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Swing-up Control for n-Link Planar Robot with Single Passive Joint
Using the Notion of Virtual Composite Links

Xin Xin, Jin-Hua She, and Taiga Yamasaki

Abstract—1In this paper, we concern a swing-up control
problem for an n-link revolute planar robot with any one of the
joint being a passive joint. The goal of this study is to design
and analyze a swing-up controller that can bring the robot into
any arbitrarily small neighborhood of the upright equilibrium
point with all links in the upright position. To achieve this
challenging objective while preventing the robot from becoming
stuck at an undesired closed-loop equilibrium point, first, we
address how to iteratively devise two series of virtual composite
links separated by the passive joint to be used for designing
a coordinate transformation on the angles of all active joints.
Second, we devise an energy based swing-up controller that
uses a new Lyapunov function based on that transformation.
Third, we analyze the global motion of the robot under the
controller and establish conditions on control parameters that
ensure attainment of the swing-up control objective. The results
obtained here unify some previous results for the Pendubot, the
Acrobot, and three-link robots with a passive first joint. Finally,
we validate the theoretical results via a numerical simulation
investigation to a 4-link robot with a passive joint.

I. INTRODUCTION

The last two decades have witnessed considerable progress
in studying underactuated robots, which possess fewer actu-
ators than degrees of freedom [1], [3], [11]. A robot may
be underactuated as a result of intentional design to reduce
weight and cost, or as a result of actuator failure. Since
underactuated robots usually have nonholonomic second-
order constraints, the control problems are challenging [6],
[9].

There are many researches on two-degree-of-freedom (2-
DOF) pendulum type robots, e.g., [2], [5], [8], [12]. The
energy based control approach, which has been developed in
the seminal works of [4], [7], [11], has been shown theoret-
ically effective for solving the swing-up control problem for
the Pendubot in [4], [7] and the Acrobot in [13].

A swing-up control problem was studied in [14] for a 3-
link planar robot in a vertical plane with a passive first joint.
For this robot, [14] showed that, unlike 2-DOF underactuated
robots ([4], [71, [13]), it is difficult to analyze the motion
when it is governed by a swing-up controller employing a
conventional Lyapunov function, which contains the energy
of the robot, and the angles and angular velocities of the
two active joints. To overcome this difficulty, [14] treated
the links 2 and 3 as a virtual composite link and proposed a
coordinate transformation on the angles of two active joints.
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In this paper, we investigate how to extend the design and
analysis of the swing-up control for the 3-link robot in [14]
to a general n-link planar robot with any one of the joint
being a passive joint. Note that some preliminary results are
presented in [15] for the case of a passive first joint. To
guarantee that the robot can enter the basin of attraction of
any stabilizing controller for the upright equilibrium point,
where all links are in the upright position, we aimed to design
and analyze a swing-up controller that drives the robot from
any initial state into any arbitrarily small neighborhood of
the upright equilibrium point.

To achieve this challenging objective, we need to prevent
an n-link robot from becoming stuck in an undesired closed-
loop equilibrium configuration. Our idea for clarifying the
structures of the closed-loop equilibrium configurations is to
iteratively study n — 1 robots of the Acrobot type (that is,
two links with a passive first joint) and/or the Pendubot (that
is, two links with a passive second joint) rather than directly
studying an n-link robot. First, we address the problem of
how to iteratively devise two series of virtual composite links
separated by the passive joint to be used for designing a
coordinate transformation on the angles of all active joints.
Second, we construct a Lyapunov function based on the
transformation and use it to design a swing-up controller.
Third, we analyze the global motion of the robot under the
controller and establish conditions on control parameters that
ensure attainment of the swing-up control objective. In fact,
by using the virtual composite links, we succeed in revealing
a relationship between the closed-loop equilibrium points and
a control parameter. The results obtained unify some previous
results for the Pendubot, the Acrobot, and 3-link robots with
a passive first joint. Finally, we verify the theoretical results
via simulation for a 4-link robot with a passive joint.

