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Abstract.

Multi-degree-of-freedom hydraulic manipulators are widely used in heavy-duty machinery,
due to the advantages of hydraulic transmission. While previous research focused on output
force and power, recent developments have shifted toward control performance and energy
efficiency. However, precise control remains challenging for hydraulic manipulators
compared to electric manipulators, due to the complexities of hydraulic transmission and
multi-body dynamics. Nonlinear model-based control strategies and independent metering
techniques have shown promise in overcoming these challenges. This paper investigates the
motion control of a multi-DOF hydraulic manipulator driven by an independent metering
system. A hydraulic circuit based on independent metering is designed, and the system's
dynamics are modeled. To address nonlinearities, uncertainties, and friction in the system,
an adaptive robust control strategy is proposed. Friction, which plays a significant role in
degrading control performance, is compensated using the LuGre model-based approach. The
proposed method is evaluated through simulations and experiments on a 4-DOF hydraulic
manipulator test rig. Quantitative analysis, including the Integral of Time-weighted Absolute
Error (ITAE) and maximum tracking errors, verifies that the proposed strategy achieves
improved tracking performance and energy efficiency compared to traditional control
methods.
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1. INTRODUCTION

Multiple degrees of freedom (multi-DOF) hydraulic manipulators are typically installed
on heavy-duty machinery like excavators [1] and Autonomous Underwater Vehicles
(AUVs) [2] due to the benefits offered by hydraulic transmission systems. Historically, the
primary focus regarding hydraulic manipulators has been on high output force/power [3],
with limited attention given to studying control performance. This is because most machines
were traditionally operated by operators controlling the valve orifices directly, without the
application of closed-loop control systems. Nowadays, the control performance has emerged
as a primary concern for hydraulic manipulators, given that fully-autonomous or semi-
autonomous off-road machinery represents a significant research focus in numerous
countries within the framework of intelligent development [4].

Unlike electric manipulators utilized in industrial applications, which employ servo
motors to control the joints and therefore achieve higher control performance relatively
easily, multi-DOF hydraulic manipulators typically utilize cylinders to drive the rotary joints
instead of hydraulic motors [4]. As a result, precise control of hydraulic manipulators is
more challenging due to the complex nature of hydraulic transmission and the multi-body
mechanism. The dynamics of multi-DOF hydraulic manipulator is highly nonlinear with
various uncertainties [5]. To attain high precision, nonlinear model-based control methods
such as adaptive control or robust control have been proven effective [6, 7]. These control
strategies aim to compensate for the nonlinear dynamics as accurately as possible and
incorporate robust feedback mechanisms to address uncertainties and disturbances. Notably,
friction represents a key nonlinear property within the dynamics of hydraulic manipulators
[8]. Friction exhibits a complex relationship with velocity, particularly at low speeds [9].
Due to the kinematics of the hydraulic manipulator, when the end-effector is moving
continuously and relatively fast, some joints may experience frequent stop-and-go or low
speed motions. Inadequate compensation for such behaviors can lead to significant peak
errors in the joints and degrade overall control performance.

Typically, the friction force is represented as a combination of Coulomb and viscous terms
[10]. This model is accurate when the velocity is relatively high and can be easily integrated
into model compensation control. However, as the velocity decreases, the discrepancy
between this model and the actual behavior can be increased, since the real friction force
exhibits a pronounced Stribeck effect at low speeds [11, 12]. Thus, extra attention should be
paid to make more effective compensation for the nonlinear friction in order to enhance the
control performance of multi-DOF hydraulic manipulator. Among the existing models,
LuGre friction model [13] has been demonstrated to be effective in various actuation
systems such as linear motors [14], PMSM servo systems [15] and hydraulic cylinders [16].
However, few studies can be found about applying LuGre model in hydraulic manipulators.
Considering the complex dynamics of hydraulic manipulator itself, designing a model-based
controller is still challenging.

