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Abstract: Hydraulic manipulators play an irreplaceable role in many heavy-duty applications. Cur-
rently, there are stronger demands for the hydraulic manipulator to achieve high precision, as well
as high force/power. However, due to the inherent nonlinearities of its high-order dynamics, the
precision of the manipulator has been a common weakness compared with electrically driven ones.
Thus, in this paper, a nonlinear adaptive robust control method for the hydraulic manipulator is
proposed. To make the controller more applicable to practical engineering projects, this study tried to
control each joint independently instead of directly based on the complicated multi-degree high-order
dynamics, while guaranteeing the control precision by the adaptive nonlinear model compensation,
as well as a robust feedback design. The closed-loop control performance was theoretically verified.
Besides, several sets of comparative motion tracking experiments were conducted, and the proposed
closed-loop system achieved high precision under different trajectories and postures.

Keywords: adaptive robust control; hydraulic manipulator; motion control; backstepping

1. Introduction

Due to its higher power-to-weight ratio and fast response, the hydraulic manipulator
is widely used as the main actuator in oil and gas production, civil engineering indus-
tries [1], military applications [2], and aerospace [3]. However, faced with various tasks and
potentially extreme environments, it is inevitably difficult for open-loop control to achieve
high precision, which includes slow dynamic response, low control accuracy, and the lack
of fine work ability. The demand for closed-loop control of hydraulic manipulators with
high precision is increasing [4—6]. The high-performance tracking of the given reference
trajectory is always the basis [7-9].

However, there are numerous problems in the high-precision motion control of hy-
draulic manipulators. Compared with the electrically driven manipulator analyzed in [10],
the hydraulic manipulator has a special mechanism configuration, as its rotary motion is
driven by the linear motion of the hydraulic cylinder. This special mechanism configura-
tion will result in a nonlinear relationship between the joint angle and the length of the
hydraulic cylinder, as well as the joint torque and the hydraulic cylinder force. Besides, the
dynamics of hydraulic systems are also highly nonlinear [11,12]. Excluding the nonlinear-
ity, there are numerous uncertainties in the system, which can be divided into parametric
uncertainties and uncertain nonlinearities [13]. Examples of the parametric uncertainties
include rotational inertia, the coefficient of friction, and the hydraulic bulk modulus, which
are imprecise or time-varying [14,15]. The uncertain nonlinearities refer to some physical
factors whose nonlinear functions are unknown and cannot be accurately modeled, such as
the external disturbance and internal oil leakage [16,17]. In addition to the aforementioned
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dynamics of the manipulator, the chamber pressure dynamics and spool dynamics, which
will undoubtedly lead to a higher order of the dynamics model [18,19], cannot be ignored.
Above all, if the coupling dynamics is taken into account, it will be a high-order multi-input
multi-output (MIMO) nonlinear system with various uncertainties. These characteristics
undoubtedly exacerbate the difficulty of the controller design and make the parameter
tuning more complex. What is more, the uncertainties may give rise to the significant
performance degradation or instability of the controlled system designed on the nominal
model [20,21].

Faced with the above difficulties, there are many related research works in the past
few decades. Model-based control has been widely considered, and one of its prerequisites
is that the parameters in the dynamics model should be completely known. Therefore,
there are many related research works on parameter adaptation. Approximation-based
control methods such as neural adaptation have been used to learn the robot dynamic
model [22,23], which proves the uniformly ultimate boundedness of the tracking errors.
In addition to the goal of parameter boundedness, there are some research works that are
more concerned with the rate of convergence of the parameters, whose identification algo-
rithm shows accurate and fast convergence [24,25]. In the motion control of the hydraulic
manipulator, the identification of the system dynamics’ parameters is also important. Con-
sidering the influence of the dynamics’ parameters and the difficulty of identification, some
parameters are selected in the controller, which are dealt with by the projection adaptation
law to reduce the motion tracking error. On the other hand, the coupling dynamics of the
hydraulic manipulator was also studied by Mattila and Koivumaki [26,27], who proposed
a decoupling scheme called virtual decomposition control (VDC). Challenged by the para-
metric uncertainties and uncertain nonlinearities, the modeling and compensation control
of the hydraulic manipulator were considered comprehensively. With the idea of VDC,
the hybrid force/motion controller was designed, and the high-performance control and
robustness of the controller were verified by the experiments. This method is feasible, but
extremely dependent on the high-precision dynamics model, and the complexity of the
controller design is greatly increased. Moreover, the physical model in real scenarios tends
to deviate from the nominal model. These possible deviations will make the feedforward
compensation of the controller suffer from certain discrepancies, which may lead to a
decrease in the accuracy of the model compensation. Furthermore, control precision might
be reduced due to the inaccurate tuning of numerous parameters in the coupling dynamics.