II. PRELIMINARIES AND PROBLEM
FORMULATION

A. Model of n-Link Robot with Single Passive Joint

Consider an n-link revolute robot with the dth (1 < d < n)
joint being passive shown in Fig. 1. For the ith (1 = 1,...,n)
link, m; is its mass, [; is its length, [.; is the distance from
joint ¢ to its center of mass (COM), and J; is the inertia
moment around its COM. T

Letq=[ q1, ¢, ., Gn | be the vector of the an-
gles of all the joints in generalized coordinates. In this paper,
the angle of the passive joint, gq4, is dealt with in S, which de-
notes a unit circle, while the vector of the angles of all the ac-

L T
tive joints, g, = [ qi, -5 4d—1;, Gd+1, -+, Gn } ’
is dealt with in R"~1.

The motion equation of the robot is
M(q)§ + H(q,q) + G(q) = Br, ()
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Fig. 1.

An n-link robot with a passive dth joint.

where M (g) € R™*™ is a symmetric positive definite inertia
matrix, H(q,¢) € R™ contains the Coriolis and centrifugal
terms, G(¢q) € R™ contains the gravitational terms, and B is
the input matrix of

Iow O
B = 0 0 e R (=1) )
0 I, g

with I; being an identity matrix of size ¢, and 7 =
[ 71, -y Td—1, Tdf1, ---1Tn ]T € R" 1 is the input
torque vector produced by n — 1 actuators at active joints 1,
.,d—1,d+1, ..., and n.

The energy of the robot is expressed as

1
E(q.q) = §QTM(q)q + P(q), 3)

where P(q) is the potential energy and is defined as

P(q)=> mig¥ai=»_Picos» qj, “4)
i=1 i=1 =1

where ¢ is the acceleration of gravity, Y, is the Y-axis
coordinate of the COM of link ¢, and

Bi=mileig+ (Y mj)lg, fori=1,....n. ()
j=i+1
Let G;(q) be the ith element of G(q). We have
k

oP - ,
Gi(q):a—qi:—;ﬁksm;%. (6)

B. Problem Formulation

Consider the following upright equilibrium point:
q=0, ¢=0. (7)
For E(q,q), Ga, and q,, if we can design 7 such that
Jim E(q,q) = Er,  lim ga =0, lim ¢, =0, (8

where E, = >""" | f3; is the energy of the robot at the upright
equilibrium point, then from the analysis of Case 1 in Section
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V, we know that the robot can be swung up to any arbitrarily
small neighborhood of the upright equilibrium point.
A Lyapunov function candidate for designing such 7 is

1 1 .r. 1
Va=5(E = E)* + Skpdq o + 5hraata,  (9)

where scalars kp > 0 and kp > 0 are control param-
eters. However, similar to the discussion in [14], under
the controller designed via such V4. we find that it is
difficult to determine the relationship between the control
parameter kp and the closed-loop equilibrium configurations
for completing the analysis of resulting closed-loop behavior.
Thus, we shall propose a coordinate transformation on g,
using the notion of virtual composite links for devising a
different Lyapunov function.

III. VIRTUAL COMPOSITE LINKS AND
COORDINATE TRANSFORMATION

A. Virtual Composite Links

We devise two series of virtual composite links (VCLs)

separated by the passive joint d as follows:

Series a: VCL 1, ..., VCL d -1

For 1 <7 <d—1, we define VCL 7 as a composite link of
links 1 to ¢;

Series b: VCL d+ 1, ... VCL n

For d +1 < ¢ < n, we define VCL ¢ as a composite link of
links ¢ to n.

We provide Tables I and II to describe the relationship
between link ¢ and VCL 4, where 1 (0) denotes that an actual
link is (not) a part of a VCL. Note that Series a (or b) is an
empty set if d =1 (or d = n).

