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Abstract: The energy-saving electrohydraulic flow matching (EFM) system opens up an opportunity to minimize valve losses
by fully opening the control valves, but the controllability is lost under overrunning load conditions. To address this issue, this
paper proposes a valve-based compensator to improve the controllability of the energy-saving EFM system. The valve-based
compensator consists of a static compensator and a differential dynamic compensator based on load conditions. The energy effi-
ciency, the stability performance, and the damping characteristic are analyzed under different control parameters. A parameter
selection method is used to improve the efficiency, ensure the stability performance, and obtain good dynamic behavior. A test rig
with a 2-t hydraulic excavator is built, and experimental tests are carried out to validate the proposed valve-based compensator.
The experimental results indicate that the controllability of the EFM system is improved, and the characteristic of high energy

efficiency is obtained by the proposed compensator.
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1 Introduction

The hydraulic system is one of the most im-
portant transmission systems in mobile machinery
such as excavators (Lin et al., 2008), vehicles (Ekoru
and Pedro, 2013), and robots (Yang and Pan, 2015).
The valve-controlled hydraulic system has found
widespread application in mobile machinery due to its
satisfying response and dynamic behavior. However,
pressure losses of control valves are still significant so
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that the energy efficiency is extremely low (ranging
from 6% to 40%). For instance, typical digging cycles
of hydraulic excavators show that over 40% of the
hydraulic energy is lost by control valves with no
possibility of recovery (Stelson, 2011). Therefore,
although good controllability can be obtained in
valve-controlled systems, the energy efficiency needs
to be further improved to help cope with energy crisis
and environmental pollution.

In the past few decades, many approaches have
been proposed to improve the energy efficiency by
eliminating or reducing valve losses. One of the en-
ergy efficient alternatives is the displacement con-
trolled system, in which the hydraulic actuators are
controlled directly by variable displacement pumps
(Daher and Ivantysynova, 2015), so valve losses are
completely eliminated. However, it leads to chal-
lenging controller design owing to hard nonlinearities
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and high-order dynamic characteristics (Wang and
Wang, 2014). In addition, the hydraulic actuators can
be driven directly by variable-speed fixed displace-
ment pumps (Minav et al., 2013), but their application
is limited in mobile machinery since hydraulic sys-
tems are often powered by and mechanically coupled
to an internal combustion engine (Heybroek, 2008).
Another approach is to replace traditional control
valves by hydraulic transformers, so the pump pres-
sure could be transformed to the load pressure, and
then the hydraulic power is merely lost (Inderelst et
al., 2010). A transformer design with high efficiency,
high bandwidth, low noise, and acceptable cost has
not yet been achieved (Ketonen et al., 2010). An
alternative method is to use digital hydraulic valves
instead of traditional proportional valves (Laamanen
and Vilenius, 2003). Digital control valves are rapidly
fully opened and closed in working conditions, so
valve losses are eliminated, at least in theory (Lin-
jama, 2011). Based on the digital hydraulic concept,
lots of energy-saving components have been pro-
posed, such as digital pumps/motors (Merrill et al.,
2010), hydraulic switching converters (Kogler and
Scheidl, 2008), and digital hydraulic power man-
agement systems (Heikkild and Linjama, 2013).
However, there are still many challenges that hinder
the mass application of digital hydraulics, e.g., noise
and pressure pulsation (Linjama, 2011).

From the aforementioned reviews, it is seen that
further improvements have to be made before these
promising hydraulic components or circuits are ap-
plied in mobile machinery. Recently, the electrohy-
draulic flow matching (EFM) concept opens up an
opportunity to improve the energy efficiency with just
small modifications to the existing valve-controlled
systems (Mettéld et al., 2007; Axin, 2013; Borghi et
al., 2014). In EFM systems, pump flow rates are di-
rectly controlled by input devices (e.g., joysticks), so
the energy efficient method by fully opening the
control valve was proposed to minimize valve losses
(Finzel and Helduser, 2008; Axin et al., 2014; Xu et
al., 2015b; 2015¢; Du et al., 2016). However, if the
meter-out orifice is maximized, the hydraulic cylinder
makes an overspeed movement in the case of pulling
loads (Finzel and Helduser, 2008). Therefore, this
method of fully opening the valve fails in the over-
running load condition, which is a significant draw-
back for the controllability of mobile machinery.