Nonetheless, in the industrial or commercial application of hydraulic manipulators,
PID or state feedback controllers are the most widely used, including all kinds of con-
trollers derived from PID [4]. For example, in the remote control robot for a fusion reactor,
Han et al. [28] combined PID with an optimization algorithm to realize the fast tuning of
the controller parameters. Kim and Lee [29] added the switching action of sliding mode
control (SMC) to the PID controller, which was matched by a double-integral sliding surface
(DISS), and carried out the experimental verification on the hydraulic manipulator. In the
application of agricultural seedling transplanting technology, Jin et al. [30] proposed a
control strategy based on fuzzy PID, which can adjust the PID parameters online and over-
comes the disadvantages of nonlinearity and low control accuracy partly in the hydraulic
seedling-picking-up system. However, generally speaking, the output of the PID controller
basically depends on the tracking error, which cannot effectively compensate the model.
Even though many teams have made some improvements on the basis of PID, its accuracy
in model compensation is still limited. More importantly, it is difficult to ensure the robust
stability of the controller in theory.

The above literature shows two common control strategies for the hydraulic manipu-
lator, i.e., controlling each joint independently and directly based on its coupling dynamics.
The former one is popular in engineering practice due to its simplicity, but the frequently
used PID-based controller has difficulty achieving high performance. Within the current
research, the latter one has been studied and can achieve better performance. However,
the coupling dynamics will dramatically increase the complexity of the controller design,
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which might not be a good solution for applications. Moreover, the performance of such
a strategy highly relies on the accurate model compensation of the coupling dynamics,
but numerous parameters, as well as the parametric uncertainties make it more challeng-
ing. In this paper, we tried to control each joint independently to avoid the complexities
brought by the coupling dynamics. The nonlinear adaptive robust motion controller was
designed, where both the parametric uncertainties and the nonlinearities were addressed
properly and a high tracking precision was achieved. The contribution of this paper can
be expressed by the following two aspects:

¢ The projection adaptation law was designed to deal with the parametric uncertainties
and the uncertain nonlinearities, which aimed to obtain more accurate feedforward
compensation. The nonlinear robust feedback and the linear stabilizing feedback were
designed to overcome the external interference and the perturbation of the dynamics’
parameters. The backstepping strategy was considered to deal with the high-order
dynamic characteristics of the hydraulic systems;

*  The motion of the hydraulic manipulator was realized by controlling each joint inde-
pendently. The nonlinear adaptive robust controller was designed to deal with the
parametric uncertainties and the nonlinearities. In theory, the guaranteed transient
tracking performance can be achieved, as well as the asymptotic tracking under four
conditions. A series of comparative experiments was carried out to test the control
performance under different working conditions. In the comparative experiments,
when tracking different reference trajectories under different moments of inertia,
high-precision control can always be achieved by the proposed control design.

The rest of the paper is organized as follows. The dynamic model of the swing joint of
the hydraulic manipulator is established in Section 2. The adaptive robust control method
is adopted in Section 3. The comparative experiments to illustrate the effectiveness of the
controller are given in Section 4, and conclusions are drawn in Section 5.

2. Dynamic Models and Problem Formulation
2.1. System Modeling

The hydraulic manipulator considered in this study is shown in Figure 1, where there
are 4-DOFs, all driven by hydraulic cylinders. Following the standard DH definition, the
axis of each joint is defined in Figure 1. In this paper, the swing joint of the manipulator was
to be controlled, aiming at high-precision rotation about the Zj axis. The physical details of
the swing joint are further shown in the enlarged plot in Figure 1, where x;, denotes the
total length of the swing cylinder and g is the intersection angle between axes X; and Xj.

Vertical View

Swing Joint

Figure 1. Schematic diagram of the mechanical arm structure.
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Following the above definition, the swing motion dynamics of the manipulator can be

described as: 5
.. X . .
Jii = - F= Dy = fs(@) + Di (1)

where ] is the moment of inertia, dx; /dg comes from the transition from linear motion to
rotation, D £ is the viscous friction coefficient, f is the Coulomb friction coefficient, and
Dj represents the lumped modeling error, including the unmodeled dynamic friction and
external disturbance. In order to describe the switching function sgn(e) and make it apply
to the design of the controller, sgn(e) is approximated as a smoothing function s(e). F; is
the load force generated by the hydraulic cylinder, which is expressed as:

F, = p1A1 — p2Ay )

in which A; and Aj are the head and rod end ram areas of the cylinder and p; and p»
represent the pressure in each compressible chamber, whose dynamics can be further
expressed as:

=P = —Ala;;q + Q1+ D
Vi, 7AaxL. D ©)
B, P2 = A2 Q2+ D2
where V; = Vi1 + Ajx and V, = Vjp — Apx are the total compressible volumes of the
head and rod ends, respectively, with x being the displacement of the hydraulic cylinder.
Vin = Aplp and Vip = Aplop + Xmax Az are the initial compressible volumes when x = 0,
where x4y is the cylinder’s total length, I1, and I, are the length of the pipelines connecting
the valve block with the cylinder, with A, representing the pipeline’s area. B, is the effective
bulk modulus, which is relatively stable and known. Q1 and Q; are the flow into the head-
end chamber and out of the rod-end chamber, respectively. D1 and Dy, denote the lumped
modeling errors.

