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Abstract

A spool valve is a single degree of freedom system that has coupled ‘meter in’ and ‘meter out’. Decoupling of meter
in from meter out provides for more controllability and potential for energy saving in overrunning load cases when
compared with a conventional spool valve controlled hydraulic system. A four-valve configuration controlling a hy-
draulic cylinder is emphasized in this paper. The four-valve configuration can operate in several two-valve discrete
modes because each of the four valves is controlled separately from the others. Five distinct (or discrete) metering
modes that exist in the literature are initially studied: Powered Extension, High Side Regeneration Extension, Low Side
Regeneration Extension, Powered Retraction, and Low Side Regeneration retraction. Each of these modes has different
force and speed capabilities and the operating mode should consequently be selected based on the load and the com-
manded speed. Proper switching between these modes is crucial for efficient and productive performance.

The problem of switching between these five modes is treated as an optimal control problem of a switched dynamic
system. General theory for the optimal control problem is derived and then applied to the hydraulic system of interest.
The results are then interpreted and explained by looking into the force-speed capability of modes, and a closed form

solution for the quasi static case is presented.
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1 Introduction

The idea of using a four-valve assembly to achieve
independent metering control of hydraulic actuators has
been discussed in previous work by several researchers
including Jansson (1990); Tabor (2004, 2005); Yao
(2002); and Shenouda and Book (2005, 2006), for
example. Figure 1 shows the four valve independent
metering configuration. Four valves are needed to op-
erate one cylinder. These valves are usually poppet
type valves. The valves used in this research are two
stage poppet valves. One valve connects one of the
work ports of the cylinder to the supply line that con-
tains pressurized oil. A second valve connects the other
work port to the supply line. A third valve connects the
first port to return line which leads to the tank. Finally a
fourth valve is needed to connect the second port to the
return line. Using this four valve configuration, while
only two valves will be active for a given condition,
allows for independent metering and also allows for
energy regeneration as explained in Stephenson (2003);
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Tabor (2004); and Kramer (1996), which has the poten-
tial of reducing the requirements on the pump and thus
achieve highly valuable energy saving. The four-valve
configuration can operate in several modes because
each of the four valves is controlled separately from the
others. These modes are presented in the following
section.

2 Two-Valve Discrete Metering Modes

Figure 1 is a schematic that shows the concept of
using a four-valve configuration to achieve independent
metering. There are five distinct metering modes that
describe the operation of a hydraulic cylinder con-
trolled by a four-valve assembly as shown in Fig. 1.
This configuration is investigated by Tabor and Pfaff
(2004, 2005).
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2.1 Powered Extension (PE) Mode

The operation of this mode is not necessarily differ-
ent from the operation of a cylinder controlled by a
conventional proportional directional control spool
valve. Flow is supplied at high pressure from the pump
through valve K, into head chamber A of the cylinder
causing the piston to move (extend). This piston motion
forces the flow out of rod chamber B through valve Ky,
to the tank. The difference, however, is that in this four-
valve configuration K, and Ky can be controlled sepa-
rately, while in a conventional proportional valve they
cannot be controlled independently as explained in the
introduction.

2.2 Powered Retraction (PR) Mode

In this case, flow is supplied at high pressure from
the pump through valve Ky, into rod chamber B of the
cylinder causing the piston to move (retract). This pis-
ton motion forces the flow out of head chamber A
through valve K to the tank.

2.3 High Side Regeneration Extension (HSRE)
Mode

This is one of the regenerative modes that can be
achieved by the four-valve configuration and could not
be achieved by a conventional proportional directional
control valve. Flow coming out of rod chamber B at
high pressure does not go to tank through valve Ky, but
it circulates through valves Ky, and K, into head cham-
ber A causing the piston to move (extend). However,
the flow coming out of chamber B is less than the flow
needed in chamber A to achieve a certain speed be-
cause of the difference in areas (4, > Ayp). Flow out of
either chamber is Q = A-V and for a given velocity and
with the difference in area (Q, > Q). The remaining
flow is supplied from the pump, but it is just enough to
make up of the difference in flow while in powered
extension mode all the flow is supplied from the pump.
Thus, the High Side Regeneration Extension mode has
the potential to save energy if the load is below a cer-
tain value. This is discussed later in section 5.

