IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received April 19, 2018, accepted May 17, 2018, date of publication May 22, 2018, date of current version June 26, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2839642

Limit Cycle Elimination in Inverted Pendulums:
Furuta Pendulum and Pendubot

MAYRA ANTONIO-CRUZ “'1, VICTOR MANUEL HERNANDEZ-GUZMAN "2,

AND RAMON SILVA-ORTIGOZA !
! Area de Mecatrénica, CIDETEC, Instituto Politécnico Nacional, Mexico City 07700, Mexico
2Facultad de Ingenieria, Universidad Auténoma de Querétaro, Querétaro 76010, Mexico

Corresponding author: Victor Manuel Hernandez-Guzman (vmhg @uaq.mx)

This work was supported by the Secretaria de Investigacién y Posgrado del Instituto Politécnico Nacional, México. The work of
M. Antonio-Cruz was supported by the CONACYT-México and BEIFI-IPN Scholarships. The work of V. M. Herndndez-Guzman was

supported by the SNI-México. The work of R. Silva-Ortigoza was supported by the SNI-México and the IPN programs EDI and COFAA.

ABSTRACT This paper presents the design of a linear state feedback controller for the stabilization of two
inverted pendulums, namely, Furuta pendulum and pendubot. Such a controller design allows eliminating
the limit cycle that appears in the systems due to the effect of a nonlinearity, that is, dead-zone, which
is induced by static friction at the motor shaft. To do this, the differential flatness approach is applied to
the linear approximate model of the inverted pendulums under study. Then, the resulting flat systems are
translated to the frequency domain for which a control scheme is proposed. Subsequently, the dead-zone
nonlinearity is treated off-line as an approximation obtained through the describing function method. Since
this is an approach intrinsically based on frequency response, the frequency response-based approach is
suitable for tuning the gains of the proposed control scheme. An advantage of using the frequency response-
based approach along with the describing function method is that they allow obtaining precise formulas
that simplify the tuning of the proposed control scheme, so that the limit cycle caused by the dead-zone is
eliminated. This must be contrasted with a time response-based approach, proposed recently by the authors,
where precise formulas were not obtained and intuitive ideas have to be used to eliminate limit cycle. Finally,
the procedure of the controller design herein proposed is verified via experimental tests.

INDEX TERMS Inverted pendulum, Furuta pendulum, pendubot, stabilization, state feedback control,

differential flatness, dead-zone, frequency response, describing function, limit cycle.

I. INTRODUCTION
There are several control schemes designed to stabilize
inverted pendulums [1]-[3]. With the accelerated develop-
ment of technology such control schemes are demanded to
have a better performance. Thus, stabilization control designs
dealing with uncertainties and external disturbances [4]-[7],
unknown parameters, models, and velocities [8]-[10], fric-
tion compensation [11]-[14], etc. have been reported. It is
well known that in inverted pendulums, and in all control sys-
tems involving mechanical motion, the control performance
also degrades by the presence of nonlinearities, such as back-
lash [15], [16], dead-zone [17], [18], rolling friction, drive-
train friction, and sensor bandwidth, among other. These
nonlinearities cause limit cycle phenomenon or even insta-
bility in the system [19].

Regarding limit cycles generated by friction and stiction in
control systems, there are different contributions [20]-[25].
In particular, the limit cycle in stabilization control of inverted

pendulums have been reported in different papers [26]-[33].
However, most of the papers are focused on generation and
behavior study of stable limit cycles and only two of them
treat the reduction [30] and elimination [32] of limit cycle
caused by nonlinearities. Also, most of the papers ([20], [21],
[23]-[31]) use advanced control techniques, such as: dual-
relay feedback approach, negative stiffness control, bifurca-
tion analysis, asymptotic solutions, sliding mode approach,
partial nonlinear feedback linearization and dynamic con-
trol, passivity-based and nonlinear observers, and Jacobian
Poincaré maps. Thus, [32] is interesting because it shows
that a simple linear state feedback controller suffices for limit
cycle elimination. There, a suitable tuning procedure based
on linear system differential flatness, describing function,
and classical control, i.e., root locus, was introduced. Hence,
the main ideas are simple compared with the advanced control
techniques introduced in the above cited papers. Despite this,
procedure in [32] has the drawback that controller design
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relies on the time response of the system; whereas the describ-
ing function method is an approach intrinsically based on
frequency response. This implies that procedure in [32] does
not provide precise formulas, so that intuitive ideas had to
be used to eliminate limit cycle. On the other hand, it is
important to remark that some authors [11] have reported that
oscillatory behavior induced by static friction, i.e., dead-zone
nonlinearity [34], in a Furuta pendulum remains in spite of
modifying the parameters of the control system. Finally, other
papers dealing with performance improvement of inverted
pendulums have been reported [35]-[38].

Based on the previous literature review, it is evident that
procedures to mitigate the effects of nonlinearities are needed
to improve the performance of control systems. In that
direction, contribution of the present paper is introducing
a frequency response-based solution for problem described
in [32]. As a result and despite that, similarly as in [32],
the controller gains that eliminate the limit cycle are still
found via an iterative experimental procedure, several precise
formulas are obtained in the present paper. These formulas
render easier selection of the controller gains and commis-
sioning of experimental procedure for the limit cycle elimi-
nation in the Furuta pendulum and pendubot.

This paper is organized as follows. Section II presents
the differential parametrization of the Furuta pendulum and
pendubot. In Section III a control scheme is proposed to sta-
bilize those systems, facing the static friction-induced dead-
zone nonlinearity. Procedure to select gains of the control
scheme is given in Section IV, which is extended in Section V
to experimentally eliminate dead-zone nonlinearity-induced
limit cycle. Also, Section V details advantages with regards
to controller design reported in [32]. Lastly, Section VI gives
the conclusion.

Il. FURUTA PENDULUM AND PENDUBOT

LINEAR MODELS

This section presents the linear approximate model as well
as the corresponding differential flatness model of the
inverted pendulums under study, that is, Furuta pendulum and
pendubot.

A. DESCRIPTION OF THE SYSTEMS
On the one hand, the Furuta pendulum mechanism is essen-
tially composed by a motor and two bars called arm and
pendulum. Motor shaft is fixed at one end of the arm, pro-
ducing arm angular movement in a horizontal plane. While,
pendulum is placed at the free end of the arm by means
of a joint allowing rotation of pendulum in a vertical plane
orthogonal to arm. On the other hand, the pendubot is mainly
composed for two rigid bars and a motor. The motor is fixed at
one end of one bar, the free end of this bar is interconnected
with the other bar by a rotational join. The motion of both
bars is in the vertical plane. In the remainder of the paper
bar connected to the motor shall be called bar A, while bar
connected to this latter shall be called bar B.

The mechanisms above described as well as its correspond-
ing variables and parameters are shown in Fig. 1. There,
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FIGURE 1. Diagrams of the inverted pendulums under study. (a) Furuta
pendulum. (b) Pendubot.

for the Furuta pendulum, 6y and 6; are the arm angular
position measured with respect to an arbitrary position and
the pendulum angular position measured with respect to the
upright position, respectively, T denotes the torque generated
by the motor and applied to arm, Iy stands for motor inertia
plus arm inertia (when this turns around an axis orthogonal to
one of its ends), Lo corresponds to the arm length. Whereas,
mj1, [, and Jy are the mass, center of mass location, and inertia
around the center of mass of the pendulum, respectively.
Likewise, for the pendubot, 6,, m,, 1,, l,, and I, are the
angular position, mass, inertia, length, and distance to the
center of mass of the bar A, respectively; whereas 6y, mp, Ip,
Ip, and I,1 are the angular position, mass, inertia, length, and
distance to the center of mass of the bar B, respectively. tp is
the torque generated by the motor and applied to the bar A.
Lastly, g is the acceleration of gravity.

