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Abstract. In the paper we propose a synthetic way of thelimesr
controller for the damped-elastic-jointed invertg@éndulum. The
controller is designed based on the synergisticragmh, the global
variables are built on the asymptotically stablenifedds and the fast
acting objective function is energy efficient. Th#ectiveness of the
export method is proven through simulation resattd compared with
other methods.

1 Introduction

Flexible mechanical systems have been attractiagattention of the research community due
to their light weight, smaller energy consumptiordaeduced fabrication costs compared to
traditional hard structures. In addition, the fldgi mechanisms are particularly suitable for
human-robot interactions and operate in unstrudtugavironments due to their intrinsic
compliance. Typically, flexibility can be limitea tadjoining non-coupling hard couplings or
can be achieved by using compliant links. In a mmeits flexible mechanisms are often
undervalued because they possess more DOF thaat@stuln this paper, damped-elastic-
jointed inverted pendulum are considered, whichelagen used as a model for wheeled robots
[1], robotic fingers and the operator. [2], and tbteuctures are foldable [3]. All system
application objects are energy constrained onestéefbre, the control system requirements for
these objects both ensure the consistent qualitiyeo€ontrol system and also ensure the energy
efficiency.

The damped-elastic-jointed inverted pendulum is miedel used in many studies. This
feature of the system is an unstable nonlinearesystommonly used to study and test the
implementation of control algorithms [4-7]. Manyudies to build control rules have been
successfully designed for inverted pendulum systsomsh as the PID for a one-degree inverted
pendulum [7]. In the studies [9], the authors uskd fuzzy control law to stabilize the
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pendulum in the vertical position when the effeterternal force and the fuzzy controller is
optimized by the incremental algebra for the cdntesults. good controls. More recently, a
more intuitive structure maintenance design simitarthe PID was proposed in [3—-8] and
applied to a flexible inverted pendulum in [5]. Hewer, the above studies are not interested in
control signals, which high mobility applicatiorequire.

In this paper, the author presents the nonlineatratber design method based on the fusion
approach given by scientist Kolecnikov A.A. [13,1B] the measurement of the target function
selected by the authors group, it has fast impaatcantrols energy efficiency. The effect of the
designed control law is shown through the simutatiesults when changing the parameters. At
the same time, the authors also compared the pedpmmtrol quality with other controllers to
show that in addition to the improved control quyalthe cost of the control signal is reduced.
The rest of the paper is organized as follows: Ratesents the mathematical model of the
damped-elastic-jointed inverted pendulum stitched draws the linear model. Part 3 details
design techniques of control law based on fusigor@gech, Part 4 presents simulation results
and discusses implemented control law. Finallyt Baresents the conclusion of this article.

2 The damped-elastic-jointed inverted pendulum

The diagram of the system is shown in Figure l.idserted pendulum of lengthhas a
concentrated mags at its end. A spring (of constantffitiessk) and a damper (of constant
damping factoc) connect the inverted pendulum to a fixed baserdidaa large rotation angle
@. A periodic follower force R=P1+P2cosot) acts on the mass m and makes an angleith
the vertical axis. A control moment applied at the base of the inverted pendulunmgsrihe
angleg to zero position.

The kinetic energyl, the potential energil and the dissipative functiog of the system
can be expressed in the following forms [9,10]:

T:%m(xiJr ')Zn)zé mfp? (1)
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o=0p ®3)

wherexq=Ising, ym=I cosp and g is the gravity acceleration.

Using the Lagrange equations of the second type:

d(oT| 0T OH 09
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The dfferential equation of motion for this system camthe written in the form:
ml%% + ap+ ko — mglsing = u+ Flsing —yy) (5)

Denoting ki,%]™=[¢, ©]", Equation (5) can be rewritten into state-spacefas
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Fig.1. Configuration of the inverted pendulum system.

System model parameters are presented in the $8Jdyn = 2 kg, k = 2Nm, | = 1.5 m,
P1=10N, P2 =1N, c=0.005 Nms=n/2 and g = 9.81 m / s2. Construct the systemehas
plane with initial state x1 (0) = 0.02, x2 (0) #Gnd when the parameter {0.1, 0.5, 0.9} get
the system phase plane portrait in turn. figur€a)22 (b), 2 (c). From the phase portrait of the
system whery changes there is a turbulent, unstable motiona Sonlinear control rule will

result in a better response quality of the system.
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Fig. 2. Portrait of the phase plane of the inverted pendudystem when receives different values:
a)y=0.9 ; b)y=0.5; a)y=0.1;

3 Synthesis of energy efficient angular controller based on
synergistic method ADAR

3.1 Approach to quasi-time-optimal control [12,13]

By using this approach, the problem of synthesizomgtrol law for a wide spectrum of
nonlinear objects can be solved. It is reported tha synthesized control law has several
advantages, such as: quasi-optimal minimum-timgngasotic stability and robustness.

