input, the proposed control law
is given by

(13)
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where is the model compensation term and is a ro-
bust feedback term, in which and is a nonlinear
feedback gain chosen to satisfy the following condition for per-
formance robustness to model uncertainties:

(14)

where
. The parameter adaptation law is defined in (7) with

a positive definite diagonal adaptation rate matrix and an
adaptation function defined as

(15)

C. Working-Side Adaptive Robust Motion Controller Design

The dynamics of the boom motion and cylinder pressures
were described in (2) and (3). Define a set of parameters as

, ,
, , , , and

, in which , , and represent the nom-
inal values of , , and , respectively. The system dynamic
equations can thus be rewritten as

(16)

where ,
, and .

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

Step 1: Define a switching-function-like quantity as

(17)

where is the output tracking error with
being the reference trajectory. Differentiate (17) while noting
(16)

(18)

where is defined as the load force. If we
treat as the control input to (18), we can synthesize a vir-
tual control law such that is as small as possible. Since
(18) has both parametric uncertainties through and uncer-
tain nonlinearity , the ARC approach proposed by Yao [24] is
generalized to deal with these model uncertainties effectively.

The resulting control function consists of two parts given
by

(19)

in which functions as an adaptive model compensation,
and is a robust control law with , and is
chosen to satisfy the following robust performance conditions
as in [25]:

(20)

where is a design parameter. If were the actual control
input, the adaptation function as defined in [5] would be

(21)

Step 2: Let denote the input discrepancy.
In this step, a virtual control flow will be synthesized so that
converges to zero or a small value with a guaranteed transient
performance and accuracy.

From (16)

(22)

where

(23)

in which represent the calculable part of given by

(24)

In (23), is calculable and can be used in the construction of
control functions, but cannot due to various uncertainties.
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Therefore, has to be dealt with via certain robust feedback
in this step design.

In viewing (22), can be thought as the control input for
(22) and step 2 is to synthesize a control function for
such that tracks the desired control function synthesized
in Step 1 with a guaranteed transient performance. Similar to
(19), the control function consists of two parts given by

(25)

where . Like (20), is a robust control function
chosen to satisfy the following two robust performance condi-
tions:

(i)

(ii) (26)

where is a positive design parameter. The adaptation function
would be

(27)

where is defined as

(28)

D. Flow Distribution and Control Signal Calculation

Once the desired supply and return flow rates and
are synthesized as given in (25) and (13), one needs

to distribute the desired flow commands to the five cartridge
valves and calculate the control signal for each valve.

The relationships between the supply and return flow rates
and the flow rates of the five cartridge valves are described in
(4). There seems no unique solution because there are five un-
knowns and only two equations. However, one can find out by

checking the working mode selection Table I and Table II that
only two cartridge valves are open while the other three are
closed in all working modes. Therefore, the desired supply and
return flow rates can be easily distributed to the five cartridge
valves uniquely. For example, when the system is working in

mode, valve #3 and valve #5 are selected and the other three
valves are shut off. From Table I, the control flow commands for
the valve #3 and valve #5 are then given by and

, while the flow commands for the other
three valves are set to zero, i.e., .

The valve control input can then be obtained by checking
the inverse flow mapping, such as the one in Fig. 5, which is
a lookup table describing the valve input signal as a function of
pressure drop across the valve and flow rate through the valve.

VI. THEORETICAL CONTROL PERFORMANCE

Theorem 1: With the adaptive robust control law (13) and
the projection type adaptation law structure (7) with adaptation
function (15) for , the following results hold.

A) In general, the offside pressure regulation is stable with a
prescribed transient performance and accuracy quantified
by

(29)

B) If after a finite time , , i.e., the model uncertain-
ties are due to parametric uncertainties only, in addition to
the result in A, asymptotic pressure tracking ( as

) is obtained for any positive gain and .
Proof: Define a positive definite scalar function

. Differentiate while noting (13) and (14), one can
obtain

(30)

Therefore

(31)

which is equivalent to (29).
To prove part B, define a positive definite scalar function

. Noting and ,
from (15), (P2) of (8), and (14), one can obtain

(32)
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Therefore, . It is also easy to check that is bounded.
So, as by the Barbalat’s lemma.

