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ABSTRACT

In a general Adaptive Robust Control (ARC) framework, the
emphasis is always on the guaranteed transient performance and
accurate trajectory tracking in the presence of uncertain nonlin-
earity and parametric uncertainties. However, when secondary
purposes such as system health monitoring and prognosis are of
equal importance, intelligent integration of output tracking per-
formance oriented direct adaptive robust control (DARC) and the
recently proposed accurate parameter estimation-based indirect
adaptive robust control (IARC) is required. In this paper, we will
consider such a seamless integration for a hydraulic robotic arm.

The newly developed IARC design is first applied to the tra-
jectory tracking for the robotic arm but with an improved estima-
tion model, in which accurate parameter estimates are obtained
through a parameter estimation algorithm that is based on phys-
ical dynamics rather than the tracking error dynamics. An inte-
grated direct/indirect adaptive robust controller (DIARC) is then
presented that preserves the excellent transient tracking perfor-
mance of the direct ARC designs as well as the better parameter
estimation process of the IARC design. The proposed Integrated
Direct/ Indirect Adaptive Robust Controller (DIARC) achieves
the controller-identifier separation, thus enabling certain modu-
larity in the controller design.

*Address all correspondence to this author.

INTRODUCTION

Robotic manipulators driven by hydraulic actuators have
been widely used in the industry for tasks such as material han-
dling and earth moving due to their high power density. These
types of tasks typically require that the end-effectors of the ma-
nipulators follow certain prescribed desired trajectories in the
working space. In order to meet the increasing requirement of
productivity and performance of modern industry, the develop-
ment of high speed and high accuracy trajectory tracking con-
trollers for the coordinated motion of robot manipulator driven
by hydraulic actuators is of practical importance.

In the past, much of the work in the control of hydraulic
systems uses linear control theory [2], [3], [4] and feedback lin-
earization techniques [5], [6]. In [7], Alleyne and Hedrick ap-
plied the nonlinear adaptive control to the force control of an
active suspension driven by a double-rod cylinder. They demon-
strated that nonlinear control schemes can achieve a much better
performance than conventional linear controllers. They consid-
ered the parametric uncertainties of the cylinder only. In [8],
[9], the direct ARC approach proposed by Yao and Tomizuka
in [10], [11] was generalized to provide a rigorous theoretical
framework for the high performance robust motion control of a
double-rod hydraulic actuator by taking into account both non-
linearities and model uncertainties of the electro-hydraulic servo-
systems. In [12], [13], the design is extended to the precision
motion control of single-rod hydraulic actuators. In [14], an in-
tegrated direct/indirect adaptive robust controller (DIARC) is de-
veloped that combines the excellent tracking performance of the
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direct ARC designs with the good parameter estimation process
of the indirect ARC designs. In the previously proposed direct
ARC controller designs [12], [13], the parameter adaptation law
is driven by the actual tracking errors. Although the output track-
ing performance is guaranteed in terms of both transient and final
tracking accuracy, the parameter estimation may perform poorly
even when the persistent exciting condition is satisfied, which
is the nature of direct adaptive control designs where the design
goal is to achieve perfect output tracking only [15]. For some
applications, such a result might be satisfying. But for applica-
tions which demands simultaneous good tracking accuracy and
parameter estimation, new design philosophy has to be sought,
which is the focus of the paper. Specifically, an integrated direct/
indirect ARC (DIARC) design will be proposed for the precision
control of electro-hydraulic systems. The parameter adaptation
law of the proposed DIARC controller is based on the actual sys-
tem dynamic model, rather than the tracking error dynamics used
for the controller design. Such a design separation enables the
designer to have the extra freedom of monitoring and manipulat-
ing the experimental conditions to have a better parameter esti-
mation process. In addition, fast dynamic compensations which
are similar to the direct ARC designs [12], [13] are employed to
ensure the transient tracking performance in general. The end
product is an ARC design that preserves both the excellent track-
ing performance of direct ARC designs [12], [13] and the good
parameter estimation process of indirect adaptive designs [15],
[16]. Theoretically, the proposed DIARC controller guarantees a
prescribed output tracking transient performance and final track-
ing accuracy in the presence of both parametric uncertainties and
disturbances while achieving asymptotic output tracking in the
presence of parametric uncertainties only. Experimental results
will be presented to show the good parameter estimation process
and the high performance nature of the proposed DIARC design.

