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ABSTRACT With the increasing application of automated hydraulic excavators, the demand for high-level
control performance and significant energy saving schemes becomes stronger. The traditional hydraulic
excavators with single-pump power source have amounts of coupling loss on throttling valves due to
multi-actuator effect. Moreover, their operability is usually influenced by the load varying in a large range.
This paper proposes a multi-pump system with on-off valve matrix to eliminate the coupling loss by
dividing the system into several single-pump single-actuator subsystems. A pump/valve coordinate control
strategy with multiple working modes is developed to adapt the load variation. First, mathematical modeling
including mechanical part and hydraulic part is carried out based on dynamic analysis. Second, a three-
level coordinated control scheme is proposed: 1) The motion tracking level utilizes backstepping control
technique with load observation to obtain the desired hydraulic force; 2) The working mode switching level
configures the pump and valve control mode to maximize energy saving according to load condition; 3) The
force control level utilizes control technique to guarantee the stability and dynamic performance. Finally,
comparative experimental results are presented to show the good control performance and significant energy
saving achieved by the proposed multi-pump multi-actuator system as well as the control strategy.

INDEX TERMS Energy saving, multi-pump multi-actuator system, pump/valve coordinate control, mode

switch, load observation.

I. INTRODUCTION

Energy crisis and environmental pollution become more and
more serious challenges that we have to face. Hydraulic
systems transmit a large amount energy with remarkable
low efficiency. Therefore, the energy saving technology of
hydraulic systems have drawn great research interests in
recent years [1], [2].

The energy saving for hydraulic systems with trajectory
tracking control has two typical methods. The first approach
is to control the displacements of pumps to adapt load require-
ment. The hydro-mechanical load sensing (HMLS) system is
widely used by controlling the pump displacement to make
the pump pressure to match the highest load actuator [3].
However, this system is prone to slow response, low damping
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and oscillation. In addition, the HMLS system needs com-
pensation valves to control the flow for different actuators
so that there still exists throttling loss. The electronic load
sensing (ELS) system can be used to improve the control
performance, but it is no help for energy saving [4]. The
electric flow matching (EFM) system controls the pump dis-
placement according to required flow rates so as to increase
responding speed and avoid oscillation tendency [5], [6].
It also can reduce pressure threshold in comparison with
LS system. However, the flow mismatch between the pumps
and the valves may lead to pressure impact and power loss.
Direct pump control is to control the movement of actua-
tors without valves, but its dynamic response is generally
slower than throttling control, for the valves have inher-
ent small inertia [7], [8]. The second approach is to con-
trol the proportional valves to meet the load demand. The
meter-in and meter-out (MIMO) system [9], which decouples
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the traditional proportional directional valves (PDV), can
increase control freedoms to realize pressure control and
motion control at the same time. A programmable valve
struct using pump/valve coordinate control is proposed and
increases a parallel energy accumulator to tune flow [10].
This system synthesizes the control performance of valves
and the high efficiency of pumps.

The above methods can achieve good energy saving for the
single-actuator system, but not for the multi-actuator system
because the traditional single-pump power source needs to
match the highest load of multiple actuators. For other actua-
tors with lower loads, it is inefficient because the proportional
valves create an amount of throttling loss to match the corre-
sponding load. The multi-pump system with matrix circuit is
proposed to solve the above hydraulic coupling problem [11].
The grouped hydraulic pressure concept is presented in multi-
pump system [12]. However, they focus on the energy saving
but little on the tracking performance. In our previous paper,
a multi-pump multi-actuator system is designed to decouple
the multiple actuators [13]. The multi-actuator system can be
divided into several single-pump single-actuator subsystems
to eliminate the coupling throttling loss.

