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Abstract

Model reference control and model reference adaptive control has
since its inception, found application in a wide range of applications
from the control of simple mechanical structures to the more complex
robotic manipulators. Sliding mode techniques largely simplify the
task of tracking the reference model and are capable of accommodat-
ing the uncertainties present in the dynamics of the system. In this
paper we are concerned with model tracking in finite time for plant
and reference model which are given in Hamiltonian format. The
method is applied to nonlinear plant and linear model, with partic-
ular application to robot control. We also include the addition of a
stabilising supervisory controller in terms of the Hamiltonian of the
reference model.
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1 Introduction

Model reference control (MRC) and model reference adaptive control (MRAC)
has a wide range of applications from the control of simple mechanical struc-
tures to the control of complex robotic manipulators. Specifically, it has
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proven its practicality in control systems with constant or slowly-varying pa-
rameters. A whole range of different formalisms may be used to synthesise
an adaptation mechanism. Sliding mode techniques largely simplify the task
of tracking the reference model and are capable of accommodating the uncer-
tainties present in the dynamics of the system. We use the Lyapunov method
and sliding mode dynamics to determine controllers for (adaptive) tracking
in finite time and also give sufficient conditions to ensure that the resulting
system is stable.

Using the Hamiltonian formulation immediately provides a control system
in standard state space format. Further, position and momentum coordinates
are conjugate variables and the Hamiltonian itself is related to the energy
of the system (in conservative systems it represents directly total energy of
the system). Model reference control in Hamiltonian formulation [3] uses a
Hamiltonian function and Lyapunov asymptotic stability techniques for MRC
with no reference to sliding mode. (An earlier formulation has been presented
by Skowronski [2].)

We begin by setting the Hamiltonian structure for the plant and model.
The plant is described by Hamiltonian canonical equations:

i = 2la.p.a)
7 apz Y
: 0H,(q,p; a)
pi _paT +Q7(a,p,d) + Qi (¢,p,a,u), (1)
where i = 1,...,n (we assume that n = 2) and H, is the Hamiltonian of the
system, QP is a damping force, QI is an external force, u is a control vector,
and @ = [ay,...,a;), k < n, is a vector of adjustable plant parameters.

For technical reason we expand the vector a to a dimension n by assuming
a; =0 for n > 5 > k. We also assume that damping coefficients represented
by vector d = |[dy,...,d,|] may be polluted by uncertainty, and thus not
known in exact form. The output stateisx = [ ¢ p ]7. In MRC we assume
no uncertainty present in the system, and no adaptation parameters.
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The reference model is designed as another Hamiltonian system with
Hamiltonian H,, , and output , = [ g, p, |*. In this model the damping
force and external force are assumed to be known functions of time and are
such that the reference model is Lagrange stable, that is, the model output
is bounded:

msg apml )
: OHn(q, P,
Define the state error vector e =[ e, e, | as
€q; (t) = 4 (t) - qmz(t) )
ep(t) = pilt) =pm,(t), i=1....n. (3)

The rate of change of e is

0H,(q,p,a) O0H,(q,.p,)

e, = — ,

“ apl apml
. 0H,(q,p,a) O0H,(q,,
e — _9Mapa) (qmpm)Jerp(q,p’d)
" an aqmz
- Qn(q,.p,.d,) + Qi (g.p,a,u) - Qy,(q,.p,.u,),
i =1,...,n. Note that error dynamics are not given in standard (canonical)

Hamiltonian format as described in Skowronski [2].

To attempt to design control and adaptation laws in such a general form
as shown above would be impractical and so we consider a special form of the
dynamic Equations (1) and (2) which holds reasonable generality, in order
to find a suitable control and adaptation law in both MRC and MRAC. We
begin first with Model Reference Control (without adjustable parameters a).
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Let us define the sliding mode variable s for our second order system:
si:éqi—i—)\eg/ﬁ, 1=1,...,n,
where o and (3 are odd positive integers, a < 3.

Consider the traditional Lyapunov function as a quadratic form of sliding
mode variables:

Vis) =33 sk (4)

Denote by E,, E,, the right-hand side of the Equation (1) and by E,,, , £,
the right-hand side of the Equation (2). Then by definition
¢y = E,—FE

i qm;

é, = E,—E

1

i=1,...,n. (5)

2.1 Assumptions

Reference model has its equilibria in the origin. The dynamics of the system
satisfies

¢ = 9i(q@)pi,
qmi = gmz (qm)pml ’ Z = 17 sy 1, (6)
where each g;(+), gm,(+), fori = 1,..., nis a known bounded positive function.

Let us make a further assumption that E’qi can be expressed as a linear
function of E,,, i = 1,2, with coefficient functions f} and f?:

E%‘ = fil(qvp)Epi+fi2(q7p)7 izl?"'vna (7)
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and where each f}!(-), for i = 1,...,n is a known bounded positive function:

0<|f(q.p)| < B, (8)

and B is a positive constant. A wide range of mechanical systems satisfy
condition (6) and condition (7). Note that the control force is incorporated
in E,, terms, see Equation (1).

