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BIQUADRATIC FILTER AND PARAMETER DISPLAY o

Mr.NIVAT JAREANCHOL 326112

Mr.SINGTHONG PATTATIASATETANON

ADVISOR

ABSTRACT
. The thesis is made for studying the effects of sltering
pole and/or zero positions with displaying on the oscilloscope.
It's {mportant,because of these effects affecting the systen.
The biquadratic fillter circuit is synthesised in order to
change pole and zero by adJjusting resistance only and it is

used to display this experiment. The following step,the signal

from the system is taken on the oscilloscope.
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A

These characterization parameters can be employed in the
electrothermal equations to describe the temperature rise. For
cases where the power function is not a simple constant current
heating, the appropriate differential equation must be solved
In general, energy delivered in less than a third of a time con-
stant can be considered adiabatic. If the melting temperature
(6,,) is known, the functioning adiabatic energy (W) fol-
lows:

V= 0,,Cp. (10)

This equation provides a nominal energy requirement. Since
a wire with essentially all of its heat loss longitudinally down
to the posts has a quasi-parabolic profile [8], the peak tem-
perature at the center is greater than the average temperature.
Normal burnout occurs at the center of the wire; and, since the
electrothermal equations are based on average temperatures,
the true energy required is less than that calculated by (10).

It is also understandable that slow enérgy delivery will result
in <y playing an important role in the functioning time. Having
the electrothermal parameters provides the opportunity to
understand the burnout mechanism. All of the small-signal
extrapolations become invalid if wire movement or a weld
anomaly takes place.

s
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The above procedures and methodology for the electro.
ther\mal characterization of a fusible link provides avaluab]e
tool for both quality contgo! measurements and functiona]
perforinance analysis. Electrothermal characterization i
apphcab]c 10 a wide variety of systems providing that the mode]
is appropriate. This particular fusible link system agreed wel}
with this model.

Y
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A Generalized Biquadratic Filter with
Parameter Display

M. WAYNE CHOMIK

Abstract—An instrument that couples a new type of biquadratic
filter with a picture display capability of s-plane pole and zero locations
is described. The filter design allows easily movable, continuous, and
orthogonal pole-zero adjustrent by the vser of all possible stable
combinations of biquadratic functions. The resulting instrument
represents a uniquely useful educational fool for graphically portraying
the effects of network pole-zero positioning on time and frequency
domain responsc.

1. INTRODUCTION

HE CURRICULUM for studics in electrical engincering
at the college or university level traditionally includes
courses in circuit theory and system and signal theory. Thesc
courses are gencrally aimed at presenting basic s-plane con-

Manuseript received February 22, 1979; revised April 9, 1979,
The authors are with the Department of Electrical Engincering, University
of Toronto, Toronto, Ont. MSS 1A4, Canada.

. STUDENT MEMBER, 1EEE. AND ALAN J. COUSIN,

e

MEMBER, IEEE

cepts ard their interrelationships with time and frequency
domain behavior which form the groundwork for further study
in filter theory and system theory. When first introduced to
the concept.-of complex poles and zeros, students commonly
have problems visualizing the relationship between the fre-
quency and time domain responses and the s-planc locations.
Frequency domain bchavior usually is obtained by plotting
magnitude and phasc as functions of frequency. Analogously,
time domain behavior is obtained by solving and plotting the
system differential equation. The complexity of these functions
for even second-order systems makes qualitative csumauons
of system bchavior difficult.

In considering these problems, the necd for a clcar and
practical demonstration of the effects of system pole-zero
positioning has become evident. Our generalized pole-zero
filter was then envisioned as a second-order biquadratic Tilter
having movable poles and zcros that could be readily positioned

0018-9456/80/0900-0204500.75 © 1980 1IEEE
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in any stable location in the s plane by the user. A visual display
of the complex s plane is coupled 10 the filter controlling ele-
ments to indicate the complex positions.

11. TRANSFER FUNCTION REQUIREMENTS

When dealing with second-order sections, it is standard to
refer to pole and zero locations in terms of their «g and Q
values. Although it is possible 1o express every pole and zero
location in this way, wg and @ are not the most ideal parame-
1ers 10 choose for control of an instrument of this type. The fact
that wq represents a radial measure, and that Q is both de-
pendent on wp and related to the inverse of the real component,
makes the adjustment of respective pole and zero locations on
the visual display more difficult than an orthogonal arrange-
ment. To simplify the user’s control of pole and zero positions,
we have chosen to vary the real and imaginary components
directly. Direct variation of the real and imaginary components
zlso results in more simplified display circuitry if based on an
orthogonal coordinate system.

