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Intelligent Stabilization Control to An Arbitrary Equilibrium
Point of Double Pendulum
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Abstract—This study aims at establishing a robust and

effective intelligent control method for nonlinear and com- N System
plicated systems. In the method, an integrator neural net- 2 Purpose
work acquires suitable switching and integration of several

controllers for a different local purpose by calculating the :

fitness function based on the system objective using the genetic Controller for U

algorithm. The proposed method is applied to an equilibrium local purpose|1

point transfer and stabilization control of a double pendulum X Controller for o) ol

that possesses four equilibrium points. In order to verify the ef- local purpose 2 7/3";;;’,3””’
fectiveness of the proposed method, computational simulations 5

and experiments using a real apparatus were carried out. As Controller for Un

a result, it was demonstrated that the integrated intelligent local purpose n/

controllers can transfer and stabilize the double pendulum Intelligent Controller

from an arbitrary equilibrium point to a desired unstable

S . - ! . e Fig. 1. Integrated Intelligent Control System.
equilibrium point without touching the cart position limit. 9 g g y

. INTRODUCTION

In recent years, it has been desired to establish an
effective control technique for nonlinear and complicated
systems. In general, however, it is not easy to derive a
nonlinear control law for nonlinear and complicated sys- Down-Down ¢ %%
tems. For example, there are several equilibrium points in
such system. Nonlinear systems may be regarded as a linear
system in the vicinity of the equilibrium point and many
effective linear control methods have been established.
However, as for a nonlinear control such as a transfer
control between equilibrium points, there have been few
effective and systematic control design approaches widely 8
applicable to such systems. This study aims at establishingStable equilibrium point Unstable equilibrium points
a robust intelligent control method with higher control Fig. 2. Equilibrium Point Transfer and Stabilization Control Problem.
performance and wider applicable region for nonlinear
system. The configuration of the proposed integrated intdby a probabilistic optimization method utilizing evolution
ligent control system is shown in Fig.1. In the system, astrategies such as the Genetic Algorithm (GA).
integrator neural network is prepared in parallel with several The proposed method is applied to an equilibrium point
controllers for each different local purpose. The integrataransfer and stabilization control of a double pendulum
switches and integrates several controllers autonomoustyounted on a cart. Since the double pendulum possesses a
and adequately based on the system states. It is expectgable equilibrium point (Down-Down) and three unstable
that the proposed method enable us to accomplish seveggjuilibrium points (Down-Up, Up-Down and Up-Up), there
control purposes by using less controllers and switchingre nine paths between equilibrium points in this control
laws. The integrator is specified by some parameters. roblem as shown in Fig.2 [1]. To achieve these controls,
this study, the adjustment of these parameters is performpdth a transfer control from one equilibrium point to the
S . _other in nonlinear region and a stabilization control near the
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II. EQUILIBRIUM POINT TRANSFER AND (Mp1L1cos 61+ MpaLocos (61 +62) + MpoLyi cos 61) &
STABILIZATION CONTROL (I Lot M2 Myl 24 Mool 2y 42 Mol yacos 62)

As a typical unstable nonlinear system, single inverte Tt ML 2 ML, 0o+ C s — MoLasin 6
pendulum has been widely used to compare different contrgrl( 2t szT_L vyt QC.OS Y2+ Cpf— Mialgsin 0,
methods for dynamic systems [2]-[4]. Double or triple ~Mp29 (Lp1sinfi + Losin (61 +65)) 61 = 0 2)
inverted pendulums have been used to verify the effective- B
ness of new control approach for dynamic systems withMp2Locos(61+62)@ + (Io+ ML + MysLpiLocosts) 61
high'-.or(.jer nor!Iinearities [5]-[7]. Thi.s' stgdy deals with an +(12+Mp2L§)52+Cp292—s—Mngzgsin(Hl+02)=0 (3)
equilibrium point transfer and stabilization control of the ) ) i ]
double pendulum from the arbitrary equilibrium point toAll Symbols used in the above equations are defined in
the desired unstable equilibrium point. In the case that tHad-4- = () is the displacement of the caét (¢) and®, (¢)
available cart track length is unlimited, this control problenindicate the angle of the pendulum 1 and the angle of the
was studied in Yamakita and Furuta et al [1][8][9]. In ordef€ndulum 2 relative to the pendulum 1, measured positive in
to accomplish these controls, a number of controllers arf clockwise direction respectively. Consider the translation
switching rules were prepared for each path so far. Twel0m the torque of the motor to the control force given in
controllers and eleven switching rules were required t519-5. The voltage equation for the motor is expressed as
realize five paths, that is, path 1, 2, 4, 6 and 9 in Fig.2. IfPllows: . )
this study, since a cart and double pendulum system shown Lit+ Rit+Ken=e (4)