In addition to control precision, energy efficiency is also important for hydraulic
manipulators [4]. In most hydraulic manipulators, each hydraulic cylinder is controlled by a
single proportional or servo valve. The hydraulic circuit is quite straightforward, and such
four-way valve ensures the stability of the internal dynamics within the hydraulic system
[10]. However, the inlet and outlets orifices of the actuator is coupled strongly by the
mechanical linkage of the valve spool. This linkage restricts the control to a single control
input for a given actuator, which makes it unfeasible for energy saving. In the field of
electro-hydraulics, independent metering technique has been a solution for addressing
energy efficiency concerns [17]. With in independent metering systems, each actuator is



controlled by two independent valves at least, which enables independent metering of the
inlet and outlet orifices. This additional control input facilitates simultaneous energy savings
through strategic control design. Although in many researches direct pump control becomes
a good choice when energy saving is a major concern [18], the control performance of
independent metering system can be much better since the actuator is still controlled by the
high-response proportional or servo valves [19]. Implementing independent metering
systems in hydraulic manipulators could offer both superior control performance and
improved energy efficiency. However, the corresponding control flexibility should be
handled properly by the controller [20].

To achieve high precise motion tracking performance while improve the energy efficiency,
motion control of the hydraulic manipulator driven by an independent metering system is
studied. The hydraulic circuit is designed based on the independent metering technique and
the dynamics of the system is modelled. Then, the desired load force ensuring the tracking
performance is synthesized based on the adaptive robust control theory [10], additionally
considering nonlinear friction compensation. To address the flexibility of the independent
metering configuration, a mode selection method is proposed to determine the control
objective for each cylinder chamber. Motion and pressure controllers are then designed for
both chambers. Finally, the control performance is evaluated theoretically and validated
through comparative simulations and experiments.
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Figure 1: The common mechanism of multi-DOF hydraulic manipulator

2. HARDWARE CONFIGURATION AND PROBLEM
FORMULATION

2.1 Hardware Configuration

A hydraulic manipulator with cylinders driving the joints is given in Fig. 1, illustrating
the common mechanism of multi-DOF hydraulic manipulator. The corresponding
coordinates are defined following the typical processes. Usually, each cylinder is controlled
by a single four-way proportional or servo valve [4]. Instead, in this study, the independent
metering technique is implemented in the hardware configuration. For example, for the n-th
cylinder, two proportional four way valves, namely ¥V, and V, are used coordinately to

control the inlet and outlet flows, denoted as QO

in

and O, respectively. These two valves
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collectively form an independent metering unit as shown in Fig. 1. It is important to mention
that in independent metering systems, controlling the pump to match the flow required by
the actuator is also crucial for energy savings. However, in this study, our primary focus will
be on the control of independent metering valves.

2.2, Modeling of Hydraulic Manipulator

The model of the hydraulic manipulator is constructed as

M(q)g+C(q,9)g+G(q) =7+ Dy

1
t=J(@F, -T,,F, = AF - AF, M

where g el]” isthejointangle. M(q)el ™, C(q,4)el ™ ,and G(g)el" denote the
inertia matrix, the centripetal and Coriolis matrix, and the gravity terms, respectively.
D, el" is the lumped modeling error including external disturbances and other hard-to-
model terms, such as the non-uniform mass distribution across each link of the hydraulic
manipulator. J,(g) €[J™" represents the nonsingular joint Jacobian matrix and 7, €[J”

means the friction torque. F, e[l " denotes the load force, with 4, €1™" and 4 0"

being the head and rod-end ram areas of each cylinder. P, elJ" and P, [l" represent the
pressure of the two chambers, whose dynamics can be further expressed as

V(x)B,'B=-A4% +0 +D,

i

p 2)
I/u (xL )ﬁ eo Pz) = AnxL - Qo - DQ()

where x, =J,q, with x, being the cylinder displacement. £, el and g, el

denote the effective bulk modulus of the two chambers. V,(x,)el ™ and V (x,)el"™
are the total compressible volumes of the head and rod end, respectively. D, " and
D,, €ll" denote the lumped modeling errors, which include leakages in the hydraulic

circuit and other minor nonlinear characteristics. Owing to the independent metering unit,
O, and Q, are two independent control inputs. In practice, O, and Q, need to be

reasonably distributed to obtain control signals for each valve core. Note that the dynamic
response of the valve is much higher than other parts of the system, so only the static
mapping of O, and Q, to the valve control signal is considered. Therefore, this step will

be omitted in the modeling process in this paper, and the general problem of controlling the
motion of hydraulic manipulator with @, and Q, will be studied.