Automated hydraulic excavators are a typical application
object of the multi-pump multi-actuator hydraulic system.
The wide load variation of the automated hydraulic excava-
tors in operation is another research challenge. The load can
be divided into resistive load and overrunning load based on
the directions of the load and the actuator motion. For the
excavators, the overrunning load is common as the resistive
load. Unlike the resistive load, only the pump control cannot
work at overrunning load condition. The valve control should
be used to balance the overrunning load. A pump/valve coor-
dinate control is proposed to realize speed control and low
pressure of pump at the overrunning load [14], [15]. However,
it has not taken the load switch into consideration. Types
of working conditions are analyzed and different working
modes are designed to reduce energy loss [16]. The load
is calculated by the measured pressure of the actuator and
the mode switch based on calculated load will lead to tran-
sient process. The mode should be avoided switching fre-
quently [17]-[20]. Besides, there are many control strategies
are adopted to realize high-level trajectory tracking, such as
slide control [21]-[24], adaptive control [25], ARC [10], [26],
NN control [27], [28], learning-based optimal control [29],
fuzzy control [30]-[32] and decentralized event-triggered
control [33].

In this paper, we proposed a three-level control strategy for
a multi-pump multi-actuator electro-hydraulic system. The
contributions of this paper are reinterpreted in the revised
introduction and given as follows.

1) In order to eliminate the coupling throttling loss, a multi-
pump multi-actuator hydraulic system is proposed which can
decouple the multiple-actuator effect.

2) A three-level pump/valve coordinate control strategy is
proposed to adapt the load variation over a wide range in
operation. The motion tracking level utilizes backstepping
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FIGURE 1. Schematic of proposed hydraulic system applied to an
excavator.

control technique with load observation to obtain the desired
hydraulic force. The working mode level switching level
configures the pump and valve control mode to maximize
energy saving according to load condition. The force control
level is to guarantee the stability and dynamic performance.

The rest of this paper is organized as follows. Section II
presents the model of the system. Section III presents the
design of the controller. Section IV presents the cases study
on the multi-pump multi-actuator experimental platform, and
Section V draws the conclusion.

Il. SYSTEM MODELING

A. SYSTEM SCHEME

The traditional single-pump multi-actuator system has an
amount of coupling throttling loss because the pump pressure
should adapt the actuator with the highest load. In order
to reduce the coupling throttling loss, the concept of a
multi-pump multi-actuator hydraulic system with on-off
valve matrix is developed.

Figure.1 shows the simplified schematic of the proposed
hydraulic system applied to an excavator. It mainly consists of
multiple pumps, multiple actuators, mechanical arm, propor-
tional valves and on-off valve matrix. The on-off valve matrix
contains n x n pilot cartridge valves where » is the number
of the actuators. When only the on-off valves on the diagonal
line are open, the multi-actuator system can be divided into
several single-pump single-actuator subsystems. It can cancel
the coupling throttling loss and reduce the control complexity.
This paper focuses on the motion control and energy saving
of the decoupled system.

B. MECHANICAL ARM MODELING
The mechanical arm of excavator can be simplified to a three-
degree-freedom linkage mechanism. The dynamic equation
of mechanical arm is given as follow

M) =1 —c(60,6) — g6) — JL O)Fyp (1)

where M(0) € R3*3 is the mass matrix, § € N3,0 €
M3,6 e N3 are the joint angle vector, angle velocity vector
and angular acceleration vector, T € 9? is the driving torque
vector, c(6, é) € M3 is the sum of the coriolis force and
centripetal force vector, g(6) € 93 is the gravity force vector,
J, € %33 is the jacobian matrix, Fy, € R3 is the lumped
external load. The mass matrix M (6) and gravity force vector
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FIGURE 2. Schematic of an excavator with concerned coordinates.

g(0) can be calculated in closed form based on the model
parameters.

As shown in Figure 2, the driving mappings for boom and
arm can be expressed as

a? +b? — (ci + 1)?

; = acos(— 2

éi ( i, ) @)

where ¢; is the angle of triangle corresponding to hydraulic
cylinder of joint i, i = 1 and i=2 stand for boom and

arm respectively, a;, b; are constant edges length of driving
triangle, c; is the edges length of hydraulic cylinder when the
cylinder extension /; is zero.

