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ABSTRACT

In the dynamic system, the output of the system needs to minimize the steady-state-error
in order to reduce the delay time of the output. Commonly, the improving of delay time and
frequency response of the system uses the integer operators in which the steady-state-error is still
exist at the output. Also the peaking of magnitude response in the cut-off frequency is introduced at
the frequency response of the system.

This thesis presents the Fractional-Order functions as operators to reduce the attenuation
of the output and having linear phase response that the system can be optimized. The Proportional
Integral Derivative ( P/ *D*) controller circuit that employs half of integrator and differentiator
operators and the low pass filter circuit that the Fractance circuit associates with the integrator
circuit are used to verify the proposed method. Both circuits are designed using operational
transconductance amplifier (OTA) to work as the current mode.

As the simulation results that using ORCAD PSPICE to model PID controller circuit
with the proposed method, it is found that the minimum of steady-state-error and less delay time
with faster frequency response are provided when compare to the tradition method. For the OTA
low pass filter circuit the result shown that the proposed method can provide the flat passband and
reduced the peaking problem. Also the linear phase response in high frequency switching and its

frequency response are given the better performance than the classical method.

Keywords: fractional-order, proportional integral derivatives circuit (PID), low pass filter circuit,

operational transconductance amplifier (OTA)
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I t ’\p LT1228

TECHNOLOGY

FEATURES

m Very Fast Transconductance Amplifier
Bandwidth: 75MHz
Om =10 x Isgr
Low THD: 0.2% at 30mVpys Input
Wide IgeT Range: 1pA to TmA
m \ery Fast Current Feedback Amplifier
Bandwidth: 100MHz
Slew Rate: 1000V/us
Qutput Drive Current: 30mA
Differential Gain: 0.04%
Differential Phase: 0.1°
High Input Impedance: 25M<, 6pF
m Wide Supply Range: £2V to 15V
= |nputs Common Mode to Within 1.5V of Supplies
= Qutputs Swing Within 0.8V of Supplies
= Supply Current: 7mA

APPLICATIONS

u Video DC Restore (Clamp) Circuits
® Video Differential Input Amplifiers
u Video Keyer/Fader Amplifiers

n AGC Amplifiers

® Tunable Filters

100MHz Current Feedback

Amplifier with DC Gain Control

DESCRIPTION

The LT®1228 makes it easy to electronically control the gain
of signals from DC to video frequencies. The LT1228
implements gain control with a transconductance amplifier
(voltage to current) whose gain is proportional to an exter-
nally controlled current. A resistor is typically used to
convert the output current to a voltage, which is then
amplified with a current feedback amplifier. The LT1228
combines both amplifiers into an 8-pin package, and oper-
ates on any supply voltage from 4V (£2V) to 30V (15V). A
complete differential input, gain controlled amplifier can be
implemented with the LT1228 and just a few resistors.

The LT1228 transconductance amplifier has a high imped-
ance differential input and a current source output with wide
output voltage compliance. The transconductance, g, is
set by the current that flows into Pin 5, Iggy. The small signal
Om s equal to ten times the value of Iggr and this relationship
holds over several decades of set current. The voltage at Pin
5 is two diode drops above the negative supply, Pin 4.

The LT1228 current feedback amplifier has very high input
impedance and therefore it is an excellent buffer for the
output of the transconductance amplifier. The current feed-
back amplifier maintains its wide bandwidth over a wide

» Oscillators range of voltage gains making it easy to interface the
transconductance amplifier output to other circuitry. The
current feedback amplifier is designed to drive low imped-
ance loads, such as cables, with excellent linearity at high

7. UTC and LT are regi of Linear Tachnohgy Corporatio frequencies.

T'"’Icr‘“. nppllcn“m quuency Response

(]
Differential Input Variable Gain Amp - [ -
1B g o [ lser=1ma
R3A =
+ ‘lg‘v‘- - g 8 \
>
R Y C 5 [
o i
sV ’ -8
s Sm | s Ad i Isgr = 1000A
a2 2Mma 1 HIGH INPUT RESISTANGE 2 :Em]]ﬂ
1 ) EVEN WHEN POWER IS OFF 100k 0] [ 100M
= = = < 184 < GAIN < 208
L & = = Vs Vs o FREQUENCY (He)

Ly ER 1
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11228
ABSOLUTE MAXIMUM RATINGS PACKAGE/ORDER INFORMATION
(Note 1) TOP VIEW ORDER PART
SUPPIY VOIAGE .ocovvvervsrvre s 18V toor T —=_ ]3] aam NUMBER
Output Shot Gt Duraton (Note ) - Gontnuous |~ EZ8Y B LT1226008
it e e o 3] [E] Vour LT1228CS8

Operating Temperature Range v aps

wu b 0°C070°C | oo oo |20 PART MARKING

LT1228M (OBSOLETE) .............. -55°Cto 125°C S-LEAD PLASTICDIP  8-LEAD PLASTIC S0IC 1228
Storage Temperature Range................... -65°C to 150°C brmsaphdespgeteit
Junction Temperature :

Plastic PACKAGE ...........ccuvrurrmererrrerceirecreerinns o e o ORDER PART

Ceramic Package (OBSOLETE) ..... Tawoc=T75°C, B =100°GW () NUMBER
Lead Temperature (Soldering, 10 sec) LT1228MJ8

LT1228CJ8
0BSOLETE PACKAGE
Constder the N8 or S8 Packages for Alternata Sourca,

Consult LTC Marketing for parts specified with wider operating temperature ranges.

E LGCTB |(ﬂl CHHBHCTGBBTKS The e denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Current Feedback Amplifier, Pins 1, 6, 8. +5V < Vg <+15V, Iggr = OuA,

Vem = 0V unless otherwise noted.