TABLE I
VCLS OF SERIES A
link 1 link 2 linkd—2 linkd—1
VCL 1 1 1 1 1
VCL 2 0 1 1 1
VCL d—2 0 0 1 1
VCLd—-1 0 0 0 1
TABLE 11
VCLS OF SERIES B
linkd+1 link d+ 2 linkn—1 link n
VCLd+1 1 1 1 1
VCLn—1 0 0 1 1
VCL n 0 0 0 1

Although defining VCL d — 1 and VCL n as links d — 1
and n respectively somewhat abuses the idea of “virtual”,
such a definition allows us to iteratively construct two series
of VCLs in a backward way (Fig. 2). In fact, for Series a, it
starts from VCL d—1 being link d—1, and for 1 < i < d—2,
we see that VCL i is a composite link of link © and VCL i+-1.
For Series b, it starts from VCL n being link n, and for
d+1 <1 < n—1, again we see that VCL ¢ as a composite link
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of link i and VCL i+ 1. This iterative relationship facilitates
the expression of the results in this paper in a concise way.

Fig. 2.

Links 2 — 1 and 7; VCLs 7 and 7 + 1.

B. Coordinate Transformation
For VCL i in Fig. 2, we define the following terms.

g:: the angle of VCL ¢ with respect to link 7 — 1; where
for ©+ = 1, q; is the angle with respect to the horizontal.
0;11: the angle of VCL 4 with respect to link 3.

lc;: the distance between joint ¢ and the COM of VCL 1.

Moreover, when link 7 and VCL ¢ + 1 are stretched out in a
straight line (g;4+; = 0), it is reasonable to define

914.1 = O7 when @-s—l =0. (10)

Since Series a and b are separated by the passive joint d,
we define g, being the generalized coordinate vector related
to the VCLs with the following decomposition:

[ T | Qaa = @5 oy Ta }T
qa — 7(1(1 , 7(104 - ) ) _ T ) (1 1)
L ab J qab = [ dd+1, -5 Gn }
Accordingly, we decompose g, as follows:
[ Gaa | Goa=[ @1s -os a1 ]
o = aa , aa ) ’ (12)
[ Qab | Gab = | Qay1, ---r Gn |

We now determine the transformation 7: R*~! — R»~!
of g, to qg; that is,

Ga = T(Qa)~

First, from Fig. 2, since ¢; is the angle of link 7 with
respect to link ¢ — 1, from the definitions of g; and 6,1, we
obtain

13)

G = ¢q; +0;11, fori € Ng, with 3 =60,,1 =0, (14)

where
Ng={i:1<i<d-1,or,d+1<i<n}. (15)

Thus, as to g, and g4, owing to (14) and (10), we have

Go =0 q, =0. (16)
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Next, we have the following observation: for 1 < i < d—1,
it follows from Table I that each 6, is a function of ¢;1,
..., and q4_1; while for d+1 < ¢ < n, if follows from Table
II that 6,4 is a function of ¢;41, ..., and ¢,. Therefore,

{QiZQi+9i+1(Qi+la--~7Qd—1)v 1<i<d-1
@:qi+9i+1(qi+1,...,qn), d+1<i<n.

Since it is not easy to derive 6,1 directly, in what follows,
we express 0,41 by using the fact that VCL i is a composite
link of link i and VCL © + 1.

To this end, as shown in Fig. 2, we use a Cartesian
coordinate system (x;,y;) with its origin at joint ¢ and
its x-axis lying on link ¢. Since in these coordinates the
coordinates of COMs of link ¢ and VCL i+1 are (I;,0) and
(li 4 legig1) €OSGit1,le(is1) SiNGiq1), respectively, letting
(¢, Yei) be the coordinates of the COM of VCL i yields

)

a7

) = (Bi + Bit1c08 Gy, Bit1 Singi1)

(-Tcivyci - ) (18)
mig
where _ _
Bi = Mileg, (19)
where 7m; = >_"_; m; is the mass of VCL i.
Next, from (18), we obtain
sinf; 1 = % o i
“ i (20)
cos 1 = % = bit Bi—; o8 dit1

