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Intelligent PID Controllers

Michel Fliess and Cédric Join

Abstract— Intelligent PID controllers, or i-PID controllers,  i-PID controllers. It contains moreover the basic prinegpl
are PID controllers where the unknown parts of the plant, of our numerical differentiators. The three examples oftSec

which might be highly nonlinear and/or time-varying, are ; "with numerous convincing computer simulations, are
taken into account without any modeling procedure. Our

main tool is an online numerical differentiator, which is based « a stable linear system,
on easily implementable fast estimation and identification « an unstable nonlinear system,

techniques. Several numerical experiments demonstrate ¢h « a spring with unknown damping, friction and nonlin-
efficiency of our method when compared to more classic PID earity ’

regulators.
The conclusion in Sect. IV is stressing the benefits of our

At ; _ _ . viewpoint for industrial control applications, and listsnse

free control, fast estimation techniques, numerical diffeentia- .

tion, linear systems, nonlinear systems, flatness-basedntml, open questions. )

delay systems. Remark 1:We are perfectly aware that such a comparison

with existing techniques may be objected on the basis of the
|. INTRODUCTION huge literature on PID controllers since the founding paper

Recent model-free control strategies have been proposgg ziegler & Nichols [52], Cohen & Coon [8], and Kessler

in [16] and [15]. They are based on new techniques foRg] (see,e.g, [1], [2], [3], [5], [6], [7], [9], [10], [11],

fast identification and estimation (see [17] and the refegsn [12], [21], [22], [24], [26], [29], [30], [31], [32], [33], B4],

therein) and they have been shown to be quite efficient npde], [38], [40], [41], [42], [43], [45], [47], [49], [51] ax

only via academic examples in [15], [16] but also thanks téhe references therein). It might always be argued that some

Key words— PID control, intelligent PID controllers, model-

concrete CQSG-StUdFem [23], [27], [48]. already existing methodologies were ignored and/or misuse
This setting is based for a SISO system on the locabnly time and the combined effort of many control engineers
description will be able to establish our thesis on a completely firm basis
Y™ = F + au (1)
wherea is some given constant. The functidh= y(™ — Il. 1-PID CONTROLLERS

au, which is obtained via an estimation of thé"-order
derivative of the output signal, carries the whole inforiorat
on the process we want to control: it might include severe 1) General principles: Take a finite-dimensional SISO
nonlinearities as well as complex time-varying phenomenaystem

like frictions. In all the examples we have investigated

A. Model-free setting

until now, we tookn = 1 orn = 2. If n = 2, we Ety, g, yui, . ul)y =0
obtained the desired behavior via the followingelligent o ] o
PID controller. or i-PID controller which is linear or not, where® is a sufficiently smooth

oo function of its arguments. Assume that for some integer
w=——+Y¥% f Kpe+ K1/6 + Kpé 2 0<n<uy, % # (. The implicit function theorem yields
(0% (0%

then locally
wherey™* is a reference output trajectory, and= y—y*. The
aim of this communication is to show the superiority of thosg/(™ = &(t,y,7,...,y™ D,y 4@ w a, ... u)
i-PID regulators with respect to more classic approaches of
PID control. By setting¢® = F' + au, we obtain Eq. (1) where

Our paper is organized as follows. Sect. Il is devotedtoa, , c R is a non-physicalconstant parameter, which is
short review of model-free control and gives the definitibn o chosen by the engineer in such a way tfagnd au

M. Fliess is with INRIA-ALIEN and LIX (CNRS, are of the same magnitude,
UMR 7161), Ecole polytechnique, 91128 Palaiseau, France. ¢ F'is determined thanks to the knowledgewf«, and
M chel . FLi ess@ol yt echni que. edu of the estimate of)(").
C. Join is with INRIA-ALIEN and CRAN (CNRS, UMR 7039),
Nancy-Universite, BP 239, 54506 Vandceuvre-l&s-Nancyranée. Remark 2: A system might only be partially unknown as
cedric. joi n@ran. uhp- nancy. fr in Sect. 1lI-C. It is straightforward to adapt the previous

1Some industrial implementations, which will be discussisdwhere, are
already being developed.