SYMBOL | PARAMETER CONDITIONS MIN TYP MAX UNITS
Vos Input Offset Voltage Ta=25C 3 +0 mvV
[ ] +5 mv

Input Offset Voltage Drift [ ] 10 uv/ e

It Noninverting Input Current Ta=25C 03 43 HA
) +0 pA

N~ Inverting Input Current Ta=25°C +0 465 pA
© +100 pA

e Input Noise Voltage Density f=1kHz, Rp= 1k, Rg = 102, Rg = 002 6 nVAHz
In Input Noise Current Density f=1kHz, Rp= 1k, Rg = 109, Rg = 10k 14 pVAHZ
Rin Input Resistance Vin=+13V, Vg = +15V [ 2 25 MQ
Vin =+3V, Vg =+5V ° 2 25 MQ

Cin Input Capacitance (Note 3) Vg =+5V 6 pF
Input Voltage Range Vg =+15V, Ta=25°C #H3 +135 v

e | #H2 v

Vg =+5V, Ta= 25°C +3 435 v

| 2 v

CMRR Common Mode Rejection Ratio Vg = +15V, Vom =413V, Ta= 25°C 55 69 dB
Vs = +15V, Vem = +12V ®| 55 dB

Vg =45V, Vom =3V, Ty = 25°C 55 69 dB

Vg =15V, Vom=2V ®| 55 dB

Inverting Input Current Vg=+15V, Vom=+13V, Ta= 25°C 25 10 wAN

Common Mode Rejection Vg=+15V, Vg =£12V [ ] 10 nAN

Vg=+5V, Vom=+3V, Ta= 25°C 25 10 uAN

Vg =+5V, Vo= +2V ° 10 uAN

PSRR Power Supply Rejection Ratio Vg =2V to +15V, Ty = 25°C 60 80 dB
Vg =43V to +15V e | 60 dB

Ly e
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GLGCTB'C“L CHHBHCTGRIS'I‘ICS The @ denotes the gecilimion: which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Current Feedba

Ve = OV unless otherwise noted.

Amplifier, Pins 1, 6, 8. +5V < Vg <+

15V, Iger = OpA,

SYMBOL | PARAMETER CONDITIONS MIN TYP  MAX | UNITS
Noninverting Input Current Vg =42V to £15V, Ty = 25°C 10 50 nANV

Power Supply Rejection Vg =43V to +15V ° 50 nAvV

Inverting Input Current Vg=+2Vto 15V, Ty = 25°C 0.1 5 HAV

Power Supply Rejection Vg =43V to +15V [ ] 5 HAV

Ay Large-Signal Voltage Gain Vg =15V, Vour =10V, RLoap = 1k ° 55 65 dB
Vg =45V, Vgyr = +2V, R gap = 1500 L[] 55 65 dB

RoL Transresistance, AVoyr/Alw~ Vg =+15V, Vout =10V, RLoap = 1k ° 100 200 kQ
Vs =+5V, Vout = +2V, Rioap = 1500 e | 100 200 kQ

Vour Maximum Output Voltage Swing Vg =+15V, Ryoap = 4009, Ta=25°C +2 H35 v
e | 0 v

Vg =5V, Rgap=150Q, Ty = 25°C 3 3.7 v

e 25 v

lout Maximum Output Current Rroap = 00, Ty=25°C 30 65 125 mA
[ ] 25 125 mA

lg Supply Current Vour = 0V, lser= 0V ° 6 11 mA
SR Slew Rate (Notes 4 and 6) a=25°C 300 500 Vius
SR Slew Rate Vg =+15V, Rp= 7509, Rg= 75040, R = 4000 3500 Vius
tr Rise Time (Notes 5 and 6) Ta=25°C 10 20 ns
BW Small-Signal Bandwidth Vs =15V, Rp= 7508, Rg= 7500, R =100Q 100 MHz
t Small-Signal Rise Time Vg =15V, Rp=7500), Rg= 7500, R =100Q 35 ns
Propagation Delay Vg =+15V, Rp= 7500, Rg= 7504, R =10002 35 ns

Small-Signal Overshoot Vg =15V, Rp= 7500, Rg= 7509, R =100Q 15 %

ts Settling Time 0.1%, Vour=10V, Re=1k, Rg=1k, R =1k 45 ns
Differential Gain (Note 7) Vg =+15V, Rp= 7500, Rg=7500, R = 1k 0.01 %

Differential Phase (Note 7) Vg =+15V, Re = 7500, Rg= 7500, R = 1k 0.01 DEG

Differential Gain (Note 7) Vg =+15V, R = 7500, Rg= 7500, R = 1500Q 0.04 %

Differential Phase (Note 7) Vg =+15V, Rp= 7500, Rg= 7500, R = 1500 01 DEG

EI.GCTBICHL CHHBHCTEBISTICS The @ denotes the specificafions which a})

temperature range, otherwise specifications are at Ty =

100uA, Vgp = OV unless otherwise noted.

25°C. Transconductance Amplifier, Pins 1

.

ply over the full operating
3, 5. +5V < Vg < +15V, lggr=

SYMBOL | PARAMETER CONDITIONS MIN TYP  MAX | UNITS
Vs Input Offset Voltage Isey = 1mA, Ta=25°C +05 15 mV
] +0 mv

Input Offset Voltage Drift ° 10 uv/°c

log Input Offset Current Ta=25°C 40 200 nA
» 500 nA

lg Input Bias Current Ta=25°C 04 1 pA
[ ] 5 vA

ey Input Noise Voltage Density f=1kHz 20 nAHZ
Rin Input Resistance-Differential Mode Vi =+30mV ®| 30 200 kQ
Input Resistance-Common Mode Vg = +15V, Vgm = 12V ®| 50 1000 MQ

Vg =15V, Vg =£2V L ] 50 1000 MQ

Cin Input Capacitance 3 pF

LY e
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GLGCTBKRL CHHBRCTGBISTICS The @ denotes the specifications which apply over the full operatin

temperature range, otherwise specifications are at Ty = 25°C. Transconductance Amplifier, Pins 1, 2, 3, 5. 5V < Vg < +15V, 135 =
100uA, Ve = 0V unless otherwise noted.