B. LINEAR APPROXIMATE MODELS
The general linear approximate model of a nonlinear
system is:

x5 = Axs + Bus, e

where x5 is the incremental state vector, A and BB are constant
matrices, and u; is the incremental input of the system. Such
a linear approximate model is valid only around the constant
operation point X with the constant input .

In [43] and [44] it was shown that (1) for the Furuta
pendulum has the following definitions:

_-x51 9.0 _éo
xs2 | | 6o—00 =

Xs = 53 = el—gl s us =717 T=T,
L o4 él — él 2)
[0 1 0 0 0

_ 0 0 ans 0 _ b21

A= 0 O 0 1’ B= o |’

(0 0 a3 0 bay

VOLUME 6, 2018



M. Antonio-Cruz et al.: Limit Cycle Elimination in Inverted Pendulums: Furuta Pendulum and Pendubot

IEEE Access

with
s — —gm%llzLo
Iy (J] + m1112) +J1m1L§’
(I() + mng) mil1g
agz = 2 2
Iy (J1 +m111)+J1m1L0 3)
Ji+mil}
by = 5 =
Iy (J] + mll]) +J1m1L0
—myly
bay

N Iy (.11 +mll]2) +J1m1L§’

around the operation point:

_— 0 —_ . T
=[90 6o 61 91] =[0 0o 0o o], )
=7=0.

< o=

It is useful to know that the approximate model (1) for the
Furuta pendulum is also valid if 6] = +27.

Also in [43] and [44] it was obtained that (1) for the
pendubot has the following redefinitions of (2), (3), and (4):

[ xs1 Oa — g"
X82 Oy — 04 _
X5 = = ), us=1p—TpP,
s ss 6 — B s=Tp—Tp
| X84 éb — éh 5)
) 1 0 0 0
a1 0 a3 O | b
A= 0 0 0 1 B= o |’
lasr 0 a3 O b4y
with (3) redefined as
(204 — a305) g
a = ———"—5—,
arop — o3
a3058
ap =———->,
ajop — a3
(a1 +a3) asg — (a2 + a3) aag
aar = ajan — a? ’
102 — Q3
(o1 + a3) 058 ©
a3 = ————,
10 — 0[3
(%]
by = —,
ajop — o3
—0) — O3
by = ——,
a1 — Ol3

where

o] = malfl +1,+ mblg, oy = mbll%l + Iy,

a3 = mplpila, o = malar +mpla, a5 = mplp1,
around the redefined operation point:
— — - — = 1T T
=[5, 6 B @] =[5 0 0 o). g
u

= PZO'
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C. DIFFERENTIAL FLATNESS MODELS

In [32] and [39] it was determined that (1) with (2) and (3) is
differentially flat [40, Ch. 2]. Hence, it was shown in [32] that
the following flat output, F, and differential parametrization
is obtained for the Furuta pendulum:

F = x51 + hxs3, (®)
F = X52 + hxsa, )
F = (a23 + aszh)xs3, (10)
F® = (ax; + as3h)xsa, (11)
F® = ay3F + bay(axs + assh)r, (12)
where
b J1+ mlllz
Lolymy

In the pendubot case, since the determinant of its control-
lability matrix, C, is obtained by using (5) and (6) as follows:

detC =det[B AB A’B  AB],

0 by 0 az1ba1 + axzby
— det b1 0 azib + axzba 0
0 by 0 as by + aszby
by 0 as1byy + aszby 0
a§a§g2

— 3
(Otlotz — Ot% )
which is different to zero, therefore (1) with (5) and (6)

is controllable and, in consequence, differentially flat [40].
Thus, the flat output of the pendubot is given by

Fp=2[0 0 0 1]C'x, (13)

where X is an arbitrary nonzero constant, conveniently chosen
as:

A = (c2b21 — c1b41) (Ollaz - a%) ,
with
o = a§a4g + a§a5g2
e
a0y (o —a3) g —azas (a1 +a3) 8

c =
2

(wier — o)

After calculations, Fp and its first four time derivatives are

determined by

Fp = x51 + X53, (14)
o) + o3
Fp=xs+ X545 (15)
ay + o3
. C\{5g
Fp = (xs1 + x53) , (16)
o) + a3
3) 58
F;' = Xs2 + X54) , 17
P a2+a3(52 34) (17)
4 o105 + a0y . o405
= (S o - e
oo — o a1a2+a3
a3Us

— . 18
(02 + 3) (102 — 03) i (18)
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The expressions (12) and (18) represent the differential
flat model that describes the dynamics (1) for the Furuta
pendulum and pendubot, respectively.

IIl. LINEAR STATE FEEDBACK CONTROL

A linear control scheme for stabilization of the Furuta pen-
dulum and pendubot mechanisms is proposed in this section.
This control is derived by using the flat models (12) and (18).
Furthermore, such a control scheme is studied under the effect
of a dead-zone nonlinearity induced by static friction at the
shaft of the actuator in each system.

A. PROPOSING THE CONTROL SCHEME

Itis shown in [32] that, by applying Laplace transform to (12),
the following transfer function is equivalent to (1) with (2)
and (3) around the operation point (4):

F(s) _ bai(azs + aqsh)
T(s)

where F(s) and t(s) stand for Laplace transforms of flat out-
put and applied torque of the Furuta pendulum, respectively.
Poles of this transfer function are real located at s = 0 (two of
them), one at s = —,/as3 < 0, and another at s = ,/as3 > 0.
It is stressed that a43 is a positive real number.

Proceeding similarly for the pendubot, by applying
Laplace transform to (18) it is found that the following trans-
fer function is equivalent to (1) with (5) and (6) around the
operation point (7):

Gr (s) = . (19)

52(s2 — as3)

Fps) _ —nmp
p(s) st —nps? +mp’
where Fp(s) and tp(s) are the Laplace transforms of flat
output and applied torque of the pendubot, respectively, and

Gp (s) = (20)

. azasg
p = ,
2
(a2 + @3) (12 — 03)
405>
mp = —————.
aron — o3

Note that np > 0 for any parameters of the pendubot and that
the four poles of (20) are complex conjugate, two of them
with positive real part and the other two with negative real
part.

Block diagram in Fig. 2 is a slightly modified version of
control scheme proposed in [32] to control (19), where a
dead-zone nonlinearity is considered. There, a, ky, k4, kp
are the control gains. Also, it is not difficult to verify that
bai(azz + aszh) < O for any set of Furuta pendulum
parameters.

From Fig. 2, it is clear that control t (s) is given by:

T (s) = koF (5) 8> 4+ aF (5) s> + kaF (s)s + k,F (s).  (21)

The same control law is also used to control (20), as repre-
sented in Fig. 3. Since np > 0, —np < 0 for any parameters
of the pendubot. Also, note that the controller in Fig. 3 is
realizable because it consists in the feedback of the output
of the fourth order plant and its first three time derivatives.
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FIGURE 2. Closed-loop system of the Furuta pendulum, considering a
dead-zone nonlinearity.
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+
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FIGURE 3. Closed-loop system of the pendubot, considering a dead-zone
nonlinearity.