To improve the energy efficiency and ensure
controllability, in this study, we discuss how to im-
prove the system controllability by managing the
valve opening based on load conditions. A valve
compensation controller is proposed, consisting of
static and dynamic compensators. In this paper, the
system principle and the mathematical model are
introduced first. Then, the proposed controller is de-
scribed, and the efficiency, the stability, and the dy-
namic behavior are analyzed. At last, the test rig and
the experimental results are shown.

2 System modeling

A typical electrohydraulic system for mobile
machinery is shown in Fig. 1. It consists of a prime
mover, an electronically controlled pump, a relief
valve, a primary pressure compensator, a proportional
control valve, and a hydraulic cylinder. The control
valve is composed of two coupled orifices, the meter-
in orifice and the meter-out orifice.
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Fig. 1 Schematic diagram of a typical electrohydraulic
control system for mobile machinery (the variables will be
explained in the text)

According to the EFM concept (Finzel and
Helduser, 2008), both the pump displacement and the
valve opening are controlled simultaneously by the
input device. The pump displacement is calculated
from the required flow rate that only depends on the
valve opening. The pressure drop of the meter-in
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orifice is limited by the pressure compensator, so the
required flow rate of the control valve can be ex-

pressed as
2A
¢ = CyA(x,), /%, (1)

where ¢ is the flow rate across the meter-in orifice, x,
the valve opening, A(x,) the cross-sectional area, Cy
the flow coefficient, and p the oil density. The spe-
cific pressure drop Ap,, can be considered as a con-
stant value if the supplied flow is sufficient. Consid-
ering the pump leakage, the supplied flow can be
described by

q, = f(u,, p,) =nku, —k,p,, 2)

where g, is the supplied flow from the pump, u, the
pump control signal, p, the pump pressure, n, the
rotational speed of the prime mover, &, the pump gain,
and ki, the pump leakage gain. Then the pump control
signal can be calculated as

u, = : )

If the relief valve is closed, the continuous
equation of the pipe chamber between the pump and
the valve can be expressed as

L[4~ 4)

p

p,(s)=

where s is the Laplace operator, f. the effective bulk
modulus, and V, the chamber volume between the
pump and valve. Assuming that the pipe chamber
between the pump and the valve is small enough, it
can be considered that gi-g,. The force balance equa-
tion of the hydraulic rod can be expressed as

(mcs +b, + ﬂjvc ($)=A4p,(s)—4,p,(s)—F.(s), (5)
S

where m, is the load mass, b. the load viscous
damping, k. the load stiffness, v, the cylinder velocity,
A\ the capside area of the cylinder, 4, the rodside area

of the cylinder, p, the capside pressure of the cylinder,
p2 the rodside pressure of the cylinder, and F, the
external load force. The linearization form of the
meter-out orifice equation can be written as

9,(8) = kyx, () + Ky (5), (6)

where ¢, is the flow rate across the meter-out orifice,
kq the flow gain of the meter-out orifice, kq=

C,W,\2py/p, Wy the hydraulic diameter of the

meter-out orifice, pyy the rodside pressure of the cyl-
inder under the linearization operating point, kpq the
flow-pressure gain of the meter-out orifice, k=

CW.x, / \/ PP > and xyo the meter-out orifice opening
under the linearization point. If the cylinder leakage is

neglected, the continuous equation of the capside
chamber and the rodside chamber can be written as

ql(s>=ql<s>=Alvc(s>+%spl<s>, %)

€

0(5) = 4, (5) —%spz (s, ®)

€

where V] is the chamber volume between the cylinder
and the meter-in orifice, and V>, the chamber volume
between the cylinder and the meter-out orifice. The
cylinder velocity can be drawn from Eqgs. (4)—(8) as

=29 9+ 8 9+ 29 F ), o)

