Cheng et al.
Chinese Journal of Mechanical Engineering
https://doi.org/10.1186/510033-023-00861-1

(2023) 36:29

Chinese Journal of Mechanical Engineering

A Multi-mode Electronic Load Sensing

®

Check for
updates

Control Scheme with Power Limitation
and Pressure Cut-off for Mobile Machinery

Min Cheng', Bolin Sun', Rugi Ding® ® and Bing Xu?

Abstract

In mobile machinery, hydro-mechanical pumps are increasingly replaced by electronically controlled pumps to
improve the automation level, but diversified control functions (e.g., power limitation and pressure cut-off) are
integrated into the electronic controller only from the pump level, leading to the potential instability of the overall

system. To solve this problem, a multi-mode electrohydraulic load sensing (MELS) control scheme is proposed espe-
cially considering the switching stability from the system level, which includes four working modes of flow control,
load sensing, power limitation, and pressure control. Depending on the actual working requirements, the switching
rules for the different modes and the switching direction (i.e,, the modes can be switched bilaterally or unilaterally) are
defined. The priority of different modes is also defined, from high to low: pressure control, power limitation, load sens-
ing, and flow control. When multiple switching rules are satisfied at the same time, the system switches to the control
mode with the highest priority. In addition, the switching stability between flow control and pressure control modes
is analyzed, and the controller parameters that guarantee the switching stability are obtained. A comparative study is
carried out based on a test rig with a 2-ton hydraulic excavator. The results show that the MELS controller can achieve
the control functions of proper flow supplement, power limitation, and pressure cut-off, which has good stability
performance when switching between different control modes. This research proposes the MELS control method that

conditions.

realizes the stability of multi-mode switching of the hydraulic system of mobile machinery under different working

Keywords Hydraulic control, Load sensing, Multi-Mode, Power limitation, Mobile machinery

1 Introduction

To reduce energy consumption in mobile machinery, var-
iable displacement pumps have been widely used to meet
flow requirements [1-3] by positive flow control, negative
flow control, load sensing, etc. Axial piston pumps are
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also integrated with hydro-mechanical regulating circuits
to achieve auxiliary functions, such as power limitation
and pressure cut-off. A corresponding valve regulator is
needed for each control function of the pump, such as
load sensing, pressure cut-off, or power limitation valve
[4], which leads to complex structures and limits control
parameters.

In recent years, the electrification of mobile machinery
has been an urgent requirement to improve its automa-
tion level [5]. Therefore, hydro-mechanical pumps are
increasingly replaced by electronically controlled pump
which includes a general pump, a proportional valve,
and an electronic controller. The benefit is to simplify
the structure and improve flexibility [6—8]. Advanced
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algorithms are constantly being proposed to achieve
diversified control functions, such as load sensing, pres-
sure control, and so on. Firstly, electronic load sensing
(ELS) pumps are designed to replace hydro-mechanical
load sensing (HMLS) pumps [9-11]. Song et al. [12] pro-
posed a direct load sensing electric hydrostatic actua-
tor to automatically adjust the supplied pressure and
flow. Secondly, nonlinear pressure controllers have been
developed to cope with nonlinearities and uncertainties,
including neural networks or fuzzy algorithms [13-16].
Considering the switched characteristic of the self-sup-
plied variable displacement pump, a few controllers have
been also developed to ensure the pump stability itself
under unknown time-varying flow disturbance [17-19].
Moreover, integrating more control functions into ELS
pumps has been continuously explored in academic and
industrial areas. Ruggeri et al. [20] designed an electronic
controller to integrate the control functions of power/
torque limitation and variable load sensing. Also, a fuzzy
controller has been designed to improve the pump’s
dynamic performance and fulfill the flow/power con-
trol demands [21]. Besides, some patents [22—24] about
integrated load sensing control pumps have been also
authorized.