Since ;1 is dealt with in R rather than S, we cannot
determine 6;,1 just from the values of its sine and cosine
in (20). In fact, 6;;; must also satisfy (10). Thus, we
need to obtain 9i+1 and g;. To this end, using (19) and
lei = \/x2, + 2, we obtain the following iterative relation
between Bi and Biﬂz

Bi = h(Bi, Bis1, @), @ € Nay Ba = Ba, Bn =B 21
where
h(a,b,z) = \/(12 + b2 + 2abcos . (22)
Using (14), (20), and (21), we obtain
- . Vo (qaa) 0
=V v = 2
7o = ¥(¢a)da; ¥(qa) 0 Wylgw) |° P

where ¥, (qqq) and Uy(qq) are the following upper trian-
gular matrices:

1 92 Y1(a-1)
0o 1 . Pa(d-1)
VolGaa)=| + + : , (24
0 0 ... Yu—2)@-1
o 0 ... 1 i
1 Pat1yd+e) Y(a+1)n
0 1 (d+2)n
Uy (qap) = | : : : , o (25)
0 0 1p(nfl)n
0 0 1 i
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where 1;; can be obtained directly and is omitted for brevity.
In summary, the transformation 7" in (13) is given by (16)
and (23).

IV. SWING-UP CONTROLLER FOR n-LINK ROBOT

We take the following Lyapunov function candidate:

1

1 . 1
V= 5(E —-E)*+ iqufqa + 5lcpq}qa. (26)

Instead of ¢, in V4, we use g, in V. Obviously, from (16),
we know that lim; ., V = 0 is equivalent to (8).

Taking the time-derivative of V' along the trajectories of
(1), and using E = ¢¥ BT = ¢,7 and (23), we obtain

V=gl ((E — BT+ kpija + kP\pTaa).

If we can choose 7 such that

(E = BT+ kpla + kp¥ " qa = —kvia  (27)
for some constant ki, > 0, then we have
V =—kviyda < 0. (28)

We discuss under what condition (27) is solvable with
respect to T for any (q, ¢). From (1), we obtain

Go =BYi=B"M*(Br - H - Q). (29)
Substituting (29) into (27) yields
Ag,¢)r = kpB" M~ (H + G) — kvo — kp¥ ' qa, (30)
where
Mg, q) = (E(q,q) — Ev)In—1 + kpB"M~'B.  (31)
Therefore, when
det A(q,¢) #£0, for Vg, Vg, (32)

we obtain
= Al (kDBTM—l(H £ Q) — kye — kp\IfTaa). 33)

We are ready to present the following theorem.

Theorem 1: Consider the robot in (1). Suppose that kp >
0, kp > 0, and ky > 0. Then the controller (33) has no
singular points for any (q, q) if and only if

k'D > kDm = quna); {(Er +,u))/\max((BTMilB)71)} )

(34)
where A\max(A) denotes the maximal eigenvalue of A > 0,

n n—1 n J
= (a2 Y Ao 3 a) @9
i=1 i=1 j>i k=i+1

In this case, limy_.oo V = V*, lim;_ oo F = E*, limy_. o qq
=q;, limy o0 Go = G, where V*, E*, q%, and q;° are some
constants. Moreover, as t — oo, every closed-loop solution,
(q(t),q(t)), approaches the invariant set

2AE* — Plqy. q*
W= {(%d) ’ QG = (Mdd(q”(%qf)); G = qZ}, (36)
da={q,

where Myq is the (d,d) element of M.
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V. MOTION ANALYSIS OF n-LINK ROBOT

We now characterize the invariant set W in (36) by ana-
lyzing the convergent value, V*, of the Lyapunov function
V in (26). Since lim;_.., V' = 0 is equivalent to (8), we
separately analyze two cases of V* =0 and V* # 0.

