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Abstract: In industry, pump-controlled hydraulic systems are generally considered energy efficient but
are not accurate due to their inherent characteristics such as low response frequencies, thus pump
control hydraulic systems have been traditionally applied in situations that require high power but
limited accuracy. Besides, for the conventional pump-controlled cylinder systems, especially open-
circuit systems, the cylinder vibration and cavitation may result due to the negative load when the
cylinder moves with a high deceleration trajectory. Therefore, it is difficult to simultaneously keep the
advantages of energy-saving and high motion tracking accuracy. This paper proposes a novel control
strategy for a servo motor-pump and proportional valves combination control system. The cylinder is
directly driven by a variable speed pump to give full play to the advantage of energy-saving by pump
control. The meter-out pressure is controlled by proportional valves to provide the required resistance
for motion tracking. A pressure regulation method is proposed, consisting of an optimized meter-out
pressure planning and a pressure tracking controller. Both the pump controller and the meter-out pressure

controller use the adaptive robust control (ARC) algorithm to achieve high motion control accuracy.

Keywords: Motion control, direct drive, servo motor-pump, meter-out throttling, adaptive robust

control.

1. INTRODUCTION

Nowadays, demands for highly accurate and energy-efficient
hydraulic systems are rising. The pump-controlled hydraulic
systems realize high energy efficiency through the volume con-
trol method, and technically avoid the throttling energy loss,
which is inevitable for the valve control systems. However,
the conventional pump-controlled hydraulic systems have long
been considered inaccurate because of the inherent character-
istics such as high order dynamics, low response frequency,
and highly nonlinear and uncertain dynamics (Wang et al.
(2012)). Thus pump-controlled hydraulic systems have tradi-
tionally been used in systems that require high power but lim-
ited accuracy.

To improve simultaneously the accuracy and efficiency of the
hydraulic systems, the servo motor-pump technology has been
developed for pump control systems with digital and highly in-
tegrated configurations. Compared to conventional variable dis-
placement pump-controlled systems, the variable speed pump
direct drive systems achieve a faster response and make it en-
able to exploit advanced control algorithms to achieve high con-
trol accuracy. However, for the conventional pump-controlled
cylinder systems, especially open-circuit systems, a large track-
ing error may occur due to the negative load when the cylinder
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moves at a high deceleration trajectory. In this condition, the
meter-out chamber can not provide sufficient resistance to the
cylinder actuator. Meanwhile, the pressure of the pump side
chamber reduces greatly and drops to a low value, causing
cylinder actuator vibration, cavitation, and other nonlinear phe-
nomenons (Gogate and Kabadi (2009)). In addition, the cavita-
tion in the cylinder chamber can damage the hydraulic compo-
nents (Moholkar and Pandit (1997)). All these mentioned phe-
nomenons could limit the motion tracking accuracy. Therefore,
to achieve high tracking performance, both the advanced non-
linear control strategy and the hydraulic principle design with
meter-out pressure regulation are needed.

Among the recent studies on precision control of hydraulic
systems, Lyu et al. (2019a) combines the independent metering
valves control method with a variable displacement pump to
reduce throttling losses. In (Tivay et al. (2014)), a servo valve
is used for the cylinder motion control, besides, a proportional
relief valve is used to adjust the pump pressure to match the
load. In Xu et al. (2015), a three-level controller of an inde-
pendent metering system is proposed to achieve energy-saving
and precise control. Mengren and Qingfeng (2018) proposed a
variable pump and meter-out combination control strategy to
handle a time-varying negative load. In (Cheng et al. (2018)), a
decoupling compensator is proposed for a multiple actuators
system to deal with the low damping situations. Ding et al.
(2019) proposed an energy-saving approach for a pump and
valve combination control system with multiple actuators. Shen
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et al. (2018) proposed a robust controller for the integrated
direct drive volume control steering systems to achieve accurate
position tracking. In (Lyu et al. (2019b)), the independent
metering valves control method is combined with the direct
pump control method, achieving high energy efficiency and
high motion control accuracy. Besides, the adaptive robust con-
trol (ARC) algorithm has been exploited in the motion control
hydraulic systems, achieving high motion tracking accuracy
and effective control performance in handling the parametric
uncertainties and uncertain nonlinearities. Aiming at accurate
motion tracking for a pump direct drive system, Helian et al.
(2019) fully considered the nonlinear hydraulic dynamics, how-
ever, the cylinder chamber in the return circuit is directly con-
nected to the tank, which disables the system to deal with the
negative load and trajectory tracking with a high deceleration.