The partial derivate of cylinder extension to triangle angle
can be taken as

8[,’ a,‘b,' sin(q>,~)

di cit+li
where h; stands for the moment arm of the hydraulic force
where i is equal to 1 or 2.

The driving mapping between of pressure and driving
torque can be calculated as

hi 3

wi=1,i=1

7 = wiF, h;,
i il'q,ili wi=—1,i=2
Fgi=F;i—Bjvi—Ff;
Fi = pi1Ai1 — pipAin 4)

where w; stands for the symbol from force mapping to torque,
F, i is the driving force to the mechanical arm, F; is the
hydraulic force, B; is the friction coefficient, Fy; is the
coulomb friction force, p; 1, p; 2 are the pressure of head side
chamber and rod side chamber respectively, A; 1, A; 2 are the
corresponding areas of actuator of joint i.

The joint angle just differs a constant with triangle angle
can be given as

0i = ¢i + ¢o,i )

where ¢ ; is the constant value that is calculated according
to the geometrical relationship.
The derivate of both side of equation (5) can be taken as

0 = i = Jp.il;
I =7, 16 = gi(6) (6)
where gi(0) is defined to simplify expression of jacobian

matrix Jp ;.
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The driving structure of buck increases a crank-rocker
linkage with an extra angle mapping similarly. It is omitted
due to page limit.

C. HYDRAULIC SYSTEM MODELING
The pressures of both chambers of cylinder can be given as

Di1 = ‘fel Qi1 — liAin)

. Be .

Di2 = (Qi2 + LiAi2) @)
Vio

where B, is the effective bulk modulus, V; 1, V;, are the
chambers volumes of cylinder i respectively, Q; 1, Q; > are the
flow into the chambers respectively.

The volumes are changing with the cylinder extension,
which can be described as

Vit = Vi +Ai1l;

Vii = Vigo — Aiali (®)
where V; 10, Vi2o are the initial volumes of two chambers
when cylinder extension is zero.

The flow mapping of pumps and proportional valves is very
important that affects the control performance greatly. The

pump flow mapping from the voltage input of amplified board
to the output flow can be expressed as

kpup + bp — Cp(ps — p1)s
if (> q T »(Ds — Pr)

kg
0, other

Op = ) ©))

where Q) is output flow of pump, k, is the gain and b, is the
offset, C, is the leakage coefficient, ps is pump pressure, p;
is the tank pressure, u, is voltage input of pump amplified
board.

The valve flow mapping from the voltage input of
amplified board to the flow is strong nonlinear with differ-
ential pressure. A 3-layer neural network mapping structure
is adapted as follow

Oy = fi(uy, Ap) (10)

where Q, is the flow through the proportional valve, u,, is the
control input of valve amplified board, Ap is the differential
pressure of the valve.

Let us define the following state variables

[xlax25x3’x4ax5] = [970‘7P17P27PS]

Py = [pl,l,...,pn,l]T )
Py =[pi2. -.,pn,z]T e W
Py=[pis-opns] €X' (D)

where n is 3 for excavator mechanical arm. And the
above dynamic equations can be rewritten in the following
state-space form

)'Cl = X2
i =M~z —c0,6) — g0) — I Fyp)
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FIGURE 3. Control block diagram for the proposed hydraulic system.

i3 = Vi B(Q1 — A1g(x2))
i = Vi Be(Q2 + Arg(x2))

QO1i, uyi>0
is = V' Be(Qp — 00, 0i = Qain ;<0 (12)
0, u; = 0

where V| = diag{V1.1, ..., Va1}, Vo =diag{V1.2, ..., Vn2}

Vs = diag{Vis, ., Vns), A1 = diag{A11, ., An 1},
Ay = diag{Ai 2, ., An 2}

g=1lg,2.817 Uy =[un1, . unn]
Up = [Qp,lv ces QP,H]T

0,=10,..., Q,,]T and n is 3. Then pump control and valve
control can be used to track the desired motion trajectory or
pressure trajectory.

