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V2

o i
w(t)= <w(f), x;>x;+<w(l), x;>x;+<w(t), x3>x3 +<w(t), x> x4+ ...
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V2 2
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An Electronically Adjustable Amplitude
of OTA-Based Sinusoidal Nonlinear Oscillator

Poramate Pranayanuntana

Dept. of Control Engineering. Faculty of Engineering
King Mongkut's Institute of Technology Ladkrabang
Bangkok, Thailand
E-mail: kpporamai@kmitlac.th

Abstract— A systematic approach to adjust the amplitude of a
sinusoidal nonlinear oscillator is discussed in this paper.
Operational transconductance amplifier (OTA) and adjustable
high-Q. second order bandpass filter are nonlinear clement
and linear element, respectively. The describing function
methed is used to find periodic solutions for nonlinear system.
Experimental and simulation results are simulated using
ORCAD CAPTURE, while, the numerical results are obtained
using MAPLE and MATLAB.

Keywords ; OTA, describing function. nonlinear oscillator,
orthonormal expansion

I.  INTRODUCTION

Feedback connection in Figure 1 consists of two parts,
the lower block is a time-invariant nonlinear element using
an operational Zransconductance amplifier (OTA), and the
upper block is a lincar element using an adjustable second
order bandpass filter. This isa kind of nonlinear system
that can adjust the amplitude of oscillation by varying the
value of quality factor Q in the circuit.

The describing function method is used for predicting the
existence of limit cvcles and analyzing its stability. This
method applies to a system shown in Figure 1. with the
lincar clement G{s) and time-invariant nonlincar clement
w(v). The numerical integration is used to obtain the
describing function D{a) as a function of amplitude of
oscillation a using some computer softwares such as
MATLAB or MAPLE. Simulation of the circuit design are
simulated using ORCAD CAPTURE.

1. APPROACH AND METHODS

G(s)=Cfsl -A)"'B

v

()

Figure !. Feedback Connection
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To develop the basic version of the describing function
method. the system has to satisfy the following four
assumpiions:

1. There is only a single nonlinear component.

2. The nenlincar component is time-invariant.

3. Comresponding to a sinusoidal input y = a sin(wa)
only the fundamental component w;(7) in the output
wif) = @ (a sin (@4 )) has to be considered.

4. The nonlincarity is odd.

A. Periodic Function

Let V be a Hilbert space of periodic functions with
period T=22,
"

l 3
Theset § !,
s
Na-

is a complete orthonormal set in V with the inner product
defined as

€OS(e2.1). SIN(E.T). COS(2eat), SIn(2ewad), ... |

to+d

< f),elr == _ff)(ﬂi'
" - Tl s
jl)a(’ I‘gr

'

L=y

foralif,g e V. (1)

Proposition (Fourier or orthonormal expansion )
Let {x,} be a complete orthonormal set in the Hilbert

space V above. Then each x in V can be expressed as
x= Y <X, >x, )
i=l
where the equality in(2) is in | sense. We call <x,X,> the
Fourier series coefficients of x.

a4
’ ; . n .
Since sin(e,1) has period T=— , thatis
@,

sin(w (+=T) ) = sin{w.1 ). then

wa sin(ed+T) ) = w (a sin{w.d) ) (3)

4 computer
society



Therefore. wi)= w2 sinmed 1 i a periodic function
with period T.

L COs(eu AL silie.i.

and with the set!
=
A
COSUp 1 SN 1.4 WE Can Wi
<w{r).x

=& WL L 2N

wit)= ro-swdLe>r-<uli) ey

= Wi OS> COstw )

SiNfEe T > SEHALD
< wih SO 20 1) 2> Cosi 20 1)

—<wih.

= S2e 0> ane - 4)
or
wits= o ¥ ia, cosum 1)~ b sintines 13} (3)
-
where

a. - G < wily ,Cos(heL >,
b= < win . sinfaw.N >

<uid) >,

Furthermiore. since Gis} used has high-Q bandpass cha-
racteristics, this implics that only the fundamental compo-
nent wi{r) 1s needed 1o be considered. namelyv

Wi = wal)= < n{l) ,COSicu.t) > COSwd)

< Wih SN ) 2> sinl ) 16)
= Msintes t - 61 17
where
Mua.tni = < wiz)costes,t) > “+ <wlr)sinfesi) > ° (8)
Gru.es 1 = tan (< win)coste ) > < win)sinfem n)>) (9
This sinusoidal can be written in complex form as
= V! 01 Ly
; ; 117]
1< wtr) Sinie) >+ j < winh cosien sie’ Y (10)

B. Describing Function Method

The describing function of the nonlinear element is
defined to be the complex ratic of the fundamental
component of the cutpur of the nonlinear element by the
mput sinusoidal. 1.2..

o e )
wiver \h+gae 11
Do =/ e Bhaae th
J o e t)
av :
For the case of single-valued nonlinearitics as
b <winsinim > (12

Diai=

a a
since win 15 an odd function. a; 15 zero.

