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A feedback control system compensator of the PID 
type is provided, wherein the proportional component 
of the compensator is replaced with a tilted component 
having a transfer function s to the power of - l/n. The 
resulting transfer function of the entire compensator 
more closely approximates an optimal transfer function, 
thereby achieving improved feedback controller. Fur- 
ther, as compared to conventional PID compensators, 
the TID compensator allows for simpler tuning, better 
disturbance rejection ratio, and smaller effects of plant 
parameter variations on closed loop response. 
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THREEPARAMETER TUNABLE 

CONTROLLER 
TILT-INTEGRAL-DERIVATIVE! (TID) 

ORIGIN OF THE INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 U.S.C. 
Section 202) in which the Contractor has elected not to 
retain title. 

TECHNICAL FIELD 
The invention generally relates to feedback control 

systems and, more particularly, relates to three-parame- 
ter tunable feedback control systems. 

BACKGROUND ART 
A feedback control system is commonly employed to 

control the operation of a plant to achieve and maintain 
its desired output characteristic in response to the ap- 
plied command or reference signal. A conventional 
feedback control system, FIG. 1, measures a parameter 
which is representative of the output of the system and 
exploits changes in the detected parameter to vary oper- 
ational characteristics of the plant or system to regulate 
the system and provide a desired output. The feedback 
control system includes a compensator, connected 
within a continuous feedback loop for modifying the 
signal to appropriately vary the operational parameters 
of the system via an actuator. The major goals for the 
feedback control system are to mjnimize the effect of 
disturbances at the output of the system, and to mini- 
mize sensitivity of the closed loop response to plant 
parameter variations. To satisfy these requirements, the 
feedback of the system, properly weighted in fre- 
quency, must be maximized. These constraints uniquely 
define the optimal transfer function for the feedback 
loop. The purpose for the compensator of the feedback 
system is to implement a loop response reasonably close 
to the optimal. Often, a prefilter is employed prior to 
the feedback loop to appropriately filter the command 
signals to enable the system to respond more precisely 
to the command. 

A commonly-used compensator employed in feed- 
back control systems is a proportional-integral-deriva- 
tive (PID) compensator which provides for varying 
degrees of gain and phase shift of the signal according 
to the frequency of the signal. In the prior art feedback 
system of FIG. 1, the PID compensator is characterized 
by a transfer function I/s+P+Ds, where s is a Laplace 
transform variable. R(s) represents the transfer function 
of a prefilter. The scalar parameters P, I, and D and the 
prefilter transfer function R(s) are tuned for optimal 
performance. 

FIG. 2 provides Bode diagrams for transfer functions 
of each path of the compensator and for the entire com- 
pensator. The Bode diagrams provide a frequency do- 
main representation of the gain in decibels as a function 
of frequency. FIG. 2 illustrates that proportional com- 
ponent P dominates at midrange frequencies, integral 
component I/s at lower frequencies, and derivative 
component Ds at higher frequencies. 

The transfer functions which mathematically charac- 
terize the effect of the PID compensator are repre- 
sented, in accordance with conventional mathematical 
notation, by the location of various transfer function 
poles and zeroes in the complex Laplace plane. The 
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conventional PID compensator transfer function typi- 
cally has two real zeros, as shown in FIG. 3. At the 
frequencies of the zeros, which correspond to the cross- 
ing points of the two asymptotes in FIG. 2, the total 
feedback gain provided by the compensator is about 3 
dB higher than the gain of each of the two components. 
Typically, the P term dominates near fh the Ds term 
dominates at frequencies over 4fb, and the I/s term 
dominates at frequencies up to fb/4, where fb is the 
crossover frequency at which loop gain is 0 dB. 

After the feedback is maximized and the closed loop 
response from a summer of the system to the output of 
the system is calculated, the prefilter transfer function 
R(s) is chosen to yield the desired output response to a 
certain command. 

A theoretically optimal loop response has been deter- 
mined by Bode. For the purpose of industrial control, a 
simplified suboptimal Bode loop response can be em- 
ployed. The suboptimal response is illustrated in FIG. 4 
by a solid line. The slope of this suboptimal gain re- 
sponse is about -10 dB/octave. The transcendental 
loop transfer function which characterizes the subopti- 
mal response can be closely approximated by a rational 
function. 

As can be seen from FIG. 4, rather sharp comers 
occur at the sides of the Bode step. Any smoothing of 
the comers, especially the left one, caused by an im- 
proper or inaccurate rational function approximation, 
reduces the available feedback, resulting in reduced 
performance. 