IIl. CONTROL STRATEGY
To sum up, the dynamics of the hydraulic system can be
linearly parameterized as

)'Cl = X2

Xy =17 —ajc(xn, x2) —og(x) — o

X3 = 301 — a48(x2)

X4 = a50) + a6g(x2)

X5 = a7(Qp — Qu) 13)

where ) = M~y = M~V Fyp a3 = V' B,

ay = VflﬂeAl, as = V{lﬁe, ag = VflﬁeAz, a7 =
V1B,

Figure.3 presents the control block diagram of the
proposed energy-saving hydraulic system. The controller is
composed of three levels. The upper level is motion tracking
level to attain the desired hydraulic force based on the load
observation. The middle level is working mode level to deter-
mine working mode for pumps and proportional valves based
on desired hydraulic force. The lower level is force control
level to govern the actuators tracking performance.

A. MOTION TRACKING LEVEL

The mechanical arm can be considered as the load of the
hydraulic actuators. The load consists of gravity load, digging
force of bucket, friction and so on. Because the model of
mechanical is known, the load including gravity load can be
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calculated by the measure states. The unknown time-varied
load can be estimated by load observation. The lumped load
can be divided into two parts as

U=11+712

71 = c(xy, x2) + g(x1) (14

where 171 is the calculated load by model and states, 7;; is the
unknown load.
The structure of load observation can be designed as

X =T — a1t — @1t — k(o — x2)
T = —kp( — x2) (15)

where x; is the estimated velocity, 7jp is the estimated
unknown load. The load observation makes use of the model
information and the velocity states besides the pressure. The
lumped load is the sum of the calculated load and the observed
load.

The desired driving torque can be calculated depending
on the lumped load as feedforward compensate to realize
motion tracking. The tracking error and derivate of error can
be defined as follows

1 =X—Xq
U=X—Xg=2
=0t —1)—X (16)

where z; is the tracking error and 25 is the velocity error.
Then the desired torque can be designed as follows
Td = Tda + Tds

Tia = T +X4.,i/01
ras = (k121 — knzs — ki3 / adnj@ (17)

where 7y, is the feedforward control based on the observed
lumped load and desired angular acceleration, 74 is feedback
control that consist state feedback and integral control to
reduce tracking error, ks, ks2, k53 are the feedback gains.

Based on the equation (4), it is easy to attain the desired
hydraulic force

Fd = Fda + Fds
Fgo = (W/’l)_l‘l.'da + By + Ff
Fas = (wh) ™'y (18)

where Fy, is the feedforward control and Fy, is feedback
control.
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TABLE 1. Working mode switching.

. Pump Valve
F, -1
la “ ¢ Mode Mode Mode
[F,20&0,#0 any motion max PM
e<I,F,<0&l, =0 any pressure motion ™
[ F,<e&i, %0 any open- motion VM
loop
open- .
0 any (—0,0) U (,+x) Joop motion R
0 any [-6.6] 0 0 S

B. WORKING MODE LEVEL
Based on the desired hydraulic force and desired velocity,
the working mode can be determined as TABEL 1.

Mode PM: the direct pump control is used when the load
is resistive for energy saving. The pump controls the motion
of the actuator and the proportional valve opens maximumly
to reduce the throttling loss.

Mode VM: the proportional valve control is used when the
load is overrunning because the direct pump control cannot
work to balance the load. The pump is controlled in open loop
to make relief valve keep a little overflow. The enough high
pressure can avoid the inlet chamber of actuator sucking air
at the cost of extra energy consumption.

The mode PM and mode VM have different balanced
states and control inputs. When the system switches quickly
from mode VM to mode PM, the pump displacement can-
not decrease at once but the proportional valve can open to
maximum at once, which leads to speed overshoot. In order
to guarantee the tracking precision, a transition mode TM is
designed in switching from mode VM to mode PM.