When replacing in (21) the differential parametrization
of the Furuta pendulum and pendubot, that is, (8)—(12) and
(14)—(18), respectively, it is found that the control (21) is
equivalent to the following linear state feedback controller:

us = —Kxs,

—kixs1 — koxso — k3xs3 — kaxsa, (22)

where K = [k1, k2, k3, k4] is the gain vector and us, x5 stand,
for the case of the Furuta pendulum, as defined in (2) if the
below relations are used:

—Kp = ki,
—kqg = ks,
— [a (a23 + aash) + kph] = k3,
— [k (@23 + a4zh) + kqh] = kq,

(23)

and, for the case of the pendubot, as defined in (5) if the
following relations are considered:

(0407
- LI kp> = ki,
o) + a3
k
_ v&58 + kd) = ko,
o) + o3 (24)
_ (aasg+ Ol2k,,> i
a2 + a3 3’
kyosg + Oézkd>
(TR g,
ay + a3

B. THE DESCRIBING FUNCTION APPROACH

It is suggested in [41, Ch. 5], to represent the closed-loop
systems in Figs. 2 and 3 in the standard form shown in Fig. 4.
This is carried out applying block algebra on Figs. 2 and 3.
The nonlinearity input being e = t(s) for the case of the
Furuta pendulum and e = 1p(s) for the pendubot, while the
linear time invariant system G(s) is:

G(s)=G1(5)G2(5), (25)
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—bai(aztagzh) -
27y > With —bar(azs + a43(h)n>) 0,
—\—np

when treating the Furuta pendulum or G (s) = e a—
with — (—np) > 0, when attending the pendubot, and
Gy (s) = o8+ as? + kgs + kp is the controller. Note that
G(s) in both the Furuta pendulum and pendubot has four poles
and only three zeros, i.e., magnitude of (25) behaves as a low-
pass filter, which is needed to apply the describing function

method.
R(s) =0+ ~¢€ c —e
4»?—; A e

FIGURE 4. Equivalent representation of block diagrams in Figs. 2 and 3.

where Gp (s) =

The describing function of a dead-zone nonlinearity is an
approximate frequency response description, which is given
by [41, Ch. 5]:

2k |m 8\ ¢ 5\°

if A > §, where the dead-zone is located at the interval
e € [—6,8] and k is the nonlinearity slope outside this
interval. It is assumed that the nonlinearity input e is a sinu-
soidal function of time with amplitude A and frequency w.
“Transfer function” N(A) is real, positive, frequency inde-
pendent but dependent on the input amplitude A. Its maximal
value is N(A) = k > 0, which is reached as A — o0, and
its minimal value tends to zero if A — §. A limit cycle may
exist if [41, Ch. 5]:
1

G(jw) = N 27
In other words, a limit cycle may exist if polar plot of
G(jw) intersects the negative real axis in the open interval
(—o0, —1/k). This latter is true since N(A) is real and pos-
itive, which implies that —1/N(A) is real and negative. The
oscillation frequency, w,, and amplitude of the oscillation
are found as the values of w, in G(jw), and A, in —1/N(A),
at point o where their plots intersect [41, Ch. 5]. A graphic
representation of this idea is depicted in Fig. 5.

IV. PROCEDURE FOR SELECTING THE CONTROL GAINS
Selection of the control gains k,, , kg, and k, can be per-
formed as explained in the following.

For the Furuta pendulum, recalling Fig. 2 and omitting
the dead-zone nonlinearity, the transfer function of the two
internal loops can be obtained as:

bai1(axs + as3h)

s2 — ba1(ax3 + assh)kys — (as3 + absi(ax + agzh))’
(28)

Note that, since b41(a23 +aazh) < 0, ensuring all coefficients
of characteristic polynomial in (28) to be positive requires to
choose positive values for k, and « and, also, @ must be large
enough so that aq3 < |abgi (a3 + aszh)|.
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FIGURE 5. Polar plot of G(j») and —1/N(A).

For the pendubot, when considering Fig. 3 and neglecting
the dead-zone nonlinearity, the following transfer function in
closed-loop is obtained:

—np

, 29
s* + npk,s3 + ays2 + npkgs + a» 29
where
105 + a0y
ap =npa — | ——— ] &,
ajon — o3
ar = mp + npk,,
from which it is obtained that
k, > 0, (30)
>0 A npa > G T 0% +a2(;4, (3D
ajay — o3
kd > 0,
ky >0

are necessary to ensure all coefficients of characteristic poly-
nomial in (29) to be positive. Hence, conditions (30) and (31)
are used to choose k, and « for the controller of the pendubot.

With &, and o chosen as indicated for the Furuta pendulum
and pendubot, in both cases ks and k, can be selected by
considering the following:

a) Note that —bg(ar3 + aqzh) > 0 and — (—np) > 0,
hence, phase of G1(jw) is —360° for all @ > 0. This can
be verified by replacing s by jw in G (s) for the Furuta
pendulum and pendubot.

b) Replacing s by jw in G2 (s) it is found:

Gy (jo) = ky (j©)° + o (o) + kg (jw) + ky,
=j (kda) — kva)3> + (kp — aa)2> ,

whose magnitude is given as,

G ()] =  (kaw — ko)’ + (kp — a0?)®. (32)
Solving (32) for kj, it is obtained:

ky = j:\/le (j)|* — (ko — kva)?’)z +aw’.  (33)
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¢) In order to force the polar plot of G (jw) to intersect the
negative real axis, i.e., to render phase of G (jw) equal to
—180° at some w > 0, phase of G; (jw) must be +-180°
for the same w (see a) above), that is:

kgw — kya®

/G (jw) = arctan < 5 ) = +180. (34)

kp —aw
This is satisfied if,

ky, — aw?® < 0, (35)

kgw — kya?® = 0. (36)

Therefore, sign in (33) has to be chosen so that (35) is

accomplished.
d) From (36) the following relation to find k; is obtained:

kq = k. (37)

Note that to find k, and kg4, it is necessary to propose the
frequency w = w, at which it is desired that polar plot of
G (jw) intersects the negative real axis. Also, the magnitude
|G2 (jws )| that must be introduced by the control has to be
known. To this end, a desired magnitude for G (jw) when
® = w, has to be proposed. Since:

|G (joo)| = 1G1 (jog)| - G2 (joo)l
then
G (jws)!
IG1 (jwo)|
where |G (jwo,)| can be obtained from Bode diagrams of

G1 (jw). Thus, Bode diagrams are a suitable tool to design
the controller gains k,, o, kg, and k.

G2 (jwo )| = (38)

V. EXPERIMENTAL PROCEDURE FOR

LIMIT CYCLE ELIMINATION

In this section, the procedure described in Section IV to select
the gains of control (21) is extended in order to eliminate
the limit cycle that appears in the control systems under
study, when a dead-zone nonlinearity is considered. Such an
extension is exemplified through iterative experimental tests.
Also, advantages of this procedure with regards to the one
presented in [32] are given. The following conjecture has
been introduced in [32].

A. CONJECTURE
According to the dead-zone nonlinearity characteristic func-
tion [32], if |[e] < & then a zero value appears at the plant
input ¢ = 0, i.e., torque applied by motor to the mechanism
is zero and it might rest at the operation point: (4) of the
Furuta pendulum or (7) of the pendubot. Since threshold &
is uncertain because static friction is uncertain, it is natural to
wonder whether it is possible to render A < § in experiments
if A is small enough, despite (26) is only valid for A > 4.
In such a case, mechanism might stay at rest at the operation
point if A is chosen to be small enough, i.e., limit cycle might
vanish under these conditions.

In the following sections, the above conjecture is tested
through experiments.

30322

B. DESCRIPTION OF THE PROTOTYPES

The Furuta pendulum and pendubot prototypes used in the
experimental tests are shown in Fig. 6 and were built at the
Mechatronics Laboratory of CIDETEC-IPN. These proto-
types have four stages: a) Mechanical structure, refers to the
mechanical elements composing each prototype. b) Actua-
tor and sensors, this stage corresponds to DC motor model
142045006 from Pittman and two incremental encoders used
to measure the angular positions of each system. Encoder
used to measure the arm position and the bar A position is
included in the DC motor chassis and has 500 PPR. Encoders
for measuring the position of the pendulum and bar B are an
ITDO1A4Y1 model and an ITD01B14 model, respectively,
both from Baumer and with 1024 PPR. c) Power stage, it is
integrated by the HF100W-SF-24 switched power supply
and an AZ12A8DDC servo-drive manufactured by Advanced
Motion Controls. This latter possesses an inner current-loop
driven by a PI controller, which allows to assume that the
current flowing through the DC motor terminals reaches the
current imposed by the control signal. This means that torque
can be used as the control signal. d) Data acquisition and
processing, this stage corresponds to a DS1104 board from
dSPACE, Matlab-Simulink, and ControlDesk through which
the controller is implemented and system variables are read.
In all experiments, the angular velocities éo, 91, éa, and éb
were estimated via a derivative block of Simulink and the
sampling period was set to 1 ms.