A typical loop gain Bode diagram of the system with 
a PID compensator is shown in FIG. 4. When provided 
with the same stability margin and the same average 
loop gain as an optimal Bode controller, the crossover 
frequency fb of the PID controller is about one-half that 
of the optimal Bode loop response. The feedback at 
frequency fb/4 is about 10 dB lower than that of a sim- 
plified Bode controller. 

The conventional PID controller illustrated in FIG. 1 
is in common use. When applied to a great variety of 
plants, the PID controller is easy to tune to provide 
robust and fairly good performance. However, the per- 
formance is not optimal. 

STATEMENT OF THE INVENTION 
It is an object of the invention to provide an im- 

proved feedback loop compensator having the advan- 
tages of the conventional PID compensator, but provid- 
ing a response which is closer to the theoretically opti- 
mal response. 

This object, and other general objects of the inven- 
tion, are achieved by the provision of a three-compo- 
nent tunable feedback loop control system having a 
PID-type compensator wherein the proportional com- 
pensating unit is replaced with a compensator having a 
transfer function characterized by l/sWn). This com- 
pensator is herein referred to as a “Tilt” compensator, 
as it provides a feedback gain as a function of frequency 
which is tilted or shaped with respect to the gaidfre- 
quency of a conventional or positional compensation 
unit. The entire compensator is herein referred to as a 
Tilt-Integral-Derivative (TID) compensator. For the 
Tilt compensator, n is a nonzero real number, prefera- 
bly between 2 and 3. Thus, unlike the conventional PID 
controller, wherein exponent coefficients of the transfer 
functions of the elements of the compensator are either 
0, - 1, or + 1, the invention exploits an exponent coeffi- 
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cient of - l/n. By replacing the conventional propor- 
tional compensator with the tilt compensator of the 
invention, an overall response is achieved which is 
closer to the theoretical optimal response determined 
by Bode. 

In accordance with a preferred embodiment of the 
invention, the integral portion of the compensator has a 
transfer function (I) characterized by -l/s, and the 
derivative portion of the compensator has a transfer 
function @) characterized by s. The three components 
of the compensator are connected in parallel along a 
control line between a summer which receives and sums 
a control signal from a plant with a feedback signal 
received along a feedback path, and an actuator or 
control unit which controls the plant in response to the 
compensated control signal output from the compensa- 
tor. The feedback path connects the plant control vari- 
able to the summer. 

Also in accordance with the preferred embodiment, a 
prefilter is provided along the command signal path 
prior to the summer for prefiltering the command sig- 
nal. A preferred transfer function for the prefilter is: 

R(s)=(9+2o#+ob2)/ (.?+5.250@+ob2) (1) 

The TID compensator of the invention, particularly 
in combination with the prefilter, achieves a feedback 
control response which is improved over the response 
of a conventional PID compensator. However, the TID 
compensator of the invention retains many of the ad- 
vantages of the conventional PID compensator, includ- 
ing ease in tuning. Further, the TID compensator re- 
t a i n s  the general structure of a PID compensator by 
employing three parallel paths having tunable scalar 
gains. Preferably, each of the three paths has the phase 
shift and the slope of the gain response frequency inde- 
pendent. This provision helps ensure that the TID com- 
pensator is universal with respect to the plants with 
different bandwidths, i.e., the controller is easily imple- 
mented in feedback systems which previously em- 
ployed a PID controller. By providing each of the paths 
of the three-component compensator of the invention 
with a transfer function characterized by s or a power of 
s, the phase shift and slope of the gain response are both 
rendered frequency independent, thus ensuring that the 
compensator is substantially universal. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The objects and features of the present invention, 

which are believed to be novel, are set forth with partic- 
ularity in the appended claims. The present invention, 
both as to its organization and manner of operation, 
together with further objects and advantages, may best 
be understood by reference to the following descrip- 
tion, taken in connection with the accompanying draw- 
ings. 