This paper proposes a novel control strategy for a servomotor-
pump and proportional valves combination control system. A
variable speed pump directly drives the cylinder, which gives
full play to the energy-saving advantage of the pump control.
The meter-out pressure of the cylinder is controlled by pro-
portional valves to provide the required resistance for motion
tracking. The control objective is to achieve high precision
motion tracking accuracy for the variable pump driving system
with a high deceleration trajectory. To achieve accurate motion
tracking performance, the adaptive robust control algorithm is
designed for the proposed pump and valve combination control
system. Based on the high order dynamics, an backstepping
ARC control structure is designed for the pump controller with
two steps. In addition, a meter-out pressure regulation method
is proposed in order to generate an appropriate resistance for
the return side of the cylinder, and avoid a large drop in pres-
sure and cavitation on the pump side. Besides, both the pump
controller and the meter-out pressure controller use the adaptive
robust control (ARC) algorithm for high control accuracy in
the presence of nonlinear hydraulic dynamics and parametric
uncertainties.

2. SYSTEM PRINCIPLE AND MODELING

In this paper, a motion tacking strategy is designed for a servo-
motor pump direct-driven electro-hydraulic system with meter-
out proportional valves pressure regulation. As the hydraulic
schematic shown in Fig. 1, the valves are chosen as two re-
versing valves and two proportional valves. The cylinder is
directly driven by a pump while the reversing valves decide the
direction of actuator motion. The two proportional valves are
used to provide the resistant pressure as meter-out orifices. The
working modes of this hydraulic system are detailed in Section
3.

The cylinder dynamics is modeled as

miX; = PLA; — P,Ay —bxp+d @))
where m is the inertia load mass, x; is the displacement of
the load, P; and P, represent the cylinder pressures. A; and
A, are the areas of the two sides of the piston, b represents the
viscous friction coefficient, d represents the lumped uncertain
nonlinearities.

The pressure-flow dynamics can be described as

Vi .

LB = A+ 0

Be

Vs .

szz =Axip— > 2

XL

Load

P/&TQ' er@ P:

Valve |

: J

Valve 2

Fig. 1. Schematic of the proposed hydraulic system.

where V| =V +Ax; and V, = Viyo — Arxp. V1 and Vjy; are the
initial value of V| and V,, considering the volume of the two
chambers and pipes which are connected to the two sides of
the cylinder. B, represents the effective bulk modulus, Q; and
0, represent the flow rate of the two chambers, respectively.

The pump flow rate model can be described by
Qp = upkeyD —Cp(Ps— F;) 3)

where Q) and u represent the flow rate and the voltage input
of the pump, respectively. kq is the voltage input coefficient.
D is the displacement of the pump, C, is pump flow leakage
coefficient. P; and P; represent the pressures of the pump and
tank.

The flow rate model of the proportional valves is modeled as

Qvi:kquvi\/ AP, i=1,2 €]

where k; is a lumped coefficient for valve flow rate, Ap,;
represents the pressure difference. Besides, u,; represents the
valve voltage input for spool position Lyu et al. (2019a).

To sum up, defining state variables as x = [x1,x2,x3,x4]7 =
[xz,%L,P1,P>])T, the space-state equations are written as
X1 =X
. 1 b
Xy = —(A1x3 —Aoxy) — —x2 +d(x1,x2,1)
m m
1
o _BA
X3 Vi (x1)( BeA1x2 +B.01)
1
b= ———(BoAoxs — B.02). 5
X4 A (BeA2x2 — B.02) )

Considering the uncertainties m, b, B, Cp, the nominal dis-
turbance value d,, and the nominal values of flow rate devi-
ation Q,1, and Q,,, the uncertain parameters are defined as
91 ~: l/m, 92 :~b/m, 93 = dn, 94 = ﬁe; 65 = BeC,», 66 =
ﬁerZna 97 = ﬁerln-