Theorem 2: With the adaptive robust control law (25) and the
projection type adaptation law (7) with adaptation function (27)
for defined in Section IV-C, the following results hold.

A) In general, the overall closed-loop system is stable with a
prescribed transient performance and final tracking accu-
racy quantified by

(33)

where and
.

B) If after a finite time , , and ,
i.e., the model uncertainties are due to parametric uncer-
tainties only, in addition to the results in A, asymptotic
motion tracking ( as ) is obtained for any
positive gain and .

Proof: Differentiate , one can get

(34)

which proves (33).
To prove part B, define a positive definite scalar function

. Noting all disturbance terms are zero

and , from (27), (P2) of (8), one can obtain

(35)

Therefore, . It is also easy to check that is bounded.
So, as by the Barbalat’s lemma.

VII. IMPLEMENTATION AND EXPERIMENTS

The conditions for the robust control functions, i.e., inequal-
ities (14), (20), and (26), share the same format as in the fol-
lowing equation, which leads to the following practical means
to implement these functions:

(36)

Fig. 7. Point-to-point desired trajectory.

where is the tracking error, is an unknown positive scalar,
is the parameter estimation error, is the regressor vector,
represents all unknown nonlinearities that are assumed to be

bounded by , and is a design parameter which can be ar-
bitrarily small. Essentially, condition (i) shows the robust con-
trol function is synthesized to dominate the model uncer-
tainties including both parametric uncertainties and uncertain
nonlinearities ; condition (ii) guarantees that is dissipating
in nature so that it does not interfere with the functionality of
the adaptive control part. The existence of such robust control
function and how to choose the robust control function to sat-
isfy the two conditions can be found in [24], [28], and [29]. One
example of smooth function satisfying (36) can be chosen
as [28]

(37)

The previous procedure to select the robust control functions
to satisfy (14), (20), and (26) is rigorous and should be the
formal approach to choose. However, it increases the com-
plexity of the resulting control law considerably since it may
need a significant amount of computation time to calculate
them and their partial derivatives during the backstepping
designs. As an alternative, a pragmatic approach is to simply
choose , and large enough without worrying about
the specific values of , and . By doing so, (14), (20),
and (26) will be satisfied at least locally for some around the
desired trajectory, which is done in the following experiments.
Furthermore, the larger , and are the smaller .

Experiments were done to test the proposed two-level control
system. The programmable valves were used to control the
boom motion of the electro-hydraulic arm to track a desired
motion trajectory, as shown in Fig. 7. The programmable
valves were compared with a critical center servo valve and a
closed-center PDC valve with deadband compensation in terms
of both control performance as well as energy usage. Similar
ARC controllers were designed for the servo valve and PDC
valve with the servo valve and the PDC valve modeled by the
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Fig. 8. Comparison of tracking performance.

TABLE III
COMPARISON OF TRACKING ERRORS

orifice flow equations that have been widely used in fluid power
industry [25].

The tracking performances of the three systems for the same
desired motion trajectory shown in Fig. 7 were plotted in Fig. 8.
Both the servo valve and the programmable valves showed ex-
cellent tracking performance; noting the larger scale used for
the plot of the PDC valve tracking error. It is also shown that
the closed-loop control performance of the overall system with
the proposed programmable valves is at least, if not better, the
same level as that of using the expensive servo valve. Keeping
in mind that the low-cost cartridge valves used in the proposed
programmable valves are traditionally labeled as low accuracy
valves and have never been used in precision hydraulics, the
practical significance of the proposed advanced controls with
programmable valves becomes self-evident. A more detailed
comparison of tracking errors was given in Table III, where the
tracking errors were defined as follows: 1) is defined as

; 2) is defined as ; and 3)
is defined as .