DYNAMIC MODEL AND PROBLEM FORMULATION

The problem under investigation is a 3-DOF electro-
hydraulic robotic arm driven by three single rod hydraulic ac-
tuators, as depicted in Fig.1. The joint angles are represented by
q9=1q1, 92, ¢3)7 andx = [x11, x72, x13]" represents the displace-
ment of the hydraulic cylinders, which is uniquely related to the
joint angles due to static kinematic geometry of the robotic arm.
Our control objective is to make joint angles g track any feasible
desired motion trajectory as closely as possible. We also pur-
sue the problem with additional objective of accurate parameter
estimation for secondary purpose of health monitoring and prog-
nosis. As a matter of fact, we would pursue our second goal more
aggressively once we make sure that we have archived required
accuracy in trajectory tracking.

The robotic arm is considered to be a rigid body and its dy-
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Figure 1. A Hydraulic Robot Arm

namics can be described by:
" Ny dx; .
M(q)i+C(q,9)q+Glq) = E(AIPI —AxP)+T(t,9,9) (1)

where P| = [Py1, Ppp, P;3]" and P; i = (1,2,3) is the for-
ward chamber pressures for i cylinder. Similarly, P; =
[P21, Py, Py]” and Py i = (1,2,3) is the return chamber
pressures for i cylinder. The ram areas of the two chambers
driving each cylinder are given by following two diagonal matri-
ces: Ay =diagl[A1, A2, A13] and A; = diaglAz, Az, Ays] and
T(t,q,q) € R? represents the lumped disturbance torque includ-
ing external disturbances and terms like viscous and frictional
torque.

Let my be the unknown payload mounted at the end of the
nth arm, which is treated as a point mass for simplicity. Then,
the inertial matrix M(q), coriolis terms C(g,q) and gravity terms
G(q) in (1) can be linearly parametrized with respect to the un-
known mass my, as

M(q) = M(q) +Mr(q)mr,G(q) = Ge(q) + GL(q)my.

C(q,4) = Ce(q.9) + Ci(q.q)m, 2

where Mc(q), Mi(q), Cc(q.4), Ci(q.4), Ge(q), Gi(q) are
known nonlinear functions of ¢ and ¢. One of the properties of
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the inertia matrix M(q) is that its inverse can be written as:
M~(q) =M(q)/|M(q)| 3)

where |[M(q)| represents the determinant of M(q), M(q) repre-
sents the adjoint matrix of M(g). Furthermore, both M(q) and
|M(q)| can be written as

M(q)| =1= I+ Iymy M(q)=Mc+Y3, Mimj, (4)

where I, I;;, M. and M; are of the known functions of joint posi-
tion g and [ is a scalar.

Assuming no cylinder leakages, the actuator (or the cylin-
der) dynamics can be written as [?],

VIT(;V)Pl =—-Ax+01 = *A1%61+Q1
Vszpz =Ax— (s =A2§%CJ—Q2

e

&)

where, Vi(x) = Vi +A; - diag[x] € R*> and Va(x) = Vjp —
A - diag[x| are the diagonal total control volume matrices of
the two chambers of hydraulic cylinders respectively, which in-
clude the hose volume between the two chambers and the valves,
Vit = diag[Vi11, Va2, Viis] and  Vip = diag[Vi1, Viaz, Vi) are
the control volumes of the two chambers when x =0, diag[x] =
diaglx1,x2,x3] , Pe € R is the effective bulk modulus, Q; =
[Q11,012,013])7 is the vector of the supplied flow rates to
the forward chambers of the driving cylinders, and @, =
[021,022,023]" is the vector of the return flow rates from the
return chambers of the cylinders.

Let x, = [xy1, X2, %3] denotes the spool displacements of the
valves in the hydraulic loops. Define the square roots of the pres-
sure drops across the two ports of the first control valve as:

, _ [ VP =Py forx,; >0
g31(P11,sign(x1)) = VP =P x, <0 ©)
. [ VP —P, forx,; >0

ga1(Pa1,sign(x,1)) = VPE—Py  x1<0

where P is the supply pressure of the pump, and P, is the tank
reference pressure. Similarly, let g3; and g4; be the square roots
of the pressure drops for the ith hydraulic loop. For simplicity of
notation, define the diagonal square root matrices of the pressure
drops as:

g3(Pr1,sign(x,)) = diag(g31(P11,sign(x,1)),. .., 833(P13,sign(x,3))]
,843(P23, sign(x,3))]

g4(P2,sign(x,)) = diag[g41 (P21, sign(x,1)),...
@)

Then, Q) and @ in (5) are related to the spool displacements
of the valves x, by [?],

Q1 = kq183(P1,sign(x,))x, , 02 = kgpga(Ps,sign(x,))x, (8)

where kql = diag[kqn,kq]z,kqw] and qu = diag[kq21 ,quz,kq23]
are the constant flow gain coefficients matrices of the forward
and return loops respectively.

