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Abstract— A control strategy of two stage twin spool ser-
vovalves in the load-sensing mobile applications is presented.
The twin spool valve differs from the conventional valve in that
it provides the ability to control flow into and out of valves
independently. In this paper, the nonlinear valve model and
a control scheme for a two stage twin spool servo-valve are
developed featuring energy saving. The multiple sliding surface
mode control method is then utilized to accomplish the motion
control while regulating back pressure. The simulation verifies
that the proposed control scheme for the twin spool valve, can
offer the more significant energy-saving even with load-sensing
pump application than the traditional proportional valves.

I. INTRODUCTION

The fluid power industry is conventionally classified into
industrial and mobile hydraulics. In industrial hydraulics,
the power supply can be set to be sufficient to satisfy the
system requirement regarding both flow and pressure [1].
However, when it comes to mobile hydraulics, it becomes
challenging. The demanding requirements, like the chang-
ing environment, limited space, and higher power/weight
ratio, necessitate the reliability and adaptiveness of the
hydraulic components and system. In particular, considering
the fact that the primary power source is a single diesel
engine on each machine, energy efficiency of the hydraulic
system becomes a very important issue. Higher energy
efficiency is preferred to avoid the excess of limited diesel
power. Moreover, the better temperature balance can be
achieved since less power losses implies less heat. Then
the smaller oil cooler can be used in the system, and the
overall cost of the machine can be lowered down.

In current mobile applications, load-sensing pumps are
considered among the most promising solutions for energy-
saving. Compared with constant displacement pumps and
even variable displacement pumps with constant pressure
compensation, the load-sensing pumps can provide us with
the tremendous energy-saving. The detailed comparison of
energy consumption for the above three types of pumps can
be found in some recent investigations [1] [2]. For a load-
sensing pump used in a single-acting hydraulic actuator,
the minimum wasted energy can be the multiplication of the
marginal pressure P, by the supply flow rate Q5 [2]. In this
paper, we address the energy-saving issue in double-acting
hydraulic actuators with a two-stage twin-spool servovalve.

Energy-saving feature of load-sensing system is directly
associated with the mobile proportional valve. For a typical
proportional valve, a single main spool is stoked via direct-
acting solenoids or hydraulic pilot-operation. When the
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Fig. 1. Cutaway of a two stage twin spool valve (courtesy of Eaton
Corporation).

spool moves, the meter-in and meter-out orifice areas can
change simultaneously to control the flow rate into and out
of the chambers of a hydraulic cylinder. Since the longer
single spool causes the stringent manufacturing tolerances
and the complicated assembly precess, an alternative de-
sign, a two stage twin spool flow control servovalve [3]
[4] , has been provided. Two separate main spools that
independently meter flow into and out of the valve, reduce
the cost for manufacturing and assembly, and enhance the
reliability of the system, thus being very suitable for mobile
hydraulics. The twin spools move identically via hydraulic
pilot operation as they were virtually connected. For such a
design, however, it is reasonable to ask: Why the twin spools
should be virtually connected, or move independently? Is it
possible to gain the extra benefit of energy-saving if the
twin spools are controlled independently?

In this paper, we present the concept of controlling a two
stage twin spool servovalve. The difference that separates
our work from the previous research [3] [4] is that we
modify the pilot stage in such a way that the twin spool
displacements can be controlled independently. A cutaway
view of the two stage twin spool valve is illustrated in Fig.
1. In addition, we propose to achieve the multiple control
objectives, both the flow control and the pressure control,
based on multiple sliding surface control law. The controller
can offer the benefit of energy-saving compared with the
traditional proportional valve.

