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Abstract: A synthesis procedure of a proportional-integral-derivative (PID) controller is implemented with a
commercially active component, AD 844, called current-feedback amplifier, Furthermore, the optimum
parameter tolerances for the proposed PID circuit by the use of parameter sensitivities are determined.
These tolerances keep the relative error at the output of the controfler due to parameter variations in

tolerance region.
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Introduction

The proportional-integral-derivative (PID) controllers
are one of the most important control elements used in
process control industry (Kuo, 1997). In practice
operational amplifiers are generaliy used in analog
controllers. On the other hand, current feedback
amplifier (CFA) is an active component providing an
excellent combination of AC and DC performance. It
combines high bandwidth and very fast large signal
response with excellent DC performance. It is also free
from the slew rate limitations inherent traditionally in
operational amplifiers and other current-feedback
operational amplifiers. It can be used instead of
traditional operational amplifiers, however its current
feedback architecture results in much better AC
performance and high flinearity (Roberts and Sedra,
1989; Wilson, 1990). CFA is equivalent to the
combination of a second-generation current-conveyor
having a gain of +1 (CCII+) and a unity gain voltage

_O +VZ

(2)

buffer {Svoboda et a/. 1991). _
In spite of the above-mentioned features, a few works ;
have been carried out for the generation controllers
using (Erdal et a/. 200; Erdal et a/, 2001).

The main purpose of this paper is to present a new
circuit for the realization of PID controller using only
four CFAs and passive components, This procedure is
based on the signal-flow graph, which is a powerful tool
in active circuit design.

Furthermore, the optimum parameter tolerances by the
use of parameter sensitivities are determined. These
tolerances keep the relative error at the output of the
controller due to parameter variations in tolerance
region and they can also be used to Improve and to
control the sensitivity performance of the proposed PID ;
controller. |
Current-Feedback Amplifier (CFA): The circult
symbol of a current feedback amplifier {CFA) is shown
in Fig. 1.

(b)

Fig. 1: (a) Circuit symbol of CFA (b) Equivalent circuit of CFA.
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An ideal CFA can be described, in s-domain, by the
following equations {Analog Devices, Linear Products
Data Book, 1990).

vx=vy,V°=Vy,Iy=0,I,=Ix (1)

where V,, Vx , 1, , and I, are positive and negative input
terminal voltages and currents, respectively V; and Vo
are output terminal voitages. I is the z-terminal
current.

An equivalent circuit of CFA is also shown in Fig. 1.
where R, is the input resistance.of the negative input
terminal. R; and C; are input resistance and capacitance
respectively of the z-terminal. R = 50 Q, R; = 3 MQ
and C, =4.5 pF are the typical values of a commercially
available CFA, namely AD844/AD from Analog Devices
(Analog Devices, Linear Products Data Book, 1990).
Note that both plus and minus signs or the letters y and
x are used in literature to denote the inputs of CFA. For
example (Liu, 1995; Svoboda et af. 1991).

(2)
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In this study y and x are preferred for the inputs of the
commercially available current feedback amplifier.
Taking the non-idealities into account the terminal
equations of CFA can be written as follows:

Iv(t) = Ol V_‘ (t) = BV‘ (t) ]
Liy=al i), V,=7V, (2)

Here =1-g, denotes the current gain, B=1-¢g,
denotes the voltage gain of the current conveyor, and
¥ =1-¢_ denoctes voltage gain of the voltage buffer. e,
, {lsl<<1) is the current tracking error; &, (leJ<<1) is
the voltage tracking error of the input buffer, and e,
(leoj<<1) is the voltage tracking error of the output
buffer. The low output impedance of the buffer enables
easy cascading in voltage-mode operation.

Synthesls Procedure: Consider the current feedback

amplifier circuits and their corresponding signal-flow
graphs shown in Fig. 2.
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Fig. 2: Basic building blocks using CFAs together with corresponding signal-flow graphs. (a) Amplifier circuit
{b) Integrator circuit, (c) Derivative circuit, {d} Summing circuit.
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In Fig. 2(a), an ampliifier circuit and its signal-flow
graph are shown. The gain is Ry/R,. In Fig. 2(b), an
integrator and its signal-flow graph are shown. The
integration time constant of this circuit is 1/RC; In Fig.
2(c), a CFA based derivative circuit and its-signal-flow
graph are illustrated. The derivation time constant of
this circuit is RpCp. To obtain a PID controller the three
basic operations shown in Figs. 2 (a), (b) and (c) are
transmitted to the output by CFA based summing circuit
illustrated in Fig, 2(d). If a given transfer function is
represented by a signal flew-graph, it can be easily
observed from Fig. 2 that the corresponding circuit to
the given transfer function can be realized by
interconnecting these building blocks. Note also that, in
non-ideal case all the transfer functions shown in Fig. 2
should be multiplied by the factor of ay,

The transfer function of a genera!l analog, proportional-
integral-derivative controller can be written as follows:

K
T(s) =Ky +—L 45K, (3)
3

In application, the PID controller can usually be
designed and implemented in two steps. In that design
procedure, the PI section is designed first, in

order to maintain the low-frequency gain while realizing
a part of the gain margin. In second step,

the PD section of the controller is designed to realize
the remainder of the phase-margin, while increasing the
system bandwidth to achieve the faster system
response by taking the proportional part is equal to
unity to decrease the parameter number (kuo, 1997).
Therefore the transfer function in Eq.3 must be changed
into the following form in which a PD controfier is
cascaded to a PI controller: .