Mode TM: the proportional valve controls the motion and
the pump decreases the output pressure to adapt the load
when the load varies from overrunning type to resistive type.
The high dynamics of the valve can guarantee the tracking
performance of the actuator when the load type changes.
The key point is the design of the desired pump pressure
for considering the dynamic of pump. It is reasonable to
set the goal pressure as low as possible when near zero
load. However, because of the big difference of the goal and
current pump pressure, the desired pump pressure should be
generated by a pressure planner to guarantee smoothness and
satisfy the strict condition. The displacement of the pump will
decrease to match the actuator and the proportional valve will
open maximumly to reduce the throttling loss. The pressure

planner can be design as
o)

min. / P00, (N
131
P_, = v;‘m@ — Q)

S.t. |Qs| < Qs,max (19)
P () =Py

where Qg is the desired demand flow of actuator, Qs,max is
the maximum displacement change rate of pump, Py is preset
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goal pressure at time #2, P, is the desired pump pressure and
Q; is the desired flow of pump. Once the proportional is open
maximumly or the time reaches #,, the mode TM is finished
and switching into PM mode.

Mode R is designed to realize precision location at the end
point. Mode S is the stop mode nearest end point to avoid
mode switching frequently of measure noise.

C. FORCE CONTROL LEVEL
Depending on the working mode and the desired hydraulic
force, the force control level can be designed. The force error
and derivate of force can be taken as follows
n=F—Fy
h=F—Fy
= (A\P| — AxPy) — Fy
= Aj(301 — a48(x2))
—Az (502 + 68(x2)) — Fu (20)
where z3 is the error of the actual hydraulic force and the
desired hydraulic force.

When then actuators are working on mode PM, the valves
are open maximumly depending the motion direction

UV — { Uvma)u

_UvmaXa

la >0 1)
ld <0

The pump pressure can be seen the same as the inlet chamber
pressure of actuator when the valve open maximumly

. >0
Pl R (22)
x4, lg <O
The desired flow of pumps can be as designed as follows
Qp = Qpa + st
0, = |Asea) +AT @ +8H) " Fa, Uy > 0
M| FAsna) — AT @5 + e T Fa Uy < 0
—kuAT @+ Y, Uy >0
Ops = —1a—1 | ~A—1y—1 (23)
—ks4A2 (Ot3 + a5 )Y '3, U,>0

where Q) is the desired flow, Qp, is feedforward control term
consisting of two parts that one part is to stable the pressure
with motion of the hydraulic cylinder and another part is to
adapt the pressure to balance the load or making the hydraulic
system to accelerate or deceleration. Q) is the feedback
control term and kg4 is the feedback gain. Finally, the control
input of pumps can be solved from the equation (9).

When the actuators are working on mode VM, the pump
flow is a little bigger than the desired demand of actuator
to make relief valve overflow. The equation (20) can be
rewritten as

3 = 0y — Ajauag(x2) — Asaeg(x2) — Fy
0, = Alajv(uw APy) — AZOleV(UV» AP;) (24)

where Q, = Ajaafy(uy, AP1) — Arasf,(uy,, AP3) is the com-
bined equivalent flow of both sides.
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FIGURE 4. Experimental platform of multi-pump multi-actuator hydraulic system with on/off valve matrix.

Then desired flow of valves can be design as follows

Qv = Qva + st
Ova = A1048(x2a) + A2dag(x2a) + Fy
Ovs = —kys23 (25)

where Q,, is the feedforward control term in which the first
two items is the most important based on desired velocity.
Qys is the feedback control term and ks is the feedback gain.
Finally, the control input of valves can be solved from the
equation (10).

When the actuators are working on mode TM, the valve
control is the same as mode VM. The pump control is adapted
to tracking the desired pump pressure. The tracking pressure
error z, can be defied as

Zp =Py — P, (26)
The derivate of both side of equation (26) can be taken as
= a1Qp — Q) — P, @7
The desired flow of pump can be as designed as follows
Op = Opa+ Ops
Opa = Qu +a'P,
Ope = (~iszy ~ ki [ s (28)

where ks, kg are the feedback gains. Finally, the control
input of pumps can be solved from the equation (9).

