Nonlinear Saturation Controllers for suppression the Vibration of Nonlinear

Spring Pendulum
Y.A. Amer®, A.T. EL-Sayed ", Sahar. He. Younis®, A.M. Salem ™"

“ Department of Mathematics, Faculty of Science, Zagazig University, Zagazig, Egypt
b Department of Basic Sciences, Modern Academy for Engineering and Technology, Maadi, Egypt
“ Department of Mathematics, Faculty of Science, Al-Azhar University (Girls), Cairo, Egypt
*Corresponding author, E-mail: amirasalim_math@yahoo.com (A.M. Salem)

Abstract

In this work, we apply the Averaging Method to obtain the theoretical results. The
Nonlinear Saturation Controller (NSC) is proposed to decrease the vacillations of the spring
pendulum. We investigate the stability of the system nigh the resonance condition applying the
frequency response equations. Numerically, the effects of diversified controller’s parameters on
the basic system behavior are studied. The emulation results are attained by utilizing Matlab and
Maple programs.
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1. Introduction
One of the most important engineering problems is vibration control. Many methods have

been developed for suppression the vibration using active or passive controllers. It is worth to be
mentioned that several control techniques are used to regulate the reaction of a system such like:
passive control, semi active control, active control, and hybrid control. In the work [1], Kamel et
al presented the vacillation and stability of the nonlinear spring pendulum which was depicting
the roll motion of a ship. They studied the influences of the linear controller on the fundamental
system subject to multi parametric stimulation. Zhou and Chen [2] used two procedures of ship
example under sinusoidal harmonic stimulation to investigate the response and constancy of the
system. They got the equation of bifurcation response close to the collection resonance case in
the existence of internal resonance of the studied system.

Lee et al. [3-5] studied the demeanor of the Spring Pendulum system subordinated to
single-harmonic-excitation force. The concluded results elucidated that the system had an
extremely complicated attitude which include Hopf bifurcations and jump phenomena. Not that
only, they also discovered that the approximation with the 2" _ order gave more perfect
harmonization with the fundamental system than the 1* — order did. Song et al [6] scrutinized the
oscillation reaction of the spring mass damper system with an agitated parametrically pendulum
suspended to the mass by using the harmonic balance method. Furthermore, they illustrated the
unstable motion zone of the system which gotten from the 3" - order approximation to become
completely coordinated with which acquired from numeral computation. Eissa et al [7-10] and
Sayed [11] applied diversified controllers on the simple and the spring pendulums which
showing the sway motion of the ship then; they studied the effects of them. They subjected the



two procedures under single-harmonic- stimulation force then they studied the action of the
transversal and linear toned absorbed controllers on the existing vibrations. Structural damping
treatment is one of the exemplary passive vibrations control near that had been utilized in the
practical structural engineering, but active damping had also enticed the interesting of
considerable number of investigators [12—14].

The researchers in the work [15], EL-Sayed and Bauomy subjected a nonlinear dynamic
system to multi-parametric-stimulation forces then they investigated the effectiveness of time-
delay controller on the existent vibrations. And they applied the averaging method to drive the
system’s frequency response equations. Hamed and Amer [16] introduced a research for (NSC)
controller which had been utilized to repress the vibrated amplitude of a structural dynamic
model assuming non- linear composite beam. They had a great result by utilizing the saturation
for frustrating the vacillation of their non-linear system. Warminski,J. et al. [17] introduced
experimental and numerical surveys of four kinds of controllers utilized to non- linear beam
models. Validation of distinct control designs is estimated utilizing numeral simulations in
Matlab-Simulink program software. The mathematical results for non- linear dynamic system
with NSC are acquired utilizing multiple scale method. The numerical and analytical
interpretation for NSC submits the effect of most substantial parameters on the efficiency of the
control of a non- linear established paradigm for an extensive domain of frequency of stimulation
and peak scale of amplitude. The consequences for a solo beam system display which positive
position feedback (PPF) and (NSC) controllers are the most influential for supposed provisions
of the established paradigm.