Since most biquadratic filter implementations have com-
ponent values based on wg and @, e.g., [1], conventional filter
svnthesis would entail simultaneous variation of at least two
szts of component values in a nonlinear fashion to achieve or-
ihogonal pole or zero movements. To avoid this requirement
it is necessary to realize a filter structure more amenable 10
¢rthogonal pole and zero movement that linearly varies as few
components as possible. In addition, the structure must be
fiexible enough 10 allow rezlization of all biquadratic functions.
Finally. for reasons of simplicity, the filter should be configured
so that pole and zero real and imaginary parts are controlled
by variable resistances.

As a first attempt, consider the integrator and differentiator
shown in Fig. 1. Straightforward analysis for the integrator
vields

Lo__ 1 __Rg (1)
v R, RpgCpgs + 1
which has a real pole at
= 1
RBCB
and for the dilferentiator
5'_Q=_RD(R(~C s+ 1) 2)
4] Rc B
which has a real zero at
|
s§=— .
RcCa

The general biquadratic transfer function can be expressed
2<
R (s+a)2+ b2,
(s+c)+4d2;
complex polesat s = —¢ 2 jd

G(_(’) = l_{) =
'y

(3)

complex zeros at s = —a =+ jb.

In order 1o utilize the differentiator and integrator blocks. (3)

205

Ca

(b)

“Fig. 1. (a) Classicz! integrator section. (b) Classical différentiator
section.
c, c;
1L I—"——
P R‘ R: R| 'R?
NP B
eR, o TR- v N [
] 1 "
8], =
JE Ry R, 7 R R,
e, !:l>‘J c,
Fig. 2. Direct synthesis of (5').
can be rewrittenas
2 1
s+ + -
,( R3C|) REC%
G(s)=K 1 12 :
s+ -+ 5 .
( . "chz) RiC3
1
complex polesat s = — +
pI" R:C: T RiGy
| 1 (4)
camplex zerosat s = = ——==%j
P R:C, - I RaCy

where the component labels are arbitrary at this point. Note
that the real and imaginary parts of both numerator and de-
nominator zre independently controlled by resistances R)-
R,
Rewriting (4) one obtains after some algebraic manipula-
tion
0 ° Ri{RCas + 1
R:Gis+ 1)y —R, )2
+ l‘it 3Gis ) ( 2
‘ -R3 RaCas+ 1
( 1 R )( ] R ) R,
+ Giy— - -
Ry RyCas+ 1} RiRACas+ V[ R,

where the psevipus integrator and differentiator arc apparent.
The circuit can be realized dircctly and is shown in Fig. 2.

(5)
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Fig. 3. Combized integrator-differcntiator section.

C;
R [

R,

I_{>‘___,v,

R,

4
L

d Le.
1]

C, C,
——{} =it

M| v
R Ry

Fig. 4. Sutzbilized contraction of Fig. 2.

The circuit implemeatation in Fig. 2 displavs two difficul-
ties. Firstly, the differentiator described by (2) is unstable in
practice without additional compensation. However, the term

" containing the differemtiator can be simultaneously realized

in total in one stable section as shown in Fig. 3. Using this dual
purpose section, (5) cam be rewritten as an impedance multi-
plied by a sum of curremts as

_ °R2 _ Do Rz l’,'R] ( "Rz )
YT RiCas+ 1| RIRGas+ 1. R: \RyGos 41
-R, {R3C|$ + ]J2
+o; SN
v (chz-‘ + x)l R, Y

By noting the common factor (R2/RyCss + 1), one integrator
section and the output ssmmer can be eliminated by injecting
the appropriate signal imto the summing node of the Jast inte-
grator in Fig. 2. This ceatraction also reduces the number of

tracking potentiometers. The resulting filter is shown in Fig...

4.