O Y 4w ™

where

A(s) = chles3 + (kpq m YV, + chle)s2

+ (ko BOY, + LV, B+ AV L. +kVV,)s  (10)
+k Bk, + 4 B),
B(s)=(Vys+k, B)APB,. (11)
C(s)= A4V, B.k,s, (12)
D(s)=-Vis(Vys + ko) (13)

Therefore, the steady-state velocity of the hy-
draulic cylinder can be written as

A
Ve = —quﬁe —. (14)
Al ﬂe + chI
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In the traditional method (subsequently called
the traditional controller), the valve control signal
directly follows the signal of the input device (e.g.,
joysticks) by the operators, as shown in Fig. 1. An
energy-saving method of fully opening the control
valve has been proposed (subsequently called the
maximum controller), but it fails in the overrunning
load conditions. Thus, a new valve controller is pro-
posed to cope with this issue in the following section.

3 Control strategy and analysis
3.1 Controller design

In the electrohydraulic system shown in Fig. 1,
the oil supplied by the pump is fully charged into the
cylinder as long as the relief valve is closed. Thus, the
steady-state velocity performance remains the same
no matter the dimension of the valve opening, which
can be also seen from Eq. (14). Therefore, the control
valve can be fully opened to reduce its pressure loss
and improve system efficiency. However, as men-
tioned in Section 1, the load velocity could be limited
by the meter-out orifice in overrunning load condi-
tions, leading to deterioration of velocity performance
(Finzel and Helduser, 2008). For instance, if a pulling
load exerting on the rod is too large to be balanced by
the resistance force generated by the rodside pressure,
the rod will unexpectedly make an overspeed
movement. At the same time, the expanding capside
chamber cannot be filled fully by the oil, so the cav-
itation will occur.

In order to solve this problem, an intuitive solu-
tion is to output maximum control signal of the valve
(uy) in resistive conditions (F.>0) and deliver the
input command u; (control signal from the input de-
vice) in overrunning conditions (F.<0). Then the
efficiency improvement and velocity performance
can be ensured in resistive and overrunning condi-
tions, respectively. However, the control signal
switches between u,, and u; if the load force F, fluc-
tuates near zero, leading to oscillations or instabili-
ties. Therefore, a static compensator shown in Fig. 2
is designed and added to adjust the valve opening. A
boundary layer is introduced between the two control
signals u,, and u; in the proposed controller. It is de-
fined that Fi(?) is the driving force to actuate the hy-
draulic rod (Fi(t)=p1,(1)41—p2p(t)42, where p, and pa,

are the capside pressure and the rodside pressure of
the cylinder of the proposed controller, respectively).
Then the static compensator is written as

um_ui’ E>¢3
F

u (F)= j(”m_”i)’ 0<F <4, (15)
0, F, <0,

where ¢ is the static control boundary. Referring to
the principle of dynamic pressure feedback (DeBoer
and Yao, 2001; Cristofori et al., 2012; Zaev et al.,
2013), a dynamic compensator is designed and added
into the valve controller to improve the dynamic
performance. This is expressed as

kg |:plp (D4, - p,, (t)Az:l, 0<F<¢
0, F>gork <0,

Mvd(Fl)={ " (16)

where k4 1s the dynamic gain. It is seen that u,4=0 in
steady-state load conditions. The valve control signal
of the proposed controller can be written as

(17

uvp :ui +uvs(E)+uvd(FI)'

AN

Pump flow mapping

u

.......

pPP
- - Py Py
Static Dynamic
u compensator | | compensator
- ol F f 5, vy
i |
I plpAl_prAZ

Fig. 2 Schematic diagram of the proposed controller

3.2 Comparison of energy efficiency

This section compares the energy efficiencies of
the proposed controller and the traditional controller
under steady-state conditions. To analyze the energy-
saving characteristic of the proposed controller, the
following assumptions are considered reasonable:
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1. Neglecting the pilot oil in the pressure com-
pensator, the oil supplied by the pump all flows into
the cylinder.

2. The control valve is symmetric, which means
that the cross-sectional area of the meter-in orifice is
equal to that of the meter-out orifice.