The friction torque 7, is given by
T, =Zo,+25,(@)+df,.Z =q-|i|lg" (@Z (3)

where Ze[™ means the internal friction state and ¢ = diag(q) . o, el”,
6,(q)=h,9)0o, ", and f 1" are the stiffness, a velocity dependent damping

coefficient, and the viscous friction coefficient, respectively. g(¢)ell ™ is a positive
diagonal matrix describing the Stribeck effect, in which



g&(g)=a,+(a, - ac;)ef(‘?:/‘i.s,)z @

with o,a, and o,a, corresponding to the static friction and the Coulomb friction,

respectively. ¢ is the Stribeck velocity.
In addition, though the lumped modeling error D, in (1) and (2) is unknown and time-
varying, it can be split into the nominal value D, with slow variation and the bounded

deviation value AD,,i.e., D, can be further denoted by

D, =D, +AD,
DQi = DQin + ADQ:‘ (5)
D Qo = D Qon + ADQU

Property 1. The inertia matrix M (q) is a positive definite symmetric matrix, and satisfies
el SM(@) S Ay 1, (6)
with A, and A. being the minimum and maximum eigenvalues of , respectively.

Property 1. The matrix N(q,§) = M(q)—2C(q,§) is skew-symmetric and

M(q)=C(q,4)+C"(¢,4) (7

2.3. Dynamics parameterizing

For the convenience of subsequent controller derivation, the model in Section 2.1 can be
parameterized as

MG+Cq=J,F, -G-T,(Z,8,)+6,+AD,
Vi(xL)QSPi =—A4%, +0, +6, +ADQ[
Vo(xL)97Po =4,x,-0,-6, _ADQa

(®)

where &, 0[6],07,67,6] 1, 8,007,071, and &,0[67,6] ], in which 6, means

the parameter set of the ;j” dynamics parameter at each joint, that is

0]' :[ﬂl(j)s"'a”[(j))"'aﬂn(j)]T
ﬂ’i = [O-Si’O-mi’f;i’DFniUﬂt;l’DQini’ ;)I’DQrmi ]T (9)

with 7,(j) beingthe ;" elementof z,. T,(¢,9,)=¢;9,,and ¢/T:{Z,Zh”1,q7,0nxl}

is a linear regression matrix.

Assumption 1. The bounds of parametric uncertainties and uncertain nonlinearities are
known, i.e.,



'9si € Q&S, 0 {Ssi :lgsimin < ‘951‘ = l9simax}
1
|AD, | < 8,.|AD,,| < 8,,.|AD,| <5, (10)
where 3, .. s> Ors Oy sand J,, are known scalars.

2.4. Control Objectives

Since independent metering technique is used for hydraulic manipulator, the controller
should achieve high tracking performance while effectively managing the additional
flexibility to enhance energy efficiency. The dual design objectives can be specifically
described as:

1) High precision motion control: given a set of desired trajectories ¢, (¢), the primary
objective is to synthesize the valve spool voltage u, , so that each joint angle q(t) can
track ¢,(¢) as closely as possible, especially under low-speed conditions.

2) Low energy consumption: utilize the dual independent control valves for each actuator
to maintain chamber pressures at low levels to conserve energy.
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Figure 2: The overall control framework.

3. CONTROLLER DESIGN

In order to achieve the dual control objectives, the working mode selection is applied
following the standard procedures proposed in [21]. In the selected working mode, the
offside (to keep the chamber at a low pressure) and working side(motion tracking)
independently control the pressure of the two chambers based on adaptive robust control
theory [10]. The specific control framework is shown in Fig. 2.

The following notations are used throughout this paper: ¢ denotes the estimate of
and °=7¢—¢ denotes the parameter estimation error.



