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gl s g i 4 = ' A4 ' 4 2
A0/UADFNAWANNUD 0 D3 o, 1Az FIINNUDNGINDN @, Y11 Faansanaann

[l @ [}
aovauoinavina luFnnuivesrsessiai e 3.4

|Hjo)
A
Ko
Passband ’
Stopband Stopband
x > (1)
0 w, 0. o, (Rad/sec)

5UN 3.4 ManeuaueIMIvNATFIANINAYDI9INTDINNUDUDVHIUILUGANAR

i o ' ) 4 o ar '
Tasnaesnsesnnuduouriuszigduuaunisnilanduais Tounvuu luaion

naadlddaaums

)
0
HB.PF (S) = K - wpi, (3.8)
(s* + Q" s+m;)
P

3.2.4 29930599 NNDFUANNUDNOUNEA (Bandstop Filter)
T e el ek
2993503509AWBHDURYMYA 1TuI99snIBIRNDRRlANYIunUNgaeg TugI
: ¥ a 4 4 A
52N 19ANUDAN0INABINDAD 0, 1AY @, THIVNUOVANVDHILYIIIRS Tid04
T e e R 4 =2 ' ad ' £ 4
FAWHUADTIAWMANNND 0 D1 @, 1Az F1ANWINGIND @, 411 Feansonans

HANDUTUDINIVINA TR Nutvessiia ladegn 3.5
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H (jo)
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' 0 W, 0O, O, (Rad/sec)
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2. 2siuiiadyanai 19 R 1azC (RC-Oscillators) HogAIimauLuITY
- 299300aFAND3 RC UL Wien Bridge Oscillators
- 299590aFANOSRC U WNE (Phase Shift Oscillators)
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Ideal Voltage Arhpliﬁer

f Rp= % Gain = Ay 1

A
r3 c=\ \C Rr
Zp * Zs
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\
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/ +
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Ry g R, :

(V)
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3UN 4.3 29asATosiutiady v RC (1) 11D Wien-Bridge Oscillator

L

(V) 111 Wien-Bridge Oscillator a0 1% OP-AMP
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5.1 NIZUIUMSHAZIBNMTNIUL
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v e

1 5.1 msaeuvuiloundy (Feedback Connection)

8.2 ﬂaﬁ%’umn (Periodic Function)

° 3 a aa ad < w =
smuald vidhulSgiidaiiisn (Hilbert Space) vosilanduniu Taviinmiu 7= 27
w

=

S a o a a o ay
naglmdannInUndunuauysal (Complete Orthonormal Set) Tuilsgil v fAsil { |

sl

cos(aot), sin(wor), cosQaqt), sinaod), ...} Taviindnwaguaioluily

to+ L

i ff(:)g(:ur. v f VgeV

10~-5

< f(1),g(1)>

<u,v>
—‘l

M [ gl = 1 AU < f0), g)>] = ||Proj, f]| 1510 Proju =
i <v,v>
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o a ¢ A a o 1' a
U5 naiineNUMINIZNBNDVYITEI KoM INTENUFINIMNING

(Fourier Series or Orthonormal Expansion)

o v = : - o' a  an = d ar 3 ' 1
Amuald {x, )} Wuwaddeniminduuvauysailuligiigaisn aniud x uaaz

Frannsoouldiu

. PR, - W (5.1
x g:cc,vckwcJL ;Pro_;xkx )

— ' =1 9w o - ' as a
Snaumsi (5.1) A1 x ion1dfmeminm w) uazion <x, x, > Iuiludulszansoynsuy

o« 3 @ 5
1305 (Fourier Series coefficients) Y99 x 90 sin(wof) 1Az T =27 Wufo sin(w, (+7) =
. 5

sin(awqt ) ﬁd‘tfu
w(t) = y(A sin(wy(++T) ) = y(A sin(wgt)) (5.2)

o 3 & o o - = 3 =
ALY w(r)= w(A sin(wgt) ) i]tﬂcju'ﬁﬂﬂ"]fuﬂ1ﬂﬂuﬂ'mﬂﬂ Tllﬁzi]'lﬂl"liﬂl‘lﬁﬁlﬂﬂ'lﬂﬂﬂﬂ

¥
@ e d
M'lﬁJﬁll‘g'iilI{ 1 cos(agt), sin(mgt), cos(2awgt), sin(2wgt), } AIUUTIWITONTLIWDINN

ET

=

w(t) = Prqj.\.l w(t) + F’roj_,(2 w(r) + Proj_1r3 wi(t) + Prr)jx‘ wt) +...