3. The tank pressure is considered as zero, and
the cylinder leakage is neglected.

Based on the assumptions above, the electrohy-
draulic systems by the traditional controller and the
proposed controller are simplified as shown in Fig. 3.

Therefore, the following equations, Eqgs. (18)—
(21), can be drawn from the mathematical model
described in Section 2.

2Ap,, (P — P1p)
g, = CyA(x,) /Tp:ch(xvp) w_ Pl g)
2 2p
¢, = C,A(x,) /’j =C,A(x,) pz*’, (19)
9, q,
= 20
] (20)
A1p1p_A2p2p =A4p —4,p,, (21)

where x,, and A(x,,) are the valve opening and
cross-sectional area of the proposed controller, re-
spectively, and py, is the pump pressure of the pro-
posed controller. The reduced system pressure con-
sists of the reduced pressure in the capside chamber
and the reduced pressure drop over the meter-in ori-
fice, which is drawn from Eqgs. (18)—(21) as

Ap, =p, =Py =(p
=é(p2

p—py,)+(Ap, — py,toy)

_pr)+(Apm_ppp+plp) (22)

A+ D[ AL (x,) - L (%)
- A13A2 (‘xvp) P

In contrast to the traditional controller, the
energy-saving ratio with the proposed controller can
be written as

Ap, (A4 + D[4 (x,) -4 (x)]Ap,
P, A4 (x,,)p,

(23)

Similarly, the energy-saving ratio when the
cylinder retracts can be expressed as

(A4 + ) A2(x,) - 42(x,) | Ap,,
7 = [ASAf %) ]ap L4
LA™ (x,,) P,

Therefore, the energy-saving ratio depends on
the system pressure and the specified pressure drop
Ap,. In addition, the smaller input command u; results
in higher energy efficiency. The energy-saving ratios
of the proposed system under different driving forces
and static control boundaries are shown in Fig. 4. It is
seen that the energy-saving ratio can be improved by
reducing ¢ if the load force falls within the range of

[0, 4].

(@ (b)

Fig. 3 Simplified systems for the traditional controller (a)
and the proposed controller (b)
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Fig. 4 Energy-saving ratio under different driving forces
and static control boundaries

3.3 Analysis of stability performance

When the driving force F) varies within the range
from O to ¢, the valve is regulated continuously by the
proposed controller. If the spool displacement is
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proportional to the control signal, x,, is drawn from
Egs. (15)—(17) as

X, ()= x5.(5) +%{xm RO AAIEE,

0<F <g,

where x; is the valve opening under the input com-
mand, x,, the maximum valve opening, and k, the
displacement gain of the spool. From Egs. (9)—(13)
and (25), the velocity of the hydraulic cylinder can be
written as

_ $B(s)q,(5) + $C(5)x,(s)
Vep (S) - 3 2
N5+ N,s“+Nis+ N,
L [#D(s) + C(s)(x = %) + Cls)p ok, 5] Fi ()
N,s’ + N,s* + Nys + N, ’
(26)
where
N; =gmV\V, (dekVﬂJ (27)
N, = B Vg {1 oAl 75) x‘)}
Pq ¢k
Pq (28)
o, (1 bk APk, j
"
N, =¢p. (A22V1+A12V2 )
+ BbY S, {1 - %} 29)
+ ¢kCI/II/2 [1 _ kvdkvAZﬂekq j’
N, = P, 4 Bl
(30)

¢kpq

According to the Routh-Hurwitz criteria, the
stability condition of Eq. (26) can be given by

N, >0, i=1,2,3,4,
N1N2 _N0N3 >
N1

0. €2))

If the control parameters ¢ and k4 are selected so
that the following expression

_ kqAQ(xvm - xi) > 1 _ kvdAQﬂequv

a=1

>0 (32)

is satisfied (where 0<a<l), given that N>0 and
N\N, = NyN; 2 f.mV gk o

l: 2 2 [ k. k, A Bk ]:|
x| BBV, + AV, + gk VY, | 1 - ————=

£
—¢chle{

< gk, 42 B2 + Bk Vidk @)
=amk, AV S > 0.

c™pq

1 _ kvdkvAZﬂekq J

2

(33)