3.1. Desired Load Force Design
This subsection aims to achieve motion tracking of the hydraulic manipulator and
calculate the desired load force of the hydraulic cylinder F,, so thatthe angle tracking error

e, =q—q, canbe kept as small as possible.
Define a switching-function-like quantity

e =6+Kpe :q_qeqaqeq g, —Ke (11)
with K, being a positive gain matrix. As long as the e, — 0, the tracking error e, will be
very small or converge to zero.

Differentiating (11) and noting (8), it has

Me, +Ce, =J,F,,+J,e,-G-T.(Z,9,)
+6, +AD, —(Mi,, +Cq,,) (12)

with e, =F, - F,,.

Considering that Z is unmeasurable, a dual observer based on mapping functions is
designed as

|x2| - h(x2)|x2|ez} (13)

The virtual control force F,, can be designed as

Fo,=F,, +F,

Friw = Fran + Frans Fra = Flan + Flae
Fran =, (M, +Cay + G+1,(2.9,)-0,) (14)

_ -1 _ -1
Fran =1 Kyey, Fry = =J, Ky 08,
in which K, is a sufficiently large nonlinear gain matrix.

Consolidate the model compensation errors resulting from uncertain nonlinearities and
physical parameter estimation discrepancies, and then separate them into a static component

d, and a high-frequency component d, ()

d,+d’ (t)0) AD, — 413,

(15)
Then, design fast dynamics compensation F,,, as
FLdaZ :_J}?Id]sdl ZPI'Oj[?(}/Fez) (16)

in which y, is a positive constant matrix, and Proj,(e) is a projection mapping.
K, , isanonlinear robust feedback gain chosen large enough such that F,,, satisfies
the following robust performance conditions:



(@) eZTJhFLdS2 <0
(ii) ezT (JhFLdsZ _d~1 +g1*

(17)
+6,21-60,h,|d|g" Z2) <n,
with 7, >0 being an arbitrarily small parameter.
Using (14) and (16), the resulting error dynamics of e, can be written as
Mé, +Ce, =K, e, +0,Z1 —0,h, 4| g ' Z>
+J,e Jr(t]hFLdS2 —d, +91*) (18)

3.2 Pressure Regulation Controller

Hydraulic cylinders need to generate the desired load force mentioned above to achieve
motion control goals, but the independent form of the load port allows for independent
control of the pressure in both chambers, resulting in countless combinations of chamber
pressures. According to the direction of the load force, when a forward load force is required,
the pressure in the rod end chamber is controlled at a small value, while when a reverse load
force is required, the pressure in the head chamber is controlled at a small value p,_, which
can effectively achieve the goal of maintaining low pressure [21]. This subsection takes the
rod end chamber as the offside as an example to design a pressure regulation controller. The
pressure design for the head chamber follows the same procedure and is omitted here.

Define the tracking error of pressure as e;, = P, — p, . The error dynamics would be the

same as the pressure dynamics because p, is constant

97é3p = V{:I (AnxL -0, -6 _ADQU) (19)

with O being the control input, the proposed control law is given by

QoLd = QoLda + QoLds

QoLda = QoLdal + QaLdaZ

QoLds = QoLdsl + AQoLdaSZ R (20)

QoLdal = AUXL - 089 QnLdaZ = V:)dp

QoLdsl = KoslI/oe3p7 QoLd52 = KosZI/oe3p
where O, .., is the model compensation term and c:lp is a fast dynamics compensation
is a

with dp+g;(t)D VO’I(H;—ADQ{,) and c?szrojg(;/QoeM). K, >0 and K

osl 0s2

nonlinear feedback gain chosen to satisfy the following condition for performance
robustness to model uncertainties:

(l) _e3TpVo_1QoLds2 <0
i) &l (V)" =, +d; ) <, @1
with 7, >0 being an arbitrarily small parameter.

Substituting control law (20) into (19), the error dynamics can be written as



97é3p = _KasleSp + (Q; - dp - VnilQaLdSZ) (22)

3.3. Motion Tracking Controller
The pressure regulation controller has already calculated the control flow Q,, .

Furthermore, it is necessary to calculate the control flow rate based on the desired load force
to achieve accurate motion tracking in the closed-loop system.