SYMBOL | PARAMETER CONDITIONS MIN  TYP  MAX | UNITS
Input Voltage Range Vs=+15V, Ta= 25°C +3  +4 v

Vg=+15V o | 2 v

Vg =45V, Ty =25°C +3 + v

Vg =15V o £ v

CMRR Common Mode Rejection Ratio Vg =+15V, Vom= 113V, Ty =25°C 60 100 dB
Vg =15V, Vgu=H12V e | 60 dB

Vg =45V, Vom=+3V, Ta=25°C 60 100 dB

Vg = +5V, Vo = 2V o | 60 dB

PSRR Pavier Supply Rejection Ratio Vg =2V to +15V, Ta= 25°C 60 100 dB
Vg =+3V to +15V e | 60 dB

Om Transconductance Iger = 100uA, lgyt = +30pA, Ty = 25°C 075 100 125 | pA/mV
Transconductance Drift [ -0.33 %/°C

lout Maximum Output Current Isgr = 100pA e| 70 100 130 pA
loL Output Leakage Current IsgT = OuA {+y of CFA), Ty = 25°C 03 3 WA
L[] 10 pA

Vout Maximum Output Voltage Swing Vg=+15V Rl =z o ® |+13 14 Y
V=45V Rl == ® |+3 +4 v

Rg Output Resistance Vg = +18V, Vgyr=+13V e 2 8 MQ
Vs =45V, Voyr =43V e | 2 8 MQ

Output Capacitance (Note 3) Vg =15V 6 pF

I Supply Current, Both Amps IsgT = 1mA [ ] 9 15 mA
THD Total Harmonic Distortion Vi = 30mVpys at 1kHz, R1 = 100k 02 %
BW Small-Signal Bandwidth R1 = 500, lsgr = 500pA 80 MHz
t Small-Signal Rise Time R1 = 5000, Iggr= 500pA, 10% to 90% 5 ns
Propagation Delay R1 = 500, Isgr= 500pA, 50% to 50% 5 ns

Note 1: Absolute Maximum Ratings are those values beyond which the life
of a devicz may be impaired.

Note 2: A heat sink may be required depending on the power supply
voltage.

Note 3: This is the total capacitance at Pin 1. It includes the input
capacitance of the current feedback amplifier and the output capacitance
of the transconductance amplifier.

Note 4: Slew rate is measured at +£5V on a £10V output signal while
operating on +15V supplies with Rp= 1k, Rg =110 and Ry = 4006 The
slew rate is much higher when the input is overdriven, see the applications
section.

Note 5: Rise time is measured from 10% to 90% on a +500mV output
signal while operating on +15¥ supplies with Re = 1k, Rg = 1100 and
Ry = 100£2. This condition is not the fastest possible, however, it does
guarantee the internal capacitances are correct and it makes automatic
testing practical.

Note 6: AC parameters are 100% testad on the ceramic and plastic DIP
packaged parts (J and N suffix) and are sample tested on every lot of
the SO packaged parts (S suffix).

Note 7: NTSC compaosite video with an output level of 2V.

Note 8: Back to back 6V Zener diodes are connected between Pins 2
and 3 for ESD protection.

L UneAR
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TVPICﬂL PGBFOﬂm I'-InCG CHHB HCTERISTICS Transconductance Amplifier, Pins 1, 2,3 &5
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WPICHL PERFORI'II ﬂl’lCG CHHRHCTGBIS‘I’IC&umm Feedback Amplifier, Pins 1, 6, 8
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TYPICAL PERFORMANCE CHARACTERISTICS current Feedback Amplifier, Pins 1, 6, 8
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TYPICAL PERFORMANCE CHARACTERISTICS current Feedback Amplifier, Pins 1, 6 & 8
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Implement the Fractional-Order, Half integrator and
Differentiator on the OTA base PI*D*

Controller circuit

Tanet Suksang
Electronics and Telecommunication Engineering Department
Rajamangala University of Technology Thanyaburi
Pathumthani, Thailand

Absrrac— Proportional integral-derivative (PID) control is one
of method to use in the control system or feedback control . In
this paper presents thj oBtimum output of controller by used the
fractional-order PI'' D" is verified on the operational
transconductance amplifier ( OTA) analogue circuit.The method
of approximation function and circuit design are presneted and
shown simple of fracfion-order FI o design for filter.The
results  shown  that Implement the Fractional-order
prp provides the minimum of steady-state error and
improved delay time at the output of controller

. i
Keywords—fracfional-order PI o sfranscondnctance
amplifier; fractional-order rational approximaftion; fractional-order

PIJD” design
I INTRODUCTION

Recently many research have been improved the
performance of the PID confroller by optunum parameter
tolerances such as whose contributions of the upper bound of
the relative error [1] and the realization the analogue circuit
using the MOS transistors. It 1s complicate for the transistor
dimension and specific characteristics are not available on the
market today and need lead time to design and fabricate. when
we need to nnplement some parts m the circuit application
which to eliminate errors are from gain amplifier or external
disturbance that we have to use the available IC to use in the
circuit design together with the a mathematic theory and this 1s
a fractional-order theory and expected to evaluate the positive
effects of fraction-order such as increasing the relatrve
stability and increasing gain with slope 20 dB/dec in the
frequency domam to realization in analogue circmt which 1is
OTA represented.

IC LT1228 OTA has been chosen to simulate and
verification the fractional-order BI* D theory.

The PI*D* Controllers design [2] deseribes as following the
system model 1s assume m equation (1)

bs* +b,s™ + b s™ )

Gis)=—:
4™+ a5+ +a, s +a,s™

978-1-4673-2025-2/12/831.00 ©2012 IEEE

Wisit Loedhammacakra. Virote Pirajnanchat

Electronics and Teleconununication Engineering Department
Rajamangala University of Technology Thanyabur:
Pathumthani, Thailand
wisit@rmutt.ac th, virote.p@en.rmutt.ac.th

The fractional-order 1s a branch of mathematical analysis real
number of complex number of differential operator as
equation (2). Half-derrvative

Hlf(-f)=£2f(x]=if[r)=f'(r)%{i) @
flx)=x" =21

_i T )
S (W)= f )=k 22

Substitute equation (2.1) and (2.2) in (4)

« 1 _
d—_\"’ g kT, yF= _ substitute factorials with the
ax” (k—a)!
grammar function. Here is a yield of fractional equation (3).
a
@ e T(eAD) 4, @)
dx T({k—a)

The fractional-ordar 2I* 0¥ can be re-written in equation (4).
ity = Kpech + T LDF"L@UJ + Tani ety (€Y

To design of fractional-order PI Ap# requires the variables

@0 A NKLK LK these seven parameters are

determined.