=Proj, W)+ Proj oym MO +Proj g, s WO + Proj cogo yWMO + Proj g, o o WI-..

& a = o ad
Faeanmoueiinolugaumsyiios 1ddail

®

w(t) = f;ﬂ + ¥ [a,cos(nw,t) + b,sin(nwgt)] (5.3)

n=1

.P?'Oj cos(nay, ,,11(!‘2 £ f J"Oj singnay ”_H(_f) :
cos(payt) h sin(ra,t)

d g
Taoi —29:Proj,n(f), a,=

¥ " ' v
vonnmiundn Gs) duiludansesnnutuauruniin @ qe Wurineanul
damilsznounanuiiluanufifeaduanudvesdnynin (Fundamental Component) w, (1)

e " - 4 )
IMUUNIEHNUNIWIITIU Faeunsmioudums 18

w(t) = w, (1) = Proj cobtey W) +Proj g, o0

= M sin(w,t + @) (5.4)
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M(A.w,))= J “Proj e +%‘Pr'oj o W)u(t)“_ = J< w(t),cos(@,f) > +<w(t),sin(@yl) >*

(A, w,)=tan (< w(t),cos(w,)>/ < w(t),sin(w,l) >)
o

= " dor a g 3 o v:i"
uazamnsoWousgluglilandudadon 1adail

Wt +¢)

w, ()= Mej( =(<w(1),sin(m,t) >+ j < w(t) ,cos(my,t) >)ej(w”!) =(b+ja )ej(cu,,t)

o _a=t a < ar o
5.2.1 maindsmamalastalinieniinsan
watlastiafsnFuvosdui lidhuFadu 1dgminaue luguuudasdnsdou
' ~ = i o o o ' 4 ' ig v
vosdmilsznouinnunilunnuiReanuanuivesdya v seniuomynvesd i i

ihuFadurusuwnlugiuon land dude

: 5.5)
Did,my=2¢__ = e Sl i) (
1
44(,’] (C!)”t) AC”j (wﬂ’) A
iipa1n w() iluilandunnazvinauuag i luded 4 e , - Proj cosimo, ™ 9213
cos(nw,t)
s w(t),cos(@,t) > cos(,t)
; cos(@,t) < cos(ayt),cos(ayt) >
1199910 <cos(wpt), cos(@pt)>= 1
ala
i
a, =< w(t),cos(@t) >= — [ w(t)cos(@,t)d(w,t) =0
T+
o
AU
b, _swirhsma) > (5.6)

D(A,(u,,)=j= 3

1 ;
iy Lw(r)sm(wof)d(“’o')
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o W o ' a ¥ (- | ' a o o o o
Smdunsaivesnn ihudaduuuanaon suaalasteilandu D aduilandy

W91 4 AR 1TUAD DA, my) = D(A) 1aoh

D(A) = ﬁ [:s(t)sin(ﬁ?)d(ﬁ); 0 =,

5.2.2 MSPONIULIININIDINNHDDUHIY

-

5N 5.2 2993n309ANWDNOUHIMEUALADA (8]

3
@ A

AUMINUANYNZYDIINTDINNNANEURILEUT AT lug R 5.2 naaslddsdl

Gl =l (5.7)
S+ 205+ 0]

@, = - A (5.8)

CR

Q=2 =L[R3+R4J (5.9)
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5.2.3 anvazn o aduveloe(OTA)

Q; +V e
lea Qq
lea
i
W x > V out
Q;

k2
Q4 7 RL

Ve

U 5.3 209sauyadvasledie

' o o d = d 3 o d’
11031 5.3 nanannwdniuiszn et uynazo MmN 14l

exp[ qu—l
< SRR =TI, tanh{ v ] (5.10)
¥

o IS [
5.3 MSMUIUMWINNADIANI|VDITZUY

o w 0 a 9 - 4 o o - '
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v
dudvaauiuaall
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S +205+w,

e i - ' " p |
A w, AOAINIINEIT 1¥UU (Resonant Frequency) 1Azl 2a 112902141 (Bandwidth)

NivuaoL
. v ' il "
(Self-Excited Oscillation) 19811AMU0 @ - @, fatiudou lvveanisdunsoden lvuosdaiin

T 151800/3117 (rad/sec) Y94AINTDIANUDLOVAIY IMTTUIVVNTZAUANDA

Tmanne
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Ta @ iiludnlsznounmnn (Quality Factor) ¥04AINTBIANUDHAVAIM 1INAUMINS.11

