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ABSTRACT. In this paper, a complete solution on the suboptimal feedback control law
synthesis for underactuated systems, based on the general optimization framework of the
Dynamic Programming Theory is introduced. Control method proposed keeps the general
structure of a suboptimal control approach, while the functional defining performance
index is based on the underactuated system energy. Some numerical simulations illustrate
our proposed methodology.
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1. Introduction. Since the late 1970s, trends in controlling degraded systems (under-
actuated), yielding a non-holonomic system, has grown interest in many fields.

An underactuated system can be found in different dynamical systems for instance:
Flexible systems, degraded controlled systems, manipulator and spacecraft degraded un-
derwater vehicles, or systems designed as underactuated systems due to restrictions of
cost weight, and complexity, as well as, some reliability advantages.

Underactuated system control schemes have different targets as regulation, trajectories
tracking, obstacles avoidance, stabilization in an equilibrium point designed as a security
zone among others. One approach addressing these issues is the optimal control on which
present analysis is carried out.

In this paper, a synthesis of a suboptimal control for underactuated systems is pro-
posed, which is based on the complete system energy analysis, the underactuated passiv-
ity properties, and the Lyapunov stabilization theory. The main contribution lies on the
integration of dynamic programming theory, by introducing a functional defining perfor-
mance index based on the complete system energy, which is used in the whole closed loop
system control. I.e., it is used only one synthesized control law in the complete system
workspace.
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2. Problem Statement and Preliminaries. The main control problem for vertical
underactuated robots is to swing it up to its upright position (top unstable equilibrium
position) and stabilize it about the vertical axis. For the swinging up control, Spong
and Block [16] used partial feedback linearization techniques and for the balancing and
stabilizing controller, used linearization about the desired equilibrium point by a LQR.
Nevertheles, a stability analysis is not provided, and the authors used concepts such
as. The author used concepts such as partial feedback linearization, zero dynamics, and
relative degree.

By combining Lyapunov theory with passivity properties and energy shaping, a non-
linear control for some underactuated systems is proposed by Fantoni and Lozano in [13],
where Lyapunov Theory takes an important role in controller design and system con-
vergence analysis. Underactuated systems have been investigated and controlled under
different approaches a such system as the Acrobot [16], the Pendubot [18], the rotating
pendulum, the cart and pole system, the inertial wheel pendulum [13, 17], and other
underactuated systems.

In the analysis and control synthesis framework of non holonomic systems, many ap-
proaches have been proposed [7]. Recently, in the optimal control framework there are
some interesting works. For instance, in [9], a nonlinear predictive control to design op-
timal surfaces for sliding model control of underactuated nonlinear surfaces is proposed.
The main drawback is that the optimization is achieved by fixing some numerical values
and finding some redundant parameters. Consequently, an extension or a generalization
of this method seems to be not straightforward.

In [3], an approach to the motion control and trajectory planning of three interconnected
links possessing two unactuated joints, is introduced. It is based on the approximation
for an "optimal control” with an approximation of the Fourier basis parameters. A per-
formance index involving states and the control input is minimized by using quadratic
programming based on the Taylor approximation and a Newton-like method.

In [11], a procedure to swing up a double pendulum mounted on a cart is presented. The
trajectory (called quasi-zero torque trajectory) to be followed for the system is obtained by
interpolation using splines trough the optimization of an initial trajectory (minimization
of the torques applied to the unactuated joints). This trajectory is tracked using a kind
of gain scheduling scheme based on a linear quadratic optimal controller (LQR) along the
swing up trajectory. A ”judiciously” choice of all gains matrices () an R must be made.

Finally, in [10] a technique solving an optimal feedback control law of a particular sys-
tem (underactuated Heisenberg system or a non-holonomic integrator) is proposed. This
method states the problem as a typical optimal control formulation (hard constraint prob-
lem with a performance index based on the control input) and consequently a two point
boundary value problem arise by the initial and final values of the system trajectories.
Once the initial states are given, the optimal trajectory is evaluated by simple forward
integration of the system.

In this contribution, a control methodology is designed for two degree of freedom vertical
underactuated robots. Our control approach involves a suboptimal analysis and conse-
quently, a switching criteria between the swing-up control and the stabilization control is
not required since only one control law is necessary to be applied.

2.1. Euler-Lagrange model properties and Control. The dynamic equation for the
robot manipulator can be obtained via the Newton laws approach, for n-DOF joint anal-
ysis, or as in this case, from the Euler-Lagrange .

These equations are obtained by the system Lagrangian equation:
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L=K-U, (1)

where KC are kinetic energy sum for each coordinate, and U are the potential energy
respectively. System Kinetic energy K is obtained by:

1« O .
K= 3 izlmwi =354 D(q)q, (2)

where m; € R are the i-th mass of the i-th link, v; € R™ are the i-th velocity of the i-th
link, ¢ € R™ - are the speed generalized coordinates, and the n x n matrix D(q) is the
inertial matrix.