This paper presents the implementation of the fractional-

order on the OTA base Pr*p* controller circuit by implement
the fractance elements both integrator and differentiator on the
PID controller circuit that is realization circuit, verification
and simulation.

I FRACTIONAL ORDER IN FREQUENCY DOMADN

The transfers function of fractional-order mtegrator [3] in
the frequeney domam represented in Figurel.
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Figure 2. MMagnitede and Phase Sede plot of the mtegrator §

In Figure 2, Magnitude and Phase bode plots of fractional-
order integrator that the integrator orders = 5% We
discovered both of magnitude and phase are overlapping at
frequency range 107~ 10% radis. Tt is corresponding  to

fracticnal-order theory.

III. REALIZATION OTA BASE PID WITH THE FRACTIONAL-
ORDER

The operational transconductance amplifiers ( g, ) on

circuit can be adjusted by confizuration zfm follow as

equation (5).

g.=10 1, ()

The transfer function of PID Classical model [1] 15 described
in equation (6.

Vo, Ti
Gls)=—L =K, +—+57, (8)
Vi 5

ol
where I, is the output voltage. I, s the input voltage, Kp
is the proportional gain. T, 4s the integral gain and Tjis the
derivative gain. The realization of the OTA fractional

integrator base om the PI*D* controfler circuit shown in
Figure 3.This circuit has been [2] simulating by ORCAD
PSPICE, apply 51" and configuration the transconductance

amplifiers { g, )} on circwmt as following
gml = gmS5 = gm6 =2md/ V — Iret = 200ud

gml=pgmi=gmid=gmT=gmd=02md/]" = Jset = 20nd
The Fractional-crder integrator elements of ecirewnit have
comected to gmd . It's a I; integrator of PID circwmt to
eliminating the steady-state error. The Fractional-crder
differentiator elements connected between gmland gm3 Itf's
a Iy differentiator of PID circuit to reduce the overshoot to an
acceptable level and gm3 and gm8 are the proportional gain of
circuit.

I 'h—L 1

Fizure 3. OTAhase FI° D" cieuit (vellow block 12 represented of
fractional-oidar inteziator and green block is reprasented of fractional- ordar
differantiator)

4. Experiment Optimize Cuiput of PID Civcuir without the
Fractional Elements
In Figme 4, we have simulated the OTA base PID curcuit
[1] without the fractional elements by configuration the gzain
of equation (7) as following

5
e
gmi
gmdgm?
il ©)
C gmé
1C_gmb
T BB
gmlgm3gm8

where C,is the differentiator capacitor and Cyis the integrator
capacitor.
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Fizure 4. Eesult of sireulation of the OTA base PID cowemt

As we seen the waveform in Figure 4. and the pink line
shown the good result 15 correspond to the PID theory. The
pink line is represented of capacitor value iz IpF. It 4s
satisfactery result to apply in both integrator and differentiator
on the circuit.

B. Fractional-Ovder Integrator

The fractional integrator is a half-integrator [4] with
truncated transmission model where current I{:) is input and
voltage I'(:) is the output describes in equation (8) and Figure

y Fls) 1
G(s)=——=R,+ - (8}
I{s) C,+ s
g 1
a4+
Cs, + : 2
R+ -\
: 1
C.+—
I{s)
s By Iim R,

o

Fizwre 5. Fractional-order mtegrator covenit
For resistor and capacitor values, we choose approach with the
frequency band of practical interest.
C. Fractional-Order Differentiator
The Fracticnal differentiater is an analogue to  the
admittance T (:) of a resistor parallel with RC cells [4] as
shown in Figure 6. describe i equation (9).

N f y
}v[5]=i+‘}_' —JC'; | (9)
R_, =T\ 1+sRC )

Figure 6. Fractional differentiazor cirewdt

The resistors and capaciters values fractional differentiator in
2 given frequency band of practical interest are describe in
equation (10).

R =

“

1
—.C =K (10)
G|| '

D. Fractional Rational Approximation

An approximation formula is obtained a rational transfer
function whose frequency response fits the frequency response
of the original order transfer function

where r = jeris the complex frequency, Aand f are positive
real number thea can be written in eguatien (11).

[ERNIETES an

1]

oo I
Glz)=Ekp +I =
To verify the fractional theory with realizationm by
implemented the fractional integrator and differentiator cn the

circuit in Figure 3. and used the proportional gain K, =10,

the intepral gain=T, = " and the derivative I, =55 and

operates with the fractional-order both integrator and
differentiator the result shown in Figure 7.

i

o™
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The waveform in Figure 7. after we have mmplemented the
fractional-order elements both integrator and differentiator
circuits on the transconductance amplifiers base PID circuit in
Figure 3. then simulating by wsed same conditions unit step
input, initial value 0 wvolt, final of input 2 volts, delay time 10
ms. rise time and fall time are los, pulse width 0.13 and pericd
is 0.25. Comparison waveform in Figure 4 Vs Figure 7. shown
that the fractional-order element circuits and output veltage of
circuit 15 beginning start up below the input voltage level. It
seems output start from the negative voltage level and
satisfactory for steady-state error, overshoot, tramsient
response and mimmum delay time at the output.

IATS EXAMPLE THE FRACTIONAL ORDER. I D" DESIGN

To design the fractional-order PI* D controller [3]. this
15 given the example transfer fopction as following (This
example transfer function refer to transfer function of LPF for
future verify).

1
¥ 4005 roog Y r3325™ 41

Glz)=

The integrator of PID order design as below

+ 030765

y

FER oy |

Gy =47960| 1+
| 5.63155

For this example given the frequency band of practical interest
are (. Gg=0.01.100 rad/s. e=107". = 100 c3x= 10" rad's.