< ol o ; L u’l = ' -
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¥
=
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< w(t),sin(w,t) > 2

D(A4) =
A Amx

f w(asin®)sinfd () (5.12)
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A Sinusoidal Nonlinear Oscillator with Adjustable Frequency
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MAPLE, ORCAD CAPTURE uas MATLAB

Abstract

This paper presents a sinusoidal nonlinear oscillator with adjustable frequency.The frequency of
cscillation is adjusted via the change of the center frequency of the second order band-pass filter
while keeping its quality factor constant. The describing function method is used to predict the limit
cycles and to analyze the stability of oscillation.The proposed circuit consists of two important parts in
the feedback connection configuration, an operational transconduclance zmplifier (OTA) as a
ncnlinear element in feedback path and second a bandpass filter in the feedfc;rward path. The experi-
mental results are simulated by computer programs such as ORCAD CAPTURE and MATLAB.
Keyword : OTA, describing function, nonlinear oscillator, frequency adjustment
e-mail address: nithima_hanmeng@hotmai.com

Introduction

A feedback connection configuration in Figure 1 consists of two parts, G(s) in the upper block is
a second order high-Q bandpeass filter element and (') in the lower block is a nonlinear element in
which we use operational transconductance amplifier (OTA).

An interesting methaod to analyze the nonlinear systems which oscillates is the describing function
method.The describing function method approximates nonlinear element by a linear one as a ratio of
the fundamental component to the complex excitation input. This method is also usable for analyzing
the magnitude stabilization phenomena in oscillators.

The Nyquist plot is a useful graphical method when used together with the plot of -1/D{a) in the
complex plane they provide an efficient way to find the existence of limit cycles and to check the
stabilities of these limit cycles. MAPLE and MATLAB are used in finding the numerical integration of

the describing function.

1 - - - o - o
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Figure 1. Feedback Connection
App;oach and Methods

Consider a nonlinear system in the general form of Figure 1. In order to develop the basic version
of the describing function method, the system has 1o satisfy the following four conditions:
1. There is only a single nonlinear component.
2. The ronlinear component is time-invariant.
3. Corresponding to a sinusoidal input y = a sin{w,f) only the fundamental component wy(f) in the

output w(f) = w (a sin (et )) has to be considered.

4, The nonlinearity is odd.

1.Periodic Function

Let V be a Hilbert space of periodic functions with period T= 2% The set | L coslmyl),

@, ¥2

sinleel), cos(2wut), sin(2wa), ...} is a complete orthonormal set in V with the inner product defined as

l|.1:E
<f)gl)= = % I‘)"’U)g(!)dr. for all f,g € V. (1)
to-L
111 U0 = 1, then [< A1), g(0}| = 1Proj, 1, when Projau i= ==y
<vv>

Proposition {Fourier or erthonormal expansion )
Let {.\"] be a complete orthonormal set in the Hilbert space V above. Then each x in V can be

expressed as

x:iﬂ:,xh >x = iProj_Y*x ; (2)

k=t

where the equality in (2) is in |, sense. We call <x,x, > the Fourier series coefficients of x. Since

sin{ewyt) has period T° =2_"‘. that is sin(w,(r+1) ) = sin{w.s ), then

@,
y (a sinlw,(t+T) )) = y (a sin(e) ) (3)
Therefore, wif)= y (a sin(w,?) ) is a periodic function with pericd T. and with the set{ %
2
coslewd), sinle ), cos(2w), sin(2w,1), ...} being complete orthenormal, we can write
w(t) = Proj w(t)+ Proj w(r) +Proj w(t)+ Proj w(1) +... r
=Proj w0 +Proj g MO+ Proj o MD + Proj s Wi + Proj e nW0-. (4)
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or wit) = % + fj [a,cos(nw,t) + b, sin(nw,) (5)

where f’zl: ij,u(;'}, a, = Proj g n W0 b, =Proj‘“.,,‘,,@,,.;1(r)
Furthermore, since G(s) used has high-Q bandpass characteristics, this implies that only the
fundamental component w,{f) is needed to be considered, namely
WO =W ()= Proj g W0+ Proj g 0 (6)
= M sin(@,t + @) (7

where

Mia,ay) .—_J IP"OJ.M = ,,u(r*1 +|Prty',,-,,‘ w,u{rf =J< wit).coslay) >+ < n(t),sinfef) > (8)

dia,,) = tan™ (< w(t) ,cos(e,1) > / < w(t) ,sin(@,t) >) (9)
This sinusoidal can be written in complex form as
w(t)= Me’ (ot +¢) = (< w(1),sin(@,1) > + j < w(r) ,cos(e,1) >)e'i (@) (10)
2. Describing Function Method
The describing function of the nonlinear element is defined to be the complex ratio of the

fundamental component of the output of the nonlinear element to the input sinusocidal, i.e.,