The system potential energy U is obtained by:

U= Zmihig7 (3)
i=1
where m; € R are the i-th mass of the i-th link, h; € R™ are the i-th height of the i-th

link respect to mass center and g is a gravitational constant.
From (1), (2) and (3), Euler-Lagrange equations follows:

d [0L(q,q(t))] 0L(q,q(t)) :
7 | o |- S R = W
or the equivalent form:
d [0L(g.q)] 9L(g,q) :
dt { A4 ] g TE@ =7

where F;(q) are the tribology vector forces, for the i — th link, i = 1,2,3,...,n where 7
are the control forces, and n indicates the degree of freedom (DOF).
From (4) we obtain the generalized Euler-Lagrange equation for manipulator robots as:

D(q)§+C(q,4)q+G(q) + F(d) = . ()
The position coordinates ¢ € R™ with associated velocities ¢ and accelerations ¢ are
controlled via the driving forces 7 € R". The generalized moment of inertia n x n matrix
D(q), the coriolis and centripetal forces n x 1 vector C(q, )¢, and the gravitational forces
G(q) all vary along the trajectories. Note that (5) is a nonlinear differential equation,

Cla.d)i = D@~ 5 11" D). (0
Gla) = 0, ")

where G(q) is a n X 1 gravitational forces vector, and 7 is a n X 1 control forces vector.
From the Euler-Lagrange formulation one can obtain the mathematical model as:

diq| q
aM - [D<q>—1 I — Cla,d)i — Gla) — F(@)] | (8)

Observe that (8) can be generally written as follows:

&= f(z)+g(z)u (9)
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where x € M C R?" and v € R™ is the control input. Since our problem formulation is
given for stability around an equilibrium point, z.,, then nonlinear system (9) is stated
as follows:

T = f(@) + g(T)u (10)

where T = z — x,.
Proposition 2.1. The linear approzimation of nonlinear system (10) can be expressed as
i = A% + Bu (11)
where A = %b:xeq, and B = g—zb:xeq. The pair (A, B) is controllable and there exists a

matriz Q = HHT such that the pair (A, H) is observable.

2.2. Properties of Euler-Lagrange systems. The dynamic equation for manipula-
tor robots (4) have the following interesting properties. Inertial matrix D(q) is positive
definite, and D(q) and C(q, ¢) have the following properties [12, 15]:

e There exists some positive constant « such that
D(q) > al Vqe€ R",

where I denotes the n x n identity matrix. Then, matrix D(q)~
positive definite.
e The matrix C(q, ¢) have a relationship with the inertial matrix as follows:

1.
ZT |:_D(Q) - C(Qv Q):| z2=0 VCL q: z € R"

1 exists and it is

2

In fact, %D(q) — C(q,q) is the skew-symmetric property. And C(q, ) is a matrix,
univocally defined by D(q), which satisfies

D(q) = C(q,4) + C(g, )"

Furthermore skew-symmetric matrix property satisfies the relationship:

|1 N . n
q" {§D(Q) —C(q,q)} ¢=0 Vq,q €R"
e The Euler-Lagrange system have the total energy as:

E=K+U (12)
which is a Lagrangian like equation £. By differentiating (12) we obtain
€ =¢"D(q,4)q+ 34" D(q,4)q + ¢"G(q)
=" (=C(q.4) = G(a) +7) + 34" D(q.4)q + 4" G(q) (13)
=g’
e From the passivity property
t
Viw) = Vi) < [ o (@)u(@)d (14
0
where V() is a storage function, y(Z) is the output, and u(Z) is the input of the
system. By using (13) in the Euler-Lagrange system, energy function £ as the storage

function, the following holds:
t

E(t) —£(0) < /QTTdt (15)

0
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where ¢ is the output, and 7 is the input of the system, i.e. system verifies the
passivity property.
Then, these Euler-Lagrange system properties will be useful in establishing the stability
control analysis.

3. The Hamilton-Jacobi Equation. Some methodologies have been proposed in dif-
ferent underactuated systems control schemes, for instance, nonlinear feedback control,
open loop control, small amplitude periodically time varying forcing control, continuous
time varying feedback law, or optimal approach [1, 4] among others.

In this paper the Dynamic Programming approach [2] is used and the aim is to find an
admissible control u*(t), in order to achieve (10) follows a trajectory x* by minimizing a
performance index:

J= / o (& W), (16)

where fo(+) is a positive definite specified function. The control u* is called the optimal
control. Different kinds of approaches have been employed in order to find u*, see for
example [4] and [1]. Specifically we use the sufficient conditions of optimality [1], [8] to
derive a suboptimal control law w.

Theorem 3.1. [8] If there exist a positive definite function V*(Z(t)), which is continuously
differentiable and satisfies

dv=(z(t))
dt
then u* s the optimal control.

o) + fo (&7 (1), w"(1)) = 0, (17)

Equation (17) is the well known Hamilton Jacobi Bellman (HJB) equation which im-
mediately leads to an optimal control in feedback form. The following classical result
states sufficient conditions for a local minimum for a scalar function.

Theorem 3.2. [4] Let L(x,u) be a scalar single valued function of the variables x and u.

Let PL(zur) exists and be bounded and continuous. Also assume that

Ou?
OL(x,u*)
“ou (18)
and oL )
x,u*
g >0 (19)

Then u* 1s a local minimum.

4. Control Approach Proposed. Our control method proposes the suboptimal con-
trol of underactuated systems based on the system energy balance. As in suboptimal
control problems, a functional, which can be minimized according to the desired criteria,
is proposed. This functional consists of the total energy equation of the system; (terminal
error function) and the energy delivered to the actuator. Despite being formulated in
the general optimization framework of the Hamilton-Jacobi theory, the analytical solu-
tion of suboptimal control problem is obtained without a computation of any differential
equation.

Observe that one problem in dynamic programming approach for nonlinear control
systems is to construct or to find the Bellman functional valid. In this contribution, we
propose a first approximation of Bellman functional as a Lyapunov functional.
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We pointed out that this contribution is relatively easy generalizable to any non holo-
nomic mechanical system.
In order to have a linear regulator control for the linearized system (11), and given the
Proposition 2.1 [5], it is possible to solve the algebraic Riccati equation
ATP - PBR'BTP + PA = —Q, (20)

and to obtain the P matrix, where (), R are positive definite real symmetric matrices.