2This terminology has already been used by other authors ésge[4]),
but with a quite different meaning. 3See [16] and [15] for more details.

method to this case.
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2) Numerical differentiatioh Start with a polynomial I1l. COMPUTER SIMULATIONS AND COMPARISONS
time functionzy () = YN 2(0)L € R[t], t > 0,

v=

X ¥ . All computer simulations are performed with a corrupting
of degreeN. The usual notations of operational CaICUIUSadditive white Gaussian noise, which is zero-mean and with
(see.e.g, [50]) yield Xy (s) = SN 220 Multiply both : - : !

5€€.e.0, y N\S) = 2 y=0 T - iuply F variance0.01. With classic PID regulators standard low-pass
sides by positive powers of thalgebraic derivative 7. fiters are utilized whereas robustness with respect toesois

The guantitiest”)(0), » = 0,1,..., N, which arelinearly ¢, i_p|p controllers is ensured via the principles of Sect.
identifiable satisfy the following triangular system of linear

equations: II-A.3.
A. A stable linear system
daSN+1XN d* N W) New

dse ds® (Z()m (0)s 0asN-1@) The transfer function

. . T , (s +2)2
Multiplying both sides of Eq. (3) by =", N > N, permits m (5)
to get rid of time derivatived,e., of s# dd)sf,”, w=1,...,N,
0<.:<N. defines a stable linear system.

Consider now an analytic time function, defined by the 1) A classic PID controller:We follow Dindeleux [11]
power seriesz(t) = 00, x(v)(o)f]_"!, which is assumed and apply Broida’s method by approximating the input-
to be convergent arountl= 0. Approximatexz(t) by the output behavior (5) by the delay system
truncated Taylor expansiomy(t) = 0 2 (0)L; of Ke—™s
order N. Good estimates of the derivatives are obtained by m
the same calculations as above.

3) Noise removalCorrupting noises are viewed as highly The parameter&’, T', 7 are obtained via graphical methods:
fluctuating phenomena, which are attenuated via low pads = 4, T' = 2.018, 7 = 0.2424. It yields the following PID
filters (see [13] for more details). Such filters may beoefficients:Kp = 10Q4TET) — 1 8181, K} = 21— =
obtained for instance by multiplying both sides of Eq. (3)-7754, Kp = 23T = 0.1766.

by s=V, whereN > 0 is large enough. 2) The i-PI controller: The very simple mode) = F' +u
is used. Writdle]. the estimate of a given quantity. Introduce

B. Controllers the i-PI controller

If_ n=2 in Eq. (1), the desi_red behavior is obtained via w=—[F. + 5" +Pl(e)
theintelligent PID controller or i-PID controller, (2) where

o Kp, K;, Kp are the tuning parameters, where

. y* is a reference output trajectory, o [Fle=[gle —u,

« e =y —y* is the output tracking error. - y* is a reference trajectory,

Remark 3:If n = 1 in Eq. (1), replace Eq. (2) by the * ¢=Y— Y
intelligent PI controllet or i-PI controller, « Pl(e) is a standard PI controller.

oo 3) Simulation resultsfig. 1 shows that our i-PI controller
w=-——4+Y 4 Kpe+ K | e (4) behaves slightly better than the classic PID regulator. The

a a ; i RS
Remark 4:We were never obliged until now to chooseSituation is much more revealing if we assume that

n % 2 in Eq. (1). If nevertheless this happens we ¢ OUr System is changing with time,
would easily extend the generalized proportional-integra * @ fault is occurring.

controllers, or GPI controllers, of [19] tatelligent general- The system poles are no more located &ut at1.5, i.e,
ized proportional-integral controllersor i-GPI controllers its transfer function becomes
Let us emphasize the following differences with respect (s +2)2

to more classic approaches of PID controllers:

(s+1.5)3
« No identification procedure is needed since the whoIE_ 5 d hat the diff b Pl
structural information is contained in the tedhwhich '9. emonstrates that the difference between our I-

is canceled. We are able to control high dimensi()r1£ontroller becomes quite important with the classic PID reg

and/or strongly nonlinear systems without any comple%lator if we do not perform again the graphical identificatio

and time-consuming parameter tuning. techniques.