Therefore, the stability condition of the proposed
controller can be simplified as

4o ko Ay (X — X)) _ 2p,04, (x,, —xi), (34)
(1-a)k,, (1-a)x

vp0

where x,p is the valve opening by the proposed con-
troller under the operating point. The system param-
eters pro, Xvpo, Xi, and A4, are all measureable, so the
task is shifted to selecting a proper a to determine ¢.
From the discussion in Section 2, the static boundary
¢ needs to be as small as possible to improve the
energy efficiency, so a should be nearly zero to obtain
the smallest ¢. Moreover, Eq. (34) is established ac-
cording to the linearization model under a specified
operating point, so the load condition of the mobile
machinery is also involved in determining ¢ in actual
application. If the external load of mobile machinery
(e.g., excavators) varies violently, a relatively large o
should be selected to reduce potential system oscilla-
tions. For the machinery with milder load variations
(e.g., forklifts), o should be smaller to improve the
energy efficiency. The dynamic gain kg can be de-
duced from Eq. (32) as

(1_(2)[/2 <k

A=W, o oV
A2ﬂequv

<— 35
vd A2ﬂequv ( )
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The volume ¥, varies under different positions
of the hydraulic piston, so displacement sensors must
be used for measuring V,. However, displacement
sensors of hydraulic cylinders are not commonly used
in construction machinery due to high cost and low
reliability (Garimella and Yao, 2002). It is satisfied
that V,0<Vo<V>ot+l.A>, where V,y is the minimum
value of ¥, under different positions of the hydraulic
rod, and /. the stroke of the hydraulic cylinder. The
dynamic gain kyq is selected based on the following
Eq. (36) to ensure the universality of the proposed
controller.

k=7 Vs =y Vs ,2Ap20 ,
AZﬂequV AzﬂeCdekV /0 (36)

()W + Al
Vg

1,

where y is the dynamic coefficient. The nominal flow
of the meter-out orifice is written as

2A
Qnom = CvdI/devum pnom s
\ »

where Appom and QOnom are the nominal pressure drop
and flow rate across the meter-out orifice under the
maximum valve signal, respectively. Therefore,
Eq. (36) can be rewritten as

(37

V20um

/ P
kv = 7 >
‘ AZﬂeQnom Apnom

(A=) + 4l
2

(38)
L.

The determination of y is highly related to the
dynamic performance of the hydraulic system, which
is discussed in the following section.

3.4 Analysis of static and dynamic behavior

In this section, the steady-state velocity, the
damping performance, and the natural frequency are
analyzed to compare with the controllability of the
proposed controller and the maximum controller.
Based on Eq. (26), the steady-state velocity by the
proposed controller is expressed as

A
2%#7 E >¢orF <0,
Al ﬂe +ch1
vcp-st = (39)
qpﬂeAl
— e 0<F <4,
Al ﬂe +akcl/l

The cylinder velocity is larger when Fi€[0, ¢],
which is equivalent to that under another stiffness
k/=ak.. Actually, the load stiffness k. itself is time-
variant and much smaller than 474,/V; in most ap-

plications. Therefore, it is considered that the system
with the proposed controller is controllable by the
operators. To analyze the dynamic behavior, the
transfer function from the supplied flow to the veloc-
ity by the maximum controller is expressed as

vi(s) _ s+ ko BIAP,
q,(s) A(s) '

(40)

The transfer function from the supplied flow to
the velocity by the proposed controller can be ex-
pressed as

v, (s) _ (Vys + k, B AP,
q,(s) N,s*+N,s* +N;s+ N,

(41)