4.1. Suboptimal control problem approach. In order to formulate the suboptimal
control problem, the following function is defined as :

N 1. ~ 1._ A A N
V(z) = 5]{;;5(331,352)2 + §l‘T [ A; A;z } Z, (21)
A

~ I
T=1_" |,
L2
T LT}T _

where 7 is the error function, 71 = § = ¢ — qg and Ty = § = § — §g, & = [q q
[ET @T]T, the 2n x 2n matrix A is a strictly symmetric and positive definite matrix,
where the elements are n x n positive definite matrices, i.e. A;; = AT, >0, Ajy = AL, >0

and Ay = AL > 0, kg € R, is a strictly positive definite constant, £(q, ) is an energy
error function, given by:

E(T1, 7o) = E(T1, Ta) — Eq(T1, Ta). (22)
By differentiating (21) along the trajectories of (10), it follows:
V(7) = kpé (21, 7)€ (11, Ts) + 1T A Aw |2
Agr A
(23)
vir | A A |
+izt T
2 Agr Agp |77
which can be rewritten as:
V(#) = kpé (21, 22)E (@, 20) + 57 | A1 A2 | 5 (24)
Ag1 Ag

Remark 4.1. Given the error dynamics, and by symmetric and definite positive matrix
properties, the following holds:

E(a.4) = 5d"Dla)i + 50" D@ + i Dla)i — i G0 (25)
Since that D(q) = D*(q), D(q) > 0:
E(a.4) = i Dla)i + 50" D(@)i — 7 Gla). (20)

From the Euler-Lagrange equations (5), whether there does not exists tribology forces,
system equation follows:

D(g)q +C(g,4)q + G(q) =T, (27)
and then (26) can be written as:
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. ~ o\ ~ 1 e hd 2 e,
E(g.q)=q"{T-Clq,9)q— G(q)} + §qTD(Q)q +4¢"G(q), (28)
which implies
E(q,q) = q"1— §"C(q,d)q + 24" D(q)q,

2 e 1 : . p
=q'r+q" [§D(Q) - C(q, Q)] q,

[\ J/

(29)

v

skew—symmetric—property
E(q,q) =q".
Since € is the system energy error function, let us verify the passivity property (14), by
integrating (29)
t t t
/ E(g, §)dt = / iTrdt, = E(g,q) —£(0,0) = / §Trdt, (30)
0 0 0
where G is take as the input and T ia the system output.

Then (24) can be rewritten as:

V(%) = kg€ (%1, Ty)Ti T + &7 A Aw |4 (31)
Ay Ay
Ie.
V(&) = kg€ (T, To)TE 1 + ZL AT + TL A Ty + 71 AyaTg + TL Agylin (32)
and by introducing (27) in (32), it follows:
V(j) = k'Eg(Zf'l, J_IQ)TT + ZZ’{AHEQ —+ i‘gAgllfQ (33>

+ (2T Ao + 21 Ag) D7H(21) (1 — (21, 22) %2 — G(T1))
By applying the Bellman optimization principle, where the performance index, is defined
as:

ty
1
J=3 / (7" Q& + u" Ru)dt (34)
0 Jo(Eu)

and by applying the dynamic programming, i.e.
. [ dV(2)

thn{ pn

where V() is given by (21), 2% 10 18 given by (33) and fy is given by (34), u 2 7, the

2n x 2n matrix Q, verifies Q = QT, Q > 0, the n x n matrix R is a symmetric and strictly
positive definite matrix. Then, (35) can be written as:

+ fo(z, u)} (35)

10

k'Eg(fl, J_IQ)TU + E{Alli’g + .ngglff’Q
min § + (2] Arz + 75 Azs) D7 (T1) (u — C(31, T2)T2 — G(T1)) ¢ - (36)
+27Q7 + u” Ru
By using Theorem 3.2, it follows:
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]CEg(Zfl, i‘g)TU + .'f’{Alle + li‘gAglff'Q

28 4 (7T A + 75 Agy) D7) (u — O (T, T2)T2 — G(T1)) ¢ =0 (37)
3 +27Qx + u' Ru
kpE(T1,T2)T5 + [T A1o + 2L A DY (z1) + 'R =10
and since, 27y = ya:
k€ (1, 2)T2 + D1 (71) [Aly71 + AQZo] + Ru = 0. (38)
Finally, by solving for w:
u = —Ril {kEg(fl, .f'Q).iZ’Q + Dil(.fi'l) [A’{Qi'l -+ Agéfg} } . (39)

Remark 4.2. The choice of kg is achieved heuristically. The term multiplying by kg
becomes zero when the state tends to the equilibrium point.

AV (7)
dt

+h))

Note: By differentiating once again equation (39) (i.e. taking 8872“ (

condition (19) holds.
Now we are able to state the following propositions:

(10)

Proposition 4.1. Consider the nonlinear system (10) and the function V(%) given by
(21). Then a suboptimal control for the system (10) is given by (39).