2.2 Control law — MRC

Now we calculate the time derivative of the Lyapunov function in order to
extract the control law:

” o
S,Sl = Z S; <6ql + ﬁAéqieg/ﬁ_l>

i=1

V(is) =

M= L1

@
Il
.

Si {f@l(q7p>Epz + sz(qvp) - EQmi

Q. /58—
+ Bz\eq/ﬁ 1 (Eqi - Eqmi)]
n OH
=1 ?
. o a/B—
+ f2(q.p) — B, + B)\eqi/ﬁ 1 (Eqi — Eqm)] : (9)

The control laws are designed as follows:

F OH,

Ly By + 225 (B, — E
_F fz (‘Lp)_ Qmi—i_g €y ( @ (Imi>
K

—Fsgn(si), i=1,...,n, (10)
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where K > 0 is constant.

Substituting for QF from the control law (10) into Equation (9), see
that the control law selection makes the Lyapunov derivative semi-negative
definite:

Vis) = = siKsgn(s;) =—-K> |si| < K (Z 3?)
i=1 i=1

i=1

= —V2KVY2<0, (11)

Obviously V = 0 only if s = 0. This implies that V reaches the sliding
surface in finite time 7'. Indeed, integrating inequality (11), we find that 7'
must satisfy the inequality:

VE(V ()"

T <ty+ i

Civen the expression (9) for V, to show that s — 0 it is sufficient to
show that V — 0. First, we establish that s and $ are bounded (that in
turn shows that V remains bounded and according to Barbalat’s lemma we
have V — 0). Given Equation (11) obviously s and $ are bounded, see also
expression (9). Thus s — 0 as ¢ — oo. This in turn implies that error

trajectories ey, i = 1,...,n, tend to 0 as ¢ — co. Now, from (6) and the
fact that é,, ¢ = 1,...,n, tend to 0 as t — oo (see definition of s), we see
that also ep,, ¢ =1,...,n, tend to 0 as ¢ — oo. The latter comes from

éq, = 9i(@)pi — 9m,(@,)Pm,» i=1,....n,
Because p; = pp, + ¢€p, see that
gi(q>€pi = éQi - (gi(q)pi - gmi(qm))pmi ) L= 1’ sy, (12)

and this proves ey, ¢ = 1,...,n, tend to 0 as t — oo as the equilibria of the
reference model are at the origin, which requires p,,, — 0. We have shown
more: namely that s — 0 in finite time.
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2.3 Robot illustration — MRC

To illustrate the method consider now the control of a cylindrical robotic
manipulator [1], which has one revolute joint and two prismatic joints, see
Figure 1.

The arm has length ¢ and its mass per unit is constant m,/¢. The length
of the prismatic radial link changes when it slides through the hub. A force
opposes the motion of the link and is modelled as a spring with an adjustable
parameter k, (we denote it k,) which imposes zero force at r = 2¢/3. We
ignore the vertical motion along the hub. Denote ¢g; = r and ¢; = 6. The
Hamiltonian describing the dynamics of the manipulator is

Higp) =~ (— 1y L 2+k< —2£>2
q,p _2 ma‘l’mépl C(ql)pQ s\ q1 3 )

where C(q) = Z4(¢* + (¢ — q)*) + myq® + I'; and [ is the effective moment
of inertia of the rotating masses excluding m, and m,. We introduce the
canonical transformation (g,p) — (Q, P).

1 2
= —— 4 —{; = v/mg +myP;;
@ Mg +me 3 P e

=Q2; p2=F.
After the canonical transformation the Hamiltonian
1 ks

2
Q1/v/mg +mye + 26) ma+mgQ1> '

Without loss of generality, we return to the original notation keeping in
mind that (p,q) denotes now the new coordinates (P, (). The dynamics of
the manipulator are now

H(Q,P)= L <P2 o1

G = D1,
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(b)

FIGURE 1:

1421

E9

Cylindrical robot manipulator: (a) top view; (b) side view.
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i = P2
2 — )
C(ge)
- 3 41
b= K4ma+mg) Mg + My
1

—i—(m +2m> £ b2 2

8 3 Jme -y C(qe)
ks

-+ Q7 +Qf,

(ma + my)
P = Q7 +Q3, (13)
where
_ Ma 3 \3 2
Cla) = 37 (@ + (€= q0)) +mugZ +1,
2
G = —2 420, (14)

VMg + My 3

Damping forces are defined by QP (q,p) = —d;p;, i = 1,2, and d; are the
positive damping coefficients.