Case 1: V* =0

From (26) and (16), we have E* = E, and q;" = q;; = 0.
Thus, from (36), we obtain

2F,
Mai(q)|q.=0

Therefore, as ¢ — oo, the closed-loop solution (g(t), ¢(t))
approaches the invariant set

Wr = {(qv Q) ‘ <Qda qd) satisfies (37); Qo = 0}

Since (37) is a homoclinic orbit ([10], p.44) with the
equilibrium point (qq,¢q) = (0,0), (ga(t),dq(t)) will have
(0,0) as an w-limit point; that is, there exists a sequence of
times ¢, (n =1,...,00) such that t,, — oo as n — oo for
which lim,, .« (q4(tn), ¢a(tn)) = (0,0). Hence, the robot
can enter any arbitrarily small neighborhood of the upright
equilibrium point as t — oc.

Case 2: V* #0

Q= (1 — cosqq). (37)

(38)

Putting £ = E*, q, = g, and g, = g, into (27), we show
that £* # F,. and that 7 is a constant vector 7* satisfying

kpUT(02)q, + (B — B =0, E*#E.  (39)
We are ready to present the following lemma.
LEMMA 1: Consider the invariant set W defined in (36).
Let (q(t),q(t)) € W. If V* #£ 0, then in the invariant set
W, qa(t) is a constant; that is, q(t) = q* holds.

Putting ¢ = ¢* and 7 = 7* into into (1) and (3), we obtain

Ga(q*) =0, 7" =BTG(¢*), E*=P(q¢"). (40)
Define the following equilibrium set:
Q={(q",0) | ¢ satisfies (39) and (40) }. 41)

We are ready to present the following theorem.

Theorem 2: Consider the robot in (1). Suppose that kp
satisfies (34), kp > 0, and ky > 0. Then under the con-
troller (33), as t — oo, the closed-loop solution (q(t),q(t))
approaches

W=W,uQ, withW,NQ=40, (42)
where W, is defined in (38), and ) is the set of equilibrium
points defined in (41).

VI. CLOSED-LOOP EQUILIBRIUM POINTS

If the set 2 contains a stable equilibrium point in the sense
of the Lyapunov stability, then the robot can not be swung up
arbitrarily close to the upright equilibrium point from some
neighborhoods close to the stable equilibrium point.
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We will analyze the relationship between {2 and kp.
Consider an equilibrium point (¢*,0) of Q in (41). Using
¥ in (23), we can rewrite (39) and (40) as

n k
Galq") = — Zﬁi Sian}‘ =0, (43)
k=d j=1
i—1
kp (@* + Ziﬂjz’(q:u)@*) + (P(¢*) — E.)1} =0,
j=1
for1<i<d-1, (44)

1—1
kp ((E* + Z ¢ji(qzb)@*) + (P(q*) — E.)7 =0,
Jj=d+1

ford+1<i<n, 45)

P(q") # E;. (46)

Note that for any given kp the set {2 contains at least one
equilibrium point

QO = {(q*70) | Ga = 0) qd = _ﬂ—}7

where links 1 to d — 1 are in the upright position and links
d to n are in the downward position. We investigate how
to provide conditions on kp that ensure that the set 2 does
not contain any other equilibrium point. With the two series
of VCLs, we show that (43) and (44) can be simplified to
equations similar to those for the Pendubot, and (43) and
(45) can be simplified to equations similar to those for the
Acrobot.

Define E,; = Z;t% Bj and E,s = 3775, 3;. One of the
main results of this paper is the following theorem.