Proposition 4.2. Consider the nonlinear system (10) and the function V(Z) given by
(21). Then the time derivative of the function V(&) along to the trajectories of the closed
loop system (10) with the suboptimal control law u is negative if:

(@) = AminQ(2) < 0 (40)
where ¥(T) = —&{ Ai2D™" (C(Z1, B2) @2 + G (1)) +7] AnTa—75 A1a D~ (C(T1, B2) 72 + G(q))+
T3 ATy and A\puinQ(z) = \/2/\rnaxQ%2 — 3 max@11 @12
Proof. In the former section we propose that V(Z) is semi definite positive function, in
order to conclude this fact, we need to analyze the closed loop system. This is given by
the following equation:

. S - A A -
) V(%) = kg&(z1,T2)2i 7 + 27 [ A; AZ } z, (41)
= kp&(Z1, f2)fQTT + E{An@ + ngAme + flTAufo + ng22f2,
then (41) can be: . i
V(z) = —() — 2" Q)T (42)
where
(7) = —23 Ao D7 (21)C (1, T2)Ta — T A1a D1 (Z1)G(Z1) — T3 Age D71 (21)C(Z1, T2) To
K —T3 Ay D71 (21)G (1) + 7T A1 7o + T Aoy T,
(43)
~ Qu Q2
= 44
Q) { Qa1 Q2 (44)

Qu = ApR "D (1) A
Q12 = Qo1 = kp&(T1,T2) (2R™' D™ (1) Aa)
Qo = kp€ (1, Z2) R~ </€Et§(f1>532) + 2D—1(§31)A22)
+A22D_1(E1)R_1D_1(f1)1422
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and we have that, some positive scalars 5;(i = 0, 1...,5) such that [15]:
|D(Z)]| = A (D(Z1)) > Bo > 0
Dz < Anr (D(Z1)) < 1 < 00
|C(Zy, Zo) || < B2 [| 2]l

_ 45
|Gl < By (45)
1E(Z 1, Zo)|| < KTy, Z2) || + IA(Z1) || < 51+ B4 < B
D7 @)l = Aar (D7H&1)) > B > 0
From 7(Z) we obtain:
Y(T) = —¢"A 7) (C (21, 72) q+ G( ) + qr Ang
—~TA12D ( )( (_ T ) +G( )) +q Aglq
then
(@) < 2D HZ1) Ae|| | C(@1, T2)T2 + G(@1)|| + [|Z1]] || Aua ] |22
+ |22 D7HT1) A | C(T1, Z2) 71 + G(21) || + |24 | A2 || |22
< Gl BoAns Arz (B2 [|T2 + Teq|| + B5) + [|Z1]| AnsAry [|Z2]]
+ 1 Z2]l BoAnrAzz (B2 (|2 + Tacqll + B3) + [|Z2]| Ans Az |72
< n (T2, 21, Bi)
where 7 (71, Zo, ;) is an non negative function.
Since that Amax(Q(x)), and )\min(Q(:E)), is given by:
>\MQ \/)\MQ — ArQ11Q12 + 3LAnQ3,
)\mQ(l') = \/QAMQ% — 3 Q11012
then Q(z) > 0 only if A, > 0, then:
22 Q3, > 3 Q11Q1s
and obviously this inequality holds. Then the sufficient condition for V(:i) < 0 is:
7@ = AnQ() <
thus we conclude that the system (4) in closed loop with (39) is stable. O

5. Illustrative examples: Study Case of 2-DOF systems. In a sake of clarity and
compactness, in the following, let us constraint the analysis of the system dimension to
only two DOF, i.e. [z] :i'ﬂT = [¢" qT]T =@ @ ¢ ¢2]". and a constant regulation
set point, i.e. Tieq = qa1 = C1, Taeq = a2 = C2, T3eq = T3eq = Gaz = qaa = 0, then

_ q1 - q1
€r1 = To =
=13 =-13]

Gi=q—c, @ =d, @=7aq, (46)
@2=Gq —C, @=0q¢, =7
since and n = 2, then the 2n x 2n matrix A reads:

aix a2 aiz daiq
Q21 Q22 A23 Q24
A

J

N~ ~~

A= Aqr Ao ’ (47>
a31 a3z ag3 a34

aq1 QAq2 aq3  A4q
Ny J N ~~ J/

L A2 Ao J
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and a possible n x n matrix R follows:

R:H1 7?2} (48)

Then, the control law (39), applied to a 2-DOF gives:

Ut | _ _ keéad) T2§1
u2 r172 rlq“g

1 (7“2d226b13 - 7”2d21a14) a1+ (7”2d22a23 - r2d21a24) o (49)
- (rirz)det(D (r1d11a14 - T1d216L13) Q1 + (T1d116L24 - 7’1d12a23) G2
1 ( (r2d22a33 - r2d21a34)q + (r2d22a43 - 7”2d21@44)q )
~ (rar2) det(D (ridirass — ridarass) G+ (ridiiags — r1dioays) G
or
U R I P e
1 1 Ty 1 13 Q14 ~ 33 Qa34 -
= — kr€(q, + D + ,
{UJ {0 m} {E(QQ>Q (Q)Ha23 am} q {% a44] q]}
(50)
which can be rewritten as:
B . ¢
[ Uy } _ _kE5<an> {7"26?1 ] . ( ki1(q,q) ki2(q,4) ki3(q,q) Kkia(q, q) ) 92
Uz r172 r1q2 k21(q:4)  k22(q:4) ka3(q,q)  kaalq,q) Q|
72
(51)
and
(rodogaiz—radaiais)  (ridiiais—rideiais)
. ( (glrz)det(g(q)) ( (hrz)det(g( ) )
. . . . 72022023 —72021024 7'1 11a24—71012023
( ki11(g:q) ki2(q,d) kiz(q,4) kia(g, q) > _ (ur)det(D@) | (ra) det(Dia) |
k 5 k 5 k Y k ¥ - 72022033 —1r2021034 71011034—71021033
21(6179) 22(%(1) 23(q,Q) 24(q, Q) (r1r2) dot(D(q)) (ri72) dot(D(q))
(rodagasz—radoiaas (ridi1agqa—r1di12043)
(r172) det(D(q)) (r1r2) det(D(q))
(52)
L.e., the control law to be applied for each link can be obtained as follows:
For first link, we have:
. 7
ke€(q, q , . . . . q
Uy = —MHA% - ( ki1(q,q) ki2(q,d) kis(q,q) kia(q, q) ) 2 ) (53)
172 1
02
and
. G
kEE q,q' . . . . . 52
U = —LHA% - ( ka1(q,q) koa(q,q) kas(q,q) kaa(q, q) ) - (54)
172 1
02