in Fig.3 is used, there is an inherent restriction on the cal{heree andi indicate the input voltage and the current of

track length and the magnitude of control force that can bge motor respectively. The torque of the motor is given by
applied. In addition, there are the various uncertainties such

as friction, disturbance and so on. Therefore, the control T = Kyi %)

problem dealt with in this _study is how to Qe5|gn a robus s shown in Fig.5, the torque balance can be expressed as
controller for a strong nonlinear and complicated system

Fllows:
double pendulum to cope with the physical limitations and ows )

the influence of various uncertainties. T =rgTmm — (I + Igm) Tl — (In + Ign) & (6)

I1l. DOUBLE PENDULUM wheren = ry&, £ = dpx and r, indicate the rotational

The double pendulum on a cart is an under-actuatedisPlacements of motor and nut, and gear ratio respectively.
mechanical system with three degrees of freedom and ofe: Tym andTy, indicate the torques of rotary nut, motor
control input. The model of the system is shown in Fig.4Side gear pulley and nut side gear pulley respectively. The
The cart is driven through the rotary nut which is rotated byelationship between the torque of the rotary nut and the
the DC servo motor through timing belt. The pendulum f£ontrol force can be written as follows:

and the rotary encoder measuring the angle of the pendulum F = dyT, (do = 2/1) @)
1 are installed at the cart. The pendulum 2 is jointed at the
pendulum 1 through the rotary encoder measuring the angle y _6)(1)
of pendulum 2 on the top of pendulum 1. Each pendulum is |
able to rotate freely in the vertical plane. The equations of Pendulum 2
motion of cart, pendulum 1 and pendulum 2 can be written M, I,
as follows:
(MC T+ Mp1 Mpz) z = Pendulum 1
+ (MplLl + Mp2L2 Ccos (91 + 02) + Mszpl Ccos 91) 01 DC motor c, M, I
+M,2Ls cos (91 + 92) 0+ Cex=F— f, Q) Timing belt & F(t) h pﬁ X ”
Gears : *6{ 5 4 Zﬂg ]é
{ @ { o Cart
809 [mm] | Fixed ball screw - }{* = Rotary nut M,
x(1)

Fig. 4. Model of Double Pendulum on a Cart.

motor

Fig. 3. Experimental Facility. Fig. 5. Translation from Torque of Motor to Control Force.
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TABLE |

A. Stabilization Controller
PHYSICAL PARAMETERS

Symbol Quantity Value A stabilization controller should stabilize the double pen-
M. mass of cart 2824 kg dulum near the unstable equilibrium point. The stabilization
Mp1 mass of pendulum 1 0.264 kg troll . lized tat troll ith th
M,y mass of pendulum 2 0.054 kg controller is realized as a state-space controller wi e
Lp1  length of pendulum 1 0.321m feedback gain vectok;, which is calculated according to
Lp2  length of pendulum 2 0.194m the linear-quadratic regulator (LQR) design method. The

L1 length from joint to a center of mass of pendulum 1  0.215 m

Ly length from joint to a center of mass of pendulum 2 0.095 m following control gain vectork; and state variables; at