Combining (2) and (3), the dynamics of the swing cylinder force can be further given as:

Fp = p1A1 — p2 Ay
_ _(A% A% ox

. Aq Ay
v Vz)aﬁeq + QrBe + 71'861)21 + 72ﬁeD22

4)
+

where Q) = (A1/V1)Q1 + (A2/V,)Q> is defined as the valve control flow.

A four-way proportional valve was used to control the swing cylinder. Since the
dynamics between the valve spool voltage and valve spool displacement is usually much
faster than the actuation system dynamics, it can be neglected in the control design, as done
in other existing studies [31,32]. Thus, the following static mapping can be used to describe
the relationship between valve spool voltage U, and flow Q; controlled by the valve:

=
(A1/V1)kg /AP + (A2 / V2)kga /AP, 5
- > — >
AP, — Ps — P1, U_O, AP, = p2—pr, U220
p1—pr, U<O0 ps—p2, U<O0

in which ky1 and kg are the flow gain coefficients of the proportional valve, ps is the supply
pressure of the fluid, p, is the reference pressure, and K, is the linearized valve flow gain.
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In (1) and (3), though the lumped modeling error is unknown and time-varying, it
can be split into the nominal value with slow variation and the bounded deviation value,
which changes rapidly [16], i.e., D; in (1) and (3) can be further denoted by:

Dy = Dy, + ADy
Dy; = D1, + ADyy (6)
Doy = Dopy + ADp

with Dy, D71y, and Dyy, representing nominal value and AD1, AD;, and AD;; represent-
ing the deviation amount.

2.2. Model Parameterization

Define a set of parameters § € R”*!. Furthermore, the state-space form of this model
can be expressed as:

ox
j=01—F, —0j—63s+ 04+ ADp
q 3q q %

Fp = —A65 4+ 05Q1 + Bbg + CO7 + ADQ

Due to some parameters, such as dx/dq, A; and V;,i = 1,2 are computable with
precision, and A = (A2/V; + A3/V»)(9x/9q)4, B = A1/V1, C = Ay/V; are used to
replace them for simplification. ADr = AD;/], as well as ADg = (A1/V1)BeADy +
(A2/Va)BeADyy are uncomputable parts. In particular, 6 is defined as:

0=1[01, 02 03 04 05, 66 67
11 1,1
= [T/ ij/ jf/ 7D1n/ ;Be, ,BeDzlm ,BeDZZn]T
Although there are many parameters ¢; and lumped modeling errors ADr, as well as
ADg suffering from uncertainties in practice, as a matter of fact, the parametric uncertainties
and the modeling errors are bounded by certain boundaries. Naturally, the following
practical assumptions can be made:

®)

0; € Qo, = {0; : Oimin <0 < Oipax}, i=1,2,...,7
ADp € Qp, = {ADf : |ADg| < 0F} )
ADg € Qp, = {ADg : [ADg| < ép}

with dr and 6 being known functions.
For convenience, the following symbols are used in this paper to represent some par-
ticular meanings: é represents the estimate of ®, while 8 = & — e is the error of estimation.

2.3. Control Objective

The control objective can be stated as follows: given a third-order differentiable
reference motion trajectory g,4(t), the primary target is to compute a valve spool voltage so
that the swing angle g can track g,(t) as accurately as possible, in spite of heterogeneous
model uncertainty.

3. Adaptive Robust Motion Controller Design

In this section, the controller’s structure is shown as in Figure 2, which includes the
adaptive nonlinear model compensation, as well as the robust feedback design, and the
specific meaning of each module is described in detail later.
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Projection Adaptation Law

R T T,
6 = Proj(ro) o T
51
L edm |
Adaption Function
QLdsz
Qras2(z3't)
FLdsz
Fras2(z2t)

Nonlinear Robust Feedback

Qras Qras1 1
—kzgo——
O g —
Fras1 “k 1 0dq
Fras 21 B1min 9%, .
9a(8) 1oq . -~ - . Fiaa
—_ ey = inear Stabilizing Feedback
9, 9%, (qu + 635 —6, + ng) O L Stabilizing Feedback o)
I —
) ) ox q z
7] 6 1. H =0 F Q. — 1
Qe A-=B-LC+—Fy —Y, 4= 615, F. =624 =655 +06,+ 4D —>
8, 65 6
4
Adjustable Model Compensation X F, 7
Fy, = ABs + 65Q,, + BOs + CO, + 4D,
Uy = f(Qua) -
Fia

Figure 2. The structure of the ARC controller.