The concept of rapid-impact nearly-optimal conti®lshown below. Suppose model system
state form taken by Jordan in the form:

{)‘(i = £ (X, Xp1e-- %41 ) 1 =10 =1

Xy = o (X0 %o, X ) + UL

(@)

where f; (o) is an analytic function, which means that the \d#tive exists according to all

variablesx;, x,,... X,,, Oi<n - of o #0, andu(t) is the control signal.
»

The synthetic methods of rapid-impact nearly-opticantrol laws to system (7) is using the
differential transformations put the system (7)tloa virtual system of equations rank k has the
following form (8):
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From this equation, proceed to solve the equatidh w, =@(x) we get the rapid-impact
nearly-optimal control laws of the desired variable
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3.2 Synergistic approach to the analytical design of aggregated regulators

The analytical design of aggregated controllers AR) proposed in [14,15] in the sense of
ensuring asymptotic stability and given dynamic pendies of transients is based on the
introduction of functionals of the form (9):

3= [ F(w,d)dt ©)

where F(1,7)) — continuously differentiable function with allgments; /(x, .. x,) —

aggregated macro-variable, representing some ampitor piecewise of differentiable
continuous function of phase coordinafes .. ., x,), moreovery (0, ..., = ¢

The essence of the synergetic approach is to embstn accompanying function in such a
way as to determine in the phase space of theinearlobject under consideration a certain set
of points to which all close motion paths are atied. Such a set of points is usually called an
attractor [11]. The above actually corresponds he basic principle of synergetics - the
principle of submission, on which the theory offggbanization of nonlinear dynamic systems
is built [14,15].

In particular, for a non-linear SISO object, wittakar control, it is advisable to choose the
following quadratic form as an integrand in (9):

F(1,9) = mp*(¢) + ¢ (1) (10)
With the functionp(y) must satisfy the following conditions:
1. Single-valuedness, continuity and differentiépilor all values ;
2. 9(0)=0;
3. p(w)y>0 at anyp+0
Selection of immutable manifolds of the form:

V=X (X, % 4)=0 (11)
The manifold (11) must satisfy the solutions of fhiectional equation:
cy(t) + mp(y(9) =0 (12)

Solving this equation we get the control law fae 8ystem.

3.3 Synthesis of angle stability control laws for The damped-elastic-jointed
inverted pendulum hat are energy efficient.

The inverted pendulum non-liner control systemasdud on the closed-loop system shown in
Figure 3.

To control the system, we assume the universestbdise for the two state variables to be
— 1rad < %< 1 rad and-2 rad/s <x <2 rad/s The universe of discourse for the control
moment is-50Nm <u< 50 Nnj9].

Saving energy in control systems with limited povesipply is a current issue that has
received much attention from researchers. To sgitbefast acting control laws and reduce
energy consumption is a difficult requirement. Besm fast acting requires a great deal of
energy consumption and when reducing energy consompgast acting is not a priority. With
the aim of both ensuring fast impact and minimizémgrgy consumption, the authors propose a
method to synthesize control laws based on anriated approach.
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Fig. 3. System control structure diagram

Select macro-variables witly =T, x, + x . Select the target function for the equationsof6)
the form (9):

I= [ () + T (D)ot (13)
Where
Tk Fsin( x—
) =t = B RO

From the target function as chosen when away fiwenequilibrium pointy?®(y) —1 , the

target function becomes; _ T(H T2)2(t))dt @nd in the target function that contains the digna
0

component that drives u. Therefore, the contrajeétis also meant to ensure that the control
signal is minimized.
The law of synthetic control must satisfy the fumeal equation (14) [14,15]:

P(W) + T =0 (14)
Solving equation (14) and receiving the control lavanalytic form has the following form
[15]:
ml? T,% + X
u=Kk migsin x— IFsin(x—~ %+ ( 77) o 1A
)S ' R R e (15)

4 Simulating results

The parameters of mathematical model (6) is presemt Part 1. The parameters of the
suboptimal controller arev = 1.5,¢1 = 1, ¢2 = 0.02. The proposed controller parameters
include T1 = 1.5, T2 = 1.5,¢ = 0.1, The simulation was performed on Simulink-Matlab
software with the initial condition of the angle dthe damped-elastic-jointed inverted
pendulumxl = 0.6 (rad), x2 = 0 (rad / syith the purpose of bringing the system to the heda
position k1 = 0, x2 = Q with the quasi-optimality and energy-saving. Himulation results
were performed with two controllers shown in fig.Q@uasi-time optimal controller (KOB) and
proposed controller (Syner). The controller is etdd so that the system's angular response
parameters are approximately the same. Figurelfi@) is the system status response, and Fig.
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4 (b) is the system control signal. From the resswié see that the angular responses of the two
controllers are quite similar, but the velocitypesses are different, the overshoot of the KOB
controller is greater than the proposed controlf&yner), although the deceleration rate The
speed is fast, but the response time is equal.cbngrol signal of the KOB controller has a
large initial value (=-45.19 Nn), while the proposed controller gives a maximurtugeof the
control signal (=28.6 Nn). Control energy for control laWkoe = 6.38 (J), Wyne 6.12 (J)
From here it shows that with the same control quali the typical state, which is the deflection
angle, the control signal of the proposed methedgbetter efficiency of energy.
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Fig. 4. Response to system state variables
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Fig. 5. Response to control signals

5 Conclusion

The controller design method based on a fusionagmbr with a functional equation with fast
acting and energy efficiency has improved controllgy and reduced control energy
consumption. Comparison with KOB law shows thecigficy of the proposed method when
the same quality of state response but the irgbatrol signal is smaller than 16.59 (N) and the
energy is less than 0.26 (J). In addition, the ohodf manifolds to ensure the system is
optimized for energy is also a factor to considar,the next development direction of the
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authors team will study manifolds for efficiency terms of energy efficiency and controller
construction on embedded systems
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