2.4 Low Side Regeneration Extension (LSRE)
Mode

Flow coming out of rod chamber B does not go to
tank but it circulates through valve Ky, and K, into head
chamber A causing the piston to move (extend). How-
ever, the flow coming out of chamber B is less than the
flow needed in chamber A to achieve a particular speed
as explained above. The remaining flow can be supplied
from the pump, but it is just enough to make up of the
difference in flow and it is supplied at a low pressure.

2.5 Low Side Regeneration Retraction (LSRR)
Mode

Flow coming out of head chamber A does not go to
tank but it circulates through valve K, and K, into rod
chamber B causing the piston to move (retract). The
flow coming out of chamber A is more than the flow
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needed in chamber B to achieve some speed as ex-
plained above. The extra flow goes to tank through the
check valve. Thus, no pump flow at all is needed for
this mode, which means a high potential for saving
energy whenever this mode is used.
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Fig. 1:  Four valve independent metering configuration

3 Valve Control for Discrete Modes

Valve control for the configuration shown in Fig. 1
has been derived and presented by Tabor (2004, 2005).
An overview of this valve control methodology is pre-
sented in this section. The word discrete in the title of
this section refers to the different modes referred to
above but does not mean that the valves are discrete
on/off valves. The individual valves are proportional, i.e.
variation in current commanded to these valves corre-
sponds to variation in the opening size of the valves and
that is used for velocity (flow) control. The conductance
or opening size of the valves are represented by a vari-
able parameter K followed by a subscript to clarify which
valve in the circuit it represents. The analysis conducted
in this paper does not take into consideration the hydrau-
lic line losses. Details are shown in the references by
Tabor and Pfaff (2004, 2005). Tabor and Pfaff applied a
quasi static analysis assuming that the plant dynamics are
much slower than the controller and ignored capacitance
effects. Figure 2 shows a cylinder in Powered Extension
mode. Tabor (2005) showed that this system is mathe-
matically equal to an equivalent pressure source P, and
equivalent valve conductance K., as shown in the figure.
The equivalent pressure and equivalent conductance can
be expressed by:

Fy=R(E-F)+(F-F)
K — KsaKbt (1)

" VKsaz +R3Kbtz

International Journal of Fluid Power 9 (2008) No. I pp. 35-43



Optimal Mode Switching for a Hydraulic Actuator Controlled with Four-Valve Independent Metering Configuration

or,

i .
i —> )

W(Kbl

L_1P, LI

Fig.2:  Mathematically equivalent systems: valve control
overview (Tabor, 2005)

where R is the area ratio between the two piston sides

A
R= A_a Tabor (2005) showed that there are infinitely
b

many combinations of K, and Ky, values that would
achieve the same K.q value. A certain K4 corresponds
to a certain actuator speed given a certain load, supply,

and return pressures by Eq. 2:

o KRy K (RR-PR)+(-RP, +R)
Ab Ab

2)

For High Side Regeneration Extension mode the
equation turns out to be:

KRy _Kag\(R-)R+(-RE+R)
4 4

Similar equations can be derived for the other
modes (Tabor, 2004, 2005).

G3)

4 Optimal Mode Switching

This section looks at the problem of switching be-
tween two modes as a problem of optimal switching of
a switched dynamic system. General theory is first
developed for this problem and then the results are
applied to the mode switching problem of the hydraulic
system under investigation in this paper. What compli-
cates this mode switching problem is that not only the
dynamics of the system changes upon mode switching,
but the cost function of the optimal control problem
changes as well.