In the existing literature, more control functions have
been integrated into variable displacement pumps. How-
ever, rare further discussion is discussed on the system
stability, and only the switching stability of the pump
itself is mentioned [17, 18]. However, it is well known
that the load sensing system itself tends to oscillate due
to a small stability margin and potential instability in
local conditions. Moreover, the hydraulic control circuit
switching between different modes is a typical nonlin-
ear switched system, and the stability of the overall sys-
tem cannot be ensured even if the subsystem stability is
proven [17, 25]. Our previous work has shown that the
integral windup issue in ELS controllers probably leads
to underlying instability due to improper operation [4].
One practical solution in actual applications is to change
the working points manually by modifying input com-
mands of joysticks when oscillations or overshoots occur,
but it is just a halfway solution so that full automation is
hindered.

To fulfill the complex requirements of variable dis-
placement pumps in mobile machinery, this paper is to
develop a multi-mode electronic load sensing (MELS)
control scheme that integrates pressure/flow/power
control functions and guarantees system stability when
switching between different modes.

Traditional multi-mode electronically controlled pump
only focuses on the integration of pressure, power and
load sensing control functions, but neglects the sys-
tem stability when switching between different modes.

Page 2 of 14

However, as described in Ref. [4], the stability perfor-
mance in one mode cannot ensure the stability of the
switched control system. Thus, the pump control scheme
is designed in this paper from the view of system stabil-
ity, which is not considered in the existing pump control-
ler design. In summary, the main contributions are as
follows.

(1) The MELS control scheme is proposed for an elec-
tronically controlled pump of mobile machinery
to achieve different control modes. The controller
integrates four control modes: flow control, pres-
sure control, load sensing control and power limi-
tation. The priority of mode switching is designed
so that the hydraulic system can be switched to the
corresponding control mode under the pre-set con-
ditions to ensure the safe operation of the system.

(2) The stability of the system during different mode
switching is analyzed, and the conditions and con-
trol parameters to satisfy the switching stability
are obtained. In addition, the system stability dur-
ing multi-mode switching is verified by conducting
experiments and simulations on a 2-ton hydraulic
excavator.

The paper is organized as follows: The system layout is
briefly introduced in Section 2. Then, the MELS control
scheme is designed in Section 3. In Section 4, the com-
parative experimental test and simulation are carried out.
Finally, the conclusion is given in Section 5.

2 System Layout

As shown in Figure 1, the studied objective is a multi-
actuator hydraulic system with primary pressure
compensation for mobile machinery, in which the hydro-
mechanical pump is replaced by an electronically con-
trolled pump, and the pipe or shuttle valve for pressure
feedback is removed by pressure sensors. In this system,
primary pressure compensators decouple the flow across
the control valve from the load. Thus, the steady-state
flow rates are not related to the load variation, which
only depends on the opening of the control valve. The
pump displacement is controlled by a hydraulic pro-
portional control valve with feedback of the swash plate
angle to improve the dynamic performance. The MELS
controller is designed for the pump to fulfill diversified
control functions of mobile machinery. In the proposed
controller, there are four modes including flow con-
trol, load sensing, power limitation, and pressure con-
trol, which are achieved by four independent controllers
with a defined switching rule based on load conditions.
The modes of flow control and load sensing are used to
replace the HMLS module and supply the required flow
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Figure 1 Hydraulic system with primary pressure compensation

to the actuators. Thus, the pump control signal can be
expressed as

Up :f(upfr Upl, Upp, Upr), (1)

where upt, up), upp, and up; denote the outputs of the flow
controller, the load sensing controller, the power control-
ler, and the pressure controller, respectively.

3 Control Scheme Design

The three controllers of flow control, load sensing, and
power limitation have been designed in Refs. [4, 24], and
the main work in this paper is to design the pressure con-
troller and especially integrate the four controllers by
defining the switching rules to guarantee system stability.
Without loss of completeness, these three controllers are
also briefly introduced as below.

3.1 Flow Control

In the Flow Control (FC) mode, the purpose is to fulfill
the flow requirements of hydraulic actuators. The flow
feedforward control concept is introduced by directly
calculating the flow rates across the valve based on the
input signals. In contrast to existing HMLS systems, it
has been proven that the flow feedforward method has
the advantages of high energy efficiency and fast response
[26, 27]. Neglecting the pump leakage, the control signal
can be written as
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" CaA(uyi)\/2Apn
P e e @

i=1 pKpp

where Cy is the discharge coefficient, uy; is the valve sig-
nal, Apy, is the nominal pressure drop, p is the oil density,
np is the pump rotational speed, and k,;, is the displace-
ment gain. Note that there exists a signal difference when
switching from another mode to the FC mode, so a first-
order inertial part is added to avoid signal jump, which is
expressed as

Mpf(S) _ 1
up(s) - Tps + 1’

(3)

where 7;, is the time constant, s is the Laplace operator.