Consider a reference model with dynamics

Qm1 = Pmis

qmg = pm2 )

. ksm D F

Pmy = —m%nl + Qmy + Qs

pmg = —SmQm, + Qﬁz + Qf;g ) (15)

where analogously QWDM(qm,pm) = —dm,Pm, , © = 1,2, and d,,, are positive
damping coefficients. The term s,,q,, represents spring forces. The equilibria
of the model coincide with the original system, except that ¢y, = 0, unlike
the systems’ ¢5 that can be arbitrary.

With the given Lyapunov function (4), we find its time derivative

V = = 8151 + 8252



2 Model reference control MRC E11

I P R AP
= S <€q1 + B)\efh/ﬁ 1€q1> + S9 <€q2 + B)\QQQ/B 16(12) .

In this case

. . . . D2
eql :(h_q?m :pl_pmlzem eq2: C(q) _pmz'

Now we calculate C (gc) noting that ¢. = \/ﬁw )

- my, . . .
Clae) = 77 (3a2de = 3(C = qo)’de) + 2meede
3 o
_ 3 Maqi 2¢ . 16
4v/mg+my \\/mg+my 3
2meqiqa dmldy

) 16
My +my  3y/Mg + my (16)

In the above formula ¢; can be replaced by p;. For notational convenience,
denote by FE; the right-hand side of the system Equations (13), and by M;
the right-hand side of the model (15), i =1,...,4. Then
€q: E,—M;,, i=1,2
épj72 — E] —M], j :3,4
€, = FE3—Ms,
éqg - E2 - M4 )

where

C(qe)p2 — C(ge)p2
C?(qe) ‘

Now, rewrite the expression (9) for V as

By =

) Q
V(s) = s <E3 — M5 + 5)\631/ﬂ16p1>

«

+ S9 <E2_M46

Aeg/ PN By — Mz))
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= 5 <E3 — M3 + g)\eg‘l/ﬁ_lem) (17)
By C(q.)p a g
— — My+ = Xe?/5"Y By — My) | .
+ S9 <C(qc) C2(q.) 4+ 3 €40 (Ey 2)

2.4 Control law for robotic example — MRC

The control force is now incorporated in £, and FE,,-terms. We identify,
from (9) and (17), the following terms in (10)

1 C(q.)
f1:1‘07 f2:07 flz ) f2:_ D2, 18
1 1 2 C(qc) 2 Cg(qc) 2 ( )
and
Ele = pml Y
By = DPmas
- ksm D F
By, = Ep,, = —m%l + Qm, + @y
EqWQ = Ep'rng = _qumQ + Q’I?’LQ + anz * (19)
Note that
aHp (3 > q1
= —|l-mg+my) ———
oq [ 4 ¢ (Mg + my)

o ) o] ()

o8,
0qs
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Then the control laws according to (10) are:

3 q1
F —_— J— p— e —
@ = [(4ma+mg) (Mg + my)
+ <1m + gm ) ¢ i
g @ gt Vmg +my | \ C(q.
ks D i _ g a/p-1
" (mq + me)q1 @ fi ( By + 5/\6‘“ e
K
- ]Tllsgn(sl) ) (20)
1 Cla)pe @\ we
Qg = —QQD — ]721 <_Epm2 _ 02(qc)2 + B)\e@/ﬁ 1(qu — Eme)
K
— f—%sgn(sz) : (21)

Substituting the control law (20) and (21) into Equation (17) we obtain:

vV = —s1Ksgn(sy) — soKsgn(sy) = —K (|s1| + [s2])

< K (si+ 53)1/2 = —V2KV'? <.

In our computer simulations we assumed the following parameter values
for the plant and model: m, = 10.0, m,,, = 10.5, my = 1.25, m,,, = 1.5,
t=10,/¢,=13,1=10, ks =100.0, ks, = 110.0, dy = 5.0, dp, = 6.5,
dy = 0.001, d,,, = 0.8, and s, = 9.1. The values for the constants were
chosen as: K = 4, A = 2, a = 3 and f = 5. The initial conditions:
¢ =01,q =30,p =00, p, =00, ¢n, =06, gn, =0.1, pp,, =4.0,
and p,,, = 3.2.

The error trajectory and controller time history for the simulations are
shown on Figure 2. The time history of the Lyapunov and its derivative,
together with the sliding mode variables are shown in Figure 3.
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FIGURE 2: (a) Error convergence for MRC (b) Controller for MRC
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-

Lyapunov function and its derivative
&
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-25
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sliding mode vanables

(o)

FIGURE 3: (a) Lyapunov function and its derivative (b) Sliding mode vari-
ables
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The convergence times of the error trajectories to within an e-envelope of
the origin (which is defined as a set of all states that lie within distance of e
from the origin) are: T, = 9.47 for e = 0.1 and T, = 9.74 for ¢ = 0.05.