Efop Responss of Fractionsl ok

tergi sk

ol 5 (ORI T (] il
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Figme B Step responsa of PID contrel Aactional
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Tigae 9. Phaze and Mazutude Bode plots of PID fractional coder and

approximating 1ztional fction

In Figure 8, shown the step response of PID controller
fractional order and owvershoot transient response are
satisfactory results and Figuye 2. Phase and Magnitude
response bode plots are consistency with the design
parameters. In phase plot by -m2. It shown increasing gain
with slope 200 dB/ dec and the frequencies band of practical
interested are overlapping as specified. It also had shown the
high-order approximation in the fesdback control system i3
Very accuracy.

V. CONCLUSION

This paper presents the implementation the fracticnal-order
method on the operational transconductance amplifier (OTA)
base PID circuat by used approximating fractional integrator
and differentiator methods and the elements of fractional
circuits have been replaced instead of capacitors are on the
classical model of OTA base PID circuit. It also had shown the

example the fractional-crder PI*p* design. A step response,
phase and magnitude bode plots are good results and
acceptable according to the fractional-crder and PID theories.
It 15 sumple to apply this technique to analogue circuits design
and gain of comtroller, minimum the steady-state error and
improve delay time at output of controller in the feedback
control system or advantage in analog filter design.
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Tunable OTA Low Pass Filter with the
Fractional-Order step Technique

Tanet Suksang
Electronics and Telecommunication Engineering Department
Rajamangala University of Technology Thanyaburi
Pathumthani, Thailand
Tanet 553 @yahoo. co.th

ABSTRACT— This paper presents the tunable wechnique of the
analeg filter at high frequency fp = 1| MHz by uvsed the
Fractionad-order {n+a') step, where 0 is an original of integer-
order on circuit and @ s an approximation erder skwp
O=g<]l, An approximation order is designed from the
Fractance circuats, and also presents the approximation function
of the Fractional-order Laplacian 5% design on the OTA low-
pass filter circuit. This circwit used single active component. 0TA
and CFA components are in moncfithic chip (1C LT1228.The
CFA design with the Fractional-order elements to feedback
control the OTA for relative stabilty gain of amplifier. The
results shown that tunable flter by Fractional-order step

limique provides the flat passband and reduced the peaking
problem and improved dope of magnitude respense of filier and
result comparable with high-order filters.

Keywords— Operation Transconducance; Fractional-wrder;
Low Pass filter; Fractance circuity

[ INTRODUCTION

The fillers are electronics circuit used in the signal
processing for attenuation of unwanted frequency [1]. and
many research presanted and designed the Fractional-order
low pass filter by vsad the OP-AMP (Oparation Amplifier)
and not designed at high frequency. This filter has bean
designed by used the operation transconductance amplifier
(OTA) designed with the Fractional-order calculus (o improve
the performance of filer. 1C OTA LTI1228 (Linear
Technology) provides one of the largest bandwidth and
available on the market today and this is the reason why it was
salzctad 1o desipn and simulation, The structore of filter has
designad by mfer to the Butterwarth model. Why we choos
the Fractional-order theoratical to implemeant on the OTA low
pass filter because we would liks to use the positive effects of
the Fractionalkorder behavior to increase relative stability in
the frequency domain by the =2 phase, increase pain with
slope of 20 dB/dzc and reducing the steady-stat2 errar.

The frequancy response of the generalize filtar. 1t is a ratio
aof two polynomials, 1t can be writen in aquation (1),

N

=g t
()

The roots of the denominator polynomial Nis) are called

polkes and the oots of the numerator polynomial D(s) ar refer

Virote Pirajpanchai. Wisit Loedhammacakra
Electronics and Telecommunication Engineering Department
Rajamangala University of Technology Thanyaburi
Pathumthani, Thailand
wirole. p@en.rmutt ac.th, wisit@rmutt. ac.th

to as zeros. The Fractionalorder derivative is defined,
according to the Riemann-Lowville definition [2] in equation
2.

d" L d 3
R R T ) L —— P d 2
el O O v L

whem 0 < o < |, and o is the initial time nstance, often
assummed to be zero, ie., o = 0.The differentiation is then
denotad as D7 F ().

Usa the Laplace transform then vizld is inequation (3)

‘Todr" = ""uFu] [ich]

The Riemann-Liouville definition is usad definition in the
Fractional-order calculus, The subscripts on both sides of D
mprasent, espectively, the lower and upper bounds in the
intzgration The basic instruction of the filter came from
[2]. This filter can work in voltage and current medes and vsad
only single operation transconductance amplifier to a second
arder desion with the high frequency f, =1MH and improve
the performance of filter circuit by Fractional-order sep and
design the fractance circuits to be the Fractional-order
Laplacian.

In this paper we propose to optimize the parformance of
filter at high frequency by utilize the approximation order for
the Fractional-order Laplacian. This paper shown that tunable
obtained characteristics extends thosa of the Butterworth filer
from approximation order siep (n+a), o =0.1, 05 and
0.9,The PSPICE and MATLAB simulations and experimental
resulls are depicted and comespond well with the theoretical,

II. FRACTIONAL ORDER IN FREQUENCY DiOMAN

A Comtinuious-time of Fractioral-erder operator

The Fractional-order operator [1], it is @ Laplace and
wepreenied is 5° which exhibits straight line on both is
magnitude and phass bode plot. Itis usaful to fit the frequency
mspons over 4 frequency range of imerest (o, @) .
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Continued fractional expansion (CFE) is use to ration-function
approximation the Fractional-order operator. G, = 5, the

continued fraction expansion can be written in equation (4).

LA
B (5)
ERE

a5+

Gisi= 3]
a, ()+

EREAES

The Fractional-corder integraior with 5% to second order.
The rational function approximation using different continued
fraction expansion is in equation (5) [1],

I:a"+?a+2]x:+(S—1‘a:)\+[a"‘—h+2:l

= = 4 : ~
(o' —3e+2)s' +(8-2a" Ja+{a’ +3a+2)

The approximation of §*°, magnitude and phase bode plots
response shown in Figurel.

ks Bléggram,

g [ —

Urgrs )

Pl (rig|

Frevissrdy LHQiseo)

Figure 1. Magnitude and phase bode plots of e

The magnitude and phase bode plots are shown in
Figure 1.1t s2em that the Bode plots of filter is relatively close
to the theoretical over the frequencies range of interested.