I,  moment of inertia of pendulum 1 3.2210~3kg - m> each equilibrium point are used.
I moment of inertia of pendulum 2 1.8610~*kg - m? Down-Up
I, moment of inertia of motor axis 6.9810 kg - m? —
I,  moment of inertia of rotary nut 4.8810 kg - m? Qau = diag ( 0 300 0 1 0 1 ) ,Rg = 1.0
Iym moment of inertia of gear pulley(motor)  2.2010~ kg - m? _
I,n  moment of inertia of gear pulley(nut) 2.5610 Skg - m2 k4., =[-85.9198 -17.3205 53.2593 493.0170 -65.6931 -616.7089]
fe coulomb friction of cart 45%g - m/s? _ . ] ] T
C. damping coefficient of cart 177 kagls Xdu [ & x b b 02 02 }
Cp1  damping coefficient of pendulum 1 2.67103kg - m/s? _ )
Cp2 damping coefficient of pendulum 2 1.0210~%kg - m/s? Udu = —Kau - Xdu ©)
l lead of ball screw 1.60<10~2m/round Up-D
da transfer coefficient from torque to force  1.6210~*kg - m/s? Zp-Down
L inductance of motor 6.2610~*H o _
R resistance of motor 2.07W Qua = diag (0 300 0 50000 0 500 ),Ryq = 1.0
Ke induced voltage constant of motor 5350 %N -s/A  k,;=[-92.3226 -17.3205 -32.4339 -313.7022 -0.2756 14.3866]
. : : T
Xud=| % x 01 01 0oy 0O2q |
Introducing Eq. (6) into Eqg. (7), we obtain Ung = —Kud * Xud (10)
K KK . .
F = Edgrge - edgrzm Up-Up

®) Quu=diag( 0 300 0 1 0 1),Ru =10

k.., =[10.2913 17.3205 14.0202 -353.1186 -64.2297 607.4820]
These dynamical models are nonlinear for the pendulum . | i 0. 6o 0 T
angle. There is friction between the cart and the fixed balf** — [ @ 6 6 6 6]
screw. The physical parameters of experimental equipment Uy = —Kuu * Xuu (11)
are shown in Table I.

— [(Im + Igm) 72 + (In + Ign)] d3i

B. Swing-up Controller
IV. DESIGN OF CONTROLLER A design method based on the energy of the pendulum

The design technique of the proposed method is describ8fthe swing-up controller for a rotational pendulum system
as follows. The structure of the proposed integrated intellf@s been proposed [10]-[13]. The controller design was
gent controller is shown in Fig.6. Firstly, three stabilizatiorPerformed based on the following assumptions: there is no
controllers are designed individually based on linear modiMitation on the velocity of the pendulum and the friction
els around each unstable equilibrium point. Secondly, orié nNeglected. However, in practice, there are friction and a
swing-up controller is designed based on the energy of tiysical limitation, especially on the length of the cart track
double pendulum. Finally, the integrator neural network i§nd the magnitude of the control input. Therefore, it is not

prepared in parallel with these controllers. easy to control the desired acceleration of the cart under
the influence of such physical conditions.
Integrator In this study, the swing-up controller which takes care

of the physical limitations is designed based on the energy
of the pendulum. The energy of the uncontrolled double
pendulum(u = 0) is written as follows:

E= % (Il + MPIL% + MPQL?)l) 9%
Stabilizing Contyoller U +Mp2Lp1 L291 02 CO'S (91 - 02) (12)
WUy / +3 (I + MpoL3) 03 + My1Lyg (cos by — 1)
Stabilzing Comrottel /18|t Gort + Mg [Lpr (cos 6y — 1) + Ly (cos 0 — 1)]
Stabiizing Controler i Soom The nominal energy is defined to be zero when the double
u, pendulum is in Up-Up equilibrium point. Therefore, the
@ £ Radial Basis Function swing-up controller can input enough energy into the system
Intelligent Controller & : Sigmoid Neuron so that it is able to reach the desired equilibrium point from
Fig. 6. Structure of Integrated Intelligent Control System. an arbitrary angle of the pendulum.
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function r;, is used as an activation function of the output
nodek.

2
Ugwg = O+ —1 13
! {1+exp (=7 (E~P) - sgn, (61)] } (13) T (X)= ! (16)
m
n, (6,)= 1 :sinf#;>0o0rsinf;=0Nx>0 (14) 1+exp<—200<Zwkj'99j(x)+wk9>>
el 1) =1 1 :sinf; <0orsinfd; =0Nx <0 =1

The swing-up controller is specified by three parameter\ghere’w’” 's a weight connecting the ontput notleo the