In order for a sclf-sustained oscillation of amplitude a
and freguency . in the system of Figure 1 to exist the
variables in the loop must satisfy the following relations:

W Diaiy
v o= -Gyo,m

Gaa
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Therefore, we have v = -Gijeu-) Draiv, Because v= 0. this

miplies
Gijesgt Dy + 1= 0 {13
which can be written as
Gijony = -1 (14

Digy
Equation (14) is the condition of oscillation or so call the
condition for existence of limi cycles.
A

G(i?7)

Y

-1D(a7)

(=5

Figure 2. Detection of limi: cyvies

Plots of both the frequency response function Gijew)
(varving &) and the negative inverse describing function
{-1/D(a)) {varving a) in the complex plane are investigated.
If the two curves intersect, then there exist limit cyeles.

Each intersection point of the curve Gje) and the curve
(-1/D{a)) corresponds to a limit cycle. If points near the
intersection and along the increasing-g side of the curve
(-1/D{a)) are not encircled by the curve Gljw), then the
corresponding limit cycle is stable. Otherwise, the limit cycle
is unstable. For example, in Figure 2, there exist two limit
cycles. Points P; and P; correspond to the existing limit
cycles of a system. P; corresponds to the unstable limit
cvcle. while P: refers 1o the stable one.

C. OTA Nonlinear Behavior

Figure 3 OTA equivalent circunt



The simphtied eguivalent cireuit diagram of an OTA 1
given in Figure 3. The input-output relation with
gv
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where v=1"-1",

D. Ohtainine ¢ Mathematical Model of an OT4 from an

Experimeni

The OTA IC LM13600 is used as a nonlinear element for
a nonlincar oscillator system in Figure 1. An OTA is tested
for its mput-ouput characteristic by applving a triangular
signal to the input of the OTA and imeasuring ils output as
shown in Figure 4.
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Figure 4. OTA test reunt.

The input-output relationship obtained as an xi-graph
shown in Figure 5. where x-axis and y-axis represents I, ané
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m‘inz(j; - fir,° (16
where ¥ = (a.h) and
fir, a. by = aranhihny; a=13
fir. by = 1.3 tanhihi . (15

With the data from matrix above. summation in(16) can be
expanded a3
S = (v fir, by = (v e By = = (g i BY
= L3-fi05 B = (13- RO BV -.
= {1.3-f05. &) {18)
Then differentiaie (18} 10 find 2 minimum point (Solusion
by MAPLE)

dS(h
B o = b=200586
ab

d*Sihi

—;—-‘-=U.003308'—’13086 >0

Noie that the second derivative test above confirms that
f = 20.02158269 is the minimum point.

By fitting the data 10 a graph of tanh function, and from
the deriviation above. we obtin a practical OTA charac-
teristic as

Vo= 1 3tanh(20v) . (19)

So we can obtain our desired wansfer function of

vy = L!anhi?ﬂnb_\' cascading the OTA with amplifier
50
with gain 15.385 V/A,

E. Bandpass Filter Design

The second order bandpass filter in Figure 6, has band-
pass filter characteristics of the form

Gis) = ~e,s (20)
s st
e 1L 2N
CR
R, (22)
g= R,
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Figure 6. Second vrder bandpass filser circust {3]

where ), is the resonant frequency in rad’sec and 2a is
the bandwidth in rad'sec of the bandpass filier. Passive
component values are chosen as R= R-= Re= 100kQ.
C=C:=47 yF, R=R-=R, = 212765 kQ and R« =1 kQ
and R, may be adjusted w obtain the value of @ desired

F. Design Procedure

For the lincar syvstem in Figure 1 having bandpuss filter

characteristics of the from Gis)= __~*™*  wherew, is
§ s -

the resonam frequency and 2a is the bandwidth. If 2 self-

excited oscillation exists with the frequency of oscillation

al = w, then
Gljw,)=-"2=-0
la

Therefore the condition of oscillation. or condition for
existence of limit cycle of equation (14) becomes

1 2a 1 = il

0 o  Gljo,)
where @ is the quality factor of the bandpass {ilter. The far
right-hand side of (24) is the describing function of the
function (), and for a fixed wi), it depends only on the
magnitude of oscillation as follows:

<withsinfwg)> 2

25)

Diar= i wia sin®)sin6dié) l
0

a ar

For known values of « and ¢, D(«) is an equation in
only onc unknown variable. a, and with the aid of modem
computers, one can solve numerically for a given the condi-
tion for existence of limit ¢yele or one can plot D(«) against
a. From (24). in order for the limit cycle to exist it is
required that

71

2t
rd.