B, Fractance circuit for 8" Fractional calculuy

The Fractance circuit consists of resistor and capacitor
describes by imeger-order model. A tree-rype  infinite
recursive formed by impedance Z_and Z, [3].11 is possesses
high self-similarity and shown in Figure 2.

« Za
H
[ za
o Za

Figur 2. Equivalent circuit of met—grid-rype analog Fractance circuit

According to linear algebra theoretical, so total impedances
the yizld is in equation (6)

V. I EZ¥E)

& i+ 22, +Z+E,
Ll
Z,=(ZZ)

Then we have experimented 5" order-differentiator with the
rectangle-wave signal. The result shown in Figure 3,

¥ am

Figume 3, Waveform Input Vs Output of 5™ arder-differ ntiator,

In Figure 3, Green line is the input voltage of Fractance
circuit in Figure 2, V1= 1V, V1= 0V, TD=10mS, TR=10mS,
TF= 10mS, PW = 0.58 and PER=15We discoverzd the output
(Red line) of circuit is beginning start up from the initial
voltage level (0 volt) while the input is start up from the
maximum voltage level, which is 1 volt in the simultaneity.
That is fully proofed the circuit is properly worked and
corrzspond to Fractional-order theoretical with we depictad to
verify the +*" order and used this technique to be a part in
filter design.

1L THE FRACTIONAL-ORDER LOW PASS FILTERS

The Fractional of low pass filters classical transfer function
[4] 15 in equation (7).

Tplah=— )]

The magnitude and phase of classical fractional transfer
functions are describes in equation () and (93

1T, L) l=

30




91

Proc. of the International Conference on Advances in Elecironics and Eledirical Engineering— AEEE 2012

A
@ sin) — |
L2

LT, (@) ==t ————=— ©)

The important critical frequencies for this FLPF are
E 4
found @, = @ (—cosiar / 2))* @, =, | (—costax! 20"
i

and @, = @, ([l +cos (@r { 2) —costeerd 20% . From  these

expressions it is seen that both @, and @, existonly if a> 1.
* @ is the frequency at which the magnitude response
has & maximum or a minimum,
* @, is the half-power frequency at which the power
drops to half the pass band power.
* @, is the right-phase frequency at which the phase

“‘n=

1, jo_ ) =02

IV. REaLramion TUNaBLE OTA LOW PASS FILTER WITH
THE FRACTIONAL ORDER STEP

A, Circait Design

To realize the transter function to correspond with the
Fractional-arder theoretical as shown in equation (7) that used
single operation transconductance amplifier and CFA. The
circuit for simulation and verify are shown in Figure 4.

|
|

Figure 4 OTA LTI228 circuit used in the approcimation to the Fractional

low pass Filker o order {n+e }

The Low Pass Filter circuit in Figure 4, consists of
rransconductance  amplifier and CFA (Current Feedback
Amplifier). This filter used an integer order approximation of

5% and built an integer order filter that demonstrates the
fractional step through the stop band The CFA has designed
to operate with the fractance circuit for finite gain bandwidth
of filter and help for low output impedance capability.
According to specification of IC the tranconductance can be
configured by Iser ‘We replaced the fractance eircuit on a
nzgative feedback of CFA. The purpose of replacement to
current feedback control gain of buffering and also backward

feedback control to the input ( Vin® ) of OTA which is
proportional of contral current cutput fallows equation { 10,

I, = pmVin® —Vin™) (10)

As the depiction if controllable the gain of amplifier and
gain of buffer CFA by Fractional-order behavior that can be
reduced eror from gain amplifier, increasing gain with slope
of 20 dB/dec and reduced the peaking of filter at the interval
cut-off frequency.

B.  Simularion and Expevimental vesults

The wansfer function in Figure 4, can be derived from
KCL and node methods then vield approximate transfer
function is,

am K
Vo C, R+
=—= ,l.l' & (11)
Vim i 3 R ere. R,
S|I+ar- ' _+6_ LR
R+R | C, R +R,

i51

In the data sheet of IC the ransconductance calculates from
equation (12)

gm = hiser (12)

In equation (12) i = 88 because in the datasheet of IC
LT1228 [5] the transconductance is specified h =10 for
resistor load but this filter has designed with the Fractance
load which is a virtual of capacitor, so ff = 8.8

The CFA can be used as the voltage follower and voltage
of V. 0 supply the current input of the CFA then output had
also feedback to the input of OTA (negative input) help for
contral gain amplifier of OTA and help for relative stability
flat passband. The all of positive effects are from Fractance
circuit operations. The value of Iser for filter can bhe
configured as following

fog IMH, , Iset=114mA

O Shmalarion filter civcust without the Fractional-order step

We have wverified the filter before implement the
Fractional-order step by used Ca= 47pF. the CFA gain = 1,
and Iset = 1.14 mA.

o
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Figurz 5, Magninde and Phase Bode plots response

In Figure 5, we found on the magnitude response at the
cut-off frequency of filter appears the peaking problem and
found slope is not satisfied then analyzed and assume the

peaking occurred from the steady-state error of amplifier that
is the point why needed to improve the weakness,

D, Implement the Fractional-order step
We have implemented the Fractional order step (142} on
the circuit in Figure 4. for the cases ar=0.1, 0.5 and 0.9.The

results in all pole frequency  values and method of
experimental same as item C.

Al
o —
T— |
=
k|
L
3
)
11
I
1Y
Y
L'y
L%
a = i - -
Ea—
—
-
i1
L]
il
L]
T
O I
A !
1
e s = ik [ s i
B
s

Figure 6. Magnitude and Phase msponse of filter afer implementad the
Fraction Order siep, blue line is & =01, ed line is & =05 and green line is
=09

In Figure 6, after the circuit has been implemented the
Fractional-order seep o =0.1, 0.5 and 0.9 to verify the

32

suspicion The step msponse of @ =09 order. The result
shown very stability and can be mduced the peaking at cut-off
frequency.

Comparison Magnitude response between Figure 5, Vs
Figure 6, found in the Figure 6, the slope of filter is satisfied.
It comparable to high order filters which it is used more active
components. The simulation results are proved that the integer
order filter could accurately approximate the function and
reduced the peaking problem.