- -~ ~hidden nodegj andwyy is a bias weightm is the number of
{a, 5,7} a andj3 indicate the parameters for the limitation nodes in the hidden layer; varies continuously between

of the track length and for compensation of the frictiorb .
loss of the system respectively.represents the parameter and 1 and means thg degree of importance for each
' controller. In other words, it can be expected that adjustment

of a sigmoid function in order to reduce the chattering, . : L
S : of each control gain is performed according to the situation.
Determination of the values af, 5 and~ requires some . . : . .
The control inputu,; is defined as the following equation.

trial and error and is difficult to do manually. In this study,
a =16, 8 =0.15 andvy = 0.15 are used. Utotal = Tuuluu T TudUud + Tduldu + TswgUswg (17)

C. Integrator Neural Network 2) Learning Method:The integrator is specified by four

To transfer and stabilize the double pendulum from th%dri?nsgtaglfetﬁz:s r’r|15e tiﬁfé’dbﬁbtwggs:geznIr,:htehlseituc.lj_ﬁ ose

arbitrary equilibrium point to the desired unstable Ongarameters are regarded as GA parameters and GAs begin

without touching the physical limitations, these designe set of thirty randomly generated states, called the popu-

control!ers ShOU|d. be .SW'tChEd and_lntegrated adequa_tqé(tion. During training GA process, (a) initial population,
according to the situation. However, it is not easy to deriv ) fitness function, (c) selection, (d) crossover and (e)

;Z?/Z:‘;'Ccﬂ%rjﬁggblfn ?\rqvétcrzgt%\oznismstﬁg\:\?r??r? ;:Jleg t?1 utation, the individual chromosome to perform the control
' ' 9-5, jective is searched. To calculate the fithess value, the

integrator neural network is prepared in parallel with severg llowing fitness function is prepared
local controllers. The integrator switches and integrates '

four controllers automatically and appropriately based on h(z) o 1

the system states. Since the double pendulum has three frie= 'Z(lo.p%(t)+10.p%(t)+1> (18)
unstable equilibrium points, we design three integrators, izo 2] <04

integratorg,, integrator,y and integrator,,, by using h(z) = { o ‘; ; 0.42 (19)
the similar architecture of radial basis function neural ’ :

network and learning method. where,n = ty/At. ty and At represent the simulation

1) Architecture of Integrator: The architecture of the period and the sampling period respectively. In this study,
integrator neural network is shown in Fig.7. The integratot; =10s andAt¢ =5ms are usedp; andp, are set out as
adopts the hidden layers which consist of the followinghown in Table Il. The fitness value is the highest when
radial basis neurons. the double pendulum is in the desired unstable equilibrium

. 9 point. In our practical facility, the movable track length of
©; (x,a;,b;) = HeXp {(X;‘J)} (15) the cartis limited.n (x) indicates the penalty function on
=1 b; the cart position limit. When the cart reaches the end of
where, x is the input vector with elements;, and a; is

the track, the fitness value is low. In the particular case
S . . from Up-Down to Up-Up, the following fitness function in
Lhaesv(jgtrz;gg?rrgh'rneg rtgs?eﬁ(tasmtireo\tebc?ilrs dfgtr;tﬁzi{’:‘ndtheconsideration of energy variation is used to swing-up and
; ji- Dj T€P . 9 N&tabilize the double pendulum without falling down.
width of the Gaussian and has elemelts [ is the number

of nodes in the input layer. The following sharply sigmoid h(z)k(6;) — 1
Trie= 2\ wemoenn) @
n —o 01(t)+10- 65(t)+
_ 1 ]61] <0.2rad
k(01) = { 0.01 |6;| > 0.2 rad (1)
TABLE I
GA PARAMETERS.
desired p1 p2 j1 :initial states(61, 62)
equilibrium point Jj1=0 =1 jn=2
Down-Up 014 02 (71’7 7r) (07 77) (07 0)
o . . s . L Up-Down 01 O3 | (m,m) (m,0) (0,0)
) .: Radial Basis Function (D: Linear Neuron gD.Sharply Sigmoid Neuron Up-Up A o o) (.0 0.7

Fig. 7. Integrator Neural Network
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wherek (6;) indicates the penalty function on the penduluntan transfer and stabilize the double pendulum from Up-
1 angle. If once the double pendulum is falling down, thé&own to Up-Up without falling down by switching and
fitness value is low. In the cases from three initial conditionstegrating four controllers adequately.
shown in Table Il, the above-mentioned fitness function is
calculated and then the sum of them is regarded as the Vl. CONCLUSION
fithess value of the individual chromosome. In this paper, an effective robust intelligent control
) method for nonlinear and complicated systems was pre-
‘ _ s 22) sented. To cope with the increases of number of controllers
Trittotar 72_0 Trun(31) ( and switching rules of several controllers for such systems,
1

During training the GA process, one individual chromosomgqe integrator neural network which switches and integrates

whose fithess value is maximum is chosen as the mtegrat%evera' controllers based on the system states was proposed.
0.2 ——

neural network.
2[

.u_Ln.