The dynamic compensator u,q(F1) is introduced
to improve the dynamic behavior. Using Egs. (40)
and (41) and the parameters in Table 1, the effects of
the dynamic compensator are illustrated in Figs. 5 and
6. The pole locations under different dynamic gains are
calculated and shown in Fig. 5. It is found that if k,4—=0
(the dynamic compensator is not active), the system
damping ¢, ({n=cos6, and @ is the angle of the hori-
zontal axis and connecting line between the origin and
pole) by the proposed controller is smaller than that of
the traditional controller. As the dynamic gain Ay
increases, the system damping increases gradually so
that the dynamic behavior is improved. Selecting k4=
1.3x107° V-s/N, the Bode diagrams with the proposed
controller and the maximum controller are illustrated
in Fig. 6. It is found that the bandwidth frequency of
the system with the maximum controller is 9.2 Hz,
and the bandwidth frequency with the proposed con-
troller is 13.5 Hz. Thus, the bandwidth frequency is
improved by 4.3 Hz by the proposed controller.
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Table 1 Parameters for pole determination (Liu, 2011;
Wang and Wang, 2014)

Parameter Value
Effective bulk modulus, g, (MPa) 7.0x10?
Maximum valve opening, x,;, (m) 6.0x107
Valve opening under the input com- 3.3x10°°
mand, x; (m)
Flow gain of the meter-out orifice, kq 0.1
(m’/s)
Flow-pressure gain of the meter-out 1.4x107'°
orifice, kyq (m*/(s-Pa))
Load mass, m, (kg) 5.0x10°
Load viscous damping, b, (N-s/m) 5.0x10*
Load stiffness, k. (N/m) 1.0x10*
Acting area of the capside chamber, 3.85x107°
A (mz)
Volume of the capside chamber, V) 1.5x107°
(m’)
Acting area of the rodside chamber, 2.59x10°°
A (m?)
Volume of the rodside chamber, V, 1.5x107°
(m’)
80 T T T T
o0 kvd:1.1—>1.3(><1.0’5"V-S/N)
F ool
L T
'é 207 X Proposed controller i
2 04 O Maximum controller
£
820 7
E
-40 - (@) x
XK 3 X X -
-60 - o e /
kvd = 0
-80 T T T T T
32 28 24 -10 5 0
Real axis

Fig. 5 Pole locations of the system with the proposed
controller and the maximum controller

Therefore, the damping performance and the
bandwidth frequency are both improved by intro-
ducing the dynamic compensator. From the denomi-
nator of the transfer function, Eq. (26), it is seen that if
the system parameters are all known or measurable,
the parameters y and kyq can be selected accordingly
so that the optimized damping {},,=0.707 (Kim et
al., 2012) is obtained. Unfortunately, the system pa-
rameters m., b, and k. are all time-variant and diffi-
cult to measure in most mobile machinery. Consid-
ering the time-varying load conditions and system

uncertainties, an experiment-based method is adopted
as an alternative to determine y. Based on Eq. (38),
experimental tests with different values of y are car-
ried out under typical load conditions first, and then
the dynamic behavior of the hydraulic cylinder is
evaluated and compared. In this way, the dynamic
coefficient y is determined so that satisfying damping
and response performance can be obtained under
typical load conditions.

2 @

-3dB

Proposed
controller

Magnitude (dB)
=R

/

Maximum
controller

‘
= =
T

Proposed
controller

Maximum
controller

10! 1 10 1¢
Frequency (Hz)

Fig. 6 Bode diagrams of the system with the proposed
controller and the maximum controller

4 Experimental study
4.1 Testrig

A test rig with a 2-t hydraulic excavator was
used to validate the proposed controller experimen-
tally. The excavator was equipped with an electroni-
cally controlled pump from Bosch Rexroth, Germany
and a proportional multi-way valve from Danfoss,
Denmark. The system parameters are listed in Ta-
ble 2. The arm cylinder with a broad load variation
range was selected as the control object. The photo-
graph of the test rig is shown in Fig. 7. The spool of
the control valve locates at the central position, the
negative maximum position, and the positive maxi-
mum position under the control signal of 6 V, 3 V,
and 9 V, respectively. Pressure transducers and ve-
locity sensors were used to provide feedback and
monitor the system state, respectively. A flow meter
was mounted into the hydraulic circuit to identify the
flow mapping of the pump and the valve. A PCI 6229
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data acquisition card from National Instrument, USA
was used to collect the sensor signals and deliver the
control signals. Low pass filters were used to filter the
interference noise. The control algorithms were car-
ried out on the MATLAB xPC Target real-time sys-
tem with a sampling time of 0.5 ms. The static flow
mappings of the valve and the pump were identified
experimentally, and the detailed results can be found
in authors’ previous study (Xu et al., 2015a; 2016).