3.2 Load Sensing (LS)

Although the flow controller has the aforementioned
advantage, there is a remarkable disadvantage of pres-
sure impact and energy consumption under flow excess
[25]. Thus, a load sensing mode is designed to solve this
issue. Like the HMLS system, the LS controller aims to
maintain the pressure margin as a preset value. To avoid
signal jump when switching from other modes, an incre-
mental Proportional-Integral-Derivative (PID) controller
is thereby designed to control the pressure margin, which
can be expressed as

t
w@=@%ﬂwﬁﬁHh/%ww+m%m
iq
(4)

where Zq is the initial moment of switching to LS mode,
Upl (tq) is the output of the MELS controller when switch-
ing into the LS mode, ki, kij, and kg are the PID param-
eters in the LS mode. e, is the pressure margin error,
which can be expressed as

epr(£) = Pdm — Ppm(£) = pdm — [pp(t) _le(t)],

(5)
where pyn, is the preset pressure margin, ppm is the
actual pressure margin, p;, is the system pressure. py, is
the highest load pressure, which can be expressed as

plm(t) = max {pll’ <o Plis m:pln} i=1,---,n), (6)

where py; is the load pressure.

3.3 Power Limitation (PL)

The purpose of the power controller is to limit the sys-
tem output power to avoid engine stall. Under a limited
value Py, the derived pump flow rate can be expressed as
qp = Pn / Pp [4]. The power controller is designed as
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Gy (1) — uc(®), @)

~ mppp (t) G
where 1. is the compensator based on dynamic pressure
feedback to achieve active damping control [28], G, is the
identified pump model. The Laplace form of u, is given
by

Uyic(s) = >Pp(S)Gp (s), (8)

(o +
where k¢, and wp, are the control gain and the cut-off
frequency of the compensator, respectively. The pump
dynamic is modeled as a first-order term [4], which is
given by

Vb (s) kpp
= G = —,
up(s) p(®) 14+ s ©)
where 7. is the time constant, V, is the pump

displacement.

3.4 Pressure Control (PC)

When the resistive load of the system is too large, the
pressure controller is triggered to limit the system pres-
sure and prevent affecting the hydraulic system adversely.
Therefore, the pressure controller aims to maintain the
outlet pressure of the pump at a certain value. Referring
to the pressure cut-off circuit in current machinery, an
electronic pressure controller is designed using incre-
mental PID control to avoid signal jump when switching
into the PC mode. The PC mode can be activated when
the cylinder reaches the end stop, also it can work under
the condition that the external load is too high. Moreo-
ver, to avoid faulty activation caused by pressure impact
in the FC or LS mode, incremental control is defined
to be active when the supplied flow is not excessive
(P () < pdm)- Thus, the incremental PID controller is
designed by

I;ipr(t) = d’(t) [krpépc(t) + kriepc(t) + krdépc(t)]¢ (10)

where kip, ki, and kiq are the PID parameters in the PC
mode, and the function ¢ () is defined by

1, le(t) =< Pdm>
¢(t) = { 11
0, Pim@®pdm- ( )

The pressure error is defined as
epc(t) = pdc — pp(t), (12)

where pq. is the desired pressure, it is also the upper
bound in PC mode (in Section 3.5 below). The initial
value of the pressure controller is defined as the out-
put of the MELS controller when switching into the PC
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mode. Since the pressure controller does not require high
dynamic in actual applications, a smaller control gain can
be selected to reduce pressure overshoot and oscillation.
To avoid that the power exceeds the limited value in the
PC mode, an upper bound up, = Pp/;/zpkpppdC is set for
the pressure controller.

3.5 Switching Rule

The control structure with four modes is simple and
can be easily implemented in current control hardware.
In addition, another concern is the switching rule to
ensure the overall system stability. Based on Refs. [4,
25], a multi-mode switching rule is designed to avoid
potential stability caused by continuous switching
between different modes, as shown in Figure 2.