With known 6;,,i,, and 0,05, i = 1,2, ..., 7 mentioned in (9), the discontinuous projec-
tion Projy(e) is used to update the parameters online:

6= Projs(I'T) (10)

in which I is a symmetrical positive determined gain matrix and 7 is an adaption multino-
mial, which needs to be specific while designing the controller. Proj;(e) = [Projé1 (®1),...,

Projé7(o7)]T, and Projy. (e;) can be defined as:

0, if 0; = 0;max and ; > 0
Projy (e;) = 0, if 0; = 6imin and ; <0 (11)
e;, otherwise

Obviously, as long as the mapping relation meets (10), for any 7, the following condi-
tions can be satisfied:

(l) 0 €Oy £ {é 2 Opin < 0 Bmux}
(ii) 6T(F'Projy(I't) — 1) <0, Vr

N

(12)

In the following, the recursive backstepping ARC design is used, which aims to syn-
thesize a valve-controlled voltage signal to realize accurate tracking of the swing motion.

3.1. Step 1

To represent the control target of the swing motion, the output tracking errorz; = g — g4
is defined. Then, we define a switching-function-like quantity as:

zp=21+kiz1 =4 —deg, Geg = Ga— b1z (13)

with k; > 0 being a customized constant and g,(f) being a known reference motion
trajectory. The transfer function between z; and z, expressed as G(s) = (Z1(s)/Z(s)) =
1/ (s + kp) is stable, which means the equivalent conditions for z; converging to a small
value is to let z; converge to a small value. Therefore, the subsequent target is to converge
2z to the minimum, while guaranteeing sufficient transient performance.
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Noticing (7), z2 can be further expressed as:

. R N .
22 =4 —Yeqs Yeq = 4d — k1zq
d (14)
= 91%1‘1 — 92{7 — 0354604+ ADp — qeq

In this step, it is Fy, that is the virtual control input. Therefore, following the design
approach shown in Figure 2, the proposed control law F;; for Fj is given by:

Frg = Fraq + Fras

1 90q9 4 N A
L = G 5x (624 4 035 — 04 + Geg)

Fras = Fras1 + Fraso (15)

1 9
Fras = *kzslelfﬁzzl kas1 > ko + Gun || TP | P10
min

T = WiPm122

in which the virtual control law F;; contains the adaptive model compensation F;;, and
the robust control law F 4, I' > 0 is the adaption rate matrix mentioned in (10) with wy > 0
and wy > 0being the weighting coefficients, g,,1 is a coefficient that satisfies g,,1 > 1/ (2d)
with d,, being a positive constant, 17 is a part of the adaption function, and Fy 45, is chosen
to satisfy the following robust performance conditions as:

(i) zoFpg <0

. ox ~ (16)
(i) ZZ(QlaiqLFLdsz — ¢p10+ADF) < &

with g1 being a design parameter.

Since the output pressure F; is not a directly controllable physical quantity, additional
definitions about the deviation between F;, and F;; as z3 = F| — Fy; are necessary. So far,
substituting (15) into (14), the error dynamics’ form of z; can be expressed as:

) 0 dJx ~ dJx
Zy = —k2517122 + (QlinLdSZ — gbr];zlg -+ ADF) + 91 7LZ3 (17)
O1min al] aq
where ¢,,,1 is defined as:
oxg . T
¢m = [WFLda/ -4, —s,1,0,0,0] (18)

3.2. Step 2

The purpose of this step is to design an appropriate control law such that it makes z3
small or converge to zero and synthesize the control signals U, as the valve spool voltage.
z3 = Fp — F14. According to the third expression in (7), Z3 can be further expressed as:

zz=F — Fg

. 19
= —A95+QL95+BQ6+C97+ADQ — Fr4 (19)
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where F;; can be divided into the computable part F; ;. and the uncomputable part F; 4,,
which can be represented as:

Frg = Frac + Fray
oF .  OF4. JFy

Frae = 570+ 5570+ 75 (20)
s _OFg . o OF4;
FLdu— aq (‘7 q) aé 0

with § = 6, aaxT,LFL — 054 — B35 + 8, being the estimate of §. In (20), F 4. is able to be restrained
by an adaptive robust control law, but F 4, is unknown, which has to be processed by the
linear stabilizing feedback approach.

For (19), Q| is considered as the virtual control input of the dynamics equation. In
order for Fj, to track F;; synthesized in Step 1 as closely as possible, imitating (15), the
control function Q; 4 for Qy is synthesized as:

Qrd = Qrda + QLas

06 6, 1.
Qrda G 6 G Ldc — YO
Qrds = Qras1 + Qras2 (21)

oF,4

~

1 2
Qris1 = —k3s17—23, k3s1 > ka +d + gm2 || T ||}

95min

T = WoPmz3

where Yo = (81/05) (w1 /w>)(9x1./09)z, is the backstepping compensation item, which is
used to eliminate the additional items generated in (17). g2 > 1/(2dy,) is the same as g1
Ty is the other part of the adaption function, as mentioned in (15), and Q 45, is the nonlinear
robust feedback term, which satisfies the following robust performance conditions:

(1) z3Qras2 <O
) _OF (22)
(i) 2z3(05QLas2 — Pob + a—g‘iADP +ADg) < &
with €; being a design parameter.