3 Model reference adaptive control — mMRrAc

Similarly we define a Lyapunov function for the adaptive case as a quadratic
form of sliding mode variables plus its adaptive terms:

V(s,a,d) = ;ZS?—J— Zd%7 (22)

where v > 0 is constant and

7

and where a; and cZz are our estimates of uncertain parameters whereas a;
and d; are their true values (but they may be unknown). We assume that
condition (7) holds for MRAC. Again we calculate the time-derivative of
Lyapunov function in order to extract the control law:

. n . 1~ ~
V(S, a, d) = Z SZSZ + *dldl + dZdZ]
=1L Y
n [ Qa 1=~ ~
— S; | € i + *>\e iea/ﬁ 1) + 7& gI/’L + dle]
; i ( v o
= Y s (f@p)B + ap) - B,
=1 -
+ ZaeasB-1 (Bp - E )) + Léia + 15-&]
ﬁ qi qi qm,; v v

fi(a,p) (—W + QP (q.p.d)

I
.M:

|

)
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+Qf @ p.aw)+fiap) - L,

&

+ %Ae;/ﬂ—l (Eqi - Eqmi)] + i > (aa + ;z;&) _
i=1

E17

(23)

We assume that plant dynamics can be linearly parametrised in terms of
the unknown parameters a;. Note: the damping force QP (for all practical

purposes) is linear in its damping coefficient. Let us denote

OH,(q.p,@) _  OH,(q.p)
Jg; ’ 9q; ’
QP (q,p,d) = d:QP(q,p),

where superscript ¢ indicates function after linear parametrisation.

3.1 Control and adaptation law in MRAC

We design the control law in MRAC version:

_O0H! .

L. al L,
- F <—Eqmi + B)\eqi/’g ! (qu — Eqmi>>
— fi(a,p) sgn(s;), i=1,...,n.

i
After substituting from Equation (25) into Equation (23) we obtain

OH! . o

V(s,a,d) = Zsi [(dl — a;) 8(; — (di — d,-) Q; (q,p)]

(24)

(25)
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o (w50 )+ L)
;P( dg; +7 >+d< 0% (q,p)+7d,
™ gy el (26)

=1

We now define the adaptation law

. K OH* K
b = ——Lsgn(a) — ysi=2 — Tsgn(a;), (27)
val 94
. K ~ K ~
i _isgn(dz) + fVSzQzDZ - /y Sgn<dz) (28)

3.2 Convergence

Now we can return to our evaluation of V and prove it to be negative semi-
definite, and consequently securing asymptotic tracking convergence. Sub-
stituting control (25) and adaptation laws (27) and (28) into Equation (26),
and using a simple algebraic inequality [4], we obtain

V(s,a,d) = —KZ[ assgn(a;) +

= —KZ[ |ai| +

1 - s
—d;sgn(d;) + sisgn(si)]

VY

\/_|d i) + slsgn(sl)l

1/2
i=1 =1
< —V2KVY?<y. (29)

Obviously V' = 0 only if s = 0. This implies that V reaches the origin in a
finite time 7', that is, V(T') = 0; indeed, integrating inequality (29) see that

V2V12(tg)

T <t
S to+ K

(30)
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Analogously, as in MRC section, we show that given the expression (23) we
have s — 0. It is sufficient to show that V' — 0. Clearly s and § are bounded,
this in turn shows that V remains bounded and according to Barbalat’s
lemma we have V — 0. Given Equation (29) obviously s and $ are bounded,
see also Equation (23). Thus s — 0 ast — oo . This in turn implies that error
trajectories e, 2 = 1,...,n, tend to 0 as t — oco. By the same argument as
in MRC section we can show that alsoe,,, 7 =1,...,n,tend to 0 as t — oo.
And again s — 0 in finite time, see Equation (30).

3.3 Robot illustration — MRAC

We consider the same example of robotic manipulator as in the MRC exam-
ple but now we consider the damping forces as uncertain due to unknown
damping coefficients. Damping forces are defined by QP (q,p,d) = —d;p;,
i =1,2, and d; are the positive damping coefficients of unknown value, and
thus replaced in our control law by adjustable damping coefficients dy and ds.
Similarly kg is of uncertain value and thus subject to adaptation mechanism.

We modify the previous Lyapunov function to introduce adaptive terms
V(S dl, dg, Z S —+ 7]?2 (d2 —+ d2)
Its time derivative is

Vo= 5181 + S259 + *ffsffs +
r’y

Now, rewrite the expression for V' using definitions and notation from the
MRC section:

. a
V(s) = s (E - B, + B)xegl/ﬂlem)
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+ 59 (Eq2 — meB)\ /0 (E,, — Eqm2)>

Ey,  C(g
. ( - (qe)p2 _E 4 Aea/ﬁ 1(5%2._E¢m2)>

3.4 Control and adaptation law

Again, the control force is incorporated in £, and E,,-terms. According to
(25) our control law is

Qf = —|(Bmatm) L

4 Mg + My

+(1 42 ) : P2
8" T 3" e e | \Cla.