Remark 5.1. Underactuated systems solution. The control law (53), and (54) have
a particular structure, if they are linearized (11) around an equilibrium point (stable or
unstable), the closed loop system can be controlled via LQR compensator, and this solution
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is gien by (20), since the control law follows a reference gien by E(q,q), ¢ and ¢, and
around the equilibrium point, the system solution tends to zero, and then, it follows:

7
. s 3 7' po . . . . q
lim —%T(QM)% - ( kii(a,q) kio(q,d) kis(q,q) kia(q, q) ) 3 )

T—Teq a1

42
Q1
== tim (D) — tim | (ka(gd) kel d) kuld) ku(ed) ) | 2|
T—Teq T Teq q1
7P
Q1 Q1
~0— lim | (kaa,d) ke(@d) ka(@d) ka(@d) )| 2 |, |~-r'B7P| 2
T—Teq QI q1
0 7
(55)
Then, the following terms are almost equivalents:
(kn(%Q) ki2(q,q) ki3(q, q) kl4<Q7d))’ ~R'B'P (56)

q—>Qeq

and the control law can be obtained from (56). This is a solution from Riccati equation
as for the linear systems, is the LQR solution.*

6. Numerical Example. In order to illustrate our control law approaches, let us give a
numerical simulation which is applied in the 2-DOF robot platforms called the Pendubot
and the Rotatory Pendulum.

6.1. The Pendubot system. The pendubot as shown in Figure 1, is a benchmark
system [14] for an underactuated robot, consisting of a double pendulum with only an
actuator at the first joint. The pendubot has some parameters, the total mass of link 1
is my; = 1.9008m, the total mass of link 2 is ms = 0.7175m, the moment of inertia of link
1is I; = 0.004K g - m?, the moment of inertia of link 2 is I; = 0.005K g - m?, the distance
to center of mass of link 1 is [,y = 0.185m, the distance to center of mass of link 2 is
leo = 0.062m, the length of link 1 is my = 0.2m, the length of link 2 is ms = 0.2m and the
acceleration of gravity constant g = 9.81m/seg?. The model of the motion dynamics is a
set of 2 rigid bodies connected and described by a set of generalized coordinates ¢ € R2.
The derivation of the motion equations is given by (4), and by applying the methods of
the Lagrange theory, involving explicit expressions of kinetic energy and potential energy
we obtain the standard general equation (5). Where the angular positions are involved in
q, and angular velocities in ¢, and the accelerations is ¢.

1ThiS solution gives the ai3, 14, @23, A24, A33, A34, A43 and Q44 values.
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FIGURE 1. Pendubot system.

From the Euler-Lagrange dynamical model one has:

D(q) = 01 4 03 + 03 cos(qz) 09 + 03 cos(go)
U= 0y + 03 cos(qo) 0, ’
Clavi) = tusin(an) | “8 7070 ]

Glg) = 019 cos(q1) + 59 cos(q1 + ¢2)
1 059 cos(q1 + g2) ’

1 Uy
= u = s
o] e L]

where the following five parameter equations are introduced as follows:

(57)

91 = mllzl + mgl% + ]1

92 = m2l22 + _[2

93 = m2l1lcg (58)
94 = mllcl + m211

05 = malea

Whether only u; can drive the system (i.e. us = 0) such a system is called the Pendubot,
while if u; = 0 the system becomes drive by u; and it is called an Acrobot.
Note that D(q) is symmetric. Moreover

d11 = 6102 + 293005Q2
= mllzl -+ mgl% —+ Il + mglg2 + IQ + 2m2l1lcgcosq2
Z mllfl + mgl% + Il + m2l32 + ]2 — 2m2l1lcg
> mllzl + 0L+ 1+ mg(ll — ZEQ)Z > 0,

(59)
and then

det(D(q)) = 0102 —203cos”qy = (myl2y + 1) (malZy + o) +mol? L+ m3 1312, sin’qy > 0, (60)
Therefore D(q) is positive definite for all ¢. From (57) it follows that

D(Q) —2C(q,q) = 03sinq2(2¢1 + ¢o) [ _01 (1) } , (61)
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which is a skew-symmetric matrix. The potential energy of the pendubot can be defined
as

U(q) = basing: + Ossin(q + ga). (62)
Note that U is related to g(q) as follows:

Glg) = OL | Bsgcosq + O5gcos(qr + q2)

- = _ 63
dq 059 cos(q1 + ¢2) (63)

For the planar two-link, when v = 0, in the Euler-Lagrange system has four equilibrium
points. The first one (q1, 2, d1,42) = ((7/2),0,0,0) and the second one (¢, g2, G1,G2) =
(—(m/2),7,0,0) are two unstable equilibrium points (respectively, top position and mid
position). We wish to reach the top position. The third one, (¢1, g2, ¢1,G2) = ((7/2),7,0,0)
is an unstable equilibrium position, and finally the fourth one (¢, ¢2, 41, 42) = (—(7/2), 0,0, 0)
is the stable equilibrium position what e want to avoid them. The total energy L(q,q) is
different for each of one the four equilibrium positions:

Top positions for both links

£((7/2),0,0,0) = Ergp = (01 + 05)g. (64)
Low positions for both links
E(—(7/2),0,0,0) =&, = —(04+ 05)g. (65)
Mid position: low for link 1 and up for link 2
E(—(m/2),7,0,0) = Epia = (—04 + 05)g. (66)
Position: up for link 1 and low for link 2.