Ignoring the fast dynamics from U, to Q; and substituting Q;,; in (21) into Qy in (19),
the error dynamics’ form of z3 can be expressed as:

. 0 -~ oF 0F; ;2 wiox
%Z%m%i%+%ﬁm—ﬂﬁ+3fﬂkﬂw@—3%W7£E#m (23)

where ¢,,;» is defined as:

. E)xL
Pm2 = [8711(

ﬂz . aFL

oF g . oFy  dF
2 ; s
wy a4

d
FL)/ aq q/ aq 7 aq 7

Quia—A, B, CI" (24)

In addition, for the online estimation of unknown parameter set 6, the adaption
function T mentioned in (10) is synthesized by:

T=T+T = wiPn122 + WrPm2z3 (25)

By the discontinuous projection type adaption law in (11), the influence of parameter
uncertainty will be reduced.
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Up to now, the ARC design process is over, but in order to obtain the final control
output, the calculation about the valve spool voltage is necessary. Noticing (5), the valve
control signals U, can be calculated finally as:

Qra/Ko
(Al/Vl)kql VAP + (Az/Vz)qu\/ AP

With the adaptive robust control law (15), as well as (21), and the projection type adap-

tation law (10) with adaptation function (25) for 0 defined in (8), the following conclusions
can be drawn.

U, = (26)

Theorem 1. The output tracking error is a bounded quantity with quaranteed transient perfor-
mance and accuracy quantified by:

V() < exp(—AH)V(0) + %[1 — exp(—Ab)] 27)

with V = (1/2)w123 + (1/2)wpz3, A = 2 x min{ky, k3}, € = wieq + woeo. It is worth noting
that the physical quantity of wy and w, in 'V is obviously intended to balance the huge difference in
order of magnitude between zp and z3 due to their different dimensions. Furthermore, they will be
used to adjust the proportion of the feedback and feedforward quantities in the inverse calculation of
the voltage U,

Proof of Theorem 1. Noticing the error dynamics of z; in (17) and Z3 in (23), V can be
expressed as:

V = w1292y + wpz3Z3

0 dx ~ dx
= w122[~kas1 %22 + (01 == Fraso — ¢y @ + ADE) + 01— 25]
Glmm aq aq

0 -~ OF
+ woz3[—kzs1 g %23+ (05Qras2 — Pinf + =L ADg + ADQ)]

5min aq
aFLd A w1 axL
- =0+ ——=0
waz3( 20 +w2 g 122) (28)
61 2 05 2 dFrg 4
= —kog] —— w125 — k3g1 =———Woz5 — WyZ3 ——0
2s1 glmin 142 3s1 95min 243 243 20
ox ~
+w122(01 = Frasp — ¢y 0 + ADF)

9q

~ OF
+w223(05Q 152 — Priaf + a—gdADp +ADQ)]

In view of the adaption law (10) and the triangle inequality /2(x2 +y2) > (x +y),
the inequation can be obtained as:
212 . 2
HQH = || Projs(T(wipmiza + wamaz3)) ||

< T (wW1Pmza + wamozs) || (29)

< 2||Tn |Pwiz3 + 2| Tgm w3z



Machines 2022, 10, 214

10 of 19

Due to the setting that g,,; > 1/(2d,,), as well as g2 > 1/(2d,,) and the fact that
(x +y) > 2,/xy, the following inequation can be drawn:

aFLd aFLd

- 0 <]z 9|
90
aPLd 2 A
< - A —
I Z3+4d d (30)
oF
< | 3 4 g T Pt + Tl il

Then, substituting (30) into (28) and reviewing the conditions in (15) and (21), the
derivative of V(t) in (28) can be further denoted by:

- 2
V < —kos1w123 + gt | T H wiwsz3

oF,

A

232

— kss1wazZ3 + dm wﬂ% + gm2 ITpma||“ w323

ox ~
+ wizp(6; (—T;FLdsz — ¢80+ ADF)

- OF (31)
+ w223(05QLas2 — Pof + ngADF + ADQ)]

dx ~
—kow123 — k3wrz3 + wiz2 (64 T;Fmsz — ¢p10+ ADF)

. OF
+ @223(05QLas2 — P + a‘;d ADE 4 ADg)]

Considering the robust performance conditions (ii) in (16) and (22), one can obtains:

V< kzwlzz k3w223 + w1€1 + wrér

(32)
<AV +e¢

which proves (27). O

Theorem 2. After a finite time ty, if the model uncertainties are due to parametric uncertainties
only, which means ADp = 0 and ADg = 0, the swing angle q can track the target trajectory q4(t)
asymptotically, i.e., zy — 0 as t — oo for any positive gain k;, i =1,2,3 and ¢j, j =1,2.