4.1 Switched Dynamic Systems

A switched dynamic system is such that its dynamic
behavior can be described by a finite number of dynamic
models, in the form of differential equations, and a set of
rules that controls switching between these different
dynamic models. These dynamic models describe dis-
crete system behaviors with different characteristics.

The hydraulic system in this research can be por-
trayed as a switched dynamic system that has different
dynamic behaviors based upon which metering mode it is
operating in. For example, an actuator can start motion in
PE mode then switches to HSRE mode, which has differ-
ent dynamic behavior than PE with different force and
speed capabilities.

The following mathematical expression is often used
to describe switched dynamical systems:
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where x(f)eR", u(f)eR*and {f (x(r),u(r))}  is a group

of continuously differentiable functions parameterized by
o which x(1)eR", u(f)eR" a set A (Egerstedt, et al., 2003).
Time ¢ is between 0 and 7. Many applications in chemical,
automotive, and manufacturing systems can be modeled
by such switched systems representation (Xu and Antsak-
lis, 2004).

Optimal control of these switched dynamical systems,
which requires finding the optimal switching time be-
tween different continuous systems and at the same time
the optimal continuous inputs has been under research
recently (Xu and Antsaklis, 2004, Branicky, M. S., et al.,
1998) because of its importance in several applications.
Control analysis and stability of such systems to achieve
autonomous and intelligent control are under intense
research activities. The reference mentioned here and the
references therein are a good example of recent develop-
ments in the literature.

The work here, however, focuses on a class of
autonomous systems where u(¢) is absent from the prob-
lem formulation because it is predetermined, and the
variable to be controlled optimally is the switching time
(Xu and Antsaklis, 2002).

In Xu and Antsaklis (2002), an optimization problem
is setup in terms of a cost function of the state to be mini-
mized with the control variable being the switching times.
The results are then used for nonlinear programming
algorithms. This reference provides a starting point for
later work. However, a simpler cost function gradient
formula is derived here.

This optimal control problem where the cost function
is the same throughout the time interval under considera-
tion but the dynamics of the system change after a certain
switching time has been considered and a simple solution
has been found (Egerstedt, et al., 2003). In the problem
considered in this research, the cost function itself
changes after switching happens, not just the dynamics of
the system. If the hydraulic system switches from PE to
HSRE, the dynamics of the system change and also the
pressure and flow characteristics change. If the cost func-
tion is a function of pressure and flow, then the cost func-
tion itself changes upon mode switching. This is going to
be explained further in the problem formulation section.

4.1.1 Problem Formulation

Assume that a system behaves according to certain
dynamics x = f;(x,7)and then at time 7 e [0,7] the
system dynamics change tox = f,(x,7). This can be
expressed by the following:

x:{fl(x,t) te[O,r)
fl(x,t) te[r,T]

Now consider a continuously differentiable function
L:0" -0 and the cost functional J where:

&)

J = |L(x(¢)) dt ©6)
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In this problem we consider the control variable to
be the switching time 7. If L(x(t)) is the same through
out the time interval [0,7], the solution to this optimal
problem already exists in the literature (Egerstedt, et
al., 2003). The gradient of J is found to be:

G= 2O A () £ (x(0) )

Where the costate A (Lagrange multiplier-like vari-
able) equation is given by:

A= _6_L_A%
Ox Ox ®)
A(T)=0

In this work, however, the function L(x(?)) is not the
same through out the time interval [0,7]. If L(x(¢))
represents the power consumption which depends on
the flow and supply pressure from the pump, and since
each mode has different flow and supply pressure re-
quirement, L(x(¢)) will change upon mode switching.
The cost function can be expressed as:

J= ]Ll (x(0)) dr+ [, (x(r)) e ©)

Thus, not only the dynamics of the system change when
switching happens, but the cost function changes as well.

4.1.2  Gradient Calculation

In this section the gradient of the cost function J in
Eq. 9 is calculated. Since 7is the control variable in this
problem, consider a perturbation in 7:7 > 7+g6
where € >> 1. This perturbation in 7 results in a change
in the state x =& x + 77 . This is shown in Fig. 3.