To simplify the switching rules and ensure the sys-
tem stability, the bilateral switching rules are defined as
“FC «— PC’, “FC «<— LS” and “FC «<— PL’, considering
the open-loop structure of flow control, in which the
symbol “«<—” means the switching is bilateral. Moreo-
ver, some unilateral switching rules are defined. For
instance, the switching between LS and PC is unilateral,
and switching from LS to PC is not allowed. For this
reason, the LS controller has a small stability margin,
so potential instability due to continuous switching in
local conditions is avoided. A similar unilateral switch-
ing rule is established between LS and PC. Since an
upper bound has been configured in the PC mode, so
a unilateral switching rule is also designed between PL
and PC. The switching rules are summarized in Table 1,
in which the modes in the first row mean those before
switching, and the modes in the first column mean
those after switching.

To ensure stability when switching between PC
and FC, a hysteresis switching rule with dwell-time is
designed. As given in Figure 3, the rule is defined as

Pressure
control

Rule 5 \ Rule 6

\\.

S 3
Flow
control ®
\1\\\; l'/(

I
”(2 / Load \
\\sunsmg/

/ Power
\lmltatloy

Figure 2 Switching rule of the MELS controllers
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Table 1 Switching rule of the controller
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FC LS PL PC
FC - Given in Ref. [20] Upp (1) > Upf(D) Described by Eg. (13)
LS Given in Ref. [20] - Not allowed Not allowed
PL Upp () < Upf(t) Pp (1) < pdc &Upi(t) = Upp(D) Not allowed
PC Described by Eq. (13) Po(t) = Pdc Pp(t) = Pdc -
o] = [ mode. Moreover, the PL mode has the second priority:
PR - when the control signal in the LS or FC mode is greater
than the power limitation value, it switches into the PL
Pu sk g mode so that the system power is controlled within the
+ Ty TR

Pressure
control

Flow
control

Figure 3 Block diagram of hysteresis switching rule

Table 2 Priority of the multi-mode controller

Control mode before Priority sequence

switching

1st 2nd 3rd
FC No. 6 No. 3 No. 1
LS No. 8 No. 7 No. 2
PL No.9 No. 4 -
PC No. 5 - -

upr(t), pp () > pdes
up(t)z{ privhep 4+ kAT k=1,2,...n,

upp(£), pp () < Pdb

(13)
where pgp, and pq. are the lower bound and the upper
bound for pressure control, respectively (pgp < pdc)- to is
the initial moment of mode switching. The dwell time is
chosen at AT=0.5 / fmin, where fiin is the lowest natural
frequency of the overall system, which is measured when
the load of excavator bucket is heaviest, and its calcula-
tion method can be referred to the Ref. [29].

The switching rule No. 7 is defined as p,(t) < pqgc and
upl(¢) > upp(¢). The unidirectional switching rules No. 8
and No. 9 are defined as p,(t) > pqc. From the switching
rules, it is predicted that there are some load conditions
under which several rules are satisfied simultaneously. To
determine the control mode in this case, the control pri-
ority is defined in Table 2. From Table 2, it is seen that the
PC mode has the highest priority compared with other
modes. That is, once the system pressure p, is equal to
or larger than py., the controller will switch into the PC

setting range.

3.6 Stability Analysis

One concern is whether stability can be guaranteed when
switching dynamically between different modes. Rules 1
and 2 between LS and FC are designed in the previous
work based on multiple Lyapunov functions [24]. Rules
3 and 4 are to select the smaller value in the LS and FC
modes, and the stability can be also ensured based on
the analysis result using the describing function tool
[4]. Thus, after designing the stable hysteresis switching
rule between FC and PC, the remaining work is to ana-
lyze the stability under pressure control, which is carried
out based on the linearization mathematical model in the

Laplace form as below. The pump flow is expressed by
qp(s) = npGp(s)up(s) — klpl”p(s), (14)

where kj;, is the pump leakage coefficient. Based on the
flow continuity equation, the expressions are obtained as