(@) (®)
FIGURE 6. Prototypes built. (a) Furuta pendulum. (b) Pendubot.

The mechanical parameters of the Furuta pendulum and
pendubot prototypes are presented in Table 1. They were
found by measuring the lengths of the arm, pendulum, bar
A, and bar B, weighing them, and computing the inertias
using formulas from Physics [42]. Regarding the numerical
value of §, this was experimentally obtained. The experi-
ments consisted in applying a ramp of torque to the motor
of both prototypes, which was set first as » = mt and then
as r = —mt. For the Furuta pendulum r = t and m = 0.002
whereas for the pendubot » = tp and m = 0.016. The test was
repeated several times and the obtained results are depicted
in Fig. 7, from which the largest § was chosen, that is,
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8 = 8.157 x 1073 for the Furuta pendulum and § = 24.7 x
1073 for the pendubot.

(a) (b)

FIGURE 7. Experimental obtaining of §. (a) Furuta pendulum.
(b) Pendubot.

TABLE 1. Parameters of the prototypes.

Furuta pendulum Pendubot

Lo=1414x 1073 m

Ip = 0.4592 x 103 kg - m?
m1 = 0.038 kg

l1 =147.5x 1073 m

J1 = 0.2755 x 1073 kg - m?

lg =200 x 1073

I, =200 x 1073
la1 = 100 x 10~3
la2 = 100 x 10~3
mgq = 0.033 kg

m
m
m
m

k=1 my = 0.034 kg

§=8.157x 1073 I, = 0.4724 x 1073 kg - m?
I, = 0.1207 x 1073 kg - m?
k=1

§=24.7x 1073

C. EXPERIMENTAL RESULTS
With the parameters in Table 1 the following was found for
the Furuta pendulum:

bat (a3 + agzh) = —7.6842 x 10%,  as3=93.6678, (39)

and for the pendubot:
—np = —3.7465 x 10*. (40)

According to conjecture in Section V-A, limit cycle might be
avoided if the oscillation amplitude A is chosen to be small
enough. On the other hand, according to Section III-B, with
the purpose of reducing the amplitude of the limit cycle, polar
plot of G (jw) must intersect the negative real axis at a point o
located farther to the left of the point —1/k = —1; since in a
conventional DC motor k = 1 is considered. This suggests
that |G (jws)| > 1 and this must occur at an oscillation
frequency w = wg .

Based on the aforementioned ideas, gains k,, «, kg, and k,
of the control (21) are computed for the Furuta pendulum and
pendubot using formulas introduced in Section IV, proceed-
ing as follows:

1) Plot Bode diagrams of plant G{(s).

2) Propose some value for w, and |G (jwy)|. A suitable
value for w, = 2nf, can be chosen by selecting
some reasonable frequency in Hertz f, for oscillation
of the flat output. Using this value of w, and Bode
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diagrams plotted above, measure |G| (jws)|. Propose
some approximate desired oscillation amplitude A4 for
the flat output and using A; = |G (jws)| A compute
the limit cycle amplitude in the torque signal such that
A > §. If this condition is not satisfied propose another
larger Ay and recompute. Finally, using (26) and (27)
compute |G (jwg)|.

3) Notice that (35) implies that sign of square root in (33)
should be negative. However, from Figs. 2 and 3 it
is also concluded that some k, > 0 is necessary to
ensure closed-loop stability in both Furuta pendulum
and pendubot. It is clear from (33) and (35) that,
in order to avoid negative values for k,, larger val-
ues of either o or w, are required. In the particular
case of the Furuta pendulum, from the second degree
characteristic polynomial in (28), it is concluded that
a larger « is possible if the imaginary part of roots
of this characteristic polynomial is larger. Moreover,
a larger real part is also required to avoid bad damped
responses. Thus, compute &, and o by proposing, for
transfer function in (28), poles with larger imaginary
part and larger negative real part. In the case of the
pendubot, compute &, and « according to (30) and (31).
If it is preferred to increase w,, propose a larger value
and go back to step 2).

4) Compute kg using (37). Notice that this, (36) and (33)
ensure that k, is always real. Thus, if care was put in
the previous step to select k, and «, k, will be positive
and, hence, closed-loop stability will be ensured. Thus,
if this is not the case, go back to step 3).

5) If a limit cycle appears, i.e., if F or Fp are not con-
stants, maintain w,, increase |G (jo, )| and go back to
step 3) until either limit cycle disappears or consider-
able mechanism vibration is observed.

6) If limit cycle does not disappear and considerable
mechanism vibration is observed then increase w, and
choose |G (jws)| to be the same as in the first experi-
ment performed with the previous w, and go back to
step 3).

7) Iflimit cycle disappears, that is, if F or Fp are constant,
a successful design has been accomplished and the
procedure ends.

In step 2) above, a methodology is described to select
a suitable |G(jws)|, which requires the knowledge of the
parameter § of the dead-zone nonlinearity. However, if the
parameter § is not known, step 2) can be completed using any
small § or just skip this part of step 2) to directly propose
some |G(jws)|.

Bode diagrams of the plant Gj (jw), Furuta pendu-
lum or pendubot, associated with step 1) are plotted in Fig. 8.
Following step 2), the above procedure was initially applied
to the Furuta pendulum using w, = 4 rad/s and to the
pendubot using w, = 10 rad/s, which yields from Fig. 8
|G1 (jos)lgg = 32.8 dB for the Furuta pendulum and
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|G1 (joo)|gg = —0.232 dB for the pendubot, i.e.,

|Gl (]a)a)l — lolclowd)ldB/zo = 441570, (41)
|G1 (jwe)| = 10191000)las/20 = 0 9735, (42)

respectively. Also, |G (jo,)| = 4 was initially employed in
both cases.

100~ System: GF
Frequency (rad/s): 4

50 \ Magnitude (dB): 32.8 1

System: GP
50 F Frequency (rad/s): 10
Magnitude (dB): -0.232 -~

Magnitude (dB)
o

-100
-359

-359.5 N

-360

Phase (deg)

-360.5 a

-361
10° 10’ 102
Frequency (rad/s)

FIGURE 8. Bode diagrams of G; (s). Continuous line: Furuta pendulum.
Dash line: pendubot.

In step 3), k, and o were computed for the Furuta pendulum
using the characteristic polynomial of (28), obtaining the

following:
k, = 0.00035, a = 0.0073,

whereas for the pendubot they were computed using
(30) and (31), founding:
k, = 0.00140, a = 0.0411.

These numerical values were used to find:

= 0.0906, (43)

G2 ool = 29570

and

|G (jos )| = = 4.1088, (44)

0.9735
respectively.

With the numerical value in (43) and (44), (33) and (37)
were computed founding the constants:

ky =0.0259, kg = 0.0056, (45)

and

k, =0.0012, k; = 0.1400, (46)

for the Furuta pendulum and pendubot, respectively.
As stated in step 3), sign “—” was used in (33) since this

renders k, — w2 = —0.0906 < O for Furuta pendulum

and k, — aw? = —4.1088 < 0 for the pendubot. Therefore,

(e
in the case of the Furuta pendulum, when using the relations
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in (23) the following gains for the linear state feedback con-
troller (22) were found:

k1 = —0.0238,
ks = —0.5381,

ko = —0.0056,

ks = —0.0321. @7

Similarly in the case of the pendubot, when using the relations
in (24) the following gains for (22) were found:

ki = —1.2045,
ky = —1.2038,

ky = —0.1810,

ky = —0.0974. (48)

Bode diagrams of the compensated systems G (s) are shown
in Fig. 9. There, it is corroborated that systems in open-loop
have the desired phase and magnitude, that is —180°, and
|G (jws)lgg = 12,1.e., |G (jws)| = 4. This can also be clearly
seen in polar plot of G (jw) depicted in Fig. 10.