Saeed et al [18] used saturation-based controller with time delay in active extinction of
nonlinear beam vibrations. They found that the time delays append to the response neoteric
control keys through contraction the bandwidth of the controller’s frequency. They mathematical
solutions were in a great agreement with the numerical ones. Saeed and El-Gohary [19] modified
the model of saturation controllers which added to the system through quadratic nonlinearity
coupling. They investigated the leverage of time delays on the system’s stability and controller’s
behavior. Ashour and Nayfeh [20] had used a non- linear controller as a vacillation suppressor
established on saturation incident influential for depression of torsional and flexural oscillations
of the plate. The assessment of hesitancy of stimulation had been appended to the system to
magnify the leverage of the saturation control.

Our main aim of the present paper is to apply control to diminish the vacillation of the
system. This controller is NSC control. Averaging technique is used to get the mathematical
analysis. Some testaments concerning the diversified parameters of the spring pendulum are
notified and the influences of the NSC controllers on the system's demeanor will be studied
numerically.



Main system

nu

HX +2ecX + @ x + ax’ +ea,x —(1+x)¢" + @} (1-cos @) =& f, cos(2t) + ey’

bl

1(1+x)* ¢+ 26,9+ 2(1+ x)x9+ @] (1 + x)sin o= £ f, cos(2,t) + 7,0’

NSC Controller
R
{7 U+2eu,0+0]0 = el vg —AA
(7] i+ 2eull + o)Uu = eAux (4]
Fig.1. (a) Model of a spring pendulum. (b) Block diagram of the system.



2. Mathematical model
The differential equations of motion characterizing the oscillations of the non- linear spring
pendulum with NSC controllers could be expressed as the next form:

X+2ecx+o’x+ax’ +ea,x’ —(1+x)¢” + @; (1-cosp) = £ f, cos(2t) + ey,u’ (1)
(1+x) @+2ec,p+2(1+ X)X + @ (1+ x)sing = £” f, cos(2,t) + gy,V° ()
U+ 261+ oju = eAux (3)
U+ 2600+ @, v = ed,vp 4)

Where x and ¢ are the longitudinal and angular response of the spring pendulum respectively.
uand vknown as the response of the absorbers. c,,u, (j=1,2) are the spring pendulum
modes’ damping coefficients and the NSC controllers, respectively. @,,®,,», and o, are the
spring pendulum modes’ natural frequencies of and NSC controllers, respectively. ¢, and «,
are the non-linear parameters f, is the external forcing amplitudes of the fundamental system
Q, is the excitation frequencies of the fundamental system y,,y, are the control signal gains

and A, 4, are the feedback signal gains.

3. Mathematical analysis (Averaging method)

Applying the averaging method, the solutions for equations (1-4) from the first-order
approximate are considering as:

x=a,cos(wt+y,) (52)
p=a,cos(a,t+y,) (5b)
u=a,cos(o,t+y,) (5¢)
v=a,cos(o,t+y,) (5d)

Where a,and y, ,(n=1,2,3,4) exist as constants. Differentiate equations (5a)- (5d) we get:

X =-asin(at+y,) (62)
¢ =—a,0,sin(wt+y,) (6b)
u=-a,sin(ot+y,) (6¢)
v=-a,0,sin(ot+y,) (6d)



For ¢ # 0, relatively small, claim @, and v, ,(n=1,2,3,4) are dependent variables on time tin
equations (1) - (4). Differentiating equations (5a) - (5d) once with respect to time t submits

X =a,cos(ot+y,)-aw sin(at +y,)-ay, sin(at +y,) (7a)
p=a,cos(awt+y,)-a0 sin(ot+y,)-ay,sin(ot+y,) (7b)
u=a,cos(at+y,)-awsin(ot+y,)-ay,sin(ot +y,) (7¢)
v=a,cos(ot+y,)-a,o,sin(ot+y,)-ay,sin(ot+y,) (7d)

Comparing equations (6a) - (6d) and equations (7a) - (7d) we realize that:

a,cos(ot+y,)—ay,sin(at+y,)=0

a,cos(wt+y,)-ay,sin(at+y,)=0
a,cos(at+y,)-ay,sin(ot+y,)=0
a,cos(ot+y,)-ay,sin(ot+y,)=0

Differentiating equations (5a) - (5d) once respect to time t we find:

¥=-ao sin(at+y,)-ao cos(at +y,)-any, cos(at +y,) (8a)
¢ =—a,0,sin(ot+y,)-a,0; cos(at+y,)-a,op, cos(ot +y, ) (8b)
i =-a,0,sin(ot +y,)-a,; cos(ot+y,)-awy, cos(at +y,) (8¢)
U=-a,0,sin(ot+y,)-a,w; cos(ot+y,)-a,oy,cos(ot+y,) (8d)

Substituting x,x,X,®,,p,u,u,u,v,0 and U from equations (5a) — (8d) into equations (1) — (4)

1-9

2 3
o sing = (o—% we obtain the following:

and taking into account that COS@ =

—a,o sin(at +y,)-aw’ cos(at +y,)-awoy, cos(at +y,)-2ecam sin(ot +y,)

+a,0] cos(ot +y,)+a,a; cos’ (ot +y, )+ ca,a; cos’ (ot +y,)
¢2
—(1+a,cos(ot+y,))a e; sin’ (ot +y, )+ w; (1 —-(1- 7)}

=&’ f,cos(2t) +ey,a; cos’ (ot +y,) (9a)



(1+a, cos(a)t+y/l)) (-a,m,sin(wt +y,)-a,0; cos(t +y, ) - a0y, cos(at +y,))

2
2 2
—2ec,a,0,sin (ot +y,)+2(1+a cos(ot +y,))(ao sin(ot +y,))(a,0,sin(of +y, ))

+o; (1+a,cos(at +y, ))((o—%)

=&’ f, cos(2,t) +¢y,a; cos’ (a,t +y,) (9b)
—a,o,sin(ot+y,)-a,op, cos(ot +y,)-2eua,0 sin(ot +y,)
= cha,a cos(wt +y,)cos(at +y,) (9¢)
—a,0,sin(wt +v,)-a,0y, cos(aot+y,)-2euna,0,sin(ot +y,)
= ¢A,a,a, cos(wt +y, )cos(wt +v,) (9d)
Using equations (7a) — (7d) we get:
> >

. aa . aa .
a, =—¢c,a, +£c,a, cos (2ot + 2y, )+ 210)1 s1n(a)1t+1//1)+fsm(3wlt+3z//l)

1 a)l

2 3

3
i sin(at +y, )+ %sin(za)lt +2y,) +8§—2a‘sin(4wlt +4y,)
o,

4o, 4o, 1
@ sin(ayt +y, )+ %, 22sm((a) +20,)t+(y, +2p,))+ %0 22s1n((a) 20)t+(y, —2y,))
20, : 1 4o, ] ? 4o, ] :
2 2 2 2
—a‘a—za)zsin(2a)lt+2l//l) 49,0, sm((2a) +2m,)t+ 2y, +21//2))
4o, 8w,
aa,m; . a;o; .
+—22sin((20, —20,)t + 2y, —2y,) ) + sin(ot +y,)
8w, 4o,
aZ 2 a2 2
+ 82 @, sm((a) +2m,)t +(y, +2l//2)) 82 @, sm((a) —20,)t+(y, - 21//2))
a)l a)l

csin((o, + 2)t+y,) - in((w, -2t +y,)- ;‘ 3s1n(a)t+y/l)
)

_a4 3 sm((a) +2w)t +(y, +21//3)) :1 ; sm((a) 20t +(y, - 21//3)) (10a)
10

1 a)l

2 2
ay, =—ec,a sin(2at +2y, )+ Z]a‘ cos(ot +y, )+ Z‘a‘ (o)t +(-))
1 a)l

2 3 3 3
+—j‘a‘ cos((3w)t+(Gy,))+ 360,40, | 50,6, cos(2a)1t+2y/l)+%c0s(4a}1t+4yxl)
,

8w, 20, 8w,

1



2 2 2 2

—azﬂcos(a)lt +y,) +(Z:icos((a)l —20)t+(y, —2y,))