D. STABILITY ANALYSIS

The stability analysis of the proposed control strategy is by
Lyapunov stability analysis. Firstly, we defined a positive
scalar function as

1 2 1 2 1 2
V= Eklel + 522 + EZ:}, (29)

The proof of stability for different modes is similar and the
switching process is quick so that proof for mode PM is used
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to illustrate. The derivate of above positive function can be
taken as follows

V = kaz121 + 22220 + 2323

1
= ks12122 + 22(a1(Whz3 — 7 ks
1

1 1
kot — ke f 2di) + &)
(03} o
PO
a, +uo R
+oa(2—L (—@1whzy — kuz3) + &)
o3 toy

IA

—(f—lkszz% - %
oy oy oy

where &1, & are uncertainties and disturbances respectively,
Cmax 1S the lumped uncertainties and disturbances which is
bounded. Reducing &, &3, &7 appropriately will improve the
stability performance by ensuring V negative. The system is
stable and the tracking errors are bounded by choice suitable
control parameters.

IV. EXPERIMENT RESULTS

A. EXPERIMENT PLATFORM

The control system architecture of the multi-pump multi-
actuator experimental platform is shown as Figure 4. The
hardware consists of the proportional valves (REXROTH
4WRPHI10), the on/off valve matrix, the variable displace-
ment pumps (REXROTH A4VSO71 and A10VSO 45) and
20t excavator with mechanical arm. The key model parame-
ters are marked in Figure 2 and Figure 5. The values of model
parameters are shown in Table 2 which are obtained from

ksaz3 + Cmax (30)
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FIGURE 5. Simple structure of an excavate with key parameters.

practical 3D model. The sensors consist of pressure sensors
and displacement sensors whose accuracies are £1%FS and
£0.1% FS respectively. This work employs Matlab/Simulink
as programming software to release controller. The controller
hardware is DSpacel104 which supports Matlab/Simulink.
The DSpace 1004 receives all the sensor signals and sends
control signal to the amplifier boards. To verify the system
performance, three cases of motion tracking experiments are
implemented.

B. PRELIMINARY CONTROL PERFORMANCE

In general, PID controller has been widely used as a
well-known control method. To show the advantages of the
proposed algorithm, we added comparison experiments of
arm under resistive load between the proposed algorithm and
the PID controller.

B11: Proportional-integral-differential (PID) controller is
used to tracking the desired trajectory. The PID gains are
tunned as k, = 0.02, k; = 0, k; = 0.01.

B12: The proposed controller of this paper is used to
tracking the desired trajectory. The state feedback gains are
given as ks1 = —20, ko = —100, kg = kg5 = kg = —10.
The integral gains are given as k1 = kg7 = —2.

The desired trajectories are shown in Figure 6 and the
tracking performance comparisons are shown in Figure 7.
The results show that the proposed controller (B12) can
achieve better tracking performance than PID controller
(B11).

C. CONTROL PERFORMANCE AND EFFICIENCY
EVALUATION

1) CASE 1

The multi-pump system can decouple the system into
several single-pump single-actuator subsystem to reduce the

179162

TABLE 2. Parameters of experimental platform.

Component  Parameter Symbol Value
Boom Equivalent length L, (mm) 5610
Length between gravity
center and rotation L, (mm) 2905
center
Angle of gravity center 7, (rad) 0.224
Rotational inertia J (kg- m?) 5426
Mass m, (kg) 1996
Area of head side 2
A
chamber L (m?) 0.0213
Area of rod side 4, (m?) 0.0106
chamber
Arm Equivalent length L,(mm) 2975

Length between gravity
center and rotation
center

L,(mm) 1030

Angle of gravity center 7, (rad) 0.182

Rotational inertia J,(kg- m’) 1012

Mass m, (kg) 872
Area of head side 5
chamber 4,,(m”) 0.0133

Area of rod side

A4,,(m*
chamber b ()

0.0067

coupling throttling loss. The motion tracking of both boom
and arm under resistive load is designed to verify the tracking
performance and energy saving.

C11: the traditional single pump system is used. The
highest load actuator is controlled by pump with the propor-
tional valve opening maximumly. The lower load actuator is
controlled by proportional valve.