8((71'/2), T, 07 0) = 5[2 = (94 - 95)9' (67>

6.1.1. Control approach. Since, the pendubot system, then uy, = 0, and for this case, the
desired position is given by the top position? then control approach is given by (53), where
the energy error is given by € = E(q,q) — Erop 1 =12, dag = B2+ 05 c08(qa), da2 = 02, and
det(D(q)) = 6109 — 20%cos*qs, and from (9) the dynamic g(z)u is given by:

0
0
r) = 9 68
g( ) 9192729;% cos(g2) ( )
—02—03 cos(q2)
01 02729§ cos(g2)

applying the proposition (2.1), one obtains

0

0
B = 02
9192—29%
—02—03
6102 —29%

By taking the linearization system (11), in the top position of the system, it follows:

2Top position for pendubot is (q1, g2, 41, ¢2) = (7/2,0,0,0).
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—( ki1(q,q) ki2(q.4) kis(q,4) F1a(q,q) )i’ ~
P11 P12 P13 P4
1o o 02 —02—03 P12 D22 P23 P24 | - (69)
G 0102=205 0102203 P13 P23 P33 D34 .
P14 D24 P34 Pasa
then
P11 P12 P13 Pi4
1 [ 0 0 05 —62—03 ] P12 P22 P23 P2 F—
r 610,—263 6162263 P13 P23 P33 D N (70)
P1a P2a P3a Pasg
— (ki ko ks ky )T=-KI
and the pendubot system in the top position, with (52), can be approximated at:
( kii(a,d) ki2(q,4) ki3(q:4) ka(g, q) )‘f(q,zj)—>f(0,0) ~ ( ki ko ks kg ) (71)

where ( ki ko ks ks ) = K are obtained from Riccati equation solution (in the linear
systems, is the LQR solution), and this solution gives the a3, a14, a3, Go4, ass, azs, a4s
and a4y values.

Since the solution of matrix the A gives four equations and seven unknown parameters,

we propose the following parameters, a;3 = 5, asy = 2 and azy = 6, and then, the
parameters of matrix A are obtained as follows:
a1q = (kl_;fBS‘)a ags = (ks_az4B‘4)» 72
o — k2=024By) o (ka—as4Bs) (72)
23 — Bs ) 44 — By 3
where

K = ( ki ko ks ku ) [ 0 0 Gi(q) Ga(q) ]P (73)
and the parameters a;; = 100, a;2 = 0, as; = 0 and age = 100 are proposed such that the

matrix A > 0.

6.1.2. Numerical simulation. In the numerical simulation, the linear gains for LQR solu-
tion proposed as:

8 0 00
0 115 0 O )

Q= 0 0 5 0 , R=diag(2.5).
0O 0 0 5

Then, the Riccati equation:

844.7295 745.8431 155.8352 88.8254
p_ 745.8431 674.6714 138.8006 79.3100
| 155.8352 138.8006 29.1716 16.6128 |’

88.8254  79.3100 16.6128 9.5215
and by trial error a possible kg gain is found as:
kp =49.8
We start the numerical simulation with the following initial conditions:

QI:_W/za Q1:0

. 74
g2 =0, g2 =10 ( )
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6.1.3. Numerical results. Figure 2, and Figure 3 show the to be stabilized around time
t ~ 1second, i.e. ¢ = —7/2, ¢ =0 g2 =0, ¢o =0, and the control signal and the total
energy is shown in the Figure 4.

Joint positions.

Angle [rad]

First link position
Second link position | |

i i i i
1 2 3 4 5
Time [sec]

F1GURE 2. The pendubot joint positions.

Joint velocity.
30 T T T
First link velocity
Second link velocity

20
o

& 10
=]
s
c
2

= 0
o
o
g
3

2 -10
<

-20

_30 1 1 1 1
1 2 3 4 5
Time [sec]

F1GURE 3. The pendubot joint velocities.