300

200

\ System: GF
100 Frequency (rad/s): 4

Magnitude (dB): 12

System: GP
Frequency (rad/s): 10
Magnitude (dB): 12

Magnitude (dB)

_ I I
1_8% e SYyStem: GF

Frequency (rad/s): 3.95 =7
_ Phase (deg): -180 2s
& 180 - £
e b
; System: GP
) 2701 Frequency (rad/s): 10
g - Phase (deg): -180
— - al
-360 e

‘
10 107 102 107" 10° 10 102 10°
Frequency (rad/s)

FIGURE 9. Bode diagrams of G (s). Continuous line: Furuta pendulum.
Dash line: pendubot.

3

System: GF

1r Real: -3.96

Imag: 0.00407
Frequency (rad/s): 4

System: GP

Real: -4

Sl Imag: 0.00523
Frequency (rad/s): 10

Imaginary Axis

Real Axis

FIGURE 10. Polar plot of G (jw). Continuous line: Furuta pendulum. Dash
line: pendubot.

On the one hand, the linear state feedback control (22) with
the gains in (47) was experimentally implemented to stabilize
the Furuta pendulum prototype. Since (22) only stabilizes the
prototype at x5 = 0 when operating close to (4), the controller
reported in [43] and [44] was used to swing-up the pendulum
from the initial position 6; = m. Therefore, the switching
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condition that obeys the controllers (22), with (47), and the
one reported in [43] and [44] was determined as:

T =0.18/5Nm for z<O0.ls,

(22) for ,/x523 +x§4 < 0.3, (49)
[43], [44] for \/xZ, +x2, > 03.

where x53 and x4 stand as in (2).

It is important to remark that one of effects of friction
on the Furuta pendulum during the swing-up stage is that
pendulum may reach the inverted configuration when arm
position is far from zero. Hence, if this variable is used in
the above switching condition, this condition might never be
satisfied. In fact, this is the behavior that has been observed in
experiments and this has motivated formulation of the above
switching condition.

On the other hand, (22) was also experimentally tested
to stabilize the pendubot using gains in (48). In this case,
the swing-up stage was carried out manually. The switching
condition that obeys the controller (22), with (48), and the
manual action was determined as:

(22) for \/xZ +0.1x3, < 0.5 A |xs1] < 0.3,
manual action for ,/x523 + 0.1)((%4 > 0.5 A |xs1] > 0.3,

(50)

where x31, xs3, and xs4 stand as in (5).

The results of the experimental implementation of (49) and
(50), are shown in Fig. 11. Only the part of time where the
linear controller is working is shown in this figure. In Fig. 11
it is observed that a limit cycle appears in both systems
under study. For the Furuta pendulum the amplitude A.r =
0.0526 Nm and oscillation frequency wy.r = 1.6377 rad/s
of the limit cycle were obtained from the torque signal.
Whereas, for the pendubot the amplitude A,p = 0.0605 Nm
and oscillation frequency wyep = 2.2737 rad/s of the limit
cycle were obtained also from the torque signal. Note that 6;
remains close to 2. Recall that the linear approximate model
in (1) with (2) is also valid for 6| = +27.

All gains that were computed and experimentally tested
are shown in Tables 2 and 3. These tables also include
the amplitude and oscillation frequency of the limit cycle
measured from each experiment. In Table 2, which refers to
the Furuta pendulum, amplitude and oscillation frequency of
the limit cycle are denoted as A.r and wg.F, respectively.
Whereas in Table 3, which refers to the pendubot, amplitude
and oscillation frequency of the limit cycle are denoted as
A.p and wg.p, respectively. The experiment where the limit
cycle was completely eliminated is located, for the Furuta
pendulum, at |G (jo,)| = 17 and w, = 8 rad/s in Table 2
and, for the pendubot, at |G (jws)| = 25 and w, = 14 rad/s
in Table 3. In order to give an idea of the evolution of the
Furuta pendulum and pendubot experiments from the one pre-
sented in Fig. 11, Fig. 12 shows the results when |G (jwy )| =
11 and w, = 6 rad/s are considered for the Furuta pendulum
and when |G (jos)| = 12 and w, = 12 rad/s are taken
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into account for the pendubot, in which the amplitude and
oscillation frequency of the limit cycle are A,r = 0.0221 Nm
and wy.r = 0.8304 rad/s, respectively, for the Furuta pen-
dulum, and A,p = 0.0365 Nm and wgs.p = 1.9635 rad/s,
respectively, for the pendubot. Note that in both systems the
amplitude of the limit cycle in Fig. 12 is smaller than the
amplitude of limit cycle in Fig. 11 and |G (jws)| > 1 is
satisfied, which is in accordance with Sections III-B and V-A.
Whereas, the result where the limit cycle is completely elim-
inated is presented in Fig. 13. It is important to say that for
the Furuta pendulum the limit cycle is partially eliminated
when using set of gains related to |G (jw,)| = 13 and
ws = 8 rad/s, that is, occasionally some oscillations appear.
This is the reason of why A.r < § is reported in Table 2 when
|G (jws)| = 13 and w, = 8 rad/s. The gains associated
with the experimental results in Figs. 11, 12, and 13 (when
limit cycle is completely eliminated) have been highlighted
in Tables 2 and 3. Furthermore, Fig. 14 shows how the
amplitude of the limit cycle changes until vanishes during the
experimental procedure as |G (jws )| and w, are larger in both
prototypes. In such a figure it is clear that A,r < § = 0.00817
and A.p < 8 = 0.0232. Also, in Fig. 14 it can be seen
that amplitudes A.r and A.p of limit cycles of the Furuta
pendulum and pendubot, respectively, are smaller for a given
|G (jws )| if we is chosen to be larger. According to conjecture
in Section V-A, this is useful to eliminate limit cycle because a
too large value of |G (jwy )| may result in excessive vibration,
due to noise, instead of limit cycle elimination.

[Nm]

20 40 60 80 100

FIGURE 11. Experimental results when considering (47) for the Furuta
pendulum and (48) for the pendubot.

In order to verify robustness of the proposed control
scheme, an additional experiment was performed which
consisted in two parts. First, when ¢t < 40 [s] the linear
state feedback controller (22) was implemented using the best
gains obtained by the authors via the Matlab acker() function,
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[rad]

0.1

[rad]
[Nm]

-0.1

20 40 60 80 100 20 40 60 80 100
ts] tls]

(©) (d
FIGURE 12. Experimental results when considering |G (jo, )| = 11 and

ws = 6 rad/s for the Furuta pendulum as well as |G (jo, )| = 12 and
g = 12 rad/s for the pendubot.

4 — 8 - b, 8 —0 -0
6
— 2 —
TV T4
= gz
2 0r
20 40 60 80 100 20 40 60 80 100
ts] t[s]
(@) (b)
4 — ~F» _
F Fp 01 T P
— 2 —_—
£ z op
0 E
-0.1
-2
20 40 60 80 100 20 40 60 80 100
t[s] t[s]
(c) (d)

FIGURE 13. Experimental results when considering for the Furuta
pendulum |G (jws )| = 17 and w,; = 8 rad/s and for the pendubot
|G (jws)| =25 and w; = 14 rad/s.