~

ks A 1
ql—Qf)— < By, + )\ea/ﬁ 1 p1>
) fl

(Mg + my 16}
K
f1 —7sgn(sy) , (33)
A 1 Cl(q. oo
Qg = - 2D§ <_Epm2 C<2q<)) + B)‘ /o1 (qu _Eqm2)>
K

— —%sgn(SQ) , (34)
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where K is a positive constant, and k,, QP* = d;,QP*, i = 1,2, are our
estimates of uncertain functions. Other terms are defined as in MRC case.

Substituting the control law (33) and (34) into Equation (32):

: 7 a1
V = S ]{/’57—1_5 d +S d
1 S 101P1 2 20((],;)

1 5 1 2 .
— 51 Ksgn(sy) — soKsgn(ss) —i— ksks + ; Z (35)
Then we formulate our adaptation law:
i~ K
= ——= — 75D,
1 Vi 101
Vai Clq)’
> K~ q1
ks = ——= — 85— 36
Nai g 1ma+mg (36)

Then after substituting from Equation (36) into Equation (35) see that

. ~ ql ~ ~
vV = ky——— d dy—— — 51K
S1 ma+me+81 1p1 + 82 20(%) s1Ksgn(s)
1 Q1 ~
— 5K +- {— } Jie
Sa sgn(sg) ~ 731ma+m£
+ 1 ldy + 2 P2 g
~ YS1P1] a1 5 VQC(QC) 2
= —K(s1] + |s2) < =K (7 + 53)1/2 < V2KV (37)

In our computer simulations we assumed the parameter values as in MRC,
and we also set l;’s = 0.0, ch = 0.0, Jg = 0.0. The values for the constants
were chosen as K =4, vy=2, A =2, a =3 and § = 5. Initial conditions
are the same as in MRC case. FError trajectory and controller time-history
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-25
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FIGURE 4: (a) Error convergence for MRAC (b) Controller for MRAC
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(b)
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are shown on Figure 4. The time history of the Lyapunov and its derivative,
together with the sliding mode variables are shown in Figure 5.

The convergence times to the e-envelope of the origin are T, = 9.47 for
e = 0.1 and T, = 10.65 for ¢ = 0.05. In some cases the convergence times
are even shorter than in non-adaptive case despite uncertainty introduced to
the system. It shows robustness of the adaptive scheme.

4 Stability

The sliding mode controller that we used up to now does not guarantee
stability. We require a new control law that secures stability of the system.

4.1 Supervisory controller

Consider the two level control system with supervisory controller, illustrated
on Figure 6.

The idea is to introduce a second-level controller designed to guarantee
stability and take advantage of the properties of the sliding mode controller
as the main controller without compromising its performance. The second-
level controller acts as a supervisory controller, that is, when the sliding
mode controller leads to instability of the system, it starts working to return
stability of the system. Otherwise it remains idle.

We show here how develop the supervisory controller for MRC, as the
controller for MRAC would be the same with adaptive terms added.

Denote our control law (10) as u$™(x) = QF (x) . Our task then is to de-
sign the second level controller that would guarantee that the control system
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FIGURE 6: Two level control system.
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is globally stable, that is
|lz|| < B forevery ¢t>0,

where B > 0 is an arbitrary constant chosen by design. To this end we
append the shdlng mode controller u™, i = 1,...,n, with a supervisory
controller u7(x), i = 1,...,n, which is zero inside the ball B, = {z : ||z| <
B} and is activated only when the system’s trajectory reaches the boundary
of B,. Define the two-level controller as

w = () + L) (x), i=1,....n, (38)

where

|1, for ||z > B,
L(z) = { 0, otherwise.

We design u; such that ||z|] < B forall t > 0.

4.2 Stable controller for sliding mode

Assume that the system and model are defined by (1) and (2), and that the
model Hamiltonian has the form
1

Hun(q,. P, Z U, P, + [(a,,) (39)

l\’)

where a,,, > 0 is a constant, f,,(-) is a known function, equivalent to a
potential energy function. For the plant Hamiltonian H, the state equation
for

@& = pi/Ci(q), (40)

where functions C;(q) # 0 and such that there exist estimation functions
festi(eq, q) satisfying

aHm(e> Di
— Uy D | < e . 41
aeqi (Cz(q> amlpﬂ%) = festmepZ ( )
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Furthermore, the plant’s momenta are in the following form:
pi = _fpz‘<p7 q, CL) + QZD + Qf7

where f,,(-) is a known nonlinear function polluted by uncertainty.

(42)

Then the plant dynamics for ¢ = 1,...,n are

q-' — pl
' Ci(q)’

(3
b = Hg(> +Q7(q,p) + Qi (q.p,u).