The error between the real load force and the desired load force is e;, = F, — F,,, whose

derivative is
ey, = HSFL _HSFLd
= _(V;_]Aiz + Vo_lez )X, + K_IA,‘Q[ + I/o_leQa (23)
+V 46, +V," 4,0, + AAD, — A AD,, —F,,
where F,, can be further expressed as the incalculable part F, . and calculable part F,,

Similarto Q,,,, O,, in(23) can be generated as

QiLd = QiLda + QiLds

QiLda = QiLdal + Yidar

QiLds = Qidel + QiLdasZ

QiLdal = V[A;] [(1/27114[2 + V:;]Aoz )xL - V;)ilAnQo
_V;_IAi96 - Vvo_lAaes + Fde + YQm]

QiLdaZ = _I/iAiildAm

Oran = _kisll/iAiileBm’ O = _kiSZI/iAiileﬁsm

being a gain matrix and Y, =-ww,'Je, . d, is a fast dynamics

m

24)

with £

isl

is a nonlinear robust feedback gain chosen

compensation with d, = Proj P2 I

large enough such that Q,,, satisfies the following robust performance conditions:

() €,0,4, <0
(ll) e;m (I/oilAuQiLdSZ - d~2 + Q;) < nm (25)
with 77, >0 being an arbitrarily small parameter.

Substituting control law (24) into (23), the error dynamics can be written as

éSm = _kiSIZS + (I/:;IA()QLdXZ - d~2 + g; ) + YQm (26)

3.4. Parameter Estimation
The parameter estimation law is given as

8, =sat, (Proj,(I',7,)) 27

The projection function Proj,(e) is defined as



10

o ge@yorné¢£0
Proj,(e) = n.nh .
‘ [-T=2 o, ecdQ, and n}e>0 (28)
n,I'n,

where €5, 00 > and n; are the interior and the boundary of €, and the outward unit

normal vector at § € 0Q),.
Define regressors as

¢1T = _Zd’_Zd hm’_q3 Inxl}

ZT_[_PMVTI]T
T _ _P’_V—l T
3 [ o o ] (29)

u=J,F, -Mij-Cq4—-G
u, = V;_I (—-4x,+0)
U, = Va_l (4,5, -0,)
A stable filter H ,(s) witharelative degree no less than one is used to handle the sensor

noise. Noting (29) we can get

_ 4T
Uy = ¢1/ ‘9is (30)
Define the prediction out and prediction error as
= gy 9,
§ =i, —u, =¢; 3, Gh

I';(¢) is updated by

bl ST T i 2, ()< py

"o, else (32)
in which p,, is the upper bound of I',(r), « is the forgetting factor, and v >0. The
adaptation functionz, =¢,Q.

Theorem 1. All signals in the system controller are bounded. Furthermore, the positive-
definite function V, defined by

1 T 2 1 T 1 T 1 T
V. :Eel wK e +582 w,Me, +Ee3m6’563m +Ee3pw2¢97e3p

(33)
is bounded above by

773'
V() < exp(=A,t)V,(0) + Z[l —exp (_lst)] (34)

with 4, =min{A, 24/ Ay. 2k, |02k, | Orpee| and 7, =wig +wyn,, +17, -

In addition, if there is only parameter uncertainties in the system after a finite time, the
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closed-loop system can achieve asymptotic tracking performance, i.e., the tracking errors
e >0 ast > .

4. SIMULATIONS AND EXPERIMENTS

To verify the feasibility and effectiveness of the proposed control strategy, both
simulations and experiments were conducted. The simulations were designed to evaluate the
controller performance under controlled and reproducible conditions, while the experiments
further validated its applicability in real hardware environments.

4.1. Simulations

In the simulation, the multi-DOF coupling effect, sensor measurement noise, and the
dynamic process of the valve simulated by a second-order system are all considered, to make
it more practical. The noises of the angle encoder is set as 1x107*7ad , which is consistent
with reality.

Two controllers were compared to highlight the advantages of the proposed method as
follows:.

C1: the proposed controller with the LuGre model compensation, enabling better handling
of nonlinear friction, particularly at low velocities. The control law can be represented by
(14), (20), (24).