Given the desired motion trajectory q4(t), the objective is
to synthesize a control input u = x, such that the output y =
q tracks qq4(t) as closely as possible in spite of various model
uncertainties.

DIARC CONTROLLER DESIGN

In this paper, for simplicity, we consider the parametric un-
certainties due to the unknown payload my, and the nominal
value of the lumped disturbance 7, T, only. Other parametric
ucnertainties can be dealt with in the same way if necessary. In
order to use parameter adaptation to reduce parametric uncertain-
ties to improve performance, it is necessary to linearly parame-
trize the system dynamics equation in terms of a set of unknown
parameters. To achieve this, define the unknown parameter set as
0 =[0,,02]" where 8, =my and 6, = T,. The system dynamic
equations can thus be linearly parametrized in terms of 0 as

M(q)i+C(q.9)g+G(q) = §; (AP~ AoPy)
+0:+7(t,9,9), T=T(t,9,4)—Tn
Py =BV (@) |41 2+ 01 (g (Prsignw))] )

P =BV, ' (q) Azg%q - Qz(u,g4(P2,sign(u))}

—~

Parametric uncertainties and uncertain nonlinearities satisfy

0EQ2{0: On<0<Bpa} (10)

T(t,q,4)| < d7r(q,4,1) (11)

where emin = [elmin7792min}Ta emux:[elmuxanmux]T, ST(I,%‘?)
are known.

Parameter Estimation Model
Let Hy be a stable low pass filter with relative degree no less
than two. Applying the filter to (9), one obtains

ax

Hy 9

(AP = AsPy)| = Hy [M(9)4+C(q.0)d+Glo)| (12)
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Using above filter, various parameter estimation-based algorithm
can be used by treating Hy g—; (AP —Asz)} as the virtual out-

put and creating a static linear regressor model. Adaptation func-
tion and adaptation rate matrix are given by:

1
T= €
1+v¢§r¢f¢f
(13)
: 1 T
I'=ol— r r
1+vol T, sty

Projection Type Adaptation Law with Rate Limits

As in [11], the widely used projection mapping Projg(e)
will be used to keep the parameter estimates with in the known
bound Qg. The standard projection mapping is given by:

g, éeﬁeorngcgo

T A
8 €aQqornf{>0

(i) -

Projy =

where § € R, (1) € R, Qo and 0Qg denote the interior and
the boundary of Qg respectively, and ng represents the outward
unit normal vector at & € 9Qg.

The complete separation between the robust control term
and estimator design, in addition to projection type parameter
adaptation law, it is also necessary to use the preset adaptation
rate limits. A saturation function is defined, for this purpose as :

Lo [IEl <6m
saty, () =508,  so=1 ¢ . (15)
o (&) {?g 16w
Parameter update law is given by
0 = sary,, (Pm jé(rr)), 8(0) € Qo (16)

where, T is an adaptation function and I'(r) > 0 is any continu-
ously differentiable positive symmetric adaptation rate matrix.

Controller Design using Overparametrizing

The design parallels the recursive backstepping design pro-
cedure via ARC Lyapunov functions [11] as follows.

Step 1

Define a switching-function-like quantity as zp =z1 +k1z1=
G —qr, where ¢, = gs—kiz1, z1 = q—qq(t), in which g4(¢) is
the reference trajectory and k; is a positive feedback gain. The

design in this step is to make 2z as small as possible with a
guaranteed transient performance.

Define a positive semi definite (p.s.d) function as V, =
%zzT Mz, from(9) and the property that M(q) —2C(q, ) is a skew
symmetric matrix [?], its derivative is given by

Vy = Zg (Mz+ %MZQ)
=25 [~Méj — C(4,q)dr — G(q) + 5 (AP — AsP2) + 0, + T
a7
Define the load pressure as P, = APy —AyP,. If we treat P
as the virtual control input to (17), a virtual control law P4 for
P will be synthesized such that z; is as small as possible with
a guaranteed transient performance. Since (17) has both para-
metric uncertainties 0; and 0, and uncertain nonlinearity T,
the ARC approach proposed in [?] will be generalized to accom-
plish the objective.
The control function P;4 consists of two parts given by