A comparison of cylinder forces of the three systems was
given in Fig. 9. The cylinder forces were calculated by

. Because all three systems tracked the same desired mo-
tion trajectory well, as expected, the cylinder force profiles were
similar.

Though the three systems have similar cylinder force profiles,
the pressures of each system were quite different, as shown in
Fig. 10. The cylinder pressures in the system controlled by the
proposed programmable valves were much lower than the pres-
sures in the other two systems, with one pressure always close
to the tank pressure—a preset pressure of 200 KPa to compen-
sate for line loss and to prevent cavitation. This was the result

Fig. 9. Comparison of cylinder load force.

Fig. 10. Comparison of cylinder pressures.

of decoupled and independent control of cylinder pressures that
were made possible by the proposed programmable valves.

The power usages of the three systems were shown in Fig. 11.
The experiment setup used a pump with a constant supplied
pressure of 6900 KPa (1000 PSI). The power was calculated as
the product of supply pressure and pump flow rate that was used
during the motion. As seen, during the upward motion periods
(roughly, 1–3.5 s and 11–13.5 s), the three systems used almost
the same amount of energy as active pump energy is needed
to lift the payload. However, during the downward motion pe-
riods (roughly, 6–8.5 s and 16–18.5 s), the programmable valves
controlled system did not use any pump energy at all due to
the use of regeneration flow for precise cylinder motion con-
trol, while the other two systems still needed pump energy for a
controlled downward motion. It is noted that the proposed pro-
grammable valves not only enable the use of regeneration flow
for energy saving, but also the precise control of regeneration
flow for a well controlled motion—the resulting motion tracking
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Fig. 11. Comparison of energy usage with constant pressure pump.

TABLE IV
COMPARISON OF ENERGY USAGE

error shown in Fig. 8 is even better than that is achieved by a
servo valve. Such a use of regeneration flow is much different
from existing energy saving systems [2], [8], where the regen-
eration flow cannot be precisely controlled and, subsequently,
only free drop motion, not any controlled motion, can be ob-
tained. The total pump energy used by three systems for this
specific task was shown in the second column of Table IV. The
programmable valves controlled system used about 2/3 of the
energy consumed by the other systems.

In mobile hydraulic industry, instead of a constant supplied
pressure pump, a load sensing pump (i.e., the supplied pressure
of the pump is varied according to the required cylinder chamber
pressures) is normally used for further energy saving [2]. When
a load sensing pump is used together with the proposed pro-
grammable valves, much more energy saving can be obtained
due to the significantly reduced cylinder working pressures as
shown in Fig. 10. Unfortunately, our experimental setup did not
have a load sensing pump and it was impossible to experimen-
tally show the energy saving with a load sensing pump. Instead,
a virtual comparison was done to mimic a load sensing pump by
adding 500 KPa to the cylinder working pressure connected to
the pump as the pump supplied pressure. With this assumption,
the comparison results for pump power usage of three systems
were shown in Fig. 12 with the total energy usages shown in the
third column of Table IV. As seen, further energy saving was
obtained by the programmable valves due to the low cylinder
working pressures. The programmable valve controlled system
used about only 1/3 of the energy consumed by the other two
systems.

Fig. 12. Comparison of energy usage with load sensing pump.

VIII. CONCLUSION

A two-level coordinated control system was proposed and ex-
perimentally tested to make full use of the hardware flexibility
offered by the proposed programmable valves in meeting the
dual objectives of precision motion tracking and significant en-
ergy saving of electro-hydraulic systems. The task-level con-
troller selects the working mode to coordinate the five cartridge
valves for a proper hydraulic circuitry. The valve-level con-
troller utilizes the advanced ARC technique to guarantee a pre-
scribed closed-loop control performance even in the presence of
large parameter variations and external disturbances. Compar-
atively experimental results obtained show that the dual objec-
tives of energy saving and precision motion control have been
achieved with the proposed intelligent integration of advanced
control techniques (i.e., ARC motion and pressure control de-
signs) and novel hardware redesigns (i.e., the use of the pro-
posed programmable valves for hydraulic systems).
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