X a

X=x+eé&n

v

T. T -I.— €O t
Fig. 3:  Switching and perturbation

The cost function of the 7 perturbed system is:
J(z+0)= j[q(x(0)+1(ﬁ(x(0)—x(q)}h+
0

I [Ll(x+877)+/1(f1(x+877)—3'c—877)]dt+ (10)

T
T

I [Lz (x+en)+A(f (x+£77)—3&—87]'):|dl‘

T+¢0
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J(r+e0)-J (1)

&

T+£0
j {Ll +%77+/1(f1 +%7y—f2—gﬁj—Lz}dt+(ll)

ox

T
o, (o .
%2 o L2y | e
J@[ ax ! (6x77 gﬂﬂd

Using the mean value theorem:

T+&60

;[[zq ~Ly+A(1)(fi-f) e = "

20| 1 (x(7)) = L (x(2))+ A7) (x(2) 2 (+(7)))
In the interval 7:7 — 7+ &6 the terms multiplied

by en are small higher order terms that can be ig-

nored.
Using integration by parts:

Tj,wdt =/1(T)U(T)—/1(o)n(o)—rf/indt (13)

Note that 77(0) =0.

Obtaining the Gateaux derivative by taking the limit
of the expression in Eq. 11 with respect to ¢ and com-
bining with Eq. 12 and 13:

J(r+0)-J
8.J(z,6) = lim He+e0)=I(r)

0 &

[ (x()) = (x(2)+ A(2) (A (x(7)) = £ (x(2))) [+ 09
}(%+ﬂ%+ijndt+ﬂ(T)n(T)

ox X
T

Choosing A (a Lagrange multiplier-like variable
called costate) such that:

2:—%—1% onte[‘r,T]
ox ox (15)
A(T)=0

the gradient is found to be:

& 1y (x(2) - Lo (x(r)+

Ae) (A (x(0)- £ (x(2))

The optimal solution is obtained when the gradient
in Eq. 16 is zero, but in practical applications several
numerical techniques can be used to obtain the optimal
switching time, 7., For example, a simple gradient
descent algorithm can be used as indicated by the fol-
lowing equation.

(16)

aJ
4 dr
The algorithm tries to minimize the difference be-

tween 74, and 7 until that difference is below a certain
threshold.

amn

Tkt =T —
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5 Force-Speed Mode Capability Curve

In this section the force-speed capability curves of
Powered Extension (PE) and High Side Regeneration
Extension (HSRE) modes are presented. A quasi-static
assumption is made here as well, and hydraulic line
losses are neglected in the analysis. The speed that the
actuator can achieve is limited by how much flow the
pump can supply. The force capability that the actuator
can provide depends on the load itself and the maxi-
mum supply pressure that the pump can supply.

5.1 PE Force-Speed Capability

The speed of the actuator can be expressed in terms
of hydraulic force for PE mode by making use of Eq. 2
as follows:

F=P,A4, - R4, (18)
Keqw/RPs_Ai_Pr
g = y u (19)
b

The required power is used to quantify the force
limitation due to supply pressure constraint and veloc-
ity limitation due to pump maximum flow restriction:

Power=P-Q=F-x

P-Opg = Frax - Xpg = (B4, — B A,)Xpg (20)
PA —PA )x
N QPE — ( sAa Pr b)xPE

S
If QOpg is calculated to be more than Oy, then the
speed Xpy, is limited so that Opg = Oax. Using Eq. 20:

xPE — ( QmaxPs

RA,—P.4,) @b

5.2 HSRE Force-Speed Capability

A similar analysis can be done for HSRE mode. The
speed of the actuator can be expressed in terms of the
hydraulic force for HSRE mode using Eq. 3 as follows

(Tabor, 2004):
f F
Keq (R - I)Ps - 7
: (22)