The rest of the paper is organized as follows. In section
II, the mathematic model of such a two stage twin spool
valve is developed. Section III presents the sliding mode
controller to regulate the back pressure and control the
motion of a hydraulic actuator. In Section IV, simulation
results based on a backhoe loader are discussed. The energy-
saving feature of such a valve is addressed in Section V.
The concluding remarks are given in Section VI
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II. VALVE DYNAMICS

A schematic of the two stage twin spool flow control
valve is shown in Fig. 2. The pilot stage consists of two
independent four-land four-way spool valves. Each spool
is actuated by a voice coil linear motor to control the
pressures in the end chambers of the boost stage. The main
stage consists of two independent two-land three-way spool
valves. These spools are spring centered, and actuated via
pressure at the end chambers. For simplicity, the following
section only contains the dynamics of the left half part of
the system in Fig. 2. The similar dynamics of the right half
part is not included. Later, it is shown that the dynamics of
two spools are coupled through the double acting actuator.

A. Voice coil motor dynamics

For the left side spool in the pilot stage, a voice coil
actuator (which is not shown in Fig. 2) is used to stroke
the spool. In general, a voice coil actuator can be modeled
in a similar way to a DC motor. It produces a force that is
proportional to the current driven through the actuator

Fper = Kyety (1)

where K, is the force constant with units of N/A, iy is
the current though the actuator. If we apply the voltage
u1 across the coil, the dynamics of the electric circuit is
governed by

d . . .

L%h + Riy + Kye1 = w1 2
where L, R are the inductance and the resistance of the
voice coil actuator, x; is the spool displacement, and K,
is related to the back electromotive.

B. Pilot stage spool dynamics

We assume that the transient flow forces applied on the
pilot spool are negligibly small. From Newton’s Second
Law, we have the spool dynamics as follows

d
Mﬁxl = F’ucl + Ffp + Kvp-'tl (3)

in which M is the pilot spool mass, F.; is the force
produced by the voice coil motor in Eq. (1), and F, is
the flow induced force [5], and K, is the viscous damping
coefficient.

C. Main stage dynamics
Similarly, the main stage spool dynamics can be obtained

d . .
Mmaxvl = —Ksxv1 — Kyto1 + (P11 — Pi2)A+ Fyy (4)

where M, is the spool mass in the second stage, x, is the
displacement of the spool, K is the spring coefficient that
is determined by the type of the spring, K, is the viscous
damping coefficient that is obtained from [5], A is the cap
area of the spool contacting the end chambers, P;1, P are
the chamber pressures, and F',, is the flow induced forces.

Fig. 2. Diagram of two stage twin spool valve. The pressures P1, P> and
the displacements x,1, z,2 are measured via sensors.

D. Chamber pressure dynamics

The chamber pressure dynamics are determined by com-
pressibility of the fluid in the chambers between the pilot
stage and the main stage.

d g .

&Pn = % (Qn - Al"q;l) @)
d e L

@Plz = %(A%l - Q12) (6)

in which Py, Pjo are the pressures in the upper and lower
chamber, respectively, Q11,12 are the flow rate into the
upper chamber and out of the lower chamber, [, is the bulk
modulus of hydraulic fluid, V1, V15 are the volumes in the
upper and lower chambers.

III. MOTION AND PRESSURE CONTROLLER DESIGN

A. Controller configuration

The diagram of a typical hydraulic control system uti-
lizing a twin spool valve is shown in Fig. 3, in which the
controllers are configured in a cascade manner. In other
words, we have an inner-loop controller C(s) and a outer-
loop controller D. Based on the valve models, an inner-
loop controller C(s) is designed so that the twin spool
displacements x,1, .2 track the command x,14, T,24. Note
that the valve dynamics are linearized at an equilibrium
point. The linear models can be verified via the comparison
of the step responses from the voice coil motor voltages
u1,us to the main stage spool displacements .1, x,2 for
the nonlinear and linear models as suggested in [4]. Using
the linear control theory, a linear controller C(s) can be so
chosen that the transient response is as fast as possible. The
details of the design can be referred to [5] [6].

The outer-loop controller D design is presented as fol-
lows.
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Fig. 3. Block diagram of the twin spool valve hydraulic control system.

B. Outer-loop controller D

In Fig. 3, we assume the inner-loop dynamics are very
fast so that we can neglect them while designing D. The
controller is designed with two objectives: position tracking
and energy saving.