« The flatness-based-like output reference trajectory (see,The agtuator_failure in”Figb. ﬁ is 0% hp(;wer Iohss. h
e.g. [18], [44]) is much more flexible than the stepHere again our i-Pl controller behaves much better than the

trajectory between two setpoints which still is quitesmndaerI PID controller.

common in industry. It permits to a large extent to avoids  aAp unstable nonlinear system

overshoots and undershoots. . .
Consider the unstable nonlinear system

4See [35] for the most recent and powerful advances. Theerafer[17] . 3
contains a quite extensive bibliography on this subject. y—-—y=u (6)
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1) A classic PID controller: As in Sect. IlI-A.1, we
approximate Eg. (6) via the delay system

Ke™ T8
S

()

The parameterd<, r are again obtained via a graphical
method around the operating poimt=1, y = 1.5: K = 2,
7 = 0.2. It yields according to [11] the PID coefficients:
K, W0 — 22727, K; = = 1.8769 and

_OA OKT

1
6.66 K72

(d) Output (-); 'rwé?erence (- -); de-
noised output (. .)

(c) PID control

linear system

(d) Output (-); 'rwep?erence (- -); de-
noised output (. .)

(c) PID Control

Modified stable linear system

(d) Output (-); }g%erence (- -); de-
noised output (. .)

(c) PID control

tem with actuator failure

Replace, following the principles of flathess-based cdntro
the step reference trajectories by suitable smooth tkajest
which are defined here via Bézier polynomials. Even if the
performance of the classic PID regulator increases, Figs. 5
and 6 demonstrate that the i-PIl controller behaves much
better.

4) Anti-windup: Set, for instance,—2 < u < 0.4.
According to Fig. 7 we obtain second-rate performances
without anti-windup (seee.g, [25]). With an anti-windup
on the classical part of the i-PI controller, Fig. 8 showd tha

Remark 5: The quality of the above parameters strongl;}h? rgference trajectory should be modified according to the
depends on the accuracy of the identification by Eq. (7). ThR¥inciples of flatness-based control.

identification here is quite “subtlet,e., not very natural.

2) The i-PI controller: The coefficientsKp and K; in
Eq. (4) are selected in such thag is the double pole of the
closed loop dynamics.

3) Simulation resultsFig. 4 shows the poor performances

of the classic PID control with steps as reference trajéesor

Note that for the numerical simulations we utilized for the

PID controller, as often in industry, only the derivativetbé
output variabley:

w=Kp(lyle - v*) + K1 / (v — %) + Kplile

C. An example of a partially known system
Consider the following spring

my = _K(y) + f(y) —dy + Fu 8

wherey is the position of a point mass, F., = u is the
control, d is the damping/C(y) = kiy + ksy® contains a
cubic Duffing nonlinearity,7(y) is the friction. The mass
m = 0.5 is perfectly known. The error on the coefficient
k1 = 5 is 40% since we are utilizing the valug, = 3 in
the simulations. The true values of the coefficiedtaind
ks, which are unknown, ard and 2 in the simulations.
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Choose for the frictioh in the numerical simulations the controllers depends on practical implementation isstiks, |

classic Tustin model [46]: Fig. 9-(a) shows a quite “brutal'the quality of the sensors, the magnitude of the corrupting

behavior when the sign of the speed is changing. noises, the sampling period, and the computer capability.
1) A classic PID controller:We design a PID controller A more detailed presentation will appear in [14], where

with respect to the partially known modelij = —k,y +u. some important questions, like multivariable systems, and

Its coefficients are selected such that all closed loop pole®n-minimum phase systems, will also be examined.

are equal to-3: K, = —k1+27m, K; = —2Tm, K4 = 9m.  AcknowledgementsThe authors would like to thank Dr. O. Gibaru
2) The i-PID controller: Select a reference trajectogy.  (INRIA-ALIEN — Ecole des Arts & Métiers ParisTech, Lille) for

Setu* = my* + l%ly*. The designed control is some helpful discussions.
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