. > ; (ot
Dia,any= M08 +H G +io h (1)
i & - . %
et (@1)
For the case of single-valued nonlinearity as
S < w(i),sin(ew,t) > (12)

D(a)=é-"-
a a

since wir) is an odd function, a,is zero.
In order for a self-sustained oscillation of amplitude @ and frequency w;in the system of Figure 1

to exist the variables in the loop must satisfy the following relations:

w = Day
vy = -Gjogw
Therefore, we have v = - Gljowy) D(a)y. Because y £ 0, this implies
Gijwy) D) +1=0 (13)
which can be written as
Gyoy = 1 (14)
Dia)

Equation (14) is the condition of oscillation or so called the condition for existence of limit cycles.

Plots of both the frequency response function G{jw) (varying ) and the negatlive inverse
describing function (-1/Dla)) (varying a) in the complex plane are investigated. If the two curves
intersect, then there exist limit cycles.

Each intersection point of the curve Gljw) and the curve (-1/Dla)) corresponds to a limit cycle. If
points near the intersection and along the increasing-a side of the curve {-1/Dia)) are not encircled by

the curve Gljew) then the corresponding limit cycle is stable. Otherwise, the limit cycle is unstable. For
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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 cycle, while P, refers to the stable one.

Gliw)

3. OTA Nonlinear Behavior

Figure 3. OTA equivalent circuit
The simplified equivalent circuit diagram of an OTA is given in Figure 3. The input-output relation

with .
exp(g]—l 7 3
S =1mnh[—‘-] (15)

et kT
where v=V —Vv .and VT='—q—".

4. Obtaining a Mathematical Model of an OTA from an Experiment.
The OTA IC LM13600 is used as a nonlinear element for a nonlinear oscillator system in Figure 1.
An OTA is tested for its input-output characteristic by applying a triangular signal to the input of the

OTA and measuring its output as shown in Figure 4.

12¥%

3 Ryz=22k02

. 1 o= 1mA

Vo

LM12600

B i
| l l?u Four
; =12 ¥ J_ 5

=

Figure 4. OTA test circuit. -
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The input-output relationship obtained as an xy-graph shown in Figure 5, where x-axis and y-axis

represents V,_ and V_, respectively. Measured data from the graph of Figure 5 are shown as follows.

Vout

f

/

.

.

G 42 0 we nt ¥

Figure 5. Data fitting using a least squares method.

X

1] vy [-05 -04 -03 -02 -01 -008 -006 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 02 0.3 04 05
‘ =1 o &
vl 113 -13 13 213 <125 -1.18 -1.08 -085 -0.55 0 0.55 0.85 1.08 118 1.2513 1.3 13 1.3

L -

Fitting data by using least squares method

min 3 (- £1, ) (16)

i=1

where x = (g, b) and
fit, a, b) = atanh(bl); a=1.3
fit, b) = 1.3 tanh(bi). (17)
With the data from matrix above, summation in (16) can be expanded as

S = (y-fity, B+ (v fits, bW + ...+ (Voo fitu BY
=(-1.3 - fi-0.5 b+ (-1.3 - f-0.4 )’ +...+ (1.3 - £i0.5h))* (18)

Then differentiate (18) to find a minimum point (Sclution by MAPLE)
ds(b) _

—_— = b=20
db

4’54 _ 0008308718086 > 0.
db

Note thal the second derivative test above confirms that & = 20 is the minimum point.
By fitting the data to a graph of tanh function, and from the deriviation above, we obtain a practical
OTA characteristic as
You=1.3tanh(20v) (19)

So we can obtain our desired transfer function of w (v) = _1_tanh(20y) by cascading the OTA with
50

amplifier with gain 15.385 V/A.
5. Bandpass Filter Design
The second order bandpass filter in Figure 6, has bandpass filter characteristics of the form

—w,s

G(s) = — - (20)
5 4205+,
1
0, =— 21
@, e (21)
9 1R+ R, (22)
Q 2a 3[ R, ]
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iz
B :
" Ry i
R i AN -
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- Figure 6. Second order bandpass filter circuit [5]
The passive component values are chosen as Ri= R, = Rs = 100 kQ, C, = C,=4.7TuF , R; = 1kQ,
R: = 34.76 kQ (fixed Q =4.464) and the center of frequency can be adjusted by varying the value of
Ri=R.=R