2w, ,
a,o; aa,0, aaw;
+—2=2cos((@ +20)t +(y, +2p,)) ——2—=+ 2cos(2aw,t +2y,)
4o, 4o, 4o,
2 2 2 2
— a‘a—za)zcos(%olt +2yp, )+ a‘a—zwzcos((za)l —20)t+Qy, —2y,))
4o, 8w,
a,a,w; o} a;
+—22cos((20, + 20t + 2y, +2y,)) ——2cos (ot +v,)
8w, 4o,
@.a; @a;
—ﬁcos(@a)1 —20,)t+Qy, —2y,))+ ﬁcos(@a)1 +20,)t+Qy, +2v,))
1 1
(2 -w)t—y,)- (2 +o)t+y,)+ ;/;)3005(cot+1//1)
1
}/1 3 }/l 3
cos((a) —20)t+(y, —2p,))+ ™ cos((a) +20)t+(y, +2y,)) (10b)

4(01 1

1, = %sin(Za)zt +2y,)—¢c,a, +c,a, cos(2m,t + 2y, )+ 2¢c,a,a, cos(at +y, )
—ec,a,a,cos((o, —20)t +(y, —2p,)) - c,a,a, cos((@, + 20t + (v, +2y,))

+a,a,0 sin(ot +y, ) - #sin((w1 +20)t+(y, +2y,))
2

- —aZC;‘a)‘ sin((o, —20,)t +(y, -2y,)) - #sin(%olt +2y,)
2 2
L4598 ZZ“" sin((2w, +2,)t + 2y, +2w2))+#sin((2@ —2,)t+ 2y, -2p,))
3 3

a, . do, . ado, .
+_a)22 2 51n(2w2t+2wz)—%s1n(2w2t+21//2)—;—:)251H(40)2t+4%)

a]ai 2sin((@, +20)t+(y, +2y,))+ alaiwz sin((@, - 20,)t + (v, = 2y7,))]

3

+ a'i)éaz sin((@, +20)t +(y, +2y,)) + a];);az sin((@, + 4@t +(y, +4y,))

3 3 3

+_a,a)ga2 sin(a)lt+1//,)—%sin((a), —2a)2)l‘+(l//, —2'//2))—%51“(0).1‘“//1)

aod

=sin (o 40, + (v, ~4y.)) + in((e, +2)t+y,)

2

2
8 .
= fsin((@, + o, + )+, +y,))

2

fsin((@, - 2)t+y,)-

w,

|g2 fsin((a)1 ~ o, __(_)z)t-l-(l//l _Wz))_

2

& fsin((@,+o, - Q)+, +v.))

2




2a,&

fsin((@, -, + 2+, —y,))+ ;/2 4sm(a)t+l//2)

4(02 X
&ra, sm((a) +2m,)t +(y, +21//4)) &, s1n((a) 20 )t+(y, - 21//4))
4a)2 4o,
2 2
_%Sin((a)l +C()2)t+(l//1 +l//2)+m5in((0)1 _a)z)t+(l//1 _l/jz)
2, 20,
gy,aa; . gy,aa; .
—%sm((a)1 +o,+20)t+(y, +y, + 21//4)—%sm((a)l +o, - 20)t+(y, +v, - 2y,)
2 2
2
+ &A% —2sin((0, — o, +20,)t+ (W, -y, +2y,)
4o,
K
4 4sm((a) o, —20)t+y, —y, —2y,)] (11a)
4o,
ay, = %—%cos@wg +2y,)—ec,a,sin(2w,t +2y,)

+aec,a,sin (e, + 0t + 2y, +y,))+aec,a, sin(Qa, — o)t + 2y, —y,))

a,a,0 a,a,o
+—22‘ Leos((@, — 20t +(y, —M/J)—%COS((@ +20)t+(y, +2y,))

2 2
08 (20~ 20,)t + 2y, 2p,)) o (2, + 20, + 2y, + 20))

a a 3w,a’ a a,
+%+ 6022 2 COS(2a)2t+2‘//2)_%_ 0)1222 cos(2a,t +2y, ) - 6282 cos(4m,t +4y,)
—%cos(a)ltﬂ//l)—#COS((G)1 —20)t+(y, —2y,)

2 3
2 Pcos (0200t + (v, ~ 2y, )+ P cos (ot +y,)

adw ;

+ ’22 2cos((o, —2w,)t+ (v, - 2%))+_a,§za)2 cos((o, + 2wt + (v, +2y,))]
3
+ a]c9126 2cos((w, — 4wt +(y, - 4;//2))+%cos((a)1 +40)t+(y, +4y,))