6.1.4. Stability analysis. By using Proposition 4.1, we conclude the stability for the pen-
dubot system, imposed by V(%) < 0, the Lyapunov function (32) in closed loop with (53)
and us = 0, and condition (40), gives the following:

AnD7(q) = 13.5516, A, R71 =04, AyAp = 1681,
>\MA11 == 100, )\MA12 - 35,

Since are solved, the system parameters are known, we substituting this results in the
equation (42), (43) and (44) are solved, and since that f; are functions strictly positive



2806 J. PATRICIO ORDAZ_OLIVER, OMAR J. SANTOS_SANCHEZ AND V. LOPEZ_MORALES

In—out Energy signals.
10 T T

Control signal
Energy signal |

i i i i
1 2 3 4 5
Time [sec]

FI1GURE 4. The pendubot, in-out energy.

definite, we obtain the following result:

A Q(x) = 1.4020 x 10°/52 + 934.36; + 8998109

and
Iy(2) || = 222.886, ||dl |l + 222886, [ld]| ||a|| — 3555 (Ilall + [al]) -
By applying (40), we start the system at the initial conditions (74), which are sufficient

Lyapunov Candidate Function

8000 T T
6000
3
= 4000
>
2000
0 i i i i
0 1 2 3 4 5
Time [sec]
Lyapunov Derivative Function
0 T T
€
Z o
3
< -10
©

|
[y
(5}

i i i
2 3 4 5
Time [sec]

o
=

FIGURE 5. Lyapunov functions.

conditions in order to conclude that the closed loop holds on the Lyapunov condition,
and this involving an appropriate value for kg large enough such that ¥ converges into
neighborhood ¢ > 0 with radius r» > 0 centered in the equilibrium ¢4, (the Lyapunov
functions can be seen in Figure 5). Another application can be seen in the appendix.
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7. Conclusions. In this paper a control approach for underactuated systems is pre-
sented. This approach is a general methodology for 2 — DOF' Euler-Lagrange systems
and becomes more involved when the system under analysis has a higher degree (more
than 2 — DOF'). The main reason is because the gains choices is not straightforward.
A comparative study shows that the control law does not require a switching control for
the equilibrium point. This is because the Hamilton-Jacobi-Bellman principle holds in
the whole system workspace, i.e. the Lyapunov function V(fc) <0 forallz e M CR"
The control design is based on the solution of Hamilton-Jacobi-Bellman equations with a
performance index given by (16). This approach is a suboptimal control because it holds
only for the sufficient condition to conclude the complete system stability.

The future work aims to apply this approach to underactuated experimental robot
platforms.

REFERENCES

[1] M. Athans and P. L. Falb. Optimal Control: An introduction to the theory and its applications. Mc
Graw Hill, New York, USA, 1966.

[2] R. E. Bellman and R. E. Kalaba. Dynamic Programming and Modern Control Theory. Academic
Press, New York, USA, 1965.

[3] Felipe E. De la Rosa Bocanegra and Kazuo Yoshida. Motion control of flexible manipulator processing
unactuated joints. JSME International Journal, 45(3):741-748, 2002.

[4] P. Dyer and S.R. McReynolds. The computation and theory of optimal control. Academic Press, New
York, USA, 1970.

[5] Special Issue. Special issue on linear-quadratic-gaussian problem. Transaction on Automatic Control.
AC(16), 1971.

[6] R. E. Kalman. When is a linear control system optimal? Jrnl. Basic Eng. 86(1):51-60, 1964.

[7] I. Kolmanovsky and N.H. McClamroch. Developments in nonholonomic control problems. IEEE
Control Systems, 15(1):20-36, 1995.

[8] E Lee and L. Markus. Foundations of optimal control theory. Wiley, New York, USA, 1967.

[9] Mehdi Nikkhah and Hashem Ashrafiuon. Optimal sliding mode control for underactuated systems.
In 3rd IEEE American Control Conference, pages 4688-4693, Minneapolis, Minnesota,USA, 14-16,
June 2006. IEEE.

[10] C. Park, Daniel J. Scheeres, Vincent Guibout, and Anthony Bloch. Globally optimal feedback control
law of the underactuated heisenberg system by generating functions. In Procc. of the 45th TEEE
Conference on Decision and Control, pages 2687-2692, San Diego, CA, USA, 13-15, December 2006.
IEEE.

[11] J. Rubi, A. Rubio, and A. Avello. Swing-up control problem for a self-erecting double inverted pen-
dulum. IEEE Proc. Control Theory Appl., 149(2):169-175, March-2002.

[12) M. W. Spong and M. Vidyasagar. Robot Dynamics and Control. John Wiley and Sons, New York,
USA, 1989.

[13] Isabelle Fantoni, Rogelio Lozano, Non-linear Control for Underactuated Mechanical System.,
Springer, 2002.

[14] Jesus Patricio Ordaz Oliver. Ms. thesis, in Spanish, Control basado en energia y estabilizacion para
sistemas subactuados. Pachuca, México 2007.

[15] Rafael Kelly, Victor Santibanez, Control de Movimiento de Robots Manipuladores, Prentice Hall,
2003.

[16] M. W. Spong. The control of underactuated mechanical systems. In I Conferencia Internacional de
Mecatrénica, México D.F., January 1994.

[17) Wei Zhong and Helmut Rock. Energy and passivity based control of the double inverted pendulum
on a cart. In International Conference on Control Applications, pages 5-7, México D.F., September
2001. IEEE.

[18] Xiao Qing Ma and Chun-Yi Shu. Theory and implementation of fuzzy control scheme for pendubot.
In Triennial World Congress, Barcelona Spain, 2002.



2808 J. PATRICIO ORDAZ_OLIVER, OMAR J. SANTOS_SANCHEZ AND V. LOPEZ_MORALES

Appendix A. The Rotatory Pendulum System. The Rotatory Pendulum as shown
in Figure 6, consisting of a double pendulum with an actuator at only the first joint. Using
the Rotatory pendulum, one can mainly investigate the set-point regulation, including
swinging up and balancing, as well as trajectories tracking. The Rotatory pendulum has
been studied as a typical example of underactuated mechanical systems see e.g. [13, 14].
We considered the rotatory pendulum parameters as: the total mass of link 1 m; = 1.9008
m, the total mass of link 2 my = 0.7175 m, the moment of inertia of link 1 I; = 0.004
Kg-m?, the moment of inertia of link 2 I; = 0.005 K g-m?, the distance to center of mass
of link 1 [.,; = 0.185 m, the distance to center of mass of link 2 [, = 0.062 m, the length
of link 1 m; = 0.2 m, the length of link 2 my = 0.2 m and the acceleration of gravity
g =9.81 m/seg®.