Although the directly realized circuit of Fig. 4 does imple-
ment the required transfer function, the pole and zero positions
are inversely dependent om the resistances Ri-R;. Asaresult,
these singularities can mot be forced onto either the real or
imaginary axis. Further, since these controlling resistances
appear more than once ia (6) and on Fig. 4, multiple tracking
potentiometers arc requised. Errors in tracking can lead to
large errors in positioning duc to the inverse relationship re-
quired. ¢

We now address this tracking error problem with a circuit
offering direct rather tham inverse resistive control over pole-
zero positions. In order to modify the transfer function ac-

AND MEASUREMENT. VOL. IM.29, NO. 3, SEPTEMBER 1980

cordingly, (4) can be rewritten as
2 2

) ( +RI;C5‘) +le2‘2‘

G(s) =Yo_ K 3G sl
i 2 2
(s + _57_2) 4+ RE

RIG) " Ric3’.
- complex zeros at s = —Rs
* R3C,

_RL
RIC,
"'R7 . Rg

complex poles at s = — <
piex p RiG, jRiCz'

+j
)

As before, the transfer equation can be rearranged as

2
—R,

R§R3) 1

Lo = —Yg
3 ( R{

“NRaCys + 52

R
R3C1.S"|'£é 2 2
R3 R,
+v,‘ R = R
—R; i
RyCos +—
\' 202 Rz

2

_R2

(®)

B
R\ Rs

R
RyCas +—
20> 2

Since these terms do not form standard filter functions, it
is cenvenient o synthesize the constituent blocks separately.
First, the basic integrator block can be defined as

Uo 1 ~~—R 2

=— 9
o R pS ©)

~ RyCos + —

. R,

and rewritien as
) Ry Lo , toRy , o;

o= —f— |- — —— 4 L 10
(RzC;zS + 1)( Ry R} R, (19

and directly realized by the circuit in Fig. 5. Then a combined
basic integrator~differentiator block can be synthesized from
the rewritten equation

o __ R Lo, toRy | u;
0 R;Czs-i-l( R." R TR, (RsCist1)
v, riRs
——+—={ (1)
RV R1)

.

and realized by the circuit shown in Fig. 6.

Armed with these two basic building blocks, the complete
circuit for (R) can be realized as shown in Fig. 7. Note that one
integrator scction is eliminated by injecting into the summing
nodc of the final integrator block. This circuit produces two
complex conjugate poles and two complex conjugate zeros and
is thus capable of rcalizing high-pass, band-reject, high-pass

g

i
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notch, and low-pass notch biquadratic filters. Minor modifi-
cations are required 1o allow realization of the remaining
low-pass, bandpass, and all-pass functions as will be explained
sulsequently.

H1. MoDIFICATIORS

A. Right Half-Plane (RHP) Zeros

The transfer function (7) can be readity modified 10 allow
RHP zeros at 5 = +(Rs/R2C)) + J(R&/RIC,) by incorpo-
rating a minus sign in the numerator to become

(c—&)2+ﬁ;
ﬂ’=x~ RIC)|  Ric?
bi (s ﬁ)’ _RE .

R3C, R;’cg‘

. R
i ———
TR
R

P
T Ric,

...R.’
RICG;
+Rs
RiGy

complex poles at s =

(12)

complex zeros at s =

The overall filter transfer function in (8) differs from (12) only
in the sign of one term in the integrator-differentiator block.
The integrator—differentiator block cquation can thus be re-

Final filter realization.

written to include the negated term as

& R3C1S —&
@:: —Rz ; R3 (]3)
v; R
" RaCas4 K2 ’
- R2

so that the rewritten form is_

-R, o, toR, ., p;
vg = =St T+ (RiCys+ |
- R2C25+ 1 [ Rz R% R3( 3tas )

" —ﬂ—ﬂ;i]. (14)
. .. R3 R3

Notice that this differs from (11) only in the sign of one term.
Therefore, the only circuit difference between lefi t (LHP) and
RHP zeros is the connection of the vi/R3term either tov; for
LHP zeros or to —; for RHP zeros. This can be implemented
with two wiring changes to Fig. 7 as shown in Fig. 8.

\

B. All Pole Operation .

Transfer function modification for low-pass (or all pole)
opcration requires the transfer function

bo_ K : as)
U; 2
(H ﬁ) + R
RiCs)  RiC3

N .
Al p@)é [ 1% .@ee‘llcm.
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:,-.f'{\\-hich can be rewritten in the form
-

. R2

vo= R4 (RzCzS +’lz

R}

L4

. Note that this differs from (8) only in the removal of the zero
% position terms and can be realized by the removal of the zero

producing sections from the circuit.