Table 2 Main parameters of the test rig

Parameter Value
Maximum displacement of the pump (ml/r) 45.6
Rotational speed of the motor (r/min) 1000
Preset pressure of the relief valve (MPa) 13
Diameter of the arm cylinder (m) 0.07
Rod diameter of the arm cylinder (m) 0.04
Stroke of the arm cylinder (m) 0.376

Fig. 7 Test rig with the 2-t hydraulic excavator

4.2 Experimental results

First, tests with different values of a and y were
conducted based on Egs. (34) and (38) under typical
working conditions, and then the optimized values of
a and y in the proposed controller were determined as
0.8 and 0.65, respectively. Then, tests of the arm
cylinder were carried out with the three controllers:
the traditional controller, the proposed controller, and
the maximum controller (the valve is fully opened).
The initial positions of the arm cylinder were the
same in the tests. Constant input commands were
generated from the control system, and then the con-

trol signals were delivered to the valve by the three
controllers.

The comparison among the valve signals is
shown in Fig. 8a. The 7.5 V and 9 V signals are de-
livered by the traditional controller and the maximum
controller from 10 s, respectively. The cylinder ex-
tends until it reaches the end stop. From the load force
depicted in Fig. 8b, it is seen that the cylinder is ex-
erted by an overrunning load first and then a resistive
load. The control signal from the proposed controller
is continuously adjusted, which is maintained at 7.5 V
first and then gradually increases to 9 V. The com-
parison of the load velocity is shown in Fig. 9. At the
beginning, the load velocity depends on the overrun-
ning load force and the opening of the meter-out ori-
fice, which is not related to the supplied flow of the
pump. The cylinder with the maximum controller
runs in an overspeed extending mode under the
overrunning load condition, so the load velocity is
significantly different from that of the traditional
controller unless the cylinder is exerted by a resistive
load. While the valve opening is adaptively regulated
by the proposed controller according to the load force,
the load velocity is matched with that of the tradi-
tional controller under the overall load conditions.
Additionally, it can be seen that no instability occurs
by the proposed controller.
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------- Proposed controller
—o— Maximum controller

|

Valve control signal (V
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5 1 1 1 1 1 1 ]
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Time (s
(b) (s)
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=3
> 20
O
o
[ 0 A
s v
a
-20 1 1 1 1 1 )
9 11 13 15 17 19 21
Time (s)

Fig. 8 Comparison of the valve control signals and the
load force under the constant input commands

As shown in Fig. 10, the system pressure of the
maximum controller is reduced in comparison to that
of the traditional controller under the overall motion
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process. The system pressure of the proposed con-
troller is reduced after almost 17 s when the load force
is above zero. Note that the system pressure of the
proposed controller is lower than that of the maxi-
mum controller at the same moment (e.g., the pres-
sure at 18 s), although the control signals are both at
the maximum values. The reason for this is that the
arm cylinder locates at different positions at the same
moment, which leads to different external loads and
pump pressures.

0.16 o q ;
verspeed movemen

. — by the maximum controller
2012}
=
3 0.08} Traditional controller
% e R N Proposed controller
g —o— Maximum controller
=
< 0.04
O

0.00

9 12 15 18 21
Time (s)

Fig. 9 Load velocity comparison under the constant input
commands

14 Traditional controller

"""" Proposed controller
—o— Maximum controller

System pressure (MPa)

Fig. 10 System pressure comparison under the constant
input commands

To evaluate the energy characteristic of the hy-
draulic system, the energy consumption and the ef-
fective efficiency are defined as follows (Troxel and
Yao, 2011):

E = L: p, (), (H)dt = L: nop, (O, (t)de,  (42)

Ltl Ve Q) [pl (t)Al - P (t)A2 ] dr
=" @)

.[01 np, (1), (t)dt

In contrast to the traditional controller, the effi-
ciency improvement 7; of the proposed controller can
be expressed as