Proof of Theorem 2. To prove Theorem 2, Vy = V + (1/2)87T 14 is defined. Because the
results of ¢>iT 6, i = 1,2 are both unidimensional, it is obvious that 4)? 6= §T¢l~, i=1,2.
Noticing the definition that § = § — 6, 6 = 8 can be deduced. Considering ADr = ADg = 0
and the robust performance conditions (i) in (16) and (22) and drawing on the conclusion
of (32), with the equations shown in (10) and (25), V can be presented as:

Vo < —kpw 23 — k3wzz +6'r- (5 —T7)
axy,
+ 0w —— P L 20 Fraso + 05w223Q1 452 (33)
—kpw1 23 — kzwyz3 + 07 (T 1Projé(l”r) - 1)

kzwlzz kngzé

//\ //\

Therefore, z; € L, i = 1,2 and 2;, i = 1,2 are bounded. By Barbalat’s lemma, it is
easy to know z; — 0 ast — co. As mentioned in (13), one can obtain zy — 0 as t — oo,
which proves Theorem 2. [
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4. Comparative Experiments

Several sets of comparative experiments were conducted on the hydraulic manipulator
shown in Figure 1. In order to make the experiments more practical, the swing joint should
track different kinds of trajectories, while the other joints should be fixed at different angles.
Thus, the performance of the proposed method, e.g., tracking precision and robustness
to parameter variation, can be verified comprehensively. In addition, common control
strategies in this field were applied to conduct the same tracking tasks for comparison.

4.1. Experiment Setup

In order to verify the effectiveness of the ARC strategy, the manipulator driven by the
single-rod hydraulic cylinders mentioned in Section 2.1 was used as the controlled object,
whose four hydraulic cylinders were controlled by a high-performance proportional valve
(4WRPEHS). The 16 bit pressure sensors (KS-Eiz-B16D-MV-530) manufactured by GEFRAN
Company with a resolution of approximately 1.5 Pa were installed in each chamber of
the cylinder. The effective measurement resolution of the swing angle by the 16 bit angle
sensor was about 9 x 107 rad. The angular velocity cannot be measured by this kind of
angle sensor, so the angular velocity 4 needed in the controller design was obtained by the
first-order differential method.

All analog measurement signals (the joint angles g, forward and return chamber
pressures p and pp, and pump-supplied pressures ps) were fed back to Compact RIO via a
plugged 16 bit A/D and D/ A board. The calculation process of the control signal relied
on LabVIEW software, and the final output was the valve spool voltage U,. The working
frequency of all controllers was set at 1 kHz.

4.2. System Identification and Controller Parameter Setting

In parameter identification and state estimation, a large number of papers (such
as [33,34]) have proposed good identification methods. However, the core goal of the
control method in this paper was precise motion control, so precise parameters were not
necessary. In this experiment, the off-line least-squares method combined with differential
filtering was used to obtain approximate values of the adaptive parameters. The identified
parameters were used as the initial adaptive values of the controller.

The input voltage of the system was set as a sinusoidal superposition signal, which
aimed at exciting the dynamic characteristics of the system and collecting the required
data, such as g, F, dx;/9q, and so on. Considering (1), define ¢ = [is, 47, s(4)¢]”,
© =[], Dy, f]',and i = (9x1/9q) Fr.. Through the s-function of MATLAB/Simulink, the
filtered value e with the matched initial condition can be presented as follows:

wy

_ 34
*f s2+2wn§s+w%. (54

with w, = 50 and ¢ = 0.707. In particular, the angular velocity 4 is calculated as
V(s) = (w})/(s* 4 2wns + w})sQ(s), where V(s) is the Laplace transform of ¢ and Q(s)
is the Laplace transform of g. The angular acceleration is calculated as Q(s) = (w2)/ (s> +
2wy s + w2)s?Q(s), where Q)(s) is the Laplace transform of 7. Note that, when obtaining
the angular velocity and angular acceleration online for the controller, w, was set to 300,
whose bandwidth was high enough that the values could be usable. By off-line ordinary
least squares, © can be obtained as:

4
©=(p-y") Tyns =[5, 55 9 (35)
Thus, [5/4, 275/4, 45/4, 0,1.5 x 10%, 0, 0]T is used as the initial value for 6 in (8), with