4,

XHSRE =~

The required power is used to quantify the force
limitation due to supply pressure constraint and veloc-
ity limitation due to pump maximum flow restriction:

Power =P-Q=F-x

FsOusre = Frnax “¥pe = Fs(4a — 4p )Xnsre (23)
= Ousre = (4 — 4y ) ¥usre

If Ousre is calculated to be more than Oy, then the

speed )'CHSRE is limited so that Qusrg = Omax. Using Eq.
23:
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: 9
X = 24
HSRE ( _ Ab) ( )
An actual telehandler machine extender cylinder is
used as an example. Assuming maximum valve opening,
a force range from 0 — 100 KN is used to plot the force-
speed curve for PE and HSRE modes as shown in Fig. 4.
The maximum pump flow is 5520 L/h. Figure 4 shows
both mode capability curves superimposed on each other.
The figure shows that PE mode has a higher force capabil-
ity of about 97 KN (in this example) than HSRE, which
can push a maximum load of about 50.3 KN. However,
HSRE has a maximum speed capability of about 0.8 m/s
while PE has a maximum speed capability of 0.4 m/s.

PE and HSRE Mode Force and Velocity Capabilities
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Fig. 4:  PE and HSRE mode force-speed capability curves
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Fig. 5:  Three regions of capability

Coordination between using these two modes and
optimally switching between them is essential to
achieving high machine productivity and efficiency.
This is the topic for the following section.

Figure 5 shows that there are three different regions.
Region 1 is the PE-only region which represents a
region where only PE mode is able to move the load,
while the Region 2 is the HSRE-only region, and fi-
nally the third is an overlap region where both modes
can achieve the motion commanded.
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In regions one and two, it is obvious which mode
has to be used, while in region three it is not obvious
which one is to be used. Applying the optimal switch-
ing theory developed in section 4 to the hydraulic sys-
tem helps to decide which mode is to be used as dis-
cussed next.

6 Application of Optimal Mode Switch-
ing to the Hydraulic System

The result derived in section 4.1.2 Gradient Calcula-
tion is now applied to a hydraulic actuator controlled by
the four-valve independent metering configuration. Fo-
cus is on a system that is assumed to start in Powered
Extension mode for high force capability at the begin-
ning of motion and then switches into High Side Regen-
eration mode to achieve the maximum speed possible.

The cost function is chosen to be the energy con-
sumed by the machine in a fixed time 7. L in this case
is the power consumption:

T T
J=[L(x() di= [P0, a (25)
0 0

where P is the supply pressure and Qs is the supply
flow. Therefore, L; would be the power consumption in
PE mode, while L, would be the power consumption in
HSRE mode. Flow is expressed as follows:

Qs:Qsa_st:Ksa\sz_Pa _KSbVPb_PS (26)

For PE mode, Ky, = 0 and Q5= Qy,, while for HSRE
Ky, is open and there is a flow Q. Supply pressure
required depends on the mode as well. Pressure set
point equation for both PE and HSRE are (Tabor,
2005):

e @27

Peq,min n (RPa _Pb)
R-1 R-1

Where Peqmin 18 the minimum pressure needed to
maintain a certain pressure drop across the poppet
valves for good dynamic response.

For the quasi-static case the gradient in Eq. 16 is re-
duced to the difference between the power consumed
by both modes at the switching point because f; and £,
are equal in the quasi static case:

Fipsre = (28)

dJ

- L (x(7))-L,(x(r)) (29)

dJ

= Z = PS,PEQS,PE - PS,HSREQS,HSRE (30)
The optimal solution is achieved when:

dJ
—=0 31
o (€2))

Equation 30 shows that for the gradient to be zero
the power consumption has to be the same and that is
achieved at the intersection point in Fig. 4 where the
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power consumption is equal in both modes. The opti-
mal switching point is shown in Fig. 6.