-- A wy =4 rad/s
0.08 Acp,w, = 6 rad/s 0.08
Acp,w, = 8 tad/s

-- Aep,w, = 10 rad/s
— Acp,wy = 12 rad/s
Acp,w, = 14 rad/s

L004f e - £0.04 T

X 17
Y:000815 x:25
1 Y:0021

8 16 24 8 16 24
|G (jws) | |G (jwo) |

(@) (®)
FIGURE 14. Evolution of the limit cycle amplitude during experimental
procedure.

that is, the following gains for the Furuta pendulum:

k1 = —0.1301, ky = —0.1041,

k3 = —1.8905, k4 = —0.2170, Gb
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FIGURE 15. Experimental results with disturbances.

and the following gains for the pendubot:

ky = =3.9597, kp = —0.6357,

ks = =3.6777, k4= —0.3316, (52)

and with which a limit cycle exist in both prototypes. Then,
when ¢ > 40 [s] the gains of (22) were switched to the
ones that eliminate the limit cycle, that is, gains at bottom of
the third column of Tables 2 and 3 for the Furuta pendulum
and pendubot, respectively. Second, once the limit cycle was
eliminated, the prototypes were kicked intentionally just to
perturb the systems. The corresponding experimental results
are shown in Fig. 15. There, it can be seen that in the Furuta
pendulum the limit cycle does not disappear immediately
when switching the gains (51) to the ones that eliminate
it, but it does after a short interval of time. Then, it is
observed that the effect of one kick in the pendulum at
t ~ 126.5 [s] is well countered by the controller, since
limit cycle disappears again, not immediately but after a
few seconds elapsed. With regards to the pendubot, in Fig. 15
it is shown that the limit cycle vanishes almost immediately
when switching the gains (52) to the ones that eliminate
it. The same happen when bar B was kicked once. Thus,
with the intention of making more visible the disturbance
in the pendubot, bar B was kicked consecutively in three
times, starting the first kick at + = 125 [s]. From the
results in Fig. 15, it can be concluded that the controller is
successful against disturbances and, in consequence, robust
to eliminate limit cycles in both inverted pendulums under
study.

D. OBSERVATIONS FROM EXPERIMENTS

First important observation to make is that maximum values
of |G (jws )| for each ws, allowed by the Furuta pendulum
and pedubot prototypes to perform experiments in closed-
loop, appear at the bottom of each column in Tables 2 and 3,
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TABLE 2. Computed gains of controls (21) and (22) for the Furuta pendulum.

| Wo
|G (jwo)l ‘ 4 % 6 % ] %
ky = 0.00035, o = 0.0073, key = 0.00035, o = 0.0073, key = 0.0004375, o = 0.0091,
ka = 0.0056, k; = 0.0259. kq = 0.0126, k, = 0.0126. ka = 0.0280, kp = 0.0671.
4 k1 = —0.0238, k2 = —0.0056, ki = —0.0126, ko = —0.0126, ki = —0.0671, kz = —0.0280,
ks = —0.5381, kg = —0.0321. ks = —0.5226, kg = —0.0418. ks = —0.7247, kq = —0.0693.
Acp =0.0526 Nm, woe = 1.6377 24 | A p =0.0417 Nm, woe = 0.6405 24 | A p = 0.0387 Nm, wo, = 1.6323 124
key = 0.0004375, o = 0.0091, ky = 0.0004375, o = 0.0091, key = 0.000525, o = 0.0109,
ka = 0.0070, kp = 0.0297. kq = 0.0158, ky = 0.0157. ka = 0.0336, k, = 0.0548.
5 ki = —0.0297, ka = —0.0070, ki = —0.0157, ka = —0.0158, ki = —0.0548, ky = —0.0336,
ks = —0.6727, kg = —0.0401. ks = —0.6532, ks = —0.0523. ks = —0.8338, kg = —0.0832.
Acp = 0.0429 Nm, woe = 1.5982 24 | A p = 0.0358 Nm, woe = 0.6467 29 | A p = 0.0344 Nm, wye = 0.9973 24
ky = 0.0006125, o = 0.0127, ky = 0.0006125, o = 0.0127, ky = 0.0007, o = 0.0146,
ka = 0.0098, k;, = 0.0416. kq = 0.0221, k, = 0.0220. ka = 0.0448, k;, = 0.0301.
9 ki = —0.0535, ky = —0.0126, ki = —0.0283, ky = —0.0283, k1 = —0.0054, ky = —0.0560,
ks = —1.2108, kg = —0.0722. ks = —1.1758, kg = —0.0941. kg = —1.2701, kg = —0.1386.
Acp = 0.0417 Nm, wge = 1.5676 24 | A p = 0.0332 Nm, wee = 0.7847 24 | A p = 0.0297 Nm, wye = 1.4090 24
ky = 0.0009625, o = 0.0200, ky = 0.0009625, o = 0.0200, ky = 0.0011, o = 0.0237,
ka = 0.0154, k;, = 0.0654. kq = 0.0347, kp = —0.0347. ka = 0.0728, k;, = 0.0642.
11 ki = —0.0654, ky = —0.0154, ki = —0.0346, ky = —0.0283, k1 = —0.0642, ky = —0.0728,
ks = —1.4799, k4 = —0.0882. ks = —1.4371, kg = —0.1150. ks = —1.7307, k4 = —0.1802.
Acr = 0.0404 Nm, woe = 1.5506 224 | A p = 0.0326 Nm, we = 0.8208 24 | Ay = 0.0252 Nm, wye = 0.8394 24
key = 0.0011, o = 0.0237, ky = 0.0011, o = 0.0237, ky = 0.0013, o = 0.0273,
ka = 0.0182, k, = 0.0773. kq = 0.0409, k, = 0.0409. ka = 0.0840, k;, = 0.0335.
13 ki = —0.0773, ky = —0.0182, k1 = —0.0409, ka = —0.0409, k1 = —0.0335, ky = —0.0840,
ks = —1.7490, kg = —0.1042. ks = —1.6984, ks = —0.1359. ks = —1.9406, kg = —0.2079.
Acp =0.0391 Nm, woe = 1.5594 224 | A_p = 0.0325 Nm, wo = 0.7507 24 Acp <6 Nm, wee =0 124
key = 0.0015, o = 0.0309, key = 0.0015, o = 0.0309, ky = 0.0017, o = 0.0364,
ka = 0.0238, kp = 0.1011. kq = 0.0535, ky = 0.0535. ka = 0.1120, k;, = 0.0886
17 ki = —0.1011, ky = —0.0238, k1 = —0.0535, ko = —0.0535, k1 = —0.0886, k2 = —0.1120,
ks = —2.2871, ky = —0.1363. ks = —2.2209, kg = —0.1777. ks = —2.6485, kg = —0.2772
Acp =0.0330 Nm, woe = 1.4857 24 | A p = 0.0310 Nm, wye = 0.7819 24 Acp <6 Nm, woe =0 24
key = 0.0017, o = 0.0364, ky = 0.0017, o = 0.0364,
ka = 0.0280, k, = 0.1189. kq = 0.0630, k, = 0.0629.
20 ki = —0.1189, ka = —0.0280, k1 = —0.0629, ko = —0.0630,
ks = —2.6907, kg = —0.1604. ks = —2.6129, ks = —0.2090.
Acp =0.0327 Nm, woe = 1.5396 24 | A p = 0.0304 Nm, wye = 0.8004 24
ky = 0.0024, o = 0.0510,
ka = 0.0392, kp = 0.1665.
28 ki = —0.1665, ky = —0.0392,
ks = —3.6891, kg = —0.2926.

Acr = 0.0323 Nm, wee = 1.5323

rad

respectively. After that values, the prototypes presented
notable vibration. Thus, from Table 2, i.e., for the Furuta
pendulum, it can be concluded that lower frequencies allow
larger magnitudes of G (jw) and that at larger frequencies
magnitude of G (jw) must be decreased to avoid excessive
vibration in the closed-loop system and to approach to the
limit cycle elimination. In contrast with Table 2, in Table 3,
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which refers to the pendubot, same magnitud of G (jo,) is
reached for all w,.