We will consider a single-rod double-acting hydraulic
actuator with unidirectional external load, as shown in Fig.
4. If we neglect the internal & external leakages and the
internal dynamics of valve, the dynamics of the hydraulic
actuator can be modeled as

1 1
.’,’i’p == E(PlAl - PQAQ) + ﬁpF‘l
> ﬁe .
SR AT R
S Be _
P = Vy(z) (A2iy — Q2) N

where x,, M, is the displacement and the mass of the
rod, Ay, Ao, as illustrated in Fig. 4, are the cross area
of the two chambers, P;, P, are the pressures inside the
two chambers of the cylinder, which are identical to the
pressures between two lands of the main spool in Fig. 2
respectively, Vi(z,), Va(zp) are the chamber volumes of
the actuator, and the flow rates into the chamber 1 and out
of the chamber 2 are defined to be

_} CaWzn/2(Ps — P1)/p, z01 > 0;

Ql(l'vlaplaps){ CdW-Tvl\/2(P1*Pt)/P7 Zp1 < 0.
)

_ ) CaWaya/2(Pa — P)/p, @2 >0;

Q2($v27p2aps> - { CdWCCUQ\/Q(PS—Pz)/p, Ty < 0.
)

As shown in the hydraulic circuit in Fig. 4, the load
force Fj applied on the piston is unidirectional (leftward).
This assumption is valid in some mobile applications. For
instance, as the hydraulic actuator is used to provide the
booming motion of a backhoe, the unidirectional force on
the piston is produced by the heavy weight of the boom,
the dipper, the bucket, and the variable loads.

The back pressure is then defined to be one in the
chamber opposite to the external load direction (Fs). If
Zp > 0, the work port connection is P, — P and P, — T,
then there will be more energy wasted for nothing if the
back pressure P is large. If &, < 0, we have two possible
choices of work port connection: (1) P, — P and P, — P;
2)P; — P and P, — T. Choice (1) is also called flow
regeneration connection, where the flow is directly fed from

P ——
Control and sensing

)
=

,,,,,,

Load sensing pump

$

Fig. 4. Motion control of single-rod hydraulic actuator using two stage
twin spool servovalve. The unidirectional load is assumed in this scenario.
The load sensing port of the valve Lg, which is not illustrated in Fig. 2,
connects with the pressure compensation port of the load sensing port, so
that the load sensing pump provides the system with the desired pressure.

P, to P», and the pump is used to provide the flow into
the chamber P» due to the differential area of the piston.
There may be cavitation issue associated with Choice (1).
For Choice (2), note that the external load injects the energy
into the hydraulic system, which eventually dissipated in the
passage P; —T'. Likewise, lowering P> would help to reduce
the energy loss at P; —T'. In addition, we only need lower
supply pressure Ps, otherwise there will be larger pressure
drop across P and P,. More detailed discussion can be
found in Sec V. In short, regulating the back pressure P»
help reduce the energy loss.

1) Back pressure regulation control:

As aforementioned, the objective is to regulate the pres-
sure P, to a low desired value Py by controlling )2, or x,s.
From Eq. (7), we can set Q2 = Q24 as a linear controller
plus a feedforward term, where the desired flow rate is

Va

Q2q = Aoty + 3

for Ao > 0, so that the dynamics of P, is given to be
Py, = —Xo(Py— Py), i.e., P> converges to Py exponentially.
From Eq. (8), we can define the desired spool displacement
Ty2q as a function of Qaog

Ao (P2 — Py) (10)

C?fv%/ ﬁ7 Q2d Z 07
Ty24(Q2d, Ps, P2) = O 5
CaW\/ 2(P,—Ps)° Q2d <0
(11)

Therefore, the control input is us = C(s)(Ty2q — Tv2),
where C(s) is the internal controller for the valve.