(43)

The reference model for i = 1,...,n is

dm; = Qm;Pm;

: _Ofmlq
pmi - aq( ) + le (q'm’p'rn’ 7rL) + le(qnﬂpm’ u ) :

(44)

Equations (43) and (44) give the following error dynamics:
é _ Di
" Ci(q)
€, = —aHg(;’p) + 8‘7;”;:’") +Q7(a.p)
-Qb (q,.p,) + Qf (g, p, u)
-QF (a,.p,,u,), i=1....n.

- amipmi )

(45)

Consider explicitly the terms of the controller u;, see (10):

0H.
u; = i
dq;

1 - (N
- F (fzz(q7p) - EQm,Lv + E)\eqz/ﬂ ! (qu - EQT%))

- QzD(qvpa d)

flsgn( s))+Lud, i=1,...,n, (46)
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where in this particular case we write terms Eqmi and F, — E,,  as
am,; A Prm; = W + Q. +Qr, (47)
%—%Hzg@—%wﬂwﬂww, (48)

Then substituting (47) and (48) into (46) we obtain for i =1,...,n

aHp D 8fm D F

YT o 9T <f T s
Q. n/p— Di
+B)\€qi/,@ 1 (C‘(q) — amipmi>> 7 —sgn(s;) + Lo’
_ 3HP_QD_f7i2_am18fm D+ami s
o T g, O O
Ay a/p— Di
_ E)\e /61 (C’(q) — amipmi> flsgn( i)+ Lus . (49)
Replacing QF with wu; in (45) we obtain
é a4 — pl - amipmi 9
’ Ci(q)
2
e = A (1o (Yn oo _or
" f fz aqml ! !
WS (p - am_pm)
ﬁ " Ci(q) o
sgn( DA Lud, i=1,...,n. (50)

fl
The above error dynamics constitutes the system to be stabilised. Using the
Hamiltonian function for the model, we define the Lyapunov function

V(ie) = Hule,e,)= ;Zn:amief,i + fm(e). (51)
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We now evaluate the time derivative of V:

N LA (0 Y
B e, a de, P

Mw\' [OH, OHm
- <3eq> [019 - @Pml 52)
M.\ [ 0H, OH,n b r
+ ( 8ep> [—aquraqm QY —-Q") +(Q —Qm)] :

In the second term on the right-hand side add and subtract inside the bracket,
the term QP (e), to obtain

| OHo \ " O\ [OHy _ O,
Vie) = <6’e ) (e, e,)Q7 (e)+<ae > l@p ~op ]

OH,\" [ OH, OH, o

+(Q"-Q7) - Q7 (e)

(53)

Taking into account our assumptions about the special form of H,, gives

ZamleplQD (e)
s (g o)
am,-pmi
=1 ae‘h
A, €, — G, P,
Z " ( clg )
+ ;amiem ( 8(]@ a Q my (6)

+Qf—@%>
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oM, Of
< Z Z 9y, Ofm
am’L epz + amz epz (feStz aqz + aqml
+QP- QN —Qh(e)+ QI - Qh ) (54)

Replacing QF with the control u;, see (49), we obtain

n 2
Vie) < 3 amenQP (e +Zamzem [f ;l—Qﬁi(@
=1

ami afm _ _ ami D
- (1 i > Om, (1 fi > Qmi
A, a A Di
_ 1 o my P = a/ﬁ 1 < 1 — Q. m)
( ff) m T g Ci(q) i

—sgn(s;) + Lsu; ]

fl
2
S IUICHTACED ST NI SR
+<1 f1><af’”— = ﬁ)
A o0/ B 1( pi )
Cafte Gl
flsgn(s,)—i-]u] , i=1,...,n. (55)

Assume now that ||e| > B, that is I, = 1. Let our controller u; be

designed as

2 m; am
u;S' = fl festl+Q () (1_afl><aﬁfmi_ 7?11'_ 1}:11>

i

a A Di K
a/B-1 v
+ —=—e€ — Qm,; Pm; —Sgn(s; €p; 5
i (el ) + gt e

(56)
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Note, that for |le]| > B we can simplify the expression for u;. Indeed,

substituting (56) into (49) we obtain fori =1,...,n

L Oty f? g Ofm
1 aql 11 est; aqml

QP + Qb + QL (e)+Qh, — ey - (57)

Substituting (56) into (55) gives

Z U, €p; Z A, ep (58)

This shows that the controller uy, i = 1,...,n, secures decreasing of ||e]| if
|le]| > B. Consequently, if the initial condition lies within the ball B,, that
is, |le]| < B, then ||e|| < B for all t > 0.

The discontinuous character of function I;(-) may cause chattering in
the region across boundary of B,. To minimise such oscillations we may
introduce a modified version of I,(-):

0, iflle] <e,
I, =3 18l ife <|le|| < B,
1, if |le|| > B,

where constant 0 < € < B is given by design.