Second observation is that experimental results corroborate
conjecture in Section V-A, i.e., that limit cycle is elimi-
nated as selecting gains of controller such that polar plot of
G (jw) crosses the negative real axis at a point located farther
to the left. Moreover, an additional observation from the
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TABLE 3. Computed gains of controls (21) and (22) for the pendubot.

| s

d d
12 2 14 724

» = 0.001, o = 0.049,
kq = 0.1960, kp = 0.2594.

k1 = —1.6940, k2 = —0.2253,
k3 = —1.5392, kg = —0.1083.

A.p = 0.0509 Nm, wyep = 3.1918 12d

= 0.001, a = 0.0434,
kq = 0.1440, k, = 0.0042.

4 k1 = —1.2748, ko = —0.1733,
ks = —1.2723, k4 = —0.0873.
IO .- — 0.0601 Nm, o = 20030 22

v = 0.0019, a = 0.072, v = 0.0015, a = 0.076,
kq = 0.1900, k, = 0.0097. kq = 0.2160, k, = 0.0146.

v = 0.0014, a = 0.084,
kq = 0.2744, k;, = 0.1110.

7 k1 = —2.1176, ky = —0.2456, k1 = —0.2599, ka = —0.2599, k1 = —2.5702, ky = —0.3154,
ks = —2.1119, kg = —0.1322. k3 = —2.2309, kg = —0.1310. ks = —2.5040, kg = —0.1516.
| Acp =0.0530 Nm, woep = 1.8125 24 | A.p = 0.0464 Nm, wyep = 15272 24 | A p = 0.0408 Nm, weep = 2.0790 124
ky = 0.0023, o = 0.103, ky = 0.0021, o = 0.109, ky, = 0.0019, a = 0.12,
kq = 0.2300, kp = 0.0281. kq = 0.3024, kp = 0.0825. kq = 0.3724, kp = 0.1585.
10 k1 = —3.0437, ky = —0.2973, ki = —3.2737, ka = —0.3639, k1 = —3.6718, ky = —0.4280,
ks = —3.0269, kg = —0.1601. k3 = —3.2245, ky = —0.1834. ks = —3.5772, kg = —0.2057.
| Acp =0.0476 Nm, woep = 1.4226 24 | A.p = 0.0335 Nm, wyep = 1.6698 24 | A p = 0.0323 Nm, weep = 2.6050 124
ky = 0.0026, o = 0.124, ky = 0.0022, o = 0.144,
kq = 0.2600, k, = 0.0737. kg = 0.4312, kp = 0.1902.
12 k1 = —3.7041, ks = —0.3361, k1 = —4.4061;, ko = —4.4061;,
ks = —3.6601, ky = —0.1809. ks = —4.2926, kg = —0.2382.
| Acp = 0.0435 N, wpep = 16046 =0 | EEOOGORINGREOHEIE] A. = 0.0300 Nm, wycp = 1.8990 222
ky = 0.0029, a = 0.155, ky = 0.003, v = 0.164, =0.0026, o = 0.18,
kg = 0.2900, kp, = 0.0922. kq = 0.1958, k;, = 0.4320. kq = 0.5096, k, = 0.2378.
15 k1 = —4.6301, ko = —0.3749, ki = —4.9972, ko = —0.5198, k1 = —5.5077, ka2 = 0.5857,
ks = —4.5751, kg = 0.2018. ks = —4.8804, ky = —0.2620. k3 = 5.3657, kq = 0.2815.
| Acp =0.0408 Nm, woep = 1.2036 24 | A p =0.0307 Nm, wyep = 1.2487 224 | A_p =0.0309 Nm, wyep = 2.3015 124
=0.0032, o = 0.185, » = 0.0033, o = 0.197, =0.0031, o = 0.216
kq = 0.3200, kp = 0.0106. kq = 0.4752, k, = 0.2637. kq = 0.6076, k, = 0.2854.
18 k1 = —5.4269, ko = —0.4137, k1 = —6.0313, ko = —0.5718, k1 = —6.6092, ko = —0.6984,
k3 = —5.4205, kg = —0.2227. k3 = —5.8739, ks = —0.2882. k3 = —6.4389, ky = —0.3357.
| Acp =0.0336 Nm, woep = 1.8219 24 | A p =0.0285 Nm, wyep = 14550 224 | A p =0.0301 Nm, wyep = 3.5677 124
ky = 0.0035, a = 0.216, ky = 0.0036, a = 0.229, ky = 0.0035, a = 0.252,
kq = 0.3500, kp = 0.0290. kq = 0.5184, k, = 0.1877. kq = 0.6860, k, = 0.3329.
21 k1 = —6.3529, ko = —0.4525, k1 = —6.8921, ko = —0.6238, k1 = —7.7107, ko = —0.7885,
k3 = 6.3356, ky = 0.2436. k3 = —6.7801, kg = —0.3144. ks = —7.5120, kg = —0.3790.
| Acp =0.0285 Nm, woep = 1.3451 24 | A_p =0.0304 Nm, wyep = 2.2820 224 | A p =0.0296 Nm, wyep = 1.4981 124
ky = 0.0039, a = 0.257, ky = 0.004, oo = 0.272,
kg = 0.3900, k;, = 0.0203. kq = 0.5760, k, = 0.1343.
25 k1 = —7.5445, ko = —0.5042, k1 = —8.0976, ko = —0.6931,
ks = —7.5324, kg = —0.2714. ks = —8.0175, kg = —0.3493.
| Acp = 00272 N, wipep = L4470 ™80 | Acp = 0.0258 Nm, woep = 17018 =0 [ RO

experiments is that limit cycle elimination is accomplished as
frequency w,, where polar plot of G (jw) crosses the negative
real axis, is chosen larger.

It is important to stress that in [41] it is stated that, because
of the approximate nature of the describing function method,
results are not very accurate some times, i.e., a) the predicted
amplitude and frequency might not be accurate, b) a predicted
limit cycle might actually not exist, or ¢) an existing limit
cycle is not predicted. Moreover, the first kind of inaccu-
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racy, i.e., a), is quite common. Furthermore, dead-zone is
an idealization of the nonlinear phenomenon that is actu-
ally present in the practical plant. This explains differences
between experimental and desired frequencies.

E. ADVANTAGES OF THE PROPOSED
CONTROL DESIGN METHOD
In this section, a brief comparison between the stabi-

lizing control design method presented in this paper to
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eliminate limit cycles and that introduced in [32] is successful results were not obtained, that is, limit cycle
presented. was not eliminated. This is illustrated in Fig. 16 where
o First. The design method in [32] is based on the some results are presented using the following controller

time response approach, i.e., root locus, whereas in
the present paper the frequency response approach is
employed.

Second. Notice that, according to the describing function
method, conjecture introduced in Section V-A in the
present paper, and experiments in Section V-C, two
parameters are found to be important for limit cycle
elimination: magnitude |G (jwy )| and frequency ws . The
fact that both of these parameters are naturally defined
in the open-loop system entails that frequency response
is instrumental to obtain precise formulas, such as those
in (33) and (37), useful to compute the control gains k,
and k4 in the present paper. On the other hand, although
parameters |G (jw, )| and w, are also equally important
for limit cycle elimination in [32], precise formulas
to compute control gains satisfying these parameters
do not exist. In order to compute control gains k,
and ky in that paper, intuitive ideas must be employed
to, by means of a guess-based procedure, assign an
open loop zero which, it is guessed, will approximately
modify the resulting |G (jows)| and w, in the expected
direction.