2) Piston position tracking:

To determine the required control effort, a multiple slid-
ing surface control law [7] is designed to achieve tracking of
the desired position trajectory. First we define the pressure
force sliding manifold as follows:

s1(Fp) =€, + A1e, =0 12)
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where the position error e, = x, — x4, the velocity error
€p = Tp — Tpd, A1 > 0 is the desired pole, and the pressure
force

Fp(Pl,Pg) = P1A1 — PQAQ (13)

On this manifold, the motion is governed by é,+A1e, = 0,
i.e., it can be guaranteed that e, — 0 exponentially. Taking
the derivative of Eq. (12) gives

51(Fp) = #p — &pa + M (p — Tpa)

1 . . .
M(Pu‘h — PyAs +F)) — Zpa + M (dp — Tpa)
P —/_/

FP
(14
Obviously, we apply the pressure force Fj, = F},4, in which
the desired pressure force is
Fpq = Mp[i‘pd - Al(i‘p - fpd)] —F- sgn(s1) 15)

where [} is a constant representing the upper bound of
unknown load force. Then we have

$1 = (—F-sgn(s1) + F)/M, (16)

where Fj is chosen to be sufficiently large so that Je > 0,
the inequality F} > |F)(t)| + eM,, holds.

With V = %5% as a Lyapunov function candidate, Eq.
(16) yields

V = 5151 < —€lsq| (17)

It is clear that the trajectory reaches the manifold s; = 0 in
finite time [8], if we choose P, P; so that F,(P, Py) =
Fpq.

Unfortunately, the actual control is [Q1,Q2]", or
[#1, Zy2]T. The pressure dynamics are governed by Eq. (7),
so P;, P, cannot be controlled directly. However, if P;, P>
can be controlled in such a way, using Q1,Q2, so that
F, — Fpq = 0, then s, (F},) would converge to 0. A second
sliding manifold, s2(Q1, Q=) is introduced as follows

52(QI7Q2) =F, — Fpa

It is clear that the controls can be determined by taking
derivative of Eq. (18) once. In order to avoid the problem
due to the discontinuous function sgn(-) in Eq. (15),
an uniformly bounded C* function 5gn(s;) is used to
approximate sgn(si)

(18)

_ 2
sgn(sy) = ;arctan(asl) (19)

where o € RT is sufficiently large so that the error
sgn(s1) — sgn(sy) is very small. Therefore, we have

de ~ Mp[Zpa — M (&p — Epa)] — Fl@(sl)

= Mp[.jpd - /\1(51&17 - jpd)] - F-

Differentiating Eq. (18) then yields

52(Q1,Q2) = A1P1 — APy — Epy

_Alﬁe AQﬁe
=Ty 9t

A2 A2 .
|24 220 8.4, — F
QQ |:V1 + V2:| 6 Tp pd
(21

Recall that from Eq. (10), we should set Q2 = Q24 for
the sake of back pressure regulation. Therefore, the actual
single control is Q. If we set Q1 = (14, in which the
desired flow rate ()14 is given by

1 { _ A2/Be
Vo

A2 A2 .
711 + 722:| Beip + de - ASSZ}

(22)
where A3 > 0, then it is guaranteed that the second
sliding manifold, s2(Q1) converges exponentially to zero.
Accordingly, we can also guarantee that s; — 0, or z, —
Lpd-

Finally, we can define the desired spool displacement

Ty14 as a function of Qg
Qida / P .
CaW\/ 2(P,—P1)° Qld > 07

Q
cavy/zmmyy @ua <0

(23)
Similarly, the control input is u; = C(8)(Xy14 — Tp1)-

QQd-&-{

Ivld(Qld; Rea Pl) =

IV. SIMULATION

The complete simulation model is built at Mat-
lab/Simulink (Mathworks, US). The hydraulic actuator is
set according to the data sheet of the boom actuator in
JCB Backhoe Loader (JCB, US). That is, the piston mass
is M, = 34Kg, the ram areas are A; = 8 x 1073m?
and A; = 11.3 x 1073m?2, the effective length of the
actuator is 1.86m. The controller is so designed that A\ =
100, A2 = 1000, A3 = 1000 in Egs. (10), (12), (22). The
desired back pressure P, is chosen to be 2 x 10°P,. In
Fig. 4, the load force F; should vary according to the
motion of the cylinder, but remain negative to represent
unidirectional load. A time-varying Fj(t) is chosen to be
Fi(t) = —5000 + 200sin(107t) N. The upper bound F is
chosen to be 8000N so that F} > |F}|.