Tis) = (K, +5K (K, + 2 (4)
3 .

where
K =K\K, +K;K;, K, =K K Ky =K,K, (5)

seklinde tanimlanmustardir. If the proportional part is
taken equal to unity to decrease the parameter number
i. e. Ky=1 the control coefficients becomes,

K, =K,+K,K,, K,;=K;, Ky =K,K, (8

A slgnal-flow graph of the transfer function of an analog
PID controller whose transfer function is given in Eq.4
can be

drawn such as in Fig. 3

Ks Vo

Fig.3: A signal flow graph corresponding to the transfer function of the general proportional-integral-derivative (PID)
controller

Using this signal-flow graph the controller transfer
function T(s) can be realized using the active-RC
circuits involving CFAs (Acar, 1996). The realization of
the analog CFA-based, PID controller circuit
corresponding to the signal-flow graph in Fig. 3, which
is realized by using the sub-circuits given in Fig. 2 is

R,
R;
0—e Rir
+
Vi
Ror
—
Cp
RD

illustrated in Fig. 4. Note that in Fig. 4, a current-
feedback-amplifiers based PI controller circuit can be
obtained for K;=0, and a current-feedback- amplifiers
based PD controller circuit can be obtained for K.=0,
respectively.

Fig.4: A CFA-based PID controller realization corresponding to the signal-flow graph in Fig. 3.
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If the circuit in Fig. 4 is analyzed with taking the non-
idealities of CFA into account the control coefficients Ks,
K;, and Kpwill be obtained as follows:

R,R5;R,R
Kp = 01,0750, 740 ¥ 0 ——- +

R\R;R,R;; (7a)
R, C,R,R
"'quzaJYaaaY-tasYa—DM
R'C]R"f{{“i{
Kl=a17|a373ai.¥ia6Y6 RZ o 2 ! (7b)
o RICIR%(RITRJT
R,C.R,R,R
KD‘“zYzas‘/zaﬂa;asYs—D D4R, (70)

. R.R7R
If the gains of the summifg Elrc’uuts. are chosen as
equal to unity and the ideal case is considered, i.e.,

Ry =Ry =R =Ry =Ry = R, (8a)
a, =1, i=1..6, vy, =1, k=1.6, (8b)
the control coefficients will be given as follows:

. RzR-t +RDCD (ga)

r R'IR! RICI
K =2 (9b)
RI(:[}{l
_ R,C,R, (c)

D

These control coefficients Kp K;, and Kp will be used in
galculating the optimum parameter tolerances in section

Calculating Optimum Parameter Tolerances

The optimum parameter tolerances are defined as the
tolerances contribute equally to the upper bound of the
relative error of the output voltage of the controller
{IAVo/ Vo) given in Fig. 4. In general, it is not known in
advance how much each parameter contributes to the
output error. That is why this definition is quite
reasonable, since the designer expects the contribution
of each parameter variation ¢n output deviation to be
equal to each other, {Erdal et. al. 2001). As a result, we
can define the optimum parameter tolerances as

ty= to/nlST (@) .+ i=1..26 (10)

where tx‘ is the ith parameter tolerance, t, is the

output tolerance of the controller, n is the parameter
number, i.e. n=26 for the given configuration, and w; is

SIi (0))| takes its

the angular frequency at which
maximum value, i.e.

SI.(mi)L,,,. =maxﬂSIi(0))U, welo,0,] (11)
where oe[w;,02] describes designer's  specified
frequency band. Hence |sf (o) 5|SI. (@) oelo,m2).
It should be noted that e; belong t& the interval
oelwi,0], and s (m)| has its maximum value at this
frequency. The designer can easily determine w; by
plotting |S: ((D)l at this interval or by using already
existing mathematical programs like Matlab. )

For example, assuming that the proportional gain, Ke
=10, the integral gain, K; =2 s, and the dérivative

gain, Ko =5 s, are given, Then the parameter values can
e selected in Fig. 4 as follows:

Ry =Ry =Ry =Ry =R; =10KQ, (12a)
R,=R,=R,=R,=10KQ, (12b)
R, =16 KQ (12c)
C,=125uF. R, =10KQ, (12d)
C, =50pF, R, =100KQ, {12e)
o, =Yy, =1, i=1.6. (12)

For this example, the maximum values of the
parameter sensitivities are calculated as follows:

ST(@) =t/ i=1..26 (13)
If it is required that IAVO/V?IS 0.1, the parameter

tolerances are to be chosen as follows:

ty, =t =fg, =ty, =by, =ty =te, =tg, =04%" (14a)
ty, =tn, =ty =ta, =ta, =ta, =0.4% r (14b)
t, =t, =04%,1=1..6. (14c)

For this particular example, the optimum tolerances are
found to be equa! to each other, however they are
usually different in general case. Choosing the
parameter tolerances such as above, the designer can
guarantee that the maximum deviation of the output
voltage of the controller caused by the parameter
variations due to the enYironm ntal effects will be less
than or equal to 0.1, If |AV,/V.| = 0.01 is required the

arameter tolerances must be chosen ten times smaller
han the ones in Eq. (14) and so forth.

Conclusions

In this studg a CFA based PID design procedure is
given and a {D circuit is proposed. The proposed circuit
consisted only of four CFAs, two capacitors and twelve
resistors and is very convenient for a current-mode
operation since it has a v_ergsmali input resistance. This
circuit is also very suitable to control the rapidly
changing signals and in the situations when the stable
control is required since CFAs have suitable properties
than operational amplifiers. Besides, the controller
coefficients Kp, K; and K depend on the time constants
and resistor ratios. This property simplifies the use of
the commercially_ available active component in
implementation. The effects of arasitic  input
|m(§>edance of the CFA on controller performance can be
reduced by selecting the impedance scaling factor
correctly as stated by (Svoboda, 1994). Furthermore,
the optimum parameter tolerances are determined,
These tolerances keep the relative error at the output of
the CFAs based PID controller due to parameter
variations in its tolerance region.
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