FIG. 1 provides a block diagram illustrating a con- 

FIG. 2 provides a Bode diagram of the transfer func- 
ventional prior art PID feedback control system; 

tions of the feedback control svstem of FIG. 1 

4 
ventional proportional compensator is replaced with a 
compensator having a tilted gain as a function of fre- 
quency; 

FIG. 6 provides a Bode diagram of the transfer func- 
5 tions of the feedback control system of FIG. 5; 

FIGS. 7u and 76 provide graphical illustrations of the 
vector components of an output signal generated by a 
PID compensator and a TID compensator, respec- 
tively; 

FIG. 8 provides a vector illustration of the phase 
stability margin of the TID compensator of FIG. 5; 

FIG. 9u provides a complex plane illustration of the 
poles and zeros of the transfer function of the TID 
compensator of FIG. 5; 

FIG. 9b provides a graphical illustration of the gain 
response as a function of frequency of the feedback 
control system of FIG. 5; 

FIGS. 10a and 106 exemplify the gain and phase, 
respectively, of a rational functional approximation of 

FIG. 11 provides an electrical circuit schematic of an 
analog circuit implementation of the T compensator of 
FIG. 5; 

FIG. 12 provides a Bode diagram illustration for the 
25 loop gain achieved by the TID compensator of FIG. 5, 

along with the loop gain for a conventional PID con- 
troller and an optimal compensator; 

FIG. 13 provides a graphical illustration of a Nichols 
3o diagram for a conventional PID controller and for the 

TID controller of FIG. 5; 
FIG. 14 provides a graphical illustration of the closed 

loop response as a function of frequency of the feedback 
control system of FIG. 5, excluding the prefilter; and 

FIGS. 1% 156, and 1% provide graphical illustra- 
tions of time responses to a step input command for 
nominal plant gain, maximum plant gain, and minimum 
plant gain, for the feedback control system of FIG. 5, 
with and without (dashed line) of the prefilter. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The following description is provided to enable any 
person skilled in the art to make and use the invention 

45 and sets forth the best modes contemplated by the in- 
ventor of carrying out his invention. Various modifica- 
tions, however, will remain readily apparent to those 
skilled in the art, since the generic principles of the 
present invention have been defined herein specifically 

50 to provide a three-parameter tunable feedback loop 
compensator employing a controller having a tilted gain 
as a function of frequency in place of a conventional 
proportional compensator unit. 

Referring to FIGS. 5-15, a preferred embodiment of 
55 the invention will now be described. FIG. 5 provides a 

block diagram schematic of a feedback control system 
10 receiving an input reference or command signal r 
along an input line 12. Reference input signal r is prefil- 
tered by a prefilter 14 having a transfer function R(s). A 

10 

l5 

2o the transfer function of the T compensator of FIG. 5; 

35 

40 

FIG. 3 provides a complex-plane represen&ion of 60 filtered reference signal rfis output from prefilter 14 
dong line 16 to a summer or s d g  point 18 where rf 
is combined with a primary feedback signal b received 
along feedback path 20. 

Summer 18 outputs an actuating or error signal e 
65 along line 22, where e=rffb. Error signal e is applied 

along three paths at takeoff point 24 for parallel filtering 
by a set of control elements, generally denoted 26. Indi- 
vidual signals output from individual elements within 

the poles and zeros of the feedback control system of 
FIG. 1; 

FIG. 4 provides a graphical illustration of the subop- 
timal Bode loop response for a feedback control com- 
pensator; 

FIG. 5 provides a block diagram illustrating a feed- 
back control system constructed in accordance with a 
preferred embodiment of the invention, wherein a con- 
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block 26 are combined by a summer 28 to yield a con- 
trol signal u output along path 30. Disturbances, if any, 
are combined with control signal u at a summer 32. The 
resulting signal is fed via path 34 into an actuator 36. 
Output from actuator 36 is fed back to summer 18 along 
data line 20 as primary feedback signal b. 

Control element block 26 includes three tunable ele- 
ments: an integral compensator 38 having a transform 
l/s, represented in FIG. 5 by block 40, a tilt compensa- 
tor 42 having a transform function l/sW), represented 
by block 44; and a derivative compensator 46 having a 
transform s represented by block 48. 

A Bode plot of the transforms of control elements 26 
is represented in FIG. 6, along with respective crossing 
frequencies. As can be seen from FIG. 6, unlike a con- 
ventional PID controller (FIG. 2), which yields a flat 
proportional component, the controller of the invention 
yields a tilted midfrequency component having decreas- 
ing gain with increasing frequency. In FIG. 6, the Bode 
plots of the individual elements are represented by solid 
lines, whereas the resulting combination is represented 
by dashed lines. More particularly, the Bode plot of 
integral component 38 is represented by solid line 50, 
the Bode plot of tilt compensator 42 is represented by 
bold line 52, and the Bode plot of derivative element 46 
is represented by solid line 54. The resulting combma- 
tion is represented by dashed line 56. Axis  58 represents 
frequency and axis 60 represents gain. Tilting the cen- 
tral frequency attenuation component to provide de- 
creasing gain with increasing frequency yields a sharper 
comer component at crossover frequency fTD. 