C2: the proposed controller with the Coulomb and viscous friction model, which is widely
used [22]. The only difference from Cl1 is that the friction compensation term is composed

of 7, =S,(4)0,+40,.
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Figure 3: The reference trajectories.

Two sets of experiments, as show in Fig.3, were set up as follows:

Setl: Slow point-to-point(P2P) tracking experiment. The desired trajectory was from
0.2rad to 0.81rad, with the maximum angular velocity 0.43rad/s, which includes various
motion states such as starting, accelerating, constant speed, and decelerating.

Set2: Slow SINE curve tracking experiment. The desired trajectory was set as
q,(t) =20sin(1.5t) rad.
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In the simulation, all joints are controlled by the proposed method to track the reference
trajectory simultaneously. For clarity, the analysis here focuses solely on the swing joint. To
rigorously evaluate the tracking accuracy, quantitative metrics including the maximum
tracking error e,  and the Integral of Time-weighted Absolute Error (ITAE) were
introduced. The ITAE index is particularly significant as it penalizes long-duration errors,
thereby reflecting the steady-state accuracy and convergence speed.
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Figure 4: The tracking errors of C1 and C2.
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Figure 5: The pressure regulation results of C1.

The experiment results are shown in Fig. 4, and Table 1 is a summary of the comparison
results. In the Point-to-Point motion (Setl), which involves frequent acceleration and
deceleration phases, the proposed adaptive robust controller (C1) demonstrated remarkable
performance. Specifically, C1 reduced the maximum tracking error e, by 77.73% (from
0.0092 rad to 0.0020 rad) compared to the traditional controller (C2). This substantial
reduction indicates that the proposed LuGre model-based friction compensation effectively
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suppresses the error spikes caused by the Stribeck effect during zero-speed crossings.
Furthermore, the ITAE index was reduced by 27.44%, confirming improved global tracking
capability. Similarly, in the continuous Sine wave tracking (Set2), Cl consistently
outperformed C2, achieving a 41.94% reduction in peak error and a 13.87% reduction in
ITAE. These quantitative improvements validate that the proposed strategy not only handles
nonlinear friction more effectively but also achieves higher precision across different motion
trajectories. In addition, the pressure regulation results of C1 are show in Fig. 5, where the
pressures of both chambers are regulated at a low level, which means the energy efficiency
can be further improved by the independent metering technique.

Table 1: Quantitative comparison of tracking performance metrics.

Motion Set Metric Cl C2 Improvement
e, . (rad) 0.0020 0.0092 77.73%
Set 1 (P2P) ITAE (rad -s) 0.2313 0.3188 27.44%
. e, . (rad) 0.0025 0.0044 41.94%
Set2(Sine) 1A (rad -5) 0.2537 0.2946 13.87%
4.2. Experiments

The experimental validation was conducted on a customized 4-DOF hydraulic
manipulator test rig (as shown in Fig. 1). The system is powered by a variable displacement
pump station with a supply pressure of 10 MPa. The joint angles are measured by high-
resolution rotary encoders, and the cylinder pressures are monitored by pressure sensors
installed at both chambers to provide feedback for the pressure regulation loop. Real-time
control algorithms are implemented on a NI cRIO system with the control frequency being
300 Hz. Compared with the simulation, additional real-world effects such as valve hysteresis,
signal noise, and load fluctuations were present. The experimental results, as shown in Fig.
6, confirm that the proposed method effectively improves trajectory tracking accuracy,
validating its potential for practical implementation in hydraulic manipulators.
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T 04 T 04
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= 5 _C1 =2 Cc1
e v EEURASTIN S
Eo \U E 2 ﬁ\k/
g g g -4
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
Figure 6: The experiment results of C1.
S. CONCLUSION

This paper presented a motion control strategy for a multi-DOF hydraulic manipulator
driven by an independent metering system. An adaptive robust controller with LuGre
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friction compensation was developed to handle system nonlinearities and uncertainties while
improving energy efficiency. Both simulation and experimental results verified that the
proposed method achieves high tracking accuracy and maintains low chamber pressures,
demonstrating its potential for efficient and precise hydraulic manipulation.
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