For the load sensing pump in Fig. 4, a simple model is
proposed in [6]

Ps,ref

P,(s) =
+(5) sT, +1

(24)

in where T}, is the time constant of the pump. As afore-
mentioned in section III,

Py = { P

P, 2+ P, my
where P,, is the marginal pressure. For the sake of the pump
stability, P,, should be at least 1M P, [9]. In simulation,
we set P, = 1.725M P, (250Pst).

The desired piston motion is set to be triangular wave-
form, as can be seen in Fig. 5. The multiple sliding
surface controller in Section III gives a satisfactory tracking
performance. In addition, the pressure signals can be seen in

ip >0

i <0 (25)
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Piston Displacement (m)

Fig. 5. Simulation results: the desired piston displacement and the actual
one using the controller presented in Section III.

x 10° x 10°

a o N
T T T
1

El

Pressure (P.) Twin spool Valve
W >

Fig. 6. Simulation results of the pressure signals. Left: the twin spool
valve; right: the traditional valve.

Fig. 6. The back pressure P converges to P exponentially.
The motion and pressure control has been accomplished
successfully.

Next, we want to compare the performance of the two
stage twin spool valve with that of a traditional valve. For
simplicity, we choose a pilot-operated traditional valve with
the exactly identical parameters to the twin spool valve.
Such a two stage traditional valve can be seen in [4]. It is
worth mentioning that the two displacements z,; and 2
are enforced to be identical. The similar trajectory tracking
is achieved as well. The pressures are plotted in Fig. 6.

Now we can compare the transient power of the load
sensing pump for both valves. Fig. 7 shows the transient
power profile of the load sensing pump calculated by
P, (t)Qs(t), in which the supply flow rate is determined

via Qul
. 1
@={ o

From Fig. 7, we notice the tremendous energy saving for
the twin spool valve compared to the traditional valve.

ip >0
ip <0

V. ENERGY-SAVING DISCUSSION

In this section, we will address the issue that how the
energy can be saved as the load sensing pump is utilized.
For simplicity, we just conduct the quasi-steady analysis on
the energy efficiency, in which we assume the supply flow
rate () is constant. Without loss of generality, define the
area ratio of the cylinder in Fig. 4 as v := A1/As < 1. In
the following section, we will formulate the pressure signals
P, Py, P, with respect to the marginal pressure P, and the
external load Fj.

Transient Power (W)
>
T

.1 o5 °.2 .3 o558 °.a cas o.5

025
Time (s)

Fig. 7. Simulation results of the transient power of the load sensing pump
for the traditional valve (dashed line) and the twin spool valve (solid line).

A. Traditional valve

1) &, > 0: Egs. (8) (9) and z,1 = x,2 > 0 can be
combined to give the following relation:

Py =P +7°P, (26)

From Eq. (7), as well as Z,, = 0 due to the quasi-steady
assumption, we have

PiA; — PyAs + F, =0 Q7

Egs. (24) (25) give

since P; > Ps.

Then from Eqgs. (26) (27) (28), we have the pressures of
the traditional valve Ps g, Pi g, P> r with respect to P,
and Fj:

1++4° 1-F
S
R 3 v Ay
1
P2,R = *QPm
Y
1 1-F;
Ppr=—P,+——" (29
1,R 73 ~ AQ

2) &, < 0: Likewise, Egs. (8) (9) and x,1 = Ty2 < 0
can be combined to give the following relation:

1
P,= P+ P, (30)
Y
Then Egs. (30) (27) (28) give
P — P41 7’ —F
S»R_73+1_72 B +1—92 Ay
3 2
2 -1 -F
Pr= —
PR 42 +’Y3+1—72 A,
2 2
—F
Py g Y Y LG

= P ot
v34+1—~2 m+73+1—72 Ay
B. Twin spool valve

We denote its
Psw,Prw, Paw.