PLi(4,4,61,62,1) = Praa+ Pras ) R
Praa = ()7 MG +C(4,9)4r + G(q) — 62 — Ka(1)z2]
(13)
where K (t) is a positive feedback gain matrix and M(q) = M, +
M8, C(¢,q) =Ce+C1B1, G(q) = G-+ G 0. Substituting (18)
into (17) and let z3 = P, — P4 represent the input discrepancy, we
will have

Vo= (P — 08+ T~ Ko (2 +25 Sozs (19

where ¢ = [~Myrg, —Cr(4,9)q4r — GL(q),13x3]. Then Prys can
be chosen to satisfy:

condition i 2z [%;PLds —0:0+T) <2

e 20
condition ii zg g—;‘PMS <0 (20)

where € is a design parameter which can be arbitrarily small.
Essentially, condition i of (20) shows that Py is synthesized to
dominate the model uncertainties coming from both parametric
uncertainties 6 and uncertain nonlinearities 7', and condition ii
is to make sure that Pyy, is dissipating in nature so that it does
not interfere with the functionality of the adaptive control part
P, Lda-

Step 2

In this step, an actual control law will be synthesized so that
z3 converges to zero or a small value with a guaranteed transient
performance and accuracy. If we were to use the backstepping
design strategy via ARC Lyapunov function, then, the resulting
ARC law would require the feedbagk of the joint acceleration §

since § is needed in computing P4, the calculable part of the
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derivative of the desired virtual control function P4, for adap-
tive model compensation. In order to avoid the need for joint
acceleration feedback, in the following, the property of the iner-
tia matrix in (4) will be used as follows.

Multiply both side of first equation of (9) by [M|M~!
we will have

M

MG +MC(4,q)q+MG = M§EPL+M0 +MT (1)

Define C;(q,q) = MC(4,q), G,(q) = MG, d, = M0,,d = MT.

Thus (21) could be expressed by

1§+Cig+G, :M%PL—i-dn—i-cf (22)

where I is a scalar. Similar to (2), C;, G; and d, can be ex-
pressed by C;(g,q) = Cre+ X7, G}, Gi(q) = Gic +Y G901,
dy = M8, +Y7 | M;8,6,. Where C,. and G,. are of the known
nonlinear functions of ¢ and 4.

Redefine the unknown parameters as:[B1,PB2,Bs3,B]

,BL.BL1=[01,62,63,0F, 6,07 .,6201]. From (9), the derivative of
73 is given by

B3=P—Pu
PL=Be[~(ATV; '+ AV, D Gg+ (V1 Q1+ A2V, ' Q)]
Py = aPLd g+ aPLd G+ aPLd 0+ aPLd

(23)
Define a p.s.d function as V3 =V, + %IZ3TZ3. The derivative of V3

is given by

V3= Va0 +z§3—;m +125 23+ 31 z3 24)
=V2|s5—0 +Z3T(3%;Z2 +1P,— 1Py + %723)

where V; =0 represents the derivative of V, when z3 = 0 and
IP;4 can be expressed by

1P,y = IPy+ 1P (25)

where

1PLg = g+ 2 (—Cyg— GI+A2%PL+J) Pha 4 %t |

1Py = (a”wq + a”we + %) (YL L) + BL T (Cud + Gur) B
*Zl 1Mta PLBI MB4*Z 2Ml 163+l+d]
+Z, 1Istl3u Ct th+):, 1Cttl3! A
GA: tc+2, lGltBla dn—McB4+Zl=2Mi71ﬁ3+i
M C+Zi:lMlBI
(26)

—

1Py, represents the calculable part of 1Py and will be used in
the model compensation part of the ARC control law in this step,

1Py, is the incalculable part of IP;; and will be attenuated by
certain robust feedback.

Define Qr = A1V, ' Q1 + A2V, 'Qs. From (24), Oy, can be
treated as the virtual control input in this step and we will synthe-
size an ARC control function Qy, for Q;, such that P; will track
the desired control virtual control input Pr,; with a guaranteed
transient and final tracking performance. Similar to the first step,
Qy is given by

Ora = Orda + OLas

Qria = (ATV; '+ AV, ) 3rd+

(= aqzz 1Py~
. (27)
where [ =1I.+Y3 [;P; and Kj is a positive feedback gain
matrix. Substituting (27) in (24), we have