=My Nt (44)
where 7., denotes the energy efficiency of the pro-
posed controller or the maximum controller, and #;
the energy efficiency of the traditional controller. In
the traditional controller, the valve control signal
directly follows the signal of the input device (e.g.,
joysticks) by the operators. In this way, the operator is
able to obtain the best controllability of the mobile
machinery. Therefore, the velocity of the traditional
controller is considered as the desired velocity. The
root-mean-square (RMS) error is used to evaluate the
velocity performance of the proposed controller and
the maximum controller, which is expressed as

j [v(6) v, ()] d
I — 0

v b

L=

(45)

where v(?) is the velocity of the proposed controller or
the maximum controller. The energy efficiencies and
the velocity errors are shown in Table 3. It can be seen
from Table 3 that the maximum controller achieves
better efficiency performance, but its velocity error is
larger than that of the proposed controller.

Table 3 Performance comparison of the three controllers
under the constant input commands

Controller E.(J) e (%) ni (%) I, (m/s)
Traditional 5152 39.50 -
Proposed 4742 46.30 6.80 0.0040
Maximum 4610 52.60 13.10 0.0156

Then, tests under switched input commands
were carried out. The control signals and the driving
forces of the proposed controller are shown in Fig. 11.
The arm cylinder retracts first and then extends. The
input device delivers the 4.5 V signal to the valve in
10-17 s. Then the control signal linearly increases to
7.7V in 17-17.5 s, and finally it maintains at 7.7 V in
17.5-22.5 s. It is found that the valve signal generated
by the proposed controller is adaptively regulated
based on the driving force shown in Fig. 11b.
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The comparison among the load velocities is
shown in Fig. 12. The load velocity of the traditional
controller is consistent with that of the proposed
controller. The hydraulic cylinder with the maximum
controller makes an overspeed movement (see the
velocity after 18 s in Fig. 12) when it is exerted by an
overrunning load. The system pressure characteristics
are shown in Fig. 13. The system pressure of the
proposed controller is reduced in the cylinder re-
tracting process and it is almost the same with the
traditional controller in the cylinder extending pro-
cess. The energy performance and the velocity errors
are listed in Table 4. Similarly, it is seen that although
the proposed controller obtains a smaller efficiency
improvement than the maximum controller, its ve-
locity is more consistent with that of the traditional
controller.
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Fig. 11 Comparison of the valve control signals (a) and the
driving force (b) under the switched input commands
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Fig. 12 Load velocity comparison under the switched
input commands
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Fig. 13 System pressure comparison under the switched
input commands

Table 4 Performance comparison of the three controllers
under the switched input commands

Controller E.() e (%) ni (%) I, (m/s)
Traditional 10580 22.0 - -
Proposed 8724 252 32 0.0063
Maximum 7892 29.1 7.1 0.0145

The results above indicate that the energy effi-
ciency can be improved by the proposed controller or
the maximum controller. More importantly, the ve-
locity performance of the proposed controller basi-
cally coincides with that of the traditional controller.
Only depending on the load force in overrunning load
conditions, the cylinder velocity cannot be regulated
in an expected manner by the maximum controller,
although higher energy efficiency can be achieved.

5 Conclusions

In this paper, an electronic valve control method
is proposed to improve the controllability of the
energy-saving electrohydraulic system for mobile
machinery. Combined with the electrohydraulic flow
matching concept, a compensation controller is pro-
posed to reduce the pressure drop over the control
valve, consisting of a static compensator and a dif-
ferential dynamic compensator. At the same time, the
velocity performance of the proposed controller can
be ensured under the overall working conditions.
Tests on a test rig with a hydraulic excavator were
carried out. The results indicated that the energy ef-
ficiencies under constant and switched input com-
mands were reduced respectively by 6.8% and 3.2%
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with the proposed controller, while the velocity con-
trol performance was consistent with that of the tra-
ditional controller.

Future work will be focused on testing the ef-
fectiveness of the proposed controller in actual dig-
ging cycles. In addition, new controllers in multi-
actuator systems will be developed to further improve
the energy efficiency and ensure the dynamic control
performance.
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