In the transform of the tilt compensator, n may be any 
nonzero real number, but preferably is a real number 
between 2 and 3. Throughout the following, a value of 
3 is employed for n. It will be appreciated by those 
skilled in the art that a different value of n will result in 
somewhat differing characteristics. With n=3, the re- 
spective comer frequencies illustrated in FIG. 5 are: 

The compensator gain at the comer frequencies at the 
joint of the bands of dominance of the tilt component 
and the derivative component is particularly important. 
The vector diagrams in FIGS. 7a and 76 represent the 
components forming the output signal of the compensa- 
tor at the comer frequency for PID control and TID 
control, respectively. The total signal amplitude in the 
PID compensator is v2 larger (i.e., 3 dB larger) than 
each of the components, but in the TID compensator, 

6 
ered due to the nonzero slope of the T-path transfer 
function. Consequently, the frequency band where the 
T-term dominates is wider, and the coefficient I has less 
effect on the crossover frequency region and the stabil- 

5 ity margins, thus simplifying system design and tuning. 
Increasing the coefficient I improves the system pre- 

cision at lower frequencies, but reduces the phase stabil- 
ity margin. To resolve this tradeoff, it is reasonable to 
accept some small reduction in the phase stability mar- 

10 gin caused by the term I/s. As such, 5 degrees will be 
used in the following; i.e., we consider the integral term 
bounded by the condition that it impairs the phase sta- 
bility margin at fb by only 5 degrees, from 35 to 30 
degrees. This constraint is illustrated by the vector 

15 diagram of FIG. 8. It follows from the diagram that: 

such that 

(4) 

Since the term T/s(W eliminates static error, the 
parameter I can be set to 0 for many problems, thus 

A suggested tuning procedure for the TID compen- 

(a) set I=O, D=O, and set the coefficient T for the 
loop gain to be 0 dB at a desired crossover fre- 

(b) set D such that the phase stability margin at the 
crossover frequency is about 5 degrees larger than 
desired; and 

(c) set 1=0.25TFJ%). 
Alternatives to step (b) are: set D such that the closed 

loop gain at fb without a prefilter is about 5 dB, or yield- 
ing an overshoot, without the prefilter, of about 30%. 
These are not the only suitable methods of TID control- 
ler tuning. Since the TID controller is relatively close, 

4o although better, to PID control, various schemes of 
automatic tuning have been developed for the PID 
controller will probably work well for timing the TID 
controller as well. 

The function s(f) can be approximated by a function 
45 having alternating real poles and zeros as shown in a 

complex plane representation in FIG. 9(a). The result- 
ing gain response is shown in FIG. 9(6). Three poles and 
three zeros per decade generally suffice to achieve the 
phase error of less than 1 degree and the amplitude 

25 further simplifying controller tuning. 

sator is: 

30 quency fb; 

35 

5o error of less than 0.1 db. 
For example, the gain and phase of the function 

0.4415s6 + 2.2349 + 1.8614 + 0.427& + 0.029549 + 0.0005682s + 000002178 
8 + 2.42.? + 1.3037.d + 0.20073 + 0.092019 + 0.00010989s + 0.0000001979 

(5 )  
F(s) = 

total signal amplitude is the same as the amplitudes of 
the components. As a result, the comer of the TID gain 
frequency response is sharper than the corresponding illustrated in FIGS. lO(u) and (b) are very close to that 
comer in the PID compensator. This sharper comer desired over two decades. 
achieves a closer approximation of the optimal Bode 60 When the burden of real-time computation of a trans- 
loop response. fer function having many poles and zeros is too heavy 

The sharper comer illustrated in FIG. 6, provides a for the digital processor employed to calculate the 
first advantage of the TID compensator of the inven- transfer function, an analog or hybrid device can be 
tion. A second advantage of the TID compensator is a used. FIG. 11 shows an electrical circuit implementa- 
steeper slope of the loop response Bode diagram at the 65 tion of the transfer function (2) shifted in frequency to 
crossover frequency which yields better utiliition of cover the band from 1 to 100 Hz. 
the feedback bandwidth. A third advantage is that the The resistance and capacitance values of the circuit 
frequency band of the integral term dominance is low- illustrated in FIG. 11 are provided in Table I. 
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level. If no measures are taken, the saturation effect 
might cause undesirable nonlinear phenomena like 
wind-up in PID and TID controllers. Conventional 

