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Abstract

This documentation severs as a user guide for numerical simulations of nonlinear PID
controllers based on SCILAB/SCICOS, an “open-source” scientific software developed by
INRIA and ENPC of France. The simulation toolkit, entitled “NPID-PCA”, is developed by
the author, and is distributed freely to publics.

NPID-PCA is implemented following the so-called “Proportional Component Ap-
proach (or PCA)”. The significant feature of this approach is the selection of proportional
components as the nonlinear functions to synthesize nonlinear PID controllers. Due to their
simplest characteristics inherent by proportional actions, the proposed NPID-PCA provides a
better means for the design and tuning of the nonlinearity of controllers.

In the structures of NPID-PCA, we adopt the configuration of three independent
nonlinear proportional functions in connection to each gain loop. This scheme is important
when users desire to adjust the equivalent nonlinear gains independently. NPID-PCA pre-
sents the most compatible structure with the conventional, or linear, PID technique. A linear
PID controller is conveniently included as a specia case for NPID-PCA.

A spline-based function, or Bézier curve, is used for forming nonlinear proportional
component functions. For each nonlinear curve, at most four nonlinear parameters (or two
control pointsin 2D) are used. The proposed controller can provide four types of the ssimplest
nonlinear curves to approximate the nonlinear functions of the control output that are implic-
itly suggested by the process. The significant benefit is obtained by using Bézier curves for
the nonlinear design. Users are able to control and visualize the nonlinear functions even
without using a graphical means.

Specific attentions are made to the standardization in the implementation of NPID-
PCA controllers. All parameters are set within given ranges without lost of generality. It will
be helpful to reduce the optimization cost for the design and tuning of controllers. A satura-
tion element isincluded in the structure of NPID-PCA. Therefore, an actual control force can
be analyzed for the control design.

Asthefirst version of NPID-PCA, this simulation toolkit only considers the specifica-
tion of high performance in process control. We include three case studies with nine individ-
ual demos. All cases below are taken from the existing examples in the literature for com-
parisons:

CASE 1. Step response of first-order plant with or without time delay.

CASE 2: Step response of second-order plant with dead zone.

CASE 3. Step response of second-order plant with small damping.

The simulation results confirm the superior performances on the NPID-PCA control-
lersin comparing with linear PID technique. And, users can still improve the performance by
either manually tuning or optimization-tool using.

To the author’s knowledge, NPID-PCA seems to be the first free toolkit available in
publics for the subject of nonlinear PID control. It is still in avery preliminary stage, but the
author wishes that the present toolkit is useful for users to understand the theoretical funda-
mentals as well as the implementation and simulation of the NPID-PCA.
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License

NPID-PCA: A Simulation Toolkit of Nonlinear PID control
on Scilab/Scicos(c)INRIA-ENPC.
Copyright (C) 2004 Bao-Gang HU (hubg@nlpr.ia.ac.cn)

The program in this toolkit is free software. One can redistribute it and/or modify it under the
terms of the GNU (General Public License) as published by the Free Software
Foundation; either the License Version 2, or any later version.

The program in this toolkit is distributed in the hope that it will be useful for users, but
WITHOUT ANY WARRANTY; without even the implied warranty for any
particular purpose. See the GNU (Genera Public License) for more details.
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1. Introduction

The proportional-integral-derivative (or PID) control technique has been in existence
for over eighty years [Astrom and Hagglund, 1994]. Up to now, however, this technique is
still keeping a dominant role in control engineering. We believe that PID controllers will
always remain as a basic element of process control in future, even the other advanced con-
trol techniques may appear or mature. Both the past history of control engineering as well as
PID control technique itself can support this belief. PID control takes the advantages of the
“feedback” idea with most intuitive yet simplest means. As long as the feedback control re-
mains, the principle of PID will be behind in working either explicitly or implicitly, or at
least partialy.

In control engineering, PID control technigue has been considered as a matured tech-
nique in comparing with other control techniques. In fact, this technique is far away from
maturity if PID controllers are used beyond as a linear tool. Even for the study of alinear PID,
the improved schemes for adaptation or self-tuning are still in the list of hot topics. In recent
years, PID control has received more attentions from the control community [IFAC, 2001,
IEE, 2002]. One driving force is from fully understanding and utilizing PID for advanced
applications.

In thiswork, we focus on a study of PID control as a nonlinear tool. Significant inves-
tigations have been reported in literature [Rugh, 1987; Jutan, 1989; Han, 1994; Xu, €t al,
1995; Shahruz and Schwartz, 1994, 1997; Kelly and Carelli, 1996; Sergji, 1998; Hu, €t al,
1998; Bucklaew and Liu, 1999; Cehn, et al, 1999; Liu and Daey, 2000; Armstrong, €t al,
2001, Tan, et al, 2001; Gao, 2002; Ortega, et al, 2002; Feng, et al, 2002; Chang, et al, 2002;
Huang, et al, 2002; Su, et al, 2004]. However, there is no well-accepted synthesizing ap-
proach for nonlinear PID controllers. On the other hand, to the author’s knowledge, there is
no nonlinear PID control toolkit available in publics. Therefore, in this work, we develop a
simulation toolkit of nonlinear PID controllers based on Scilab/Scicos. Since we adopt the
“Proportional Component Approach (or PCA)” [Hu, et al, 1998] for synthesizing the nonlin-
earity of PID, thistoolkit is called “NPID-PCA”.