Be
Pp(s) = Vs [4p(s) — q1()], (15)
pi(s) = E[611(5) —A1v1()] (16)
V1S ’

where B, is the effective bulk modulus, V}; is the cham-
ber volume between the pump and valve, V; is the vol-
ume between the valve and cylinder, ¢q; is the flow rate
out of the control valve, p; is the pressure in the cap-side
chamber, A; is the effective area of cap-side chamber, 1,
is the cylinder velocity. The flow equation of the valve is
expressed by

q1(8) = kqkyuy1(s) + kpq [Pp () —m (5)] ’ (17)

where kq is the flow coefficient, ky is the gain of the valve
displacement, kp,q is the flow-pressure coefficient. Since
the external load is relatively large in the PC mode, the
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pressure in the rod-side chamber is neglected, so the
force balance equation of the cylinder is simplified as

(m1s + b1)vi(s) = A1p1(s) — Fe(s), (18)

where m is the load mass, b; is the viscous damping, F
is the external force. As mentioned before, the PC mode
can be active in two cases: (D the cylinder reaches the
end stop; @ the external load is too large but the cylinder
still moves forward. Actually, Case 1 can be considered
as a special condition of Case 2. For the system pressure,
the stability condition in Case 1 is more rigorous, since
the moving cylinder provides equivalent damping to the
system from Eq. (16). To obtain a conservative stability
condition, the pump leakage is neglected, and the trans-
fer function from the valve signal to the cylinder pressure
in Case 1 is drawn from Egs. (9)—(10) and (14)—(18) as

Pp(s) _ quvvlﬁesz(l + Te$)
1y (S) Nos* + Nis3 + Nos? 4+ Nzs + Ny

(19)

where

Ny = V1 Vpite

N1 =WVpi+ kpq Vpiﬂefc + kpq V1Betc + kppkrd"p V1Be

Na = kpqVpiBe + kg ViBe + kppkpakeatpBe + Kopkiptp Vi fes

N3 = kppkqurpnpﬂg + kppkrinp V1Be

Ny = kppkpqkiirtp B2

Since the flow-pressure coefficient kpq provide a positive
effect on the stability, the extreme condition kpq = 0is con-
sidered, and then Eq. (19) is simplified as

Pp(s) _ quvVI,BeS(l + 7c8)
iy () Nos3 + Nis? + Njs + N3’

(20)

where N = V1 Vp; + kppkratip ViBe, Nj = kppkephp ViBe
and Nj = kppkrinp Vi Be. Eq. (20) is a third-order system
actually. Based on the Routh stability criterion, its stabil-
ity condition can be expressed as

Pressure sensor [

Arm
cylinder

Displacement
sensor

Boom
cylinder

I” T Relief
Pump F Motor '~ Gilve

Figure 4 Hydraulic schematic of the test rig
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No, N, N3, Nj > 0, (21)

(N{N3 — NoN3)/N; > 0 & N{N; — NoNj > 0. (22)

Then, the stability condition in the PC mode can be
drawn from Egs. (21)—(22) as

Vi + kppk
0 < ky < Loit Kopkaphe ) 23)
VpiTe
Based on Eq. (23), the PID parameters can be prop-
erly selected to ensure the system stability.

4 Experimental Validation

4.1 Test Rig

A comparative experimental study is performed on a
test rig with a 2-ton hydraulic excavator to validate the
MELS controller, as shown in Figure 4. The hydraulic
excavator is equipped with an electronically controlled
pump (SYDFEE from Bosch Rexroth, Inc.) and a multi-
way control valve (PVG 32 from Danfoss, Inc.). Further
information about the test rig can be found in Ref. [30].
Motion control tests were then carried out and the
main parameters are listed in Tables 3 and 4.

4.2 Experimental Test: Boom Motion
To validate the effectiveness of the proposed MELS con-
troller, the pure flow control method (Section 3.1) for the
system is taken as a comparison.