The dynamical model can be rewritten as
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Table 1. Mode Selection

Xg X[, — Xg Configuration Piston | Mode
>0 / 01=0p,02=0n extend 1
<0 / 01=-011,00=—-0, | retract 2
= <-€ 01=0p,00=0n extend 1
= >€ 01 =—-0v1,02=—0Q) | retract 2
=0 | otherwise 01=0,0,=0 / 3

Table 2. Meter-out Pressure Regulation

Mode P1 P2 Frg Uyj
1 > Py / / 10V
1 < Py / <0 793
2 / > Py / 10V
2 / < Pe >0 Uyl

X1 =X
X2 =01(A1x3 —Axxy) —Ox2+ 3 +A
when cylinder extends :

1
X3 = Vite) (—64A1x) — O5(x3 — B) + 94Dkwup)
1
Xy = ——(04A2x2 — Oskgu2/X4 — P — 05) +Agi2
Va(x1)

when cylinder retracts :

1
X3 = (—94A]X2 - 94kquvz VX3 —F — 97) +AQV1
V1 (xl)
1
X4 = M(GL‘AZJQ - 65 (X4 _Pt) + 94Dkwup) (6)

\)Yhere A= d_dn, AQvl = ﬁe(Qvln - Qv] )/Vl s AQVZ = ﬁe(QvZn -
0On2)/Va.

3. METER-OUT PRESSURE PLANNING AND
CONTROLLER DESIGN

For pump direct drive systems, when the cylinder decelerates
significantly, the cylinder actuator sometimes is unable to ac-
curately track the desired trajectory because the return side of
the cylinder could not properly provide the resistance. At the
same time, the load force could be negative. In this case, the
pump side chamber pressure reduces greatly and can drop to a
very low value, causing cavitation, cylinder vibration, and other
nonlinear phenomenons.

In this section, a cylinder meter-out pressure regulation method
is designed to avoid cavitation and to accurately track the given
trajectory even when the hydraulic cylinder decelerates greatly.
Based on the pump side pressure and cylinder dynamics (1),
a meter-out pressure planning is designed to obtain an ideal
meter-out pressure, so as to generate the appropriate resistance
for the cylinder to maintain the cylinder load force positive.
Besides, an ARC controller for meter-out proportional valves
is designed to track the required meter-out pressure accurately.

The working mode selection of the pump and valve combina-
tion control configuration is given by Table. 1, which depends
on the desired trajectory x; introduced in Section 4, and the
current tacking error.

The pump is connected to the cylinder chamber through the
reversing valve 3 or 4. The meter-out pressure is regulated
by proportional valve 1 or 2. The voltage input (0-10V) is
proportional to the valve opening.

3.1 Meter-out Pressure Planning

As the meter-out pressure regulation method shown in Table. 2,
when the cylinder extends, P> and P; are the meter-out pressure
and pump side cylinder chamber pressure, respectively. A de-
sired pump side cylinder chamber pressure Py is designed to
avoid cavitation and maintain the pump side pressure P; posi-
tive when the hydraulic cylinder actuator decelerates greatly.

According to the desired cylinder piston load force Fp,; =
PiA; — P,A>, P; can be described as
_ Fu + P,A;

Py
Ay

)
The regulation goal is to make P; — P. The desired pump side
cylinder chamber pressure P is given by

Pg :Pgo+kg(t_tg) (8)
where kg = —Pgo /At represents the gradient of P and can be
regulated by At, Pgg is a preset small pressure value. . is the

starting time of the pressure regulation, and t, = ¢ when the
meter-out pressure control is not activated.

Based on (7) and (8), the desired meter-out pressure P4 can be
calculated by
—Frg+ P:Ay

7 ©)

Pyg =
Depending on the desired meter-out pressure P»; and pump
direct-driven chamber pressure feedback P;, the meter-out
valve input u,, planning is designed as

10(V), when Py > Py
Uy = ) (10)
uy 2 Py — Pyg, when Py < Pg.
Similarly, when the cylinder retracts, P; side is the meter-out
chamber, and the working mode is 2. To track the desired meter-
out pressure Pj;, the meter-out valve input u,; planning is given
as

F; P:A
Py = FratleAs (an
Ay
— 10(V), when Py > Pgo (12)
v Uy : P — Py, when Py < Pg.