= FspeOspe = FspsreDs pisre (32)

Power can also be expressed as force times speed
and thus Eq. 32 is equivalent to the following:

Power pp= Power ygrp

. ) (33)
FopXpg = Fusre Xusre
Where:
Fop = RA, — B 4, (34
K / o
Xpp =—— |RP,.—P. —— 35
PE Ab s r Ab ( )
Fusre = R (Aa _Ab) (36)
Ko F
X =— |(R-1)P. —— 37
HSRE 4, ( ) s 4 37
Substituting in Eq. 28:
K
(R~ S [RR =P =
4, A,
(33)
B4~ 4) = [(R-1)R L
Ay Ay

Assuming that P, = 0, Eq. 38 can be solved for F,
the load at which optimal switching should occur:

3R*-3R+1
F=PA4 —— 39
s“'b IR—1 ( )
Substituting F' from Eq. 39 into Eq. 35 or 37, the
corresponding optimal switching speed is obtained

PE and HSRE Mode Force and Velocity Capabilities
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Fig. 6:  Optimal switching point

Given a certain maximum supply pressure, maxi-
mum flow, cylinder sizes, the force and speed calcu-
lated from the quasi static analysis above will always
be the intersection point shown above in Fig. 6.

For an efficient and proper motion path, this result
implies motion starts in PE mode and should continue
in PE mode until load is within the capability of HSRE
mode, then switching should occur. To illustrate this on
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the mode capability curve, refer to Fig. 6. An example
motion path would be to start at zero speed with high
force in the PE-only possible region, then traversing
horizontally as speed increases with some downward
tendency as load decreases due to lowered inertia ef-
fects. This path continues until the maximum speed
limit of PE mode is reached and the path becomes ver-
tical downward along that boundary. This continues
until the optimal switching point is reached and switch-
ing to HSRE occurs and the motion path can start to go
horizontal again allowing more speed. This is illus-
trated in Fig. 7.

PE and HSRE Mode Force and Velocity Capabilities
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Fig. 7:  Example mode switching scenario

6.1 Results

An experiment is done to quantify the effect of
changing switching time on telehandler productivity and
efficiency. Productivity is measured by how long it takes
to complete the full stroke of the extender and efficiency
is measured by how much energy it consumes. The boom
is put in a horizontal position and the extender is re-
tracted fully before giving it a maximum speed command
and data is recorded throughout the full stroke. Since the
boom of the machine is horizontal, the load is within the
capability of both PE and HSRE modes. In this experi-
ment, controlling mode switching is done by cylinder
position. First the full stroke is done in PE. Then the
stroke is repeated with transition into High Side Regen-
eration Extension mode happening after three quarters of
the stroke is performed in PE, then with transition hap-
pening at half stroke, then at quarter the stroke, and fi-
nally the whole stroke is performed in High Side Regen-
eration Extension mode. Table 1 shows the results. The
results show that comparing full stroke in Powered Ex-
tension mode and full stroke in High Side Regeneration
Extension mode, an energy saving of 30.7 % is achieved
but with a 37.6 % loss in productivity (time to perform
the stroke). The tradeoff is clear from the results in the
table. The theoretical development tried to balance pro-
ductivity and efficiency but if the goal is to achieve
maximum productivity or maximum efficiency, the con-
troller strategy will be different. For example, if the goal
is strictly efficiency then the whole stroke will have to be
entirely performed in PE mode.
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6.2 Multiple Actuator Case

The situation can be different in a multiple actuator
case. Assume that two actuators are being commanded at
the same time. If each actuator is treated separately, the
optimal switching point is the intersection point between
PE and HSRE mode capability curves pertinent to the
specific actuator. However, if this is applied without fur-
ther insight, a waste of energy could occur. Assume that
one actuator has to move a large load and thus demands a
high pressure from the pump. The other actuator may be
moving a smaller load but because the pump is already
supplying a high pressure to the former actuator, it would
save pump flow and thus pump power for the latter actua-
tor to be operating in High Side Regeneration mode
(HSRE) than Powered Extension mode (PE). As a conse-
quence of this insight, the optimal switching point is no
longer that intersection point but the second actuator
should switch to HSRE right away.