2

82
f,cos((a, —.(22)t+1//2)+£f2 cos((@, + 2t +y,)
2

2

2ag

f.cos((@—m,—2)t+(y, —v,) - 182fzcos((wl—a)z—kﬂz)t+(l//l—l//2)

2 2
2Cl8

ficos((@,+w, —2))t+(y, +y,) - 24 '82fzcos((a)l+a)2+_(22)t+(1//1+y/2)]
)

2 2

£7,a €y,a
2;4cos(a)t+z//2) e

2 0)2

cos((a) —20)t+(y, -2y,))



7/24

4a)2

2
_g,aa;

=2 cos((@, + 20 )t +(y, +2p,)) - 7/22 ! 4cos((a) o)t +(y, —v,))

@,

gr.aa’
cos((a)1 +o,)t+(y, +l//2))—%cos((wl —(o, - 20))t+y,— (v, —21//4))

2 2

gﬁw' 4 cos((a) +(o, 20Dt +y, + (v, —2yp,))
~ TG o (0~ (@, + 20, )+, +2,))
2
gyiwl a, cos((a +(@, + 20Dt +y, +(w, +2y,)) (11b)
2
a, =—gua, +&ua, cos(2a)3t+2t//3)+E/E;LajalSin((2a)3 +o)t+ 2y, +‘//1))
3
+ g/z;c;ja‘ sin((2eo, -0t +Qy, —,)) (123)

3

. s —ﬂ(
ay, =—gua,sin(2at +2y, ) - = ;;jal cos(ot +y,)
3
RO (20040 2) B os(0 020010 2) (12
%)

3 3

A .
a, =—&u,a, +&,a, cos(2m,t + 2y, ) —%sm((zw4 +o)t+Qy, +y,))

a)4

A

8 2a4a2 Sln((za) —w )t+(2l//4 Wz))] (133)
4w,
. , eha,a,
ay, =—gua,sin(2w,t +2yp,) —Tcos(a)zt +v,)
4
—gﬁ,zza4a2 [cos((o, —20)t + (v, — 21//4))—%005((0)2 +20)t+(y, +2v,))] (13b)
o, @,

We can get the averaging equations conforming to simultaneous primary and internal 1:2
resonance by presenting the detuning parameters (o,,0,,0,,0,) according to

1 1 .
Q=0 +s0,,02 =0,+s0,,0,= za)1 +&0,,0, = Ea)2 +¢o, , keeping only the constant terms

and slowly changing parts in equations (10a) — (13b). So, we’ll have

—1—sin ecaq, a
&a; 6,)- 14
o, 4a)1
) 2
ay, = jeaa) age;, & £ cos0,+ % cos(0) (14b)
8w, 4o, o, 4o,



a,= & f,siné, —gy;a‘fsin(a‘)—gcza2 (15a)
2 0)2

ay, = _?’%ai—;—:fz cosd, +2Lafcos(¢94) (15b)

a, =—suaq, —%sin(@) (16a)

ay, = —%cos(@) (16b)

a, =-¢u,a, +%sin(@) (17a)

ay, = —%cos(@) (17b)

Where 6, =y, —oT ,0, =y, -0,T 703 =Y, _20-3Tl -2y, ,0,=y,-20,1 -2y,
4. Stability Analysis

The stability for this system in equations (1)—(4) is checked at our selective case of resonance
coincides to the invariant points of equations (14a) — (17b), that will be gotten by putting

a =60 =0.
That is,
2 2
0= 2‘; f,siné, —%sin(@)—gcla1 (18a)
3 2 2 ) 2
ao, = e, aa, | ¢ f,cosé, +%cos(6?3) (18b)
8w, 4o, 20, 4o,
2 2
0=2 fzsiné?z—%sin(@)—gcza2 (19a)
2w, 4o,
Bw,a; & gy,a;
aoc,=———=>———f cosl, +——cos(0 19b
272 48 20)2~f; 2 4(02 ( 4) ( )
ela.a
0=-gua, ———"—sin(6 20a
i 20, +4¢0, (8) (202)
ac —la 1o +Mcos(6’ ) (20b)
277 2, +4eo, ’
ela,a .
0=-gua,+ ——=2—sin( 0 2la
#at 20, +4¢0, (0) (212)
1 ela,a,
a,c,=—a,0, +———2—cos(6,) (21b)