FiGURE 6. Rotatory pendulum system.

In this case, the kinetic energy K(q,q) = Ki(q,q) + K2(q, ¢) where K1(q,q) y Ka(q,q)
are associated with the rotational arm and the pendulum link respectively as follows:

1 .
Ky = 51—1‘9%> (75)
and the kinetic energy :

Ky = 1063 + 1ma L3603 + 1mal303 + tmalsen®0,63

+m2L1l2 COS 929192. (76)

The potential energy of the pendubot can be defined as:
U(q) = malag (cosy — 1) (77)

It follows a model stated by (5) where:
| I+ ma (L3 + 13sen?6y) malaLy cos 0y
D{q) = { Malo Ly cos O, Jy +myl3 ’ (78)
1 2 ) 1 2 ) )
N smalysen (20) 02. smalysen (202) 01 — mala Lysents 0,

¢ (g,9) [ —smol3sen (26,) 0, 0 ’ (79)

—malagsentsy

G(q):{ 0 ] (30)

Note that D(q) is symmetric. Moreover
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det (D(q)) = (I + mo (L3 + Zsin?6,)) (J1 + mal?) — m3I3L2 cos b,

= (L1 + mal3sin®65) (Jo + mol3) + JomaL? + m3l3L% sin 6, > 0 (81)
Therefore D(q) is positive definite for all 6. From (78 it follows that:

: . . ) . ; 0 -1

D(q) —2C(q,q) = mals <l2 sin (265) 01 — L sin 0292> l 10 } (82)

which is a skew-symmetric matrix.

For the rotatory pendulum system with 7 = 0 in the Euler-Lagrange system note that
(4) has two equilibrium points. (6, 65, 0;, 92) = (m,%,0,0) the stable equilibrium point
and (61,92,92,92) = (0,%,0,0) is the stable equilibrium position that also we want to
avoid. The control objective is to stabilize the system around its top unstable equilibrium
position.

A.1. Control approach. For control design we have the rotatory pendulum system,
then us = 0, then control approach is given by (53), where 1 = 19, doy = I +
my (L3 + 3sin0,), dos = Jo + mal3 and det(D(q)) = (I1 + moldsin®6y) (Jo + mal3) +
Joma L2 4+ m3l3 L3 sin 6y, and from (9) the dynamic g(z)u is given by:

0
0

) = Jatmal 83
g( ) (Il-l—mgl% sin? 92)(]2-&-3712@)-&-]27712[/% ( )
—malo L1 cos 6!
(I +m2l3 sin? 9; )2( J12 +m2§§)+JQm2L%

by applying (2.1), we obtain the following equation:

0

0
B = J2+m2lg
Il(JQ"erl% +J2m2L%
—maloLy
I (J2+m2l§)+J2m2L%

A.1.1. Numerical simulation. Using (69), (70), and (71) we propose the follow lineal gains
for LQR solution as:

35.9 0 —17.75 0
| —17.75 355 0 0
@= 0 0 35.5 —17.75
0 0 177 355

then, we obtain the Riccati equation:

844.7295 745.8431 155.8352 88.8254
745.8431 674.6714 138.8006 79.3100
155.8352 138.8006 29.1716 16.6128
88.8254  79.3100 16.6128  9.5215

and propose the kg gain as:

, R =diag(2.5),

P =

krp =10

We start the numerical simulation with the follow initial conditions:

91:71', 9120
92:0.5, 6220
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And we obtain:

Joint positions.

T
First link position
Second link position| |

15F

[
T

Angle [rad]

o
2

0 1 2 3 4 5
Time [sec]

F1GURE 7. The rotatory pendulum, joint positions.

Joint velocity.
5 T T
0

-5
o'
[
@
g -10
‘e
2
= -15
o
o
< 20
j=2
c
<

-25 A -

First link velocity
Second link velocity
_30 4
_35 1 1 1 1
0 1 2 3 4 5
Time [sec]

F1GURE 8. The rotatory pendulum joint velocities.

A.1.2. Stability analysis. By using the proposition 4.1, we conclude the stability for the
Rotatory pendulum system, and we required the Lyapunov function (32) in closed loop
with (53) and us = 0, and condition (40), and we obtain:

AnD7Yq) =13.0.258, N\, ,R' =04, AyA; =1,
)\MAlg = 72, )\MAQQ = 651,
since we know the system parameters, we substituting this results in the equation (42),

(43) and (44), and since that the §; are constants strictly positive definite, we obtain the
follow result:

AmQ(z) = 1.4029 x 10° \/ 32 + 934.335 + 89981.09
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In—out Energy signals.
10 T T T
Control signal
Energy signal

_2 1 1 1
0 1 2 3 4 5

Time [sec]

FIGURE 9. The rotatory pendulum, in-out energy.

Lyapunov Candidate Function
10000 T T

5000 \\ : : .
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Lyapunov Derivative Function
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V(t) [Nm]

dv(t)/dt [Nm]
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=
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Ficure 10. Lyapunov function.

and
l7(z)|| = 222.888 ||4]| l|g]| + 222.8882 ||4] ||a|| — 3-585 (/lall + ||a||)