corresponding  pressures to be
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1) @, > 0: Note that the back pressure regulation
P, w = Py. From Egs. (27) (28), the pressures can be
expressed as a function of Fy, P, Fj:

1 1 —F
PS,W 7P0+*7I+Pm
Y v Az
Pyw =D 32)
1 1 —F
Piw=—-Py+-——2"
Y v Ao

2) @, < 0: Itis easy to get that regardless of the piston
moving direction (), Pi w, P» w are identical to Eq. (32).
However, Eq. (25) yields a different supply pressure

Psw =Fy+ Py, (33)

C. Energy saving

For the traditional valve, the required pump work is
PrQg; while for the twin spool valve, the pump needs to
provides Py Q. From Egs. (29) (31) (32) (33), the power
the twin spool valve saves AW := (Pr — Py )@, is given
by

AW (%Pm - %PO)Qsa pr >0

= 2 2
(= P+ 5 2y = P)Qs, i <0
(34)

Clearly, AW is positive if P, > Py and F; < 0.

In general, the energy supplied by the pump mainly
interacts with the external mechanical power. Meanwhile,
the energy is dissipated in meter-in and meter-out orifices.
In Fig. 8, the diagram of the energy distribution is plotted
for both &,, < 0 and &, > 0. Area (1) represents the energy
loss in the meter-in orifice. Area (4) represents the energy
loss in the meter-out orifice. For instance for &, < 0, the
flow meters out of the P, chamber into the tank. The power
loss is P1Q1, or P1yQs. For 4, > 0, the power loss in the
meter-out orifice is P>(@Qs, or PQ%QS. Area (3), identical to
area (4), is a function of @, for the sake of comparison.

Recall the unidirectional load F; < 0. For z, < 0,
Fyx, > 0. In other words, the external load injects energy
(2) into the hydraulic systems. Those energy, as well as
those from the pump, are consumed in the orifices. We have
P,Qs+(2)—(1)—(3) = 0. For &, > 0, the pump provides
both the useful work outwardly and the wasted energy in
the orifices. We have P,Q, — (1) — (2) — (3) = 0.

Since the identical marginal pressures P, are used, the
wasted works due to meter-in orifice (1) are identical.
Therefore, the energy-saving feature showed in Eq. (34)
is contributed by the reduction of the loss in the meter-out
orifice via back pressure regulation.

Using the quasi-steady method and the parameters in
Section IV, we can estimate the power consumption for
the traditional valve and the twin spool valve. The ratio of
the power Ps v /Ps g is approximately 66.3% and 36.3%,
for &, < 0 and &, > O respectively. The estimates have
a perfect agreement with the dynamic simulation results in
Section IV (see Fig. 7, t € [0,0.25]s corresponds to the

i, <0 &, >0
P
Saved Power
P, P
Saved Power 4) (1)
Py "
Ry
) P
7 By
(1) P, 2 (3) @)
) o 7u @) L
Faw Py = :
B 2 Lo
re. o Q o £ q
4
Fig. 8. Quasi-steady analysis of energy consumption of the load sensing

pump for &, < 0 (left) and &, > O (right). Area (1) represents the energy
loss in the meter-in orifice; Area (2) is associated with the work of the
external load; Area (4) (enclosed by dashed-line) stands for the energy loss
in the meter-out orifice; For the sake of comparison, area (4) is represented
to be area (3).

case where &, < 0, and ¢ € [0.25,0.5]s corresponds to that
where z,, > 0).

VI. CONCLUSION

In this paper, a control scheme is developed for a two
stage twin spool valve with energy-saving feature in mobile
hydraulics. It is found that it can save the extra energy
even with load-sensing pumps. A scenario with a load-
sensing pump where the valve is used to control the double-
acting hydraulic actuator in the presence of large unidi-
rectional (gravitational) load forces, is taken into account.
The multiple surface sliding mode controller is designed to
regulate the pressure and achieve the motion control. The
simulation study verifies that significant energy-saving has
been achieved by regulating the back pressure.
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