Firstly, valve control signals are given to complete
the typical reciprocating movement of the boom. The
movement process of the boom cylinder is: low-speed

Table 3 Main parameters of the test rig

Parameters Value
Maximum pump displacement (mL/r) 456
Motor rotation speed (r/min) 1500
Setting Relief pressure (MPa) 12
Cylinder/Piston diameter of the boom (m) 0.07/0.04
Cylinder/Piston diameter of the arm (m) 0.07/0.04
Cylinder/Piston diameter of the bucket (m) 0.06/0.035
Table 4 Parameters in the proposed controller

Parameters Value
Power limitation point P(kW) 1.2
Pressure margin in the LS mode pgm( MPa) 15

PID parameters in the PC mode kip/kii/kg 0.1/0.6/0.01
Upper/lower pressure bound pyc/pan(MPa) 11/9
Switch dwelling time AT(s) 0.5
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Figure 6 Control signals of the valve and pump

extending, high-speed extending, holding and retract-
ing, as shown in Figure 5. The control signals of the valve
and pump are also shown in Figure 6, and the test result
is shown in Figures 7 and 8. The pump displacement and
actuator velocity are shown in Figure 7, and the system
pressure and power consumption are shown in Figure 8.

(1) Low-speed extending (5.2-8 s): The speed of the
boom cylinder is small, and the system with the
MELS controller is in FC mode because the given
valve control signal is not large. Therefore, the state
of the system is essentially the same under the
MELS or pure flow controller.

(2) High-speed extending (8-13.2 s): It can be found
that at £ = 8.05 s, the system with the MELS con-
troller switches from the FC mode to the PL mode
(Rule No. 3) because the system power exceeds
the power limitation point, i.e., it exceeds 1.2 kW.
Further, both the pump displacement and cylin-
der velocity decrease. At the same time, the flow
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through the proportional valve decreases, resulting
in a pressure drop of the meter-in orifice and a cor-
responding decrease in the system pressure. There-
fore, PC mode will not be active at this time. At ¢
= 8.05-12.35 s, the power consumption using the
MELS controller is controlled around 1.2 kW. Dur-
ing this stage, the root mean square (RMS) error of
the system power is 0.035 kW, and the control accu-
racy can fulfill the actual requirement of mobile
machinery. At t = 12.36 s, the system switches from
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PL into FC mode (Rule No. 4). At 12.36-13.2 s, if
the system power exceeds the set point, or the sys-
tem pressure margin exceeds the set value, the sys-
tem will switch to power limitation (Rule No. 3) or
load sensing control (Rule No. 1) mode.

However, in this stage, the actuator reaches the end
of the boom cylinder of the system with pure flow
control and stops moving because of its high speed.
This resulted in an excessive system power of more
than 1.2 kW and an excessive system pressure of
more than 11 MPa.

(3) Holding (13.2-17.2 s): In this phase, the boom
cylinder remains stationary. The system with the
MELS controller is controlled in FC mode.

(4) Retracting (17.2-21.4 s): During the low move-
ment of the boom cylinder, the system pressure is
relatively low, and the PC and PL modes are not
active. However, due to large pressure fluctuations,
the switching condition of the LS controller is trig-
gered, i.e., the pressure margin is greater than the
setting value of 1.5 MPa. Therefore, the system is
switched from FC mode to LS mode (Rule No. 1).

4.3 Experimental Test: Arm Motion

Similarly, the typical reciprocating movement of the arm
cylinder is tested. The movement process of the arm cyl-
inder is: high-speed retracting, low-speed retracting,
holding and extending, as shown in Figure 9. The control
signals of the valve and pump are shown in Figure 10, and
the results are shown in Figures 11 and 12.

(1) High-speed retracting (5-9.2 s): At the beginning
of the movement, the system is in FC mode. At ¢
= 5.7 s, the system power exceeds the set point of
1.2 kW, but the system pressure does not exceed
the set point of 12 MPa. Therefore, the system with
the MELS controller switches from FC mode to PL
mode (Rule No. 3), and the pump displacement and
cylinder velocity are reduced, so the system power
maintains near the setting value of 1.2 kW, until
the end of the high-speed retracting phase. At the

= ',l.ow-speed = ,
|/ High-speed | Keep still
Initial state

a¥

v
Final state

Retracting Holding Extending

Figure 9 Schematic diagram of the arm movement
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Figure 10 Control signals of the valve and pump

end of high-speed retracting, the system power
decreases and the system switches from PL mode
to FC mode (Rule No. 4). However, at this stage
(5.7-9.2 s), the power of the system with pure flow
control is constantly in excess of the set point.