V. CONCLUSION

The tunable OTA Low Pass Filter with the Fractional-
order step is designed by used only single operation
transconductance amplifier and Fractance circuits, The results
of simulation that the tunable by Fractional-order step
technique can be reduced the peaking problem at the cut-off
frequency and maintaining the flat passhand of magnitude
response and during the experiment found some positive effect
on slope of filter is stability than without uncontrolled (CFA
gain =1). This work has designed for the high frequency and
result of simulations are correspond to the thearetical
anticipation. It fully proved the Fractional-order step can be
applied to improve the performance of filters at high
frequency. This tunable technique can be applied to the
multifunction filters, phase lock loop circuit and instrument
application circuit,
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ABSTRACT— This article presents a circuit design to improve
the performance of analog filter at high frequency fp =1 MHz by
used the F]‘actional-order(n + o ) step, where 7 is an original of
integer-order in circuit and ¢ is an approximation order step
O< o <1. The approximation order is designed from the
Fractance circuit.This article also presents the approximation

function of the Fractional-order Laplacian 5° which is designed
on the OTA low pass filter circuir. This circuit used single active
component. OTA and CFA components are in monolithic chip
(IC LT1228).The CFA is designed to work with the Fractional-
order elements to feedback control the OTA for relative stabilty
gain of amplifier. The results shown that the improvement by
Fractional-order step provides the sustainability of flat passband,
reduced the peaking at the cut-off frequency, improved slope of
magnitude response of filter and result comparable with high-
order filters.

Keywords— Operation Transconductance Amplifier; Fractional-
order; Low Pass filter; Fractance circuils

I INTRODUCTION

The filters are electronics circuit use in the signal
processing  and commumication for attenuation of the
unwanted frequencies [1]. and previous article had presented
and designed the Fractional-order for low pass filter and used
more active components and not designed for high frequency.
Tlus filter curcwt has been designed by used the operation
transconductance  amplifier (OTA) o desizn with the
Fractional-order calculus to improve the performance of filter
circuat. IC OTA LT1228 (Linear Technology) provides one of
the largest bandwidth and available on the market today. The
basically structure of filter has designed by refer to the
Butterworth fimction Why we selected the Fractional-order
theoretical fo improve the performance of OTA low pass filter
because we would like to use the positive effects of the
Fractional-order behavior to fast response for increase relative
stability m the frequency domaimn by the w2 phase. ncrease
gain with slope of 20 dB/dec and reduction of steady-staie-
error. This Fractional-order filter can be used for analog
circuits or attenuvation selective in frequency, and allow
reduction of amplitude of the high frequency switching

The frequency response of the generalize filter. It is a ratio
of two polynomials. It can be written in equation (1).

Ny W

The roots of the denominator polynomial D(s) are called poles
and the roots of the numerator polynomial N(s) are refer to as
zeros. The Fractional-order 15 a branch of mathematical
analysis real number of complex number of differential
operator describes in equation (2). Half derivative

T d .
Hr(x)=0f(x)=—1(x)= £ (x) > () )
ax
Flx)=x"=(2.1)

] i
Fx)=L fx) =kt > (22)
dx

Substituting equation (2.1) and {2.2) in (4)
a 1

d = k! x5 . substituting the factorial function

dx® (k—a)!

with the grammar functions because the factorial function

could not realization the circuit. Here 15 a yield of Fractional-

order equation.

dq° -*,IMH'UXH‘ @

dx _l—l.’(*{J]

The complete Fractional derivative that shown in equation (4)
which will yield same as equaton (3) where 0 < & < 1. and the
1nitial time instance, assumed to be zero

> 1 d . f(1)
D’ f(t)=——— | ———dr €3]
TA—o)ydey (t—1)

The Riemann—Liowwille definition is most widely used
definition in the Fractional-erder calculus. The subscripts on
both sides of I represent. respectively. the lower and upper
bounds 1n the inregration [2] This filter can be worked on both
voltage and current modes and used only single operation
transconductance amplifier fo a second order design to work

on the lugh freguency b, =10¢H_ and 1mprove the

performance of filter circuit by Fractional-order steps and
design the Fractance ecircuit to be the Fractional-order

Laplacians”
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This paper shown that tunable obtained characteristics
extends those of the Butterworth filter from approximation
order step{n+o), o=0.1 035 and 0.9.The PSPICE and

MATLAB simmlations and experumental results are depicted
and correspond well with the theoretical.

1T FRACTIONAL ORDER IN FREQUENCY DOMAIN

A, Continuous-time of Fractional-order operator
The transfer function of Fractional-order mtegrator [2] in
the frequency domain is represented in Figurel.

Input X(s) 1 Output Y(s)

Figure 1. Input and Output of a Fractional order operating where 5 =j @& is
the complex frequency and m isa positive real mumber such that 0 = m=1

The example transfer function of Fractional-order of

integrator (S"M'; ) is represented as below.
0.9992
G(s)=—g————
5 +1.5084

B Daram

gt ()
E

P ()

1w 11 w? 1 w
Fraquency (eadiuec)

Figure 2. Magnitude and phase bode plot of the integrator LR

In Figure 2, shown the magmitude and phase bode plots of

Fractional-order integrator that the integer orders =575 We
discovered both of magminde and phase are overlapping at
frequency range 107~ 10° rad/s which is correspond to
Fractional-order theoretical.

1 4 s —
B. Fractance civeuit for 5 (Half-infegrator)Fractional
calculus

The Fractance circuit consists of resistor and capacitor
describes by integer-order model. A tree-type infinite

recursive formed by impedance Z_and Z, [3].I 15 possesses
high self-simularity and shown in Figure 3

05
Figure 3. Equivalent circurt of § ~ net-gnd-type analog Fractance cirewt

According to linear algebra theory, so total impedances the
yield is in equation (5).

TJ: EZHZ!—ZH‘:‘ZJ 7Zb]
L+l 28,+Z+E,

i

;
Z,=022)

Then we have expenmented 5" order-differentiator by
applied the mput signal with rectangle-wave. The mput and
output waveforms are m Figure 4.

T ] |
Ii; f r.