Theorem 3: Consider the robot in (1). Suppose that kp
satisfies (34), and ky > 0. If kp satisfies

(47)

kp > kpm DX K, (48)
where
km1 = sup By @Ers + Bry(1 = cosw)) (= sinw)7
T<wl27 w
49)
2 d—1 n d—1
p Zﬂj Zﬁj Jf Bi = Zﬁjﬂ
j=i Jj=t J=
k'mi =
Bi, d—1 d—1
=L | 2B, + }Zlﬂj BB < | D B
Jj=i— J=1

(50
for2<i<d-—2and

2 .
Em(a—1) = —~ min(fg—1, Ba—2)(min(Ba—1, Ba—2) + Ers),

(51)
kmi = 2E,58;_1 Zﬁj /
j=i
for d+1 < i < n, then under the controller (33),
1) Q in (41) contains only the equilibrium point Qg de-
scribed in (47);
2) Qg is unstable in the closed-loop system;

> B (52)

j=i—1
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3) the closed-loop solution (q(t),q(t)) approaches
W =W, UQy, (53)
as t — oo, where W, is defined in (38).
VII. SIMULATION RESULTS

We verified the theoretical results via a numerical simu-
lation investigation to a 4-link robot with the parameters in
Table III. We took g = 9.81 m/s2.

TABLE III
PARAMETERS OF 4-LINK ROBOT.

Link 4 Link 1 Link 2 Link 3 Link 4
m;[kg] 0.20 0.20 0.10 0.10
1;[m] 0.30 0.30 0.20 0.20
lei[m] 11/2 l2/2 l3/2 1a/2

Jilkg -m?]  m1i2/12  mal3/12  msl3/12  mal?/12

For this robot, we showed the numerical results of con-
ditions on control parameters kp > kp,, and kp > kpp,
in Table IV for four cases of d = 1, ..., and d = 4.
We obtained the simulation results of a successful swing-
up control achieved by the controller (33) with control
parameters satisfying conditions given in Table IV. Due to
page limitations, we only introduced the results for d = 4
(we call the robot AAAP robot).

TABLE IV
CONDITIONS ON CONTROL PARAMETERS: kp > kpy, AND kp > kpy,

d kpm km1 km2 km3 kma kpm
1 0.17 NA 3.75 149  0.40 3.75
2 0.21 1.45 NA 0.69 0.19 1.45
3 0.73 2.11 0.72 NA 0.06 2.11
4 1.13 231 095 0.07 NA 2.31

For this AAAP robot, according to Theorem 3 and Table
IV, the controller (33) with parameters satisfying kp > 1.13,
kp > 2.31, and ky > 0 drives it from any initial state to any
arbitrary small neighborhood of the upright equilibrium point
or the up-up-up-down equilibrium point. For the initial con-
dition (0) = [ —37/5, 2m/3, —2r/3 —27/3]" and
¢(0) = [ 0, 0, 0, 0O ]T, Figs. 3-5 show the simulation
results of the controller (33) with kp = 1.17, kp = 2.64,
and ky = 5.25.

Fig. 3 shows that V' and E — E,. converge to 0. From Fig.
4, we know that ¢, g2, and g3 converge to 0, while g4 swings
closer and closer to O after several swings. Finally, the time
responses of input torques 71, 7o, and 73 are presented in
Fig. 5.

VIII. CONCLUSIONS

In this paper, we aimed to swing up an n-link planar robot
in a vertical plane with a single passive joint to any arbitrarily
small neighborhood of the upright equilibrium point. First,
we addressed the problem of how to iteratively devise two
sequences of virtual composite links separated by the passive
joint as a basis for designing a coordinate transformation
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Fig. 5. Time responses of 71, 72, and 73.
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on the angles of all active joints. Second, we constructed
a Lyapunov function based on the transformation and used
it to design a swing-up controller. Third, we analyzed the
global analysis of the motion of the robot governed by the
devised controller and established conditions on the control
parameters that ensure attainment of the swing-up control
objective. In fact, we showed that starting from any initial
state, the state of the robot will eventually approach either
any arbitrarily small neighborhood of the upright equilibrium
point, or a certain equilibrium point belonging to the set (2
in (41). Then, using virtually composite links, we attained
conditions on the control parameter kp that ensure that
the set () contains only one unstable equilibrium point,
about which the robot cannot remain practically. Finally, we
validated the theoretical results by means of simulations on a
4-link robot with any one of the joints being a passive joint.

An interesting and challenging future subject is to study
an underactuated robot with two or more passive joints.
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