& (C. General First-Order Zeros
: To allow realization of first-order zeros in either half-plane,
o the transfer equation must be modified to yield one zero at
™ infinity and the other on the real axis. This results in
R
ey
v 3
-;? =K = T (17)
' (s + R ) A
R§C2 R;Cz
which can be rewritten using K = C;/C5Ry to yield
_ -R2 loR%R} _R2
Lo = R T “ops )
Ra|RyCas + =2 Fo\RAR Ry
4( 2 2S‘Rz) 4 2C2.¢+R2
R
R3C15 + L
5, R3 R,
+ o (1%8)
=R; R4

& RyCas + —
- R2
5 Equation (18) can be realized from the complete filter by in-
®  jecting the output of the first integrator-differentiator block

into the summing node of the output integrator block.

IV. CIRCUIT REALIZATION

The filter was realized with a pole-zerorange fromdc to 10
kNp and 10 kHz in the real and imaginary directions, re-
spectively. Potentiometers Rs-Rg were mounted on 1wo
joystick mechanisms—one for poles and onc for zeros. Com-
monly labeled potentiometers were ganged 10 the same shaft
as was an additional potentiometer used to control the visual
display positioning section. Additional switches were provided
to sclect RHP or LHP zeros (switch S5) and zeroth. first, or
second-order zeros (switch Sy). The complete filter is shown
in Fig. 8 where the circuit connections for obtaining first-order
zeros, RHP zeros, and the low-pass function arc indicated.

V. DISPLAY SECTION

For rcasons of availability, a standard laboratory oscillo-
scope with X'~} capability was used for the s-planc display.
Axcs, poles, and zeros were drawn using a multiplexed ar-
rangement. Zero circles were generated using simuliancously
sclected de-offset sine and cosine waveforms while poles

»

b . R2R2
R7) [—M+r,-]. (16)

-
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Fig. 9. (2) Filter display functional diagram. (b) Filter display timing
. dizgram.

(ideally x but displayed as +) were generated with sequentially
selected dc-offset sine and cosine waveforms. Pole and zero
locations are adjusted by summing de-offsct voltages o the sine
and cosine patterns. These dc voltages are derived from the
potentiometers ganged to the filter controlling elements. More
detailed operation is shown in the block and timing diagram
(Fig.9) and the circuit diagram (Fig. 10).

The use of the CMOS bilateral switches in the-Display
Multiplexer section represents a novel realization that tolerates
unipolar power supplies and logic signal while multiplexing
bipolar signals. Additional details of this portion of the circuit
can be found in {2).

VI. EXPERIMENTAL RESULTS

Scveral examples of instrument operation illustrating
pole-zero location displayed on an oscilloscope in the X-V
mode. and the corresponding frequency and siep response, are
given in Figs. 11-13. Note that the filter display provides rcal -
and imaginary axcs as a guide 10 pole and zero placement. The
accompanying frequency responses were obtained using an
HP3580A spectrum analyzer with a logarithmic magnitude
axis and a linear frequency axis for illustrative purposes. The
displays arc deliberately uncalibrated since the intention is 10
present qualitative results. The step responses are shown with
the input waveform (1-kHz square wave) for comparison.
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Yis

v

Aar

Fig. 12. Amplitude equalizers.:(a) Pole-zero diagram (the pole locations
for each equalizer remain fixed while the zero locations are moved on a
constant wy circle). (b) Frequency response (the responses for the two
equalizers have been intentionally sepzrated for clarity). .

The instrument was demonstrated to studerits taking senior

aundergraduate and first -graduale level courses in filter theory

in coordination’ with lecture discussion of biquadrafic filter
properties. The response was exceptionally favorable and easily:
clarified misunderstandings while at the same time being easy
‘to use.

#

V1I. CONCLUSIONS

An instrument that realizes and displays all possible stable
biquadratic functions with orthogonally variable pole-zero

positions has been presented. The necessary development of
a unique biquadratic filtér section has been given in some detail’

along with the mating graphic display circuitry. Several ex-
amples of possible conligurations have been demonstrated
allowing an immediate visual linkage betwéen the pole-zero
plot, the time domain response, and the frequency domain
response. Perhaps more importantly, the dynamic effects of

pole-zero movement on the time and frequency response can.

be appreciated in rcal time. The instrument represents a useful
educational tool which draws favorable comment from all
uscrs. Several iterations on the basic capability have been

"Fig. 13. Low-pass notch filter. (2) Pole-2cro diagram. (b) Frequency
response. (¢) Step response (1-kHz square wa_vc).

‘proposed including digital frcgucnéy and neper in'gifcalion,
phase and group delay representations, and attenvation and
transmission nodes. -
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