3.2 ARC Pressure Tracking Controller

An adaptive robust pressure control method is proposed in this
section to tracking the desired meter-out pressure. As P is
defined as the meter-out chamber pressure when the cylinder
extends, and the pressure dynamics can be described as

. 1 A
Pr = ey Beftexa = Bekgiva /34 = Fr = BeQuon) + Agua.
(13)

We define epy = P> — P54 as the pressure regulation error, and
the valve 2 flow rate Qy» = kguyo1/x4 — F;. Considering the
uncertainties due to 3, and szn, the uncertain parameter set
is defined as 6, = [6p,6p]” in which 65 = B, and 6y = B.O\2n.
From (9), the differential of P,; can be calculated as Py =
keA1/A;. Then the pressure tracking error dynamics is given
as
épp =P, — Py
keAl
Ay

0 0,
B (A2x2 — Q\0) — 2 +Agy2 — (14)

:72 Vo
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Let O, be the control input of meter-out pressure controller,
the ARC law Q4 is given as

O\voa(x1,%2, P2, ép) = Ovada + Ovads

0 Vs keA
Ovada = _TQ +Axxy — TZ el
9[3 6[3 A2

Ovads = Ovadst + Ovads2, Ovadst = kp2 Lem (15)
Bmin
where .4, represents a model compensation term, Q,ogs
represents the robust feedback term, k,» a positive stabilizing
feedback gain for meter-out pressure control. Q45> represents
a robust feedback term, and it satisfies
6 ~
(i) ep2(_Qv2d527123 — 879 +Agi2) < €

(”) epZQVZdSZ <0.
With the adaptation law which will be given later by (19), the
adaptation function and regression are designed as
Tp2 =Pp2ep2
A —0Ovaa 17
‘PpZ —[ V2 s VZ] .

(16)

A7)

Similarly, when the cylinder retracts, the pressure tracking error
is defined as ep; = P; — Pj4. In this condition, the desired flow
rate Q14 (for valve 1) is designed to track the desired meter-out
pressure P, and can be obtained by the above steps.

The valve i (i=1, 2) voltage input u,; can be reversely calculated
by (4), and be given as

uyi = Qvia/ (kgr/ AP;) (18)

where i=1,2.
4. PUMP DIRECT DRIVE CONTROLLER DESIGN

In this section, an adaptive robust backstepping controller is
designed for the servomotor pump. As the controller structure
presented by Fig. 2, the control objective is to make the cylinder
position accurately track a given trajectory. Considering the
uncertain nonlinearities and parametric uncertainties of the
proposed hydraulic system, the backstepping controller consists
of two steps. Step 1 is designed for the position tracking step,
and step 2 is designed for the piston force tracking.

As the state-space equations given by (6), the uncertain param-
eter set is defined as 6 = [0y, 65, 65,04, 65,0]" when cylinder
extends. Define 0 and 0 as the estimation and estimation error

of 0, respectively,i.e. & = 6 — 0). The uncertain parameters 6
are bounded by 6,4, and 6,,;y,.

The adaptation law is given by

6 = Projy(I'7) (19)
where I" > 0 is a diagonal adaptation matrix, 7 is an adaptation
function, Proj (e;) is a discontinuous projection(Helian et al.
(2017)). ’

4.1 Backstepping ARC controller design

Stepl (Motion tracking)  Define the position tracking error as
71 =x1 —x4(t). Then, z; is defined as

22 =21 tkiz1 = X2 — X2eq; X2eq = X14 — K121 (20)
where x14(f) is the given reference trajectory, and k; is a
positive feedback gain.