(26)

i
€ —=

Q
as can be seen in Figure 7.

<D_, =Din

M. ExaMPLE

Given the speeifications on the frequency of osciliation
we= J0071ad’s and adjust amplitude of oscillation a1 @ =0.1.
0.2.03 vols. respectively.

First. consider the OTA nonlincar behavior in (15} with
{=1m4. weshould obtain ; = {.001tanhi20:}. but instead

we have obtained from Figure 4 and Equation (19) by expe-
riment
i, =0.0013anh(20v]

Then. w i) = 1 tanhe 201) can be obtained with an
50

additional amplifier of gain 13.385V/A at the output of the
OTA.

If there is no error in the equivalenr circuit of Figure 3
then ;i =0.001tanh(20v) therefore w ()= 1 tanh( 201

50

can be obtained with additional amplifier of gain 20 V:A at
the output of the OTA instead.

From i23). plot Dia) with respect to a, as shown below in
Figure 7.

e N

= ; |
Figure 7. Dxey for iy = —tanh 20y
50

With e, = 100 rad’s, we can calculate Q ata=0.1.0.2. 0.3
volts from (24). as shown in Table |.for

a(mv) | Dla)=1/0 0
0.1 0.224 4.464
0.2 8.064 §.064
03 | 119 11.90

Tablel. Value of amplitude @. describing functionD{(@)
and vatues of quality factor 0 .

Second, determine bandpass filter parameter R, with e,
= |00 rad’s and Q = 4.464, $.064. 11.90, as shown in Table 2
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Figure 8 Bandpess Filter wih differem O

The plot ef G (jes) and various -1 Dia) of the obtained
sinusoidal nonhnear oscillator is shown in Figure 9. The
graphs in Figure 9 intersect a1 0= 100 rad'sec and 2 = 0.1,
0.2, 0.3 volts. at these points G (j100) = 4.464. §.064, 11.90
respectively. The corresponding limit cycles are  stable
since points near the intersections and along the increasing-
a side of the curves -1 Diu) are not encircled by the curve
G lj(ul.

Figure 9. Plets of G (ew) and -1 Dia)

IV. EXPERIMENTAL RESULTS

The oscillation starts when applving a supply voltage to
the circuit without any external excitation. Adjustment in
amplitude of oscillation is done by varying R;. The oscillate
was implemented and recorded in ORCAD CAPTURE as
shown in Figure 10-12.
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Figure 12. Oxcillation &t 0 =11.905

V. CONCLUSION.

Experimental and simulation results show that the
nonlinear oscillators designed by this method oscillate at the
desired frequency of oscillation, while the amplitude of
oscillation can be independently adjusted by varying the
value of quality factor in the second order high-Q bandpass
filter. The results from real circuit are similar to all simu-
lation results from ORCAD CAPTURE and MATLAB.



These sauisty the design specifications on amplitude and
frequency of oscillation.

REFERENCES
i1} 3-JESioune, WLt “Applied Nonlinear Control”, Prentice-Hall inc.
91
i21 MK Khalil. “Nonlinear System™. New Jersey @ Prentice- Hail. Inc.

o2

14

73

Jeffersen W Hall JAlvin Counclis = An Elecronically Adjustable
Bandpess Filter™, IEEE-CNF 912 Aug: 1992 Pugeisilil6 - 1119
vell

PPrnmanumana, P.Raswsaiha, “A design of en OTA-based
Sinusoidel Nonlinesr Oscillawr™ The Proceedings of the 29
Flectnes! Engmeening Conterence. Chonbun. November 5. 10, 206
M Stoll lnrroduction o Real Analvsis, Addison
Ine 2001

Rehen ). Schilling. Hau Lee. “Engineening Analisis {A Vector Space
Appreschi™. John Wiley & Sons.Ine. 1927

Wesiev Longnun,



sz Ia1ve

- w [ a 4 o et o $ o o o
wedsTand vigud fadlofmisin 1 Sunan w2527 vanianis dsenalne
= a o = a s
wliyans augimnssumani MAddmnssuszuAIge o @anfumalulad
Y 9 ) o M e 9 =2 v o a o
wszveunA S InmNITAIAns e ol 2550 nazdhAnudoluszdulSyanIn nangns
Sranssumaasuiaudia MAINIANTINTZVUAINAY  ANIAINISNMAAT a0y

-1 ¥ ¥ o = -
malulabwszaoumnandigamnisaansziia lutlmsinu 2550