V. EXPERIMENTAL RESULT

In order to verify the performance of the proposed
method, simulations for the cases from the arbitrary equi-
librium points to each unstable equilibrium point were

rswg VYdu Yud Tuu M[m]ez[rad]el[rad]x[m]

carried out. From the results, it was confirmed that the 005 ety vA ]
proposed controller can achieve all nine paths among equi 0!5; i
librium points by switching and integrating four controllers (1) : :
autonomously and adequately according to situations. Ir Oost ]
addition, experiments using a real apparatus were carriel 0(1)5; ]
out. The initial states of;, z, §; and @, are zero. In this 0 1 2 3 4 5 6 7 8 9 10

study, the length of the track is 0.8m. The servo motor time [s]
range ist25V. The displacement of the cart and the angular ~ Fig. 8. Experimental Result from Down-Down to Down-Up.
displacements of the pendulum 1 and the pendulum 2 are _ ,,
observed at the intervals of 5ms, that is, the sampling period. _003{\ P
(3 T ™=

Their velocities are calculated from the difference between
sequential displacements. Figures 8 to 12 show the time
histories, in order, the displacement of the cart, the angular
displacements of pendulum 1 and pendulum 2, the control
input and the outputs of the integrator. Figures 8 to 10 show
the result of the experiments when it was initialized at the
stable equilibrium point, that is, Down-Down respectively.
It was demonstrated as shown in Fig.8 that the controller r
can transfer the double pendulum from Down-Down by = == ———
integrating Down-Up with Up-Up stabilization controllers SL s S o U8 11§
and then stabilize it near Down-Up by switching only the 0 1 2 3 4 5 6 7 8 9
Down-Up stabilization controller. As shown in Figs. 9 and time [s]
10, the proposed controller can transfer and stabilize the Fig- 9. Experimental Result from Down-Down to Up-Down.
double pendulum from Down-Down to near the desired 02— _
unstable equilibrium point respectively. Fig.13(a) shows the 002{\/\/ \/’“"\"
view of the double pendulum on a cart during swinging gl—\ i R | M

e 0 S S 2 T oo O
up and stabilizing control for the case that started from
Down-Down to Up-Up. Figures 11 and 12 show the result
of the experiments for the transfer and stabilization control
between two unstable equilibrium points. Figure 11 shows

.AJ_A. I

00 5 PN A Vet

—

05f
0.5 F

il

S

—

S

Oa»—'

Fswg Fdu Fud Fuu u[m]02[rad]O1[rad] X[m]
St

O‘ —
g1 N1 I L L ) LA

0

M AT == R
éuwww :

I VI Y B Ty L

rswg F¥du Tud Vuu ulm]92[rad]91[rad] X[m]

the result of the experiment when it was initialized at Up- 02,5? Akt ]
Up. It can be seen from Fig.11 that the controller can 0,15; ]
transfer the double pendulum from the Up-Up to Up-Down 'r —
without falling down by integrating Up-Down stabilization OOS.F ]
controller with the swing-up controller and then stabilize sV - VT i
it near the Up-Down equilibrium point by switching only U0 2 3 4 5 6 7 8 9 10
Up-Down stabilization controller. It was demonstrated as time [s]

shown in Figs. 12 and 13(b) that the proposed controller  Fig. 10. Experimental Result from Down-Down to Up-Up.
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For the application to the equilibrium point transfer

Fud Fuu u[m]02[rad]01[rad] X[m]

I'swg Fdu

Fud Fuu U[m]02[rad]O1[rad] X[m]

Iswg Fdu

N, !
N

oo
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(=]
o

—_ —
i) Liidl
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time [s] 15

Fig. 11. Experimental Result from Up-Up to Up-Down.
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