6. Design Procedure

For the linear system in Figure 1 having bandpass filter characleristics of the for

Gls) = ——®5 __ where e, is the rescnant frequency and 2a is the bandwidth. If a self-excited
s 4205+
osciilation exists with the frequency of oscillation at @ = w,, then

Gjw,) =-22=-Q (23)

2a

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

beccmes

LIS S SN R T (24)
Q W, - G(j((),,)

where Qis the quality factor of the bandpass filter. The far right-hand side of (24) is the describing

function of the function w(), and for a fixed w(), it depends only on the magnitude of oscillation as
follows:

Dia) = < w(r).sin(w, 1) > -

= JW wia sinB)sin 8 d(6) (25)
a an

For known values of a and w,, Dia) is an equalion in only one unknown variable, a, and with
the aid of modern computers, one can sclve numerically for a given the condition for existence of limit

cycle or one can plot D(a) against a. From (24), in order for the limit cycle to exist it is required that

0<é=2—a<Dm=D(0) (26)

w,
as can be seen in Figure 7.
Example
Let us try to design an OTA-based sinusoidal nonlingar oscillator of constant amplitude 0.1volts

and adjust the frequency of oscillation between 120 rad/s to 12,000 rad’s.
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Step1. For an QOTA circuit in Figure 3, with / = 1 mA, we have i, =0.0013tenh(20v). Then

w(= ! tanhg 20y) can be cbtained with an additional amplifier of gain 15.385 V/A at the output of
50

the OTA.
Step?2. The plot D(a) with respectto a , for y (1) = ilanh( 20v), is shown in Figure 7.
50

Step3. With @ = 0.1 volt, we have 0 =_l_ =_1
D(0.1) 0224

mathematica! software such as MAPLE . By the way from equation (22}, we can set Q = 4.464 by

= 4.464, D (0.1) was evaluated numerically by a

setting R,= 1 k@ . R,= 12.392 k£. We can vary lhe frequency of oscillalion by changing the center

frequency in (21), as shown in Figure 8 and Table 1, to achieve the desire specification.

Gl VA
vex a
Drarsay H
;\ 4164-—-—*—-;—-——#.—-»“(_—-
Ll ! ’i} i “E,
o - ; 4 i i
- \ ' i i fil
m-c:nj—__ﬁ.r JI:II 1;1‘. f11
g " B! f {1
i [ i fd Lo
“{ | | £ \ ,r‘ | !_: :.: .‘-
' t FOE I W Y
1 L J l ‘\ 4 l \I[ \
!
2 volt Sl )( e
2 - L 23 s 120 1200 12000 Radisec

Figure7. Dia) for w(y) =—l- tanh(20y) Figure 8. Bandpass Filter with different e,
30

wy {rad’s) R
120 1773.0496 )
1200 177.30496 )
12000 17.730496 Q

Table1. Value of center frequency @, and R, .
Step4. From Figure 9, the starting point of -1/D{a} is -1/D(0) = -2.5 and the locus of -1/D(0.1)
intersects with the locus of G(jw) with @=120 rad/s when R = 1773.0496 Q, »=1200 rad’s when
R = 177.30496 Q, »=12000 rad/s when R =17.730496 Q at the point (-4.464, 0), therefore lhere exist
a limit cycle.The peint near the inlersection and along the increasing-a side of the curve -1/D{a) are

not encircled by the curve G(jw). This implies that the limit cycle is stable.
3

a=01
1D(0 )= - 4 464

W = 120 rad/se
W = 1200 red’sec
W= 12000 rad/sec

Figure 9. Plots of G {jew) and -1/D{a}
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Experimental Result

The output of sinusoidal signals with different frequencies of oscillation are shown in Figures10-

T
I

A i

— it Hl |

Figure 10. The signal at @, = 120 rad’s Figure 11. The signel at &, = 1,200 rad/s

YT VL1 11 TGRSR )

Figure 12. The signal at @, = 12,000 rad/s
Conclusion
The presented OTA-based sinusoidal' nonlinear oscillator with independently adjustable
frequency of oscillstion has confirmed the theoretical result. ORCAD CAPTURE, MAPLE and MATLAB
are the helpful computer softwares that can help us in circuit simulation, numerical integration and
graphical plots.etc. The describing function method is & very useful method to forecest the existence
of limit cycles and to determind the stability of the limit cycles .
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