Third. In the present paper k, and o are computed by
assigning poles of transfer function in (28) and (29)
farther to the left with a larger imaginary part. Reasons
for this are precisely explained from (33) because use
of this expression must ensure that a positive k, will be
obtained, i.e., to ensure closed-loop stability. Notice that
(33) gives a precise condition that & must satisfy. Thus,
poles may be proposed iteratively until such a condi-
tion is satisfied. See item 3) in procedure introduced in
Section V-C. On the other hand, in [32], k, and 8 must
also be computed by assigning poles of a second order
transfer function similar to that in (28) in the present
paper. Moreover, these poles also must be placed farther
to the left with a larger imaginary part. However, reasons
for this pole assignment is rather intuitive instead of pre-
cise. Since this transfer function is obtained by closing
two internal loops (see Fig. 2, for instance), root locus-
based arguments in [32] make the designer just to guess
that such a pole assignment could also render possible to
assign farther to the left the closed-loop poles. This is an
imprecise procedure since the closed-loop poles have to
be assigned by means of the external loop, i.e., to be per-
formed in the next step of the design procedure. More-
over, this assignment rule for the closed-loop poles is
concluded by guessing that faster closed-loop poles will
result in larger values for |G (joy )| and ws. Although
this is a correct guess, however there is no manner to
ensure that precise values for this parameters will be
assigned. This is also stated in the previous paragraph.
Four. When procedure reported in [32] was applied to the
Furuta pendulum shown in Fig. 6 in the present paper,
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gains:

ky = —=3.8029, k» = —0.9120,

k3 = —8.4526, k4 = —1.4420. (53)

which were computed using the tuning procedure
in [32]. This is the limit cycle with the smallest ampli-
tude that was possible to accomplish.

The controller in [32] cannot be applied to the pendubot,
this is the reason of why experimental results of the
pendubot in closed-loop with controller in [32] are not
presented.

0.1

[rad]
[rad]

(a) (b)

F 0.1 T

[rad]
[Nm]

-0.1
-0.1

FIGURE 16. Better experimental results obtained when following [32] for
Furuta pendulum in Fig. 6.

In contrast with the results in Fig. 16, an experiment was
performed to test the controller and tuning procedure
proposed in this paper when using the Furuta pendulum
prototype reported in [32]. The reader is referred to
that paper for information on the numerical values of
parameters of that experimental prototype. Two sets of
controller gains were tested. The first one was computed
by proposing w, = 7.2 [rad/s], |G(jws)| = 3.7792,
and the complex conjugate poles —15 + 17; for transfer
function in (28). This results in:

k1 = —0.0202, k; = —0.0128,

k3 = —0.3410, k4 = —0.0315. S

The second set of gains was computed by proposing
ws = 11.8 [rad/s], |G(jws)| = 8.87, and the complex
conjugate poles —24.3 &+ 37.5j for transfer function
in (28), resulting the following:

k1 = —0.0302, k; = —0.0550,

k3 = —1.1263, k4 = —0.0940. (5
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In Fig. 17 the experimental results are presented when
using the controller gains in (55) for ¢t < 35 [s] and ¢ >
55 [s] and the controller gains in (54) for 35 [s] <t <
55 [s]. Notice that the limit cycle disappears when con-
troller gains in (55) are employed, which are computed
by using larger values for both w, and |G(jws)|. Thus,
these results are in agreement with the results obtained
in the present paper for the Furuta pendulum in Fig. 6.

0.06
0.3 0o 61
0.03
= 0 =
B
= =0
03
-0.03
-0.6
20 40 60 80 100 20 40 60 80 100
t[s] t[s]
(@) (b)
0.3 o 01 T
= 0 =
£ Z 0
0.3
-0.1
-0.6
20 40 60 80 100 20 40 60 80 100

FIGURE 17. Experimental results of the Furuta pendulum in [32] when
using (54) and (55) obtained following procedure described in this paper.

From Figs. 16 and 17, it can be concluded the fol-
lowing: it is difficult to obtain successful results when
applying controller and tuning procedure described
in [32] to eliminate limit cycle in other Furuta
pendulums due to the procedure nature based on
a guess. Whereas controller and tuning procedure
reported in this paper to eliminate limit cycle is
easy to repeat in other Furuta pendulums. Until here,
a performance comparison between the controller and
tuning procedure herein reported against the con-
troller and tuning procedure in [32] has been car-
ried out when using different prototypes of the Furuta
pendulum.

Now, since behavior of the controller and procedure
here proposed to eliminate limit cycle in the Furuta
pendulum prototype of [32] is known as successful
(see Fig. 17). It is important to compare the robustness
of the controller herein reported with that reported in
[32], this in the sense of limit cycle elimination. Hence,
another experiment in the Furuta pendulum of [32],
similar to that shown in Fig. 17, was performed using
two sets of gains reported in [32, Table 4], that is:

k1 = —0.0415,
ks = —0.5189,

ky = —0.0415,

ks = —0.0728, (56)
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[rad]

[rad]

and

ky = —=0.0118, k, = —0.0118,

k3 = —=0.2742, k4 = —0.0298, 7

The procedure to obtain these gains is explained in [32].
We stress that controller gains in (56) are reported in [32]
to eliminate the limit cycle whereas controller gains
in (57) are reported not to eliminate the limit cycle. (56)
was used for ¢t < 30 [s] and t > 50 [s] whereas (57)
was employed for 30 [s] < ¢ < 50 [s]. Fig. 18 shows
the corresponding experimental results, where there is
not any important difference between the performance
achieved in Fig. 17, that is, with the tuning procedure
introduced in the present paper.

0.06
0.3 0 0,
0.03
0 =)
E
- 0
-0.3
-0.03
-0.6
20 40 60 80 100 20 40 60 80 100
t[s] t[s]
(@) (b)
0.3 F 01 T
0 —_
g
Z 0
-0.3
-0.1
-0.6
20 40 60 80 100 20 40 60 80 100

FIGURE 18. Experimental results of the Furuta pendulum in [32] when
using (56) and (57) obtained following procedure described in [32].

o Lastly, it must be stressed that the proposed control
scheme is not based on friction compensation tech-
niques, which have the following disadvantages: i) most
compensation terms are complex and require numerical
values of frictional parameters [30], ii) undercompen-
sation leads to steady-state error and overcompensation
may induce limit cycles [20], [45]. Hence, methodology
in the present paper is simple and effective for the
elimination of limit cycles.

Drawbacks described above of method in [32] and friction

compensation techniques have been the main motivations for
the present paper.

VI. CONCLUSION

In

this paper we have presented a control scheme for the

stabilization of two inverted pendulum, that is, Furuta pendu-
lum and pendubot. Such a control scheme allows eliminating
the limit cycle due to the effect of a dead-zone nonlinearity
induced by static friction at the motor shaft of the systems.
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The proposed control exploits the differential flatness prop-
erty of the system to translate a linear state feedback control
design into a design based on the classical frequency domain.
As the result of a describing function-based analysis we have
established, as a conjecture, that controller design must be
performed such that the limit cycle amplitude is rendered
small enough. Successful experimental results have corrob-
orated correctness of such a conjecture and support the effec-
tiveness of the proposed control scheme to eliminate limit
cycles. Also, robustness of the control to eliminate the limit
cycle in presence of disturbances has been demonstrated.
A new information resulting from experiments is that the limit
cycle oscillation frequency must be chosen to be large enough
in order to avoid limit cycles. Differences and advantages of
this control design with respect to the one reported in [32]
have also been remarked. Main advantage of this control
design is the application of control theory in such a simpli-
fied fashion, rendering a method straightforward for practical
application. This in comparison with control methodologies
based on friction compensation. Thus, importance of this
paper lays on that it could be useful for a wide acceptation
of control methods in practice.

Future work contemplates application of the proposed
control scheme to eliminate limit cycle in other inverted
pendulums.
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