1
Working Mode Working Qui | Meter-out Pressure | !
Selection Mode 5 Regulation :
1 [
BacksteppingARC | | T~ 7777 i
----- B S o S p-g T PR Uy| | P
[ ! 4
Xd| 1] Position Tracking ﬁ. Pressure _:ﬂ. Electrohydraulic _y>
Desired | Step (Step1) Step (Step2) |1 System
Trajectory, |

Py, Py, xp, v

State Feedbacks

Fig. 2. Controller structure.

Define Fy, as the hydraulic force on cylinder which is modeled
as

Fi = x3A1 — x4A5. 21)
Then the error dynamics is given as
20 =Xp —Xpeq = O1FL — Ooxp + O3+ A —diney (22)

where A is the uncertain nonlinearity.

The control input for stepl is defined as F74, and the control
law is given as

Fra(x1,%2,601,05,05,1) = FLaq + Fras

1 4 A
Fraa = 9*(92752 —6; +x26q)
1

1
Fras = Frasi + Fras2, Frasi = ——hkzo  (23)

Lmin
where the positive feedback gain k; is a given due to the closed-
loop bandwidth of the system. P4, satisfies

(i) 22(61Fan— 0" g2 +A) <&

(ii) 22Fpas0 <0 (24)

with & > 0 and can be arbitrarily small. The adaptation func-
tion of stepl is
=M

¢2: [FLda7_x271707010]T' (25)

A positive-semidefinite (p.s.d.) function is defined as V, = %Zzz.
It can be obtained that

Vo =228 = 22[01 (23 + Fra) — 6ox2 + 63 + A — oy
0 N
=— 2+ 612223+ 22(01 Frao — 0T o + A). (26)

Imin

Step2 (Pressure-flow)  The input error of step 1 is defined as
73 = Fp — Fr4. To make z3 converge to zero or a small value, we
define the motor-pump voltage input u,, as the control input of
step 2

When the cylinder extends and works at mode 1, the error
dynamics is

23 =F — FLq = (%3A1 — %4A2) — (FLac + Frau)

Ay Ay A
=— 713%94 - 71()% —P,)05+ 7194Dk(0upd
Ar?

A 7] . .
— 2 20+ 204000 + A2 —A2Ag2 — (Frac + Frau)
1% 1% Va
27

where
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. OFy  OFy. OFL

P :

Lic = 5 Xt 5t 5,
0F 4 A 0Frg A

FLdu FPS (XZ—)Cz)—i- 30 0. (28)

The adaptive robust control input is designed as

upd(xa é,l‘) = Upda + Upds

Vi A2 A2 4
A —P)bs+ 2 00
Upda A194ka( 7 X2 4+V (x3—P)6s + v X204
——9 ——é Frg.—0
V) 10\24 V) s+ Frac — 0122)
+ i (29)
Uygs =U Upgsn, U =—————k3z3
pds pds1 pds2 pds1 A] 94minka

where k3 > 0 is a feedback gain, and the nonlinear robust
feedback ug; satisfies:

. - A JF,
(i) z3[—0" ¢35+ 494ka94Mpds2 —A2Ap2 — JA] <&
Vi 0 xy
(it) z3tpas2 <0 (30)
with & > 0.
The adaptation function is designed as
T3 =T+ 0323 31)
where ¢3 is
aF]_d 8FLd E)FLd A1 A
=22 — — Dk
¢3 [ZZ 8)6 L axz X2, axz Vl X2 + (Dupda
Ar? Ay Az .r
T d s - P 32
v x2+ szz V1( 1) Vz] (32)

The pump control input u,, of Step 2 can be similarly designed
to track Fj; when the cylinder piston retracts, and is omitted in
this section.

Theoretically, the stability of the system and asymptotic motion
tracking performance when parametric uncertainties exist only
can be rigorously proved by Lyapunov functions (Helian et al.
(2019); Lyu et al. (2019a)).

5. EXPERIMENTAL RESULTS

To validate the presented control strategy, comparative experi-
ments are presented in this section.

The desired tracking trajectory x; in this paper is a point-to-
point curve shown in Fig. 3, in which the actuator position is
between Om to 0.6m, the max velocity is 0.25m/s, and the max
acceleration is 2m/s>.