05
Figure 4. Waveform Input Vs Quiput of § " order-differentiator

In Figure 4. green line 1s the wnput voltage of Fractance
circuit in Figure 3. V1= 1V, V2= 0V, TD=10mS, TR=10mS.
TF= 10mS, PW = 0.35 and PER=15 The result of sinmlation,
we discovered the output (red line) of circuit is beginmng start
up from the mitial voltage level (0 volt). it seems fast response
while the input is start up from the maxinmm voltage level,
which 1s 1 volt m the summltaneity. That 1s fully proofed the
circuit is properly worked and correspond to Fractional-order
thearetical with we depicted to verify a half-order for future
use this technique to be a part for filter circuir design.

III THE FRACTIONAL-ORDER LOW PASS FILTERS

The Fractional of low pass filters classical transfer function
[4] is in equarion (6).

T,

o)

(6)

s +a
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The magnitude and phase of classical Fractional transfer
functions are describes i equation (7) and (8).

T M
5] sin[ % ?
21, (o) = 2 ®
oy m-:: “:7 |+.1'

The important critical frequencies for this FLPF are

1 1
found o, =a-cos(ar/2))* . o =a /(-coslax /1)
£
and @ = (4/1+cos’(ow /2) —cos(an / 2)}% . From these
expressions it is seen that both @ and @, existenlyifo> L
* @ is the frequency at which the magnitude response
has a maxinmm or a minimum
* @, is the halfpower frequency at which the power
drops to half the pass band power.
* @ is the nght-phase frequency at which the phase

1, (jo, ) = 40/2.

IV. REALIZATION OTA LOW PASS FILTER CIRCUIT WITH
THE FRACTIONAL ORDER STEP
A, Cireuit Design
To realize the transfer function to comrespond with the
Fractional-order theoretical presents in equation (6) that used

single operation transconductance amplifier and CFA.  The
cirenit for sinmlation and verification is shown in Figure 5.

o x|
T%c, _‘T

Vi ﬂ it

|\|-[ﬂ H

Figure 5. OTA LT1228 circuit used in the approximation te the Fractional
low pass filter order (.l? + a)

The Low Pass Filter cucuit i Figure 3. consists of an
operation transconductance amplifier and CFA (Current
Feedback Amplifier) This filter used an integer order

approximation of s and built an integer order filter that
demonstrates the Fractional step through the stop band. The

CFA has been designed to operate with the Fractance circuit
for fimte gan bandwidth of filter and help for low output
impedance capability. According to specification of IC the
transconductance can be configured by Jser ‘We replaced the
Fractance circuit on a negative feedback of CFA. The purpose
of replacement to current feedback control gain of buffering
and also backward feedback control to the inpur ( Fin™ ) of
OTA which is proportional of control current output follows
equation (9).

I, =gm(Vin™ —Fin™) (C))]

As the depiction if controllable the gain of amplifier and
gain of buffer CFA by Fractional-order behavior that can be
reduced error from gain amplifier. increasing gain with slope
of 20 dB/dec and reduced the peaking problem of filter at the
wnterval cut-off frequency.

B. Simulation and Experimental results

The transfer function of Figure 4, can be derived from
KCL and node methods then wield approximate transfer
function 15

Ly=—me—m—— (10)

7 S{1+a:I[K1]:_ﬂK1S+I
1 o

The ratio of drvision KI1=K2= 2/33 for value of resistors. In
the data sheet of IC LT1228 the transconductance calculates
from equation (11).

gm = h.Iset 1n

In equation (11) 7 = B.8 because in the datasheet of IC
LT1228 [5] the transconductance is specified j =10 for
resistor load but this filter has designed with the Fractance
load which is a half of integrator. so # =8.8.

The CFA uses as the voltage follower and voltage of
Vg to supply the current mput of the CFA then output had
also feedback to the input of OTA (negative input) help for
control gain amplifier of OTA and help for relative stability
flat passband. The all of positive effects are from Fractance
circuit operations The wvalue of [ser for filter can be
configured as following.

fp€ LMIL | Iset=1mA

C.  Simulation filter circuit without the Fractional-order step

We have sinmlated the filter before implement the
Fractional-order step by wsed Cy= 47pF. the CFA gam = 1.
and Jser=1mA.

IEEE EDSSC 2012, 3 - 5 December 2012, Chulalongkom University, Bangkok Thailand.
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Figure 6. Magnimade and phase bode plots response { CFA gain=1)

In Figure 6., we found on the magnitude response at the
cut-off frequency (1 MHz) of filter appeared the pealing
problem is about 3dB and slope is not relative stability then
analyzed found the pealang 1s from the steady-state- error of
amplifier

D. Impiement the Fractional-order step

We have implemented the Fractional order step (1+ o) on

the circuit in Figure 3. for the cases o =01, 0.3 and 0.9 The
results 1 all pole frequency wvalues and method of
experimental same as item C.

In Figure 7 after the circuit has been implemented the
Fractional-order step o =0.1, 0.5 and 09 to verfy the
suspicion .The step response of o =0.9 order. The result
shown very stability and can be reduced the peaking at cut-off
frequency.

Comparison the magnitude response between Figure 6. Vs
Figure 7. found in the Figure 7. the slope of filter is satisfied
that magnitude curves have a slope tends -20 dB/dec for high
frequency. It's comparable to high order filters which 1s nsed
more active components, according to filter structure has
referred to the Butterworth function that phase is slightly
shified when step orders in the ngh frequency. because it 13
linear phase response in the passband which is correspond
well with the Butterworth function theeretical.

V.CONCLUSION
The circuit design and improve the performance of OTA

low pass filter with Fractional-order step by uwsed only single
OTA and Fractance circuit. The results of simulation shown

that the Fractional-order step response of & =0.9 order gives a
fast response, sustainability of flat passband of magnitude
response, better performance to reduced the peaking problem
and slope of magnitude response 1s stability than other order
steps. It fully proved the Fractional-order step can be used
attenuation selective in frequency, and allow reduction of
amplitade of the high frequency switching. This rechnique can
be applied to OTA high order filters, Analog PID controller
crreuit and phase lock loop circuir.
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