R5 39.429K nonlinear dynamic compensators can correct such 
R6 184.95K 5 problem. For a more complete discussion of nonlinear 

dynamic compensators, see B. J. Lurie, “Feedback 
R9 563.9K Maximization,” Artech House, Dedham, Mass., 1986. 
RIO 

TABLE I 
R2 54.53K 
R3 598.95K 

R7 308.13K 
R3 423.3K 

555.2K 
C5 9.866N 

13.10N c 6  
c 7  23.76N 

EXAMPLE 
As an example, consider control of a fust order plant 

using a sensor having a transfer function possessing a 
triple real pole at 80 Hz, with a crossover frequency 
limited by the sensor noise, of fb=20 Hz. The Bode 
diagram for the loop gain achieved with a TID compen- 

l5 sator is shown in FIG. 12 by a solid line. For compari- 
son, the best Bode diagram achieved using PID control 
with the same coefficient D (Le., the same gain at higher 

10 
cs 5 1.44N 
cg 123.7N 

R12 1OK 

c10 500N 
Rii  1OK 

When the plant and the CrOSSOver frequency are 
in advance, the tilt block can be designed to 

approximate the required frequency response Over only 
about a decade of frequency, and a two-pole and two- 2o frequency 

frequencies and, therefore, nearly the Same level of high 
shown* As can be Seen from is 

zero approximation sufices. Since the poles and zeros FIG- 12, near the CrOSSOver frequencies, the TID Bode 
are both real, the computation need not be performed diagram is steeper than the PID diagram. 
with high precision. The responses for the feedback, Le., disturbance re- 

Generally, if desired, the slope can be made adjust- jection ratio, are shown by the dotted lines. At the 
able, for example, using conventional Bode variable 25 typically Critical frequency of about fb/2, the feedback 
equalizer methods. in the TID controller is 5.5 dB larger than that in the 

The typical closed loop system frequency response is PID controller. 
similar to a low-pass filter having a “hump” at the end FIG. 13 provides Nichols diagrams for the PID com- 
of the passband where the feedback is positive. How- pensator to dashed h e ,  and for the TID compensator, 
ever, the system transient response to a step-function 3o solid lines, with the chosen coefficient I. From FIG. 13, 
command of such a system typically suffers from signifi- it can be appreciated that phase stability margin of the 
cant overshoot. If the quality of the transient response is TID compensator near f b  is not excessive. Changing the 
important, but no prefilter or command processing is value of the coefficient I effectively controls the Nich- 
employed, the stability margins are preferably increased ols diagram shape at lower frequencies without causing 
over what is otherwise required. However, feedback 35 large changes in the CrOSSOver frequency area. 
and disturbance rejection ratios may be significantly 
degraded. 

The goal for the Prefilter R(s) is to correct the closed 
loop response of the ff~?dback system by the 
response resemble a Bessel filter response. T O  this end, 4o 
the prefilter is a notch filter, with rather broad notches 
to Xcount for the plant parameter variations from the 
nominal. The prefilter introduces about 10 dB of attenu- 
ation near the crossover frequency. A suitable prefilter 
function is: 

FIG. 13 also illustrates that with a saturation 
installed in the integral path, when the signal level in- 
creases, the phase lag of the loop describing function 
decreases, preserving the system global stability. 

and 
for the plants with the gain increased and reduced by 
3-dB with the TID compensator without a prefilter is 
shown in FIG. 14 by dotted lines. With a prefilter hav- 
ing a transfer represented by the given equa- 

45 tions, the closed loop responses for the nominal plant 

The closed loop response for the nominal 

._ 
and for the plant with the gain increased and reduced by 
3 dB are shown by solid lines. 

The time-respOnses to the step-input command for 

50 and reduced by 3 dB are presented in FIGS. lS(u), (b), 
and (C), with the Prefilter, by solid lines, and without the 
prefilter, by dashed lines. Overshoots with the prefil- 
ter% are, correspondingly, 6%, 7.5%, and 20%. This 
example shows that the prefilter greatly helps to reduce 

gain increment shifts the 55 the overshoot, even when the match between the fre- 
quency responses ofthe closed loop Plant and the Prefd- 
ter is not very accurate. 

T O  ensure that the digitizing of the signal does not 
reduce the available feedback, the Sampling frequency 

60 must be higher than the crossover frequency by about 
an order of magnitude. Such a high sampling frequency 
is achievable by employing conventional technology 
including specialized digital processors, switch-capaci- 
tor filters, or hybrid controllers. 