2N 2w, +4e0,

10



From Egs (20a) to (21b) we get:

. 4uw
sin(6,)=—— (22a)
Aq,
4o, (0'3 - 501 j
cos(6,) = (22b)
eAaq,
sin(6,) = 42‘2”4 (23a)
2a2
4o, [04 - 2@)
cos(4,) = T (23b)

For the practical case, a, # 0, substituting by equations (22a) to (23b) and squaring equations

(18a), (18b), then taking the squared results in a computation process, likewise equations (19a),
(19b), equations (20a), (20b) and equations (21a), (21b) deduce the following frequency
response equations:

E' . s, E7G 3ea,a’ —2aa’0’ ) Ecaya .
~fl=¢&'cla; +——+| a0, + sin(6,)
4o, 16w 8, 20,
2 3_ 2 _2
N aa | 3ea,a’ —2a,a;w, cos(6.) (24a)
2w t 8w :
1 1
&' fz gzyza: 2,2 2 3(02(1; 2 gzczazyzaj 3 (0)
=———+4¢ca +|-a.0o, - + Sin
4777 1607 2 48 20, )
2 3 3
+%(—a202— (Zfzjcos(@) (24b)
2
2
ela 1
(250 o ] ='m +(o,—20) (24¢)
1 3
2
ela 1
(260 rpe J = +(0, -0y (244)
2 4

5. Nonlinear solution

The stability for this system was specified by examining the eigenvalues of the right-hand
sides of equations (14a) — (17b) which represent as the Jacobian matrix. The equipoise solution is
approximately stable as long as the corresponding eigenvalue’s real part is negative. If not, the
corresponding result is unstable. To deduce the stability criteria, we just need to check the

demeanor of insignificant perturbations from the stabilized-case solutions a  and@,, .
So, we suppose the following:
an :an0+an1’ en :0n0+9n1’

11



a=a, 6=0, (25)
Where a ,0, are the solutions of equations (14a) — (17b) and a,,6, are known as

perturbations which are presumed to be very small compared witha,, 6, . Replacing equation

(25) into equations (14a) — (17b) and conserving the linear expressions in a, ,8, only. We

obtain;
: £? ey, (2a,), . gy.a:
a, =-ecqa, - - ﬁ(cosalo)ell _ﬁ(sn’l@o)an _ﬁ(cosew)eﬂ (26a)
1 1 1
. 9 2 .
911 — —i-l- éa,a, _ 61200)2 a, - e fl(sm 910)0“ _ﬁaﬂ
a, 8w, 4a, o, 2a,,0, 2w,
871a30 gylaszo o
—-——*(cosd, )a,, +——>(sind, )o 26b
2a10a)1 ( 30) ! 4a10w1 ( 30) ! ( )
: g &y,a, , . &y, a;
a, =-¢c,a, — 2—f2 (coséb,,)6,, —#(smé{@a41 —ﬁ(cosé{mw41 (27a)
2 2 2
: o, Yo g . &y,a gy, a;, ;.
6, = (_a_z_ 482 ]an 5 £.(sin6@,)6, —2az—4°(cos 6, )a, +ﬁ(sm 6,,)6. (27b)
20 20772 20772 20772
. A A . Aa
a, = 84‘23" sind,a, +( &, +—g4‘ac)l10 sin té?mja31 +%(cos 6,)0, (28a)
3 3 3
0, = _Aa, (cosé,)a, + —3—%0%6@ a, + 1o Ay Z1 0 (sing,))6, (28b)
4a, o, a, 4a,o, 4o,
A A . A
" —842;)140 (Sll’l 9 ) + [_5/12 + 842a20 Sin 040 ]am + %;}o:@o(cos 9 )9 (29a)
4 4 4
A A )
0, T (cosb, )a,, + _G 2 cosd,, |a, + 2 &% (sind,, )6, (29b)
4a, o, a, 4a,0, 4o,

The previous equations could be presented in the matrix form:
[a, 8, @ 9 ay & ay 9] =[V)lan & an & ay 8 a, 8. (0)
Where [J ] is the Jacobin of the right hand sides of equations (26a) — (29b). Now let us put the
eigenvalues of the above system of equations [J ] in the following form:

E+SE +8,E+8,E +8,E+SE+85,E+8,E+8,=0 (31)
If and only if the real part of the eigenvalue, which obtained from Eigen equation (31), is
negative, then the solution is stable; otherwise, the solution is going to be unstable. The

necessary and sufficient conditions for all the roots of Eq. (31) will be calculated corresponding
to the Routh-Hurwitz criterion.