To explain this further, suppose that the second actua-
tor is operating in the overlap region in Fig. 5, i.e. the
region where both PE and HSRE can move the load at the
required speed. The results from previous section indicate
that optimally the actuator should operate in PE until the
intersection point or the maximum PE velocity boundary
is reached then switch to HSRE mode. However, since
pressure is up already and operation in HSRE is feasible,
the second actuator should switch to HSRE and continue
motion in HSRE to save flow.

Conclusions

The four-valve independent metering configuration
controlling a hydraulic cylinder is investigated in this
paper. The four-valve configuration can operate in several
two-valve discrete modes because each of the four valves
is controlled separately from the others. Five distinct (or
discrete) metering modes that exist in the literature are
initially studied: Powered Extension, High Side Regen-
eration Extension, Low Side Regeneration Extension,
Powered Retraction, and Low Side Regeneration Retrac-
tion. Each of these modes has different force and speed
capabilities and the operating mode should consequently
be selected based on the load and the commanded speed,
and switching properly between these modes is crucial for
good performance.

Table 1: Variation of energy consumption and stroke
time with switching point

Switching Time to Complete | Enery Con-
Point Stroke (sec) sumed (kJ)
Al Stroke 6.6 46.2
A ppckein 4.1 66.7
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Optimal control of mode switching was the focus of
this paper. Switching between two discrete modes was
studied as a problem of optimal switching of a switched
dynamic system. The general theory was developed and
then the dynamic model of the hydraulic system was
used to apply the theoretical results to the mode switch-
ing problem. An example of switching between PE and
HSRE mode was used for illustration. It was shown
that for an efficient and a proper motion path, motion
should start in PE mode and should continue in PE
mode until load is within the capability of HSRE mode
then switching should occur. The result showed that the
optimal switching point is the intersection point shown
on the mode capability curve. A closed form solution
was derived for the quasi static case.

It is also clear from Fig. 4 that there are limitations
to what the machine can do. For example, if the actua-
tor needs to push a force of 50.3 KN, which is the
maximum possible force using HSRE mode, at a com-
manded speed of 0.7 m/s it cannot. To push such a
load, the actuator would have to operate in PE mode at
a lower speed than what is commanded. Then, as mo-
tion progresses and inertia effects decrease, i.e. load
decreases, switching to HSRE mode may become pos-
sible and achieving the commanded speed becomes
possible as well.

The multiple actuator case discuss in this paper in-
dicates that the theory should not be applied at all
times. The controller will have to discern opportunities
to optimize the performance of the system. Also, the
result presented in the paper assumes equal importance
between efficiency and productivity. That may not
always be the case. In some cases productivity could be
more important than efficiency and vice versa. Again,
the system controller should have the versatility to
change priorities depending on the application.

In addition to mode capability limitations, switching
between PE and HSRE during motion can have an
effect on velocity performance. Switching between
modes involves closing one poppet valve and opening
another. These valves are not infinitely fast and thus an
interruption in the fluid flow path resulting from mode
switching causes a disruption in the velocity of the
actuator.

Other metering modes may exist that increase the
capacity envelopes (force speed limitation) of these
modes and alleviate the velocity disruption problem.
These alternative modes depend on three-valve modu-
lation modes instead of the two-valve discrete modes
presented in this paper. These alternative modes are the
topic for another paper.
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Nomenclature
P, equivalent pressure [Mpa]
P supply pressure [MPa]
P, return pressure [MPa]
P, head chamber workport pressure [MPa]
P, rod chamber workport pressure [MPa]
qa flow through head chamber (a) [m’/sec]
Qb flow through rod chamber (b) [m?/sec]
K valve conductance [m*/sec/
(MP a)oAs]
K.,  equivalent valve conductance [m*/sec/
(MP a)oAs]
R piston area ratio [-]
A,, Ay piston head and rod areas [mm?]
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