What has been described is a feedback control system 
compensator of the PID type, but employing a tilted 
midfrequency gain rather than a proportional gain. The 
TID controller of the invention allows for a closer 

(‘) 

The response accuracy of R(s) need not be high, and 

R(s)= (s2+20#+0b2)/ (s2+5.2506r+ Ob2) 

1 or 2-dB changes in the gain do not substantially affect the nominal Plant and the plants with the gain increased 
the closed loop transient response. 

Near the crosover frequency fb, plant parameter 
variations may changes in the plant 
g h ,  but less significant changes in the plant phase, such 
as, for example, in the of a 
rigid body plant. n e  
crossover frequency fb. The steeper the open loop Bode 
diagram in the vicinity of fb, the smaller the shift in fb 
and the resulting prefilter mismatch. In this respect, the 
TID controller provides a substantial fourth advantage 
over the PID controller. 

With optimized TID compensation, a prefilter de- 
signed for optimal performance with the nominal plant 
also provides acceptable performance when the plant 
has significant gain variations from the nominal. 

some inputs, the actuator becomes saturated. For exam- 
ple, to reduce the heatup time, the heater of a furnace 
must deliver full available power up to the saturation 

The actuator power capability is always limited. For 65 
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approximation of Bode optimal response than PID con- 
trollers, which results in about 4 dB better disturbance 
rejection at a frequency one-half the crossover fre- 
quency. Designing and tuning TID controllers i s  as easy 
or easier and as f a t  or faster than designing and tuning 5 
PID controllers. TID control is robust, and its transient 
response to command input ratio remains good over a 
wider range of plant parameter variations. 

Those skilled in the art will appreciate that various 
adaptations and modifications of the just-described pre- 10 
ferred embodiment can be configured without depart- 
ing from the scope and spirit of the invention. There- 

appended claims, the invention may be practiced other 
than as specifically described herein. 

the term wb being defined as a crossover frequency 

5. A feedback control system, comprising: 
a prefilter for receiving a control Signal from a plant, 

said prefilter outputting a filtered control signal 
along a control path; 

a summer for receiving said filtered signal along said 
control path from said prefilter and a feedback 
signal along a feedback path and for summing said 
filtered control signal and said feedback signal to 
yield a summed signal; 

an integral compensator unit, a tilt compensator 
unit, and a derivative compensator unit, each unit 
of said three-component Compensator receiving I claim: said summed signal, with said integral compensator 1. A multiple parameter tunable compensator system unit having a transfer function I/s; for use in a feedback control system, the compensator said derivative compensator having a transfer func- being located between a first summer and a second 2o tion Ds; and summer, a feedback path being connected to the fust said tilt having a function 
T/s(I/fl), wherein n is a nonzero real number; summer, said compensator having: 

sated signals from each of unit of said three unit 

a control for controlling said plant in response to said 
compensated signal received from said three-com- 
ponent compensator, with said feedback path being 
connected between said controller and said first 
Summer. 

6. In a feedback loop control system having a three- 
component PID-type compensator with a proportional 
compensator, a derivative compensator, and an integral 
compensator, the three compensators connected in par- 

35 allel and having a common input, wherein the PID 
compensator is located between a first summer con- 
nected to a feedback path and a second summer, an 
improvement comprising: 

replacing said proportional compensator with a tilt 
compensator having a transfer function character- 
ized by l/s(*/fl), wherein n is a nonzero real num- 

(fb) multiplied by 277. 

fore, it is to be understood that, within the scope of the a three-component compensator having, in parallel, 

15 

an input for receiving a si@, the input being con- a second summer for receiving and summing compen- 
nected to three control paths, each control path 
employing a tunable element; 25 compensator; and 

the first control path employing an integral ComPen- 
sator having a transfer function I/s; 

the second control path employing a derivative com- 
pensator having a transfer function Ds; 

the third control path employing a tilt compensator 30 
having a transfer function T/s(l/n), wherein n is a 
nonzero real number, I, D, and T are real numbers, 
and s is the operational variable; and 

means for outputting the three outputs of the three 
compensators. 

2. The compensator system of claim 1, wherein n is 

3. The compensator system of claim 1, wherein said 

4. n e  compensator of claim 3, said prefilter having a 40 

between 2 and 3. 

system further includes a prefilter. 

transfer function R(s) 
characterized by: ber. 

R(S) =(s? -k 2Og-k Ob’)/ (s?+ 5.25 O6(+ Ob’), * * * * *  

45 
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