C12: the proposed multi-pump system is used. The
multiple actuators can be decoupled and are working on mode
PM under resistive load.

The desired trajectories are shown in Figure 8 and the
tracking performance comparisons are shown in Figure 9.
The proposed multi-pump system in C12 achieves the
same level of tracking precision as the single-pump system
in C11.

The cylinders working pressures are shown in Figure 10.
For the boom whose load higher, the proportional valve is
opening maximumly to conserve energy and outlet pressure
is at low levels and the inlet pressure is determined by the
load. For the arm whose load lower, the valve opens small
making the both pressure of inlet and outlet are higher in
C11 than C12.
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FIGURE 8. Desired trajectories of boom and arm in case 1.

The energy consumption is calculated by

n
m:/mem (31)
i=1

where P,,, is the energy consumption, p; ¢ and g; s are the
pressure and flow of pump i. g; s is the mapping with control
input of pump and pressure based on equation (9). p; s can be
obtained by pressure sensors.

The energy consumption comparisons of experiments are
shown in Figure 11. It is apparent that C12 consumes far
less energy compared to C11 and detailed results show about
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26% less. The energy saving effort of the multi-pump sys-
tem comes from the significant reduction of the coupling
throttling loss.

2) CASE 2

The proposed control strategy can realize energy saving and
high-level tracking under load variating over a wide range.
The motion tracking of arm under different type load is
designed to verify the effects.
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C21: only the proportional valve control method under
mode VM. This method can overcome the different type load
because the valve control has the ability to balance load. The
relief valve of pump keeps open to demand the load.

C22: the proposed pump/valve coordinate control without
mode TM. The control inputs are jumping when mode switch
instantaneously.

C23: the proposed pump/valve coordinate control with the
mode TM to realize smooth transition.

The desired trajectory is shown in Figure 12 and the track-
ing performance comparisons are shown in Figure 13. The
control inputs of pump and valve are shown in Figure 14.
The proposed method in C23 achieves the same level tracking
precision as the only valve control method in C21. The control
method in C22 attains the worse tracking performance due
to the control input jumping when mode switch directly.
By using the mode TM as the transition between the mode
VM and mode PM, the control inputs have enough time
to changes smoothly so that the tracking error shooting is
avoidable. Based on the load observation and backstepping
control, the judge of the mode is more accurate and can avoid
the pressure noise affecting the mode switch frequently.

The cylinders working pressures and pump pressure are
shown in Figure 15. Because the C21 only uses mode VM,
the both pressures of cylinder are higher than C22 and
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C23 when they are in mode PM. The pump pressures in
C22 and C23 are lower than C21 in mode PM indicating a
lot of throttling loss reduced. The C23 has mode TM before
into mode PM so that the pressure can be controlled by pump
to changing smoothly.

The energy consumption comparisons of experiments are
shown in Figure 16. It is apparent that C22 and C23 consume
far less energy compared to C21. The detailed results show
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about 50% and 60% less respectively. The energy saving
is significant by using the pump/valve coordinate control

strategy with multiple working modes.

3) CASE 3

The motion tracking of both boom and arm under different
type load is designed to verify the tracking performance and
energy saving. The desired trajectory is shown in Figure 17
and the tracking performance are shown in Figure 18.
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The cylinders working pressures and pump pressure are
shown in Figure 19. The proposed control strategy and multi-
pump system can attain good tracking performance and
energy saving for multiple actuators especially.

V. CONCLUSION

In this paper, a multi-pump multi-actuator hydraulic system
is proposed that can decouple the multiple actuators into sev-
eral single-pump single-actuator subsystems to eliminate the
coupling throttling loss. Based on the mathematical modeling
including mechanical part and hydraulic part, a three-level
pump/valve coordinate control strategy is proposed to adapt
the load variation over a wide range in operation. The com-
parative experiments are implemented and the results show
that the proposed hydraulic system and control strategy can
achieve good control performance and significant energy
saving. In the future, the switching strategy of the on/off
valve matrix and the dynamic performance optimization of
the actuators in switching will be further studied.
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