12
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6. Numerical Solutions

The basic system with NSC controllers which expressed in the differential equations form
(1-4) was solved by applying Rung—Kutta 4™ order method numerically. The emulation results
are attained by utilizing MATLAB 7.14 (R2013a).
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Fig. 2 The fundamental system (X , (0 ) without controllers
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Fig.3 Response of the fundamental system with NSC controllers
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Fig .4 Frequency response curves of: (a) the fundamental system (b) the NSC
7.1. Frequency response curve with the detuning parameter (o)
Parameters Effect Figures
The external forcing f, While the value of f was Fig.(5)
increasing, the amplitude of
the fundamental system and
the NSC increased.
The damping coefficients ¢, It is noticed that the increasing Fig.(6,7,8)
in the values of ¢, ,®, and y,
The natural frequencies @, led to the decreasing in the
magnitude of amplitude of the
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The control signal gains ,

fundamental system and the
NSC

The detuning parameter o,

In the case of increasing the
value ofo,, the amplitude of

the fundamental system and
the NSC are shifted to the
right.

Fig.(9)

The damping coefficients z,

When the wvalue of g

increased, the magnitude of
amplitude of the fundamental
system and the NSC were
decreasing.

Fig.(10)
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Fig.5 Influence of f| (the external force) on the fundamental system and the NSC
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7.2. Frequency response curve with the detuning parameter ( 0,)

Parameters Effect Figures

The external forcing f, While we were increasing the values of Fig. (11)
/, the amplitude of the fundamental
system and the NSC increased

The natural frequency @) In the case of increasing the values of @ Fig. (12,16)

] ) and C, , the magnitude of amplitude of the

The damping coefficient C,
fundamental system and the NSC are
decreased.

The control signal gain 7, When the values of %,and L, were Fig(13,17)
increasing, the amplitude of the NSC

The damping coefficient £, | decreased

The detuning parameter 0, | In the case of increasing the value of O, Fig(14)
the amplitude of the fundamental system
and the NSC are shifted to the right.

The Feedback signal gain If we increase the value of ﬂz , We notice Fig(15)

2

that the amplitude of the system decreased
while it increased in the NSC.
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Fig.12 Influence of (U, (the natural frequency) on the fundamental system and the NSC
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Fig.14 Influence of o, (the detuning parameter) on the fundamental system and the NSC
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Fig.17 Influence of /, (the damping coefficient) on the fundamental system and the NSC

8. Conclusions

The NSC controllers for suppressing of the oscillations of the non-linear spring pendulum
have been studied. We represent the problem by non-linear ordinary differential equation system
with four-degree-of-freedom. The averaging method is used for the mathematical analysis. for
the case of primary resonance in the presence of 1:2 internal resonances, the frequency response
equations have been derived. The system’s stability has been discussed by applying the
frequency response equations and the phase plane technique. It is worth to notice that the steady-
state amplitudes of the spring pendulum with NSC controllers were reduced to about 97.8% in
both directions (X , ¢ ) from its value without NSC controllers.

The influences of the diversified parameters of the system are surveyed numerically. This
survey makes the frequency response curve with the detuning parameter ( o,) is clear due to
different parameters. And it was noticed that:

e The amplitude of the system was increasing when the value of f| increased.

e While the values of ¢,,®,,y, and y, were increasing, the values of the amplitude
of the system decreased.

Also, we studied the effectiveness of distinguished parameters on the frequency response curve
with the detuning parameter ( 0, ). The most obviousness features are:

e The amplitude of the system was direct proportional to the values of £, .
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e The amplitude of the system was inverse proportional to the values of the
following parameters ¢,,®,,7,,A, and pi,

The effectiveness of the controller Ea (Ea= steady-state amplitudes of the system without

controller/steady-state amplitudes with controller) is about 45.3 for (x ) and 40.5 for (@).
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