To show the advantages of the proposed controller, two com-
parative control strategies were chosen as

(1) C1: The proposed control strategy in which the ARC con-
trol strategy is designed for a pump and valve combination
control system with meter-out pressure regulation.

(2) C2: Similar to C1, in which ARC controller is designed
for pump control, but the meter-out chamber is directly
connected to the tank without meter-out pressure regula-
tion.

The experimental equipment is with the hydraulic schematic
shown in Fig. 1. The mass of the inertia load was 280kg.
The cylinder piston diameter is 50mm, and the rod diameter is
36mm.

Acc.(m/s)
o

)

]

Time(sec)

Fig. 3. The desired point-to-point trajectory.

-~ 3
£05¢ 0.605 —Ref. | 1
: ' 06| _— —C1
§ 0.595 ~ ‘ c2
0 | | 35 354 |
0 2 4 6 8 10
5 %1073 ‘
[= —
T o wf\‘. v J W
o T '
|
5 | | | |
0 2 4 6 8 10
5 x107° ‘
£
50 *
w
5 | | | |
0 2 4 6 8 10
Time (s)

Fig. 4. Comparative tracking errors.

—FId of C1

Pump Input
(9]
T
L

Fig. 5. Control Inputs.

The experimental tracking errors of both controllers are shown
in Fig. 4, besides, the pump control input u,, and the visual
control input Fj,; are presented by Fig. 5. Pressures in each
cylinder chamber are shown in Fig. 6.

High tracking accuracy is achieved with C1, stability and tran-
sient performance is guaranteed. The tracking error converges
to zero or a very small value due to the adaptive model compen-
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Fig. 6. Pressures of the Cylinder Chambers.

sation. C2 can also achieve high tracking accuracy when the
cylinder actuator accelerates, but large errors occurred when
the hydraulic cylinder decelerated at t=3.5s and t= 8.7s. The
meter-out chamber could not provide sufficient resistance to
decelerate the cylinder, making the system cannot handle the
negative load. The results show the effectiveness of the pro-
posed meter-out pressure regulation method, and the system can
achieve accurate tracking performance with a high deceleration
trajectory.

6. CONCLUSION

In this paper, a nonlinear motion control strategy is proposed
for the accurate motion tracking of a pump and valve combina-
tion control system. The cylinder is driven by a variable speed
pump with an backstepping ARC controller. Besides, a meter-
out pressure planning method with the proportional valves is
proposed to avoid cylinder vibration and cavitation when the
cylinder decelerates substantially. The uncertainties and nonlin-
earities are fully considered by both controllers. Experiments
validated that the proposed control strategy can achieve an
accurate tracking accuracy under high dynamical nonlinearities
of the hydraulic system and a high deceleration trajectory.
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Appendix A. DESCRIPTIONS OF SYMBOLS

Symbol Meaning
XL Cylinder position ().
P, P Pressures of the cylinder chambers (F,).
Ay, Ay Areas of the two sides of the piston (m?).
b A combined coefficient of friction forces
Vi(x), Va(xr) Volume of the two chambers (m°).
Vot, Vo2 Initial values of V; (XL), 1% ()CL) (mz)
01, 0> Flow rate of the two chambers (m° /).
0Op Quantitative pump flow (m> /s).
D Quantitative pump displacement ().
Cy Pump leakage coefficient.
ke Coefficient of voltage input.
kq Lumped coefficient of valve flow.
ke Gradient of tracking pressure Pe.
P, P, Pressures of the pump and tank (P,).
Be Effective bulk modulus.
u, Voltage input of the servo motor pump (V).
Uyl Uy Voltage inputs of the proportional valves (V).
Xg Position of the desired trajectory (m).
A, Agyt, Mgz Uncertain nonlinearities.
Fr The cylinder load force (N).
Prg, Py The desired Meter-out pressure.

Fras, Upds s Qvids
Fraa, Updas Ovida
ki, ko, k3, kp;
21, 22, 23, €pi

QA D

Robust feedback terms, where i =1, 2.
Adaptive model compensation terms.
Stabilizing feedback gains.

Errors.

Uncertain parameters.

Estimation of uncertain parameters.
Adaptation law.

Adaptation rate matrix.