4.3 Robot illustration

We easily identify terms in (10), (49) and (56):
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and

fest1

festg

Gmy
Gmy

Qo

Ay

Ch (QC)
Jm

Ofm
Oy
Ofm
IGm,

Note that
0H,

0H,
0qs

ks

My, + My,

m

{ Sm€Q2(p2/C(QC) - pmz)/epz ) for ‘€p2’ > €,

€q1 5

Sm€qs » otherwise,
pm1 9 Eqm2 = pmz Y
ksm D F
s S g s T O
Epm2 = _qum2 + Q??Lg + Q'g‘m )
my =1,
1 5 CZ(QC) = C(QC) y

1 ks,
2 \ My, + My,
k

Sm

G, + smqfn2> :

mma + mme le )
SmAmgy -
3 q1
— [ {-m,+m ) e
[(4 ¢ (mg + my)
—Mg + =M
8 37 Vmg+me \Clgc
+ iL
(ma + me) q1,

)

E32

(60)

(61)
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Then we write the control law according to (46). Observe that uf™ and u3"
are (20) and (21):

3
' o= - l(4ma +mz) o

(ma +my) )
T Vmgﬁ] (c@))
ks

+m o — Q7 +Qh +Q5;1

Sm

o+ m )qml — B/\ea/ﬂ le o — Ksgn(sy),
Ma my
SM

_ C(qe)p2
Uy — _Q2 C(qc) - C(qc)stﬂm + C(qc)

7[7)12+C(q6) an
— Xyea/B-1 (P2 _ _ K
Cla el (s = pma) = Cla Ksgnlsn),

and our supervisory controller is

(63)

s _ $m a A oo/B-1
“ (Mo, + M) ar+ Qui(e)+ gfia
+ Ksgn(s1) —ep, , (64)
C(qe)p
ug = - C(qc)2 - festQ + QT?LQ (e)
- (1 - C(qC)) (Smgmz - 7]?12 - 512)
P2
+ch Aa/ﬁl( _pm>
g \ oy ~Pm
+ C(q.)Ksgn(s2) — ep, (65)
Then the control law for ||e|| > B, that is I, =1, is
U, = SM

= u +u1
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P2 2 k k
- (O@)) ’ (<ma vme) (M, +mmg>> o
— QT+ Qb +Qh +Qb (e) —e,,,

SM
U = Uy —|—u2

= _fest2 = SmGmy — QQD + Q??lQ + ang + Qang(e) — Cpy -

Now we evaluate the time derivative of V:

. k;sm
V = —quepl +Sm6q2 (M 2

(mma + mmé)

2
ks ks,
Qo( b2 )> — a1+ Imy

C(qc Mg + MYy My, + My,
+ QlD - + QF :| €p1
+ (Smm, + Q5 — Qh, + Q3 — Qh,) €,

|
N
s
|
S
3
~—

+

E34

We add and subtract inside the e,,-brackets the term QL (e) = —dy, ey, :

ks 1

m

2
V = —deiei—i—(
i=1

2
ks ks,
Y P S

C(Qc Mg + MYy Mm, + Mm,

#ap-Qh - an @ vof - Q5]
+ep2(smqm2 +Q2 - mz - ( )+Q2 - mz)

_dez Cpi

e\’ k k
2 Sm i S
QO <C(QC)> * (mma + Moy, mg + ml) N

+Q1_ m1 <)+Q1_ m1

IN

+ ép,

- N + m ~7  \ - m
mma+mmg)€qlem SmCqy (C(qc)pQ p 2>
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+ Cpa [festz + Smdm, + Q2D - nD@Q
~QP(e)+QF - Qb . (68)
After replacing Q" and Q4 with u; and wuy in (68) we obtain
2 2
Vo= =Y dpnel +> e <0. (69)
i=1 i=1

This proves stability of the origin.

4.4 Computer simulation with supervisory controller

We ran the simulation for our previous example with the same initial data and
the radius was chosen as B = 4.2. The values for the sliding mode constants
were chosen as K =4, vy =2, A =2, a« =3 and § = 5. The diameter
of the ball B, is chosen as B = 4.0. As the norm in the error-space we
have chosen |le|| = max{|eg |, |€qw|, [€p];|€p]}- This norm gives us a better
insight than the Euclidean norm as we are usually interested in keeping every
single trajectory, that is every component of the vector e, below a certain
value (in our case B) whereas the Euclidean norm gives us a length of e in
four-dimensional space. The results from one of many simulations are shown
on Figure 7. See the supervisory controller acts only during brief period of
time to secure stability of the system.

The impact of the supervisory controller is most visible on the e,,-trajectory.
In the lower left side of the diagram there is characteristic chattering visible
for a short period of time when supervisory controller switches on and off.