I =diag{2x107%,2x1075,2x107° 4 x107%, 0, 2, 2} being the gain for 6. Other main
control parameters in ARC were set as k1 = 80, kps; = kzs1 = 60 and (w;/w,) = 1.05 x 107,
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Besides ARC, three controllers (DRC, PID, and feedforward PID) were tested for
comparison. Deterministic robust control (DRC) is the same as ARC, but without parameter
adaptation, i.e.,, T = [0]y«7. PID is the traditional linear control method. Feedforward PID
is the controller widely used in industrial control. The parameter adjustment process of PID
or feedforward PID must take into account the control effect under different trajectories
and postures of the manipulator. Thus, for a particular posture and trajectory, it may be
counterproductive to obtain higher accuracy through more limiting parameters. Through
tuning, a group of reasonable values as found, which resulted in a good control effect.
Kp1 =0.013, Tjy = 1.2 s, Ty = 0.03 s were set for the PID controller, with Up;p = Kpl(zl +

(1/Ty) fot z1dt + Tnz1). Kpp = 0.005, Tjp = 2.4's, Typ = 0.006 s, and Ky = 0.0012 were set

for the feedforward PID controller, with Qrrpip = Kfda + Kpa(z1 + (1/Tj2) fot z1dt+ Typzq)
replacing the Q4 in (21). All parameters set for the above four controllers in the experiments
were fixed.

4.3. Comparative Experimental Results

There were two postures set to change the motion parameters of the manipulator. One
was Posture A, as in Figure 3 (left), and the other was Posture B, as in Figure 3 (right).

e M'ii AR T/
Posture A Posture B

Figure 3. Two postures of the manipulator in the experiments.

In the first group of experiments, a smoothed point-to-point S-curve (the first plot in
Figure 4, which is called the P2P trajectory later) was used as the reference trajectory, whose
motion parameters were set a the maximum motion angle Ag; = 1.4 rad, maximum angular
velocity vy = 0.35 rad/s, and maximum angular acceleration 4, = 0.35 rad/ s2. The
test results of four controllers are shown in Figures 4 and 5. Set 1 means the manipulator
in Posture A tracking the P2P trajectory, and Sef 2 means the manipulator in Posture B
tracking the P2P trajectory, whose clear and concise description of the experimental set is
shown as Table 1. Note that the scales used for each figure in (4) to (7) were different for a
clearer visual presentation.

Table 1. Table of the experimental sets’ differentiation descriptions.

Label Reference Trajectory Manipulator Posture
Set 1 P2P Trajectory Posture A
Set 2 P2P Trajectory Posture B
Set 3 Sinusoidal Trajectory Posture A

Set 4 Sinusoidal Trajectory Posture B
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Figure 4. Point-to-point trajectory tracking error comparison diagram with Posture A.

= Tracking Error in Set 2
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Figure 5. Point-to-point trajectory tracking error comparison diagram with Posture B.

For the horizontal comparison of the four kinds of controllers, the tracking error
curves of the four controllers in Figures 4-7 are all fixed in the same coordinate range, while
the ARC’s amplified tracking error curve is placed separately later. It can be found that
no matter whether in Set 1 or Set 2, PID could not deal with the aggressive acceleration,
and there was an obvious persistent hysteresis. Compared with PID, feedforward PID
had a certain improvement in angle tracking. The control effect in DRC still had a slight
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offset compared with ARC, which was caused by unmodeled errors and inaccurate initial
parameter values, while ARC’s control effect was superior to the other three controllers in
both experiments.

The tracking tests of the sinusoidal trajectory (the first plot in Figure 6) were also
added to the experiment, and the results are shown in Figures 6 and 7. The trajectory’s
amplitude A; = 0.7 rad and period T; = 6 s. Set 3 means the manipulator in Posture A
tracking the sinusoidal trajectory. Set 4 means the manipulator in Posture B tracking the
sinusoidal trajectory.

= Tracking Error in Set 3
£ 1 i L l I \1— Reference Trajectory[
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0'6)7 0.8 | 1 1 7
2 0 3 6 9 12
2 002 : . :
8 001f /’M/\’WW"\\ m
= 0
g -0.01 W W
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Figure 6. Sinusoidal trajectory tracking error comparison diagram with Posture A.
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Figure 7. Sinusoidal trajectory tracking error comparison diagram with Posture B.
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In sinusoidal tracking, the limitation of PID was further magnified, especially in Set 4.
The tracking effect of feedforward PID for the period of acceleration changing dramatically
was not ideal, and its maximum error was even similar to that of PID in Set 3. Generally, the
performance of feedforward PID was even better than DRC in some conditions. Although
DRC is composed of feedforward model compensation and robust feedback, it lacks an
integration effect. In Set 1 and Set 3, the tracking error in DRC was always greater than
zero, while that of Set 2 and Set 4 was close to zero. On the one hand, this confirmed that
the change of the posture of the manipulator significantly changed the state of the system,
which could be approximated as the change of the momentum of inertia. On the other
hand, this showed that the pre-set nominal model was more similar to the system when
the manipulator was in “Posture B”. As a result, the nominal momentum of inertia in DRC
was too large compared to its true value when the manipulator was in “Posture A”, which
made 6; so small that the feedforward compensation Fj ;, was inaccurate. In contrast, ARC
with the integration effect could provide better control performance.