(2) Low-speed retracting (9.2—17.2 s): During the ini-
tial phase of low-speed retracting, the system main-
tains FC mode. After the arm cylinder is retracted
at a low speed for a certain interval, the arm cylin-
der reaches the end position at ¢ = 14.2 s, and the

12 4

— With MELS control
= = =-With pure flow control
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Figure 11 Pump displacement and cylinder velocity
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Figure 12 System pressure and power consumption

system pressure rises until it reaches 11 MPa (upper
bound in the PC mode). Therefore, the system
with the MELS controller switches from FC mode
to PC mode (Rule No. 6), and the system pressure
is controlled at around 11 MPa. Accordingly, the
pump displacement is reduced. At ¢t = 15.2-17.2
s, the control signal of the pump is about 0.2 V to
compensate for the pump leakage and maintain the
system pressure. However, with pure flow control,
after the arm cylinder reaches the end stop, the sys-
tem pressure rises to the setting value of the relief
valve (i.e., 12 MPa). The relief valve is open and
most supplied oil flows back to the tank. The system
pressure is controlled at 12 MPa. Thus, the MELS
controller achieves the control functions of power
limitation and pressure cut-off, thereby avoiding
engine stall and excess pressure.

(3) Holding (17.2-19.2 s): In this phase, the arm cyl-
inder remains stationary, and the system pressure
gradually decreases. When the system pressure falls
below 9 MPa (lower bound in the PC mode), the
system switches from PC mode to FC mode (Rule
No. 5). Subsequently, the system with the MELS
controller remains in FC mode.

(4) Extending (19.2-23.4 s): In this phase, the PC and
PL modes are not active because the system pres-
sure and power are low. In addition, the pres-
sure margin of the system does not exceed the set
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Bucket cylinder
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Bucket cylinder
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Boom cylinder

»
extended Final state

Bucket Motion

Initial state

Boom/Bucket Compound Motion

Figure 13 Schematic diagram of the boom/bucket compound
movement

point of 1.5 MPa, so the LS mode is also not active.
Therefore, the system with the MELS controller is
controlled in FC mode.

4.4 Experimental Test: Boom/Bucket Compound Motion
The boom/bucket compound motion test is also carried
out to validate the proposed controller. The schematic
diagram of the boom/bucket compound movement
is shown in Figure 13, which contains two movement
phases. The control signals are given in Figure 14. The
test results are shown in Figures 15 and 16. In the com-
pound motion test, the power limitation point is set at
3.4 kW.

(1) Boom/bucket compound motion (5-10 s): In this
stage, the boom cylinder extends and the bucket
cylinder retracts. At the beginning of the move-
ment, the system is in FC mode. But it can be found
that the system pressure rapidly rises. At t = 5.26 s,
the system pressure is greater than the set point of
11 MPa. Therefore, the system with the MELS con-
troller switches from FC mode to PC mode (Rule
No. 6), the system pressure is maintained at about
11 MPa. At t = 6.12-10 s, it can be found that the
system power is reduced accordingly. This ensures
that the system power control is near the value of
3.6 kW, and the root mean square error of power
control under steady-state conditions is 0.12 kW,
with a control accuracy of 0.17 kW/ 4.7%. However,
the power of the system with pure flow control con-
sistently exceeds the set point of 3.4 MPa.

(2) Bucket motion (10-18 s): In this stage, the boom
cylinder movement stops and the bucket cylinder
continues to extend until it reaches the end of the
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Figure 15 Pump displacement and cylinders velocity

cylinder. At ¢ = 10-14.6 s the bucket cylinder con-
tinuously extends, the system pressure gradually
decreases. When the system pressure falls below
9 MPa (lower bound in the PC mode), the system
switches from PC mode to FC mode (Rule No. 5).
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Subsequently, the system is in FC mode. After the
bucket cylinder piston reaches the end of the cylin-
der at ¢t = 14.6 s, the system pressure rises because
the pump displacement is not reduced in time.
When the system pressure is greater than the set
point of 11 MPa, the PC mode is active. The system
switches from FC mode to PC mode (Rule No. 6) to
make the pump displacement gradually decreases.
Thus, the system pressure is maintained at about 11
MPa. At this stage (i.e., at t = 14.9-18 s), it can be
found that the system power is reduced accordingly.
However, with pure flow control, after the bucket
cylinder reaches the end of the cylinder, the system
pressure rises to the setting value of the relief valve
(i.e., 12 MPa). The relief valve is open and most sup-
plied oil flows back to the tank. Then, the system
pressure is controlled at 12 MPa. In addition, the
power consumption of the system with pure flow
control is also higher compared to the proposed
controller.