Vs = Valey—o + 2§ (1BeQras — 03B — %itd) -l 1.Kszs  (28)

where 03 = [03(; s 03(20)]-

) 030 1) 030, D304 1) D3 (04 2)5

03(1) = L1 [BeQraa — Be(ATV, ' +43V; 1) &g —a%dq
_agéde — )4 aPLd (Ci1g+Gn — M1 SR+ 310z
032) = I2[BeOraa — Be(A2V1 +A3v, & Sd
agéd 4— aPLde ) | aPLd (Cod+Gon
—M, XPL)—F Lioz

¢33*1s3[BeQLda Be(A2V1 JFAZ )qq

a ) ) 9
_% _% PM]"’ PLd(Ct361+Gz3)+2 323
G34) = —7M d3(5) = — aq Ld M,
8
d36) = PLdM
(29)
Thus Qp4s could be chosen to satisfy:
conditioni 2l (IBQras — ¢3B aPde) 30)

condition ii zgl BeOris <
where €3 is a positive design parameter.

Once the control function Q4 for Qp is synthesized as
given by (27), the actual control input u can be backed out from
the continuous one-to-one nonlinear load flow mapping as fol-
lows. Noting that the elements of the diagonal matrices g3, g4,
Vi, and V; are all positive functions, u;, the control input for the
ith hydraulic loop, should have the same sign as Qj4;. Thus

u; = [AuVy; kgrigsi(Puiy sign(Qrai) )+

_ . _ 31
AoiVy; ' kgigai(Pai, sign(Qrai))) ™' Orai @D
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where i = 1,2,3. The adaptation law in this step is given by

A

P="Proj(I'ptg) 15 =10323 (32)

Main Theoretical Results

Theorem 1. Let the parameter estimates 9 and 6 be updated
by the adaptation law (??) and (32) respectively. Then, the fol-
lowing results hold if the control law (31) is applied:

A. In general, the tracking errors, 71,72 and z3, are bounded.
Furthermore, V3, an index for the bound of the tracking
errors, is bound above by

Vs(t) < exp(=Mvt)V3(0) + 34 [1 —exp(—Avr)]  (33)

o 2min{k2,k3lc}
— max{ky Iy}
bound of the inertial matrix (i.e., M(q) < kylzxs ), , Iy is
the upper bound of the determinant of inertial matrix, and

ko = inf;~ }\fmin(KZ(t))J ks = 7\fmin(KEl) .
B Ifafter a finite time ty, T =0, i.e., in the presence of paramet-
ric uncertainties only, in addition to results in A, asymptotic

output tracking is also obtained. A

where Ay gy = & + &3, ky is the upper

EXPERIMENTAL RESULT

The experimental set-up is a three-link robot arm (a scaled
down version of industrial backhoe loader arm) driven by three
single-rod hydraulic cylinders as described in [13]. For the pur-
pose of this paper, experiments will be conducted on the swing
motion control of the arm (or the first joint) with the other two
joints fixed. During the experiment, a 22.5kg external load is
added at the end of the arm, which corresponds to value of
0; = 22.5. The least square method and gradient method were
used to estimate parameters.

The desired trajectory is a typical back and forth point-to-
point motion trajectory as shown in Fig.2. As shown in Fig.3,
the proposed DIARC controllers have good output tracking per-
formance in terms of both transient and steady-state; the track-
ing error of DIARC with least-square estimation is within 0.8mm
during the entire operation and is around 0.07mm during the peri-
ods when the system is at the two-end points. As seen from Fig.4,
the load inertia estimate converges to its true value rather quickly,
which results in the decreasing tracking errors shown in Fig.3. It
is also evident that the parameter estimates using the least square
method converge faster than that of gradient method, which in
turn leads to a better tracking performance shown in Fig.3. The
control input shown in Fig.4 is regular.

CONCLUSION

In this paper, an integrated direct/indirect adaptive robust
control (DIARC) algorithm is proposed for the precision control
of electro-hydraulic system with accurate parameter estimates.
Motion control of a 3 DOF hydraulic robot arm is used as an ex-
perimental case study. Compared with existing direct adaptive
robust control designs, the parameter adaptation law of DIARC
is based on the model of the system to be identified, rather than
the tracking error dynamics. Such a separation between parame-
ter estimation and controller design enables the designer to have
a better control of experimental conditions for parameter estima-
tion. As a result, accurate parameter estimation is made possi-
ble. In addition, fast dynamic compensations similar to the direct
adaptive robust control (ARC) design are employed to preserve
the excellent tracking performance of direct ARC designs. Ex-
perimental results are presented to illustrate the effectiveness of
the proposed DIARC algorithm for electro-hydraulic systems.
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