To better demonstrate the control effect of different controllers, the average y(e),
maximum M(e), and standard deviation o(e) of the tracking errors were calculated and
shown in Figures 8-10, where p(e) = (X1 |e;|)/n, M(e) = max{e;}, and o(e) = (Y7 (e; —
#)2/n)~1/2 with e = g — q4. Noting that the display of Set 4 in PID is shown incompletely,
its values were much higher than the others.

0.02 T T T

= 0.069(rad)

PID Feedforward PID DRC ARC

Figure 8. Average tracking error in 4 controllers.

0.06 T T T
~ Bl St 1
0.106(rad) B Set 2
T0.04r []Set 3H
= Bl Set 4
O
=0.02r .
0 ““ “D._-ll
PID Feedforward PID DRC ARC
Figure 9. Maximum tracking error in 4 controllers.
x10™
2 T T T -S t 1
‘ —4 €
15l 9.2 x 107*(rad) mm st 2|l
8 []Set 3
= 1F Bl Set 4]
O
()
0.5F 1
0
PID Feedforward PID DRC ARC

Figure 10. Standard deviation of tracking error in 4 controllers.
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In the comparison of Figures 8-10, it can be found that PID was obviously influenced
by the reference trajectory and the postures of the manipulator. Feedforward PID could
largely resist the influence of the changes of the motion parameters. In terms of the average
tracking error, the control effects of feedforward PID and DRC were similar, but DRC
had a smaller standard deviation. The control effect of ARC was superior to the other
three controllers in all aspects. The comparison between DRC and ARC illustrated the

effectiveness of the parameter adaptation in (10).

In order to further illustrate the effectiveness of ARC for hydraulic manipulator model
compensation, the feedforward compensation of ARC and feedforward PID is shown as
Figures 11 and 12. In the two figures, the feedforward compensation of ARC was mainly
calculated as Qp4,, even though there was still a little feedback signal mixed in it. The

feedforward signal of feedforward PID was mainly calculated as K¢q.

Comparison of Feedforward and Feedback Signals (P2P Trajectory)
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Figure 11. The comparison of feedforward and feedback between ARC and feedforward PID in the
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Figure 12. The comparison of feedforward and feedback between ARC and feedforward PID in the
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By comparing the two figures, it can be found that the two kinds of feedforward
compensation were roughly the same in the trend and the order of magnitude. The
feedforward compensation of the feedforward PID depends entirely on the velocity of
the reference trajectory, which is determined by the design structure of the controller.
Differently, based on the similar general trend, ARC has a more subtle adjustment of the
feedforward compensation, and it is this adjusted value that is really needed in the control.
The more accurate the feedforward model compensation is, the higher the control precision
is. In any experimental set, the feedforward controls of ARC largely provided the necessary
compensation, while guaranteeing that its feedback only needed to be kept at a small
value, which showed indirectly that the model compensation of the ARC-controlled system
was effective.

Figure 13 shows the vertical comparison of the tracking error of ARC when two
different reference trajectories were given and the manipulator was set up in different
postures. Throughout the experiment, the tracking error of ARC was always within
5 x 1073 rad in the four cases. In addition, after large acceleration and deceleration, the
tracking error could quickly return to the measurement noise level of 9 x 107° rad. It is
worth noting that, whether tracking the P2P trajectory or the sinusoidal trajectory, when
the hydraulic cylinder was about to start moving from the stopped state, the system
would overshoot relatively more than in other processes, which will be the focus of our
subsequent research.

Tracking Error in ARC
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Figure 13. The tracking error comparison of ARC in different cases.

5. Conclusions

In this paper, the special mechanism configuration and high-order nonlinear dynamic
characteristics of the hydraulic manipulator were fully considered, which included the
parametric uncertainties and the uncertain nonlinearities. To make the control design
more applicable to engineering practice, each joint was controlled independently, instead
of directly based on its coupling dynamics, and the first swing joint was controlled as
an example. Namely, the control precision was guaranteed by the adaptive nonlinear
model compensation, as well as the robust feedback design, and the performance of the
closed-loop control was strictly demonstrated. For the experiment, the changes of the
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dynamics’ parameters, which were caused by the changes of its posture, were compensated
by the projection adaptation law, and the robust feedback term eliminated the effect of the
external interference, which ensured that the error was in the same order of magnitude.
Therefore, compared with PID and other traditional methods, the ARC controller achieved
higher precision under the four conditions with different trajectories and postures. In the
future, more degrees of freedom will be adopted for the control design of the hydraulic
manipulator, and more attention will be paid to the dynamic characteristics during the
start-stop state switch.
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