4.5 Simulation Test: Boom Motion under External Load

A comparison simulation under variable external load is
also carried out to validate the proposed MELS control-
ler, and the other controller used for comparison is the
existing ELS control with pressure control. To ensure
the consistency of the external load when using differ-
ent controllers, a simulation model is conducted by using
grey box modeling [31] in the AMESim Software, as
shown in Figure 17. The actual parameters of the pump
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and valve in the test rig above are identified and uti-
lized to establish the simulation model, including static/
dynamic characteristics of the pump and valves (given in
Ref. [25]), dimensions of the cylinder, and the mechanical
arm (further information can be found in Ref. [30]). As
shown in Figure 18, it can be seen that the results of valve
flow mapping, pump dynamic response, and boom veloc-
ity response in the simulation are consistent with those in
the actual test with satisfying accuracy.

Then, this model is used to take a comparative study
under the variable external load. The boom cylin-
der carried out the sequential movement of extend-
ing, holding, and retracting, as shown in Figure 19. In

] Cylinder
"'-:‘nodel

Valve model

e R [ o B

]

rall =T r_u_rl =
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addition, a variable external load force is applied at the
endpoint of the bucket at £ = 15.5-23 s when the boom
cylinder is retracted, and its variation trend is also
shown in Figure 19. The simulation results (the system
pressure and the cylinder velocity) are shown in Fig-
ure 20, respectively.

(1) Extending and holding: The system of the proposed
MELS controller is in FC or LS mode (the system
can be switched from FC to LS mode under Rule
No. 1 or from LS to FC mode under Rule No. 2), the
system with the ELS and pressure control is in LS
mode. In these two phases, the system state is rela-
tively smooth under the action of two controllers.

(2) Retracting: It can be seen that the pressure of the
system under the ELS and pressure control fluctu-
ates frequently after t = 15.5 s. Because the con-
trol mode of the system switches back and forth
between LS mode and PC mode, resulting in sys-
tem pressure oscillation. In contrast, the system
with the proposed controller is more stable. After ¢
= 16.6 s, the system pressure is kept under 11 MPa
to ensure the smooth operation of the system until
the end of the boom movement. In addition, the
oscillation of the cylinder velocity at the beginning
and end of the retracting phase of the boom cylin-
der is also smaller by using the proposed controller.
This further validates the control effectiveness and
the smoothness of the switching of the proposed

R & o - : ' controller.
o ¢ Bucket Body5
Figure 17 Simulation model in the AMESIim Environment
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Figure 18 Comparison of simulation and test result
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5 Conclusions

(1) To meet the complex requirements of variable dis-
placement pumps, this paper develops a multi-
mode electronic load sensing control framework
for mobile machinery based on our previous work,
which integrates three control functions, those
are, proper flow supplement, pressure cut-off, and
power limitation.

(2) Combined with defined control priority, an overall
switching rule with bilateral and unilateral switch-
ing is established for four control modes, including
flow control, load sensing, power limitation, and
pressure control. A hysteresis switching rule with
dwell-time is designed to stably switch between
flow control and pressure control mode, and the
system stability condition is drawn under pressure
control.

(3) Simulation and experimental tests are conducted
on a 2-ton hydraulic excavator. The test results vali-
date the feasibility of the proposed controller under
different load conditions to achieve proper flow
supplement, power limitation, and pressure cut-off.
In addition, pressure fluctuation caused by continu-
ous mode switching can be also avoided.

(4) Future work will be focused on extending the multi-
mode controller into energy-saving hydraulic sys-
tems, such as the individual metering system.
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