4.5 Asymptotic stability versus sliding mode

We ran two series (Series I and II) of computer simulations to compare the
performance of the controller implementing an asymptotic stability (AS) tech-
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controller ut and u2

supervisory controller

FIGURE 7: (a) Supervisory controller - error trajectories (b) Controller (c)
Supervisory controller
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nique, developed in [3], and the sliding mode (sm) controller. Detailed dis-
cussion including simulations results and diagrams can be found in [5]. Two
major factors were taken into account in this comparison: convergence time,
and magnitude of the control force. Mathematical formalism secures finite
time convergence for the sM-control which gives it apparently an advantage
over the AS control method, but the results obtained did not support the sm
controller claim. Both controllers achieve finite time convergence measured
by T, the time error-trajectories entered an e-envelope of zero, where € > 0
is an arbitrarily small number. For computational reasons this cannot be too
small. In simulations we used ¢ = 0.1 (Series I and II) and ¢ = 0.05 (Se-
ries IT). In both cases application of AS controller resulted in shorter T, times
than sM-controller could produce. The explanation for the difference lay with
the way the sM-controller handled the rotary link dynamics. Even though
all but one error-trajectory converge very quickly to the e-envelope of zero,
the trajectory of error in rotary joint momentum oscillated for an extended
period of time, thus ruining the overall performance of the SM controller.
In the case of the As-controller, the same trajectory also oscillated but the
amplitude of those oscillations was much lower and was quickly smoothed
out.

We calculated also times T at which the sliding mode variables reached
terminal sliding mode (s; = 0, ¢ = 1,2). These times are short, ranging
from Ty = 0.31 to Ty = 2.45 (for e = 0.1, Series I and II), and T = 0.43
to Ty = 1.37 (for e = 0.05, Series II). However, the short time 7 does not
automatically translate into short times of error-trajectories convergence.
There is no simple linear dependence between 7T and 7;. In other words,
the rate of reaching the sM surface does not correspond to the rate of error-
trajectories convergence as defined above.

In the sM method we can manipulate constants K; and A to achieve the
faster rate of convergence of sliding mode vector s to zero. High values of K,
and A may cause the time of error-trajectories convergence T, to become
slightly longer. These high values can also cause error-trajectory bounce
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from its e-envelope of zero, thus increasing chattering.

In terms of energy expenditure by control force, the sM controller seems
to have decisive advantage over the As-controller; however, not in all cases.

Note that whenever there was a big misalignment between initial condi-
tions of the plant and the reference model, the As-controller required in the
initial stage large control force to achieve tracking, whereas the sM-controller
seemed much more ‘frugal’ in comparison, providing much better efficiency
in terms of control force expenditure (especially in case when the motion of
the joints is in opposite direction then that of the reference model). However,
we noted in each series of simulations two exceptions that show that not for
all initial conditions the sM-controller is more efficient.

The Asymptotic Stability controllers do their job effectively after initial
settling down. The large values of control force in the initial phase are
partly due to the imperfection of the estimation function fey used in our
method [3]. However, the As controllers generally exhibit a tendency to a
substantial power consumption in the initial stage of tracking process. On
the positive side, they are remarkably stable, quite predictable and quickly
settle into a regular pattern.

To achieve a better accuracy in SM error-trajectories convergence and
eliminate some of the ‘bouncing’” we would need to use finer time-increment
in Runge-Kutta procedure for integration of the joint system of differential
equations describing the system-model dynamics. The time-increment of
dt = 0.001 produces smoother error-trajectories but is unrealistic for prac-
tical applications. That was the reason we used as the finest increment
dt = 0.01. Application of boundary layer control would eliminate to some
extent the chattering, but in all control systems with non-zero sampling in-
terval the ideal convergence is unattainable [6].
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5 Conclusions

We have shown here that the traditional sliding mode approach to MRC and
MRAC works successfully in a rather general format for plant and reference
models described in Hamiltonian format.

The development of adaptive control algorithms required linear parametri-
sation of the system’s Hamiltonian. This linearisation is concerned mainly
with parameters describing the system’s mass properties.

A stabilising controller was successfully designed for the sliding mode
method to ensure the stability of the resulting dynamical system. Our anal-
ysis for this stabilising supervisory controller was found to be sensitive to
the choice of various estimation functions. Usually they are designed as
discontinuous functions and this leads to switching control (especially when
error-vector trajectories converge near zero). This in turn introduces chatter-
ing and in some cases, causes the control system to lose its ability to track the
model trajectories. Such situations may occur when one or more error-vector
components converge to zero.

A short discussion was given comparing the sliding mode control tech-
nique presented in this paper with the traditional asymptotic Lyapunov
method previously published.

The sliding mode technique can be successfully implemented for systems
in Hamiltonian form. The Hamiltonian form gives a physically meaningful
formulation of the dynamics of control systems. Our use of the Hamiltonian
of the reference model to obtain stability of the resulting system under sliding
mode control, shows the use of how energy in this reference model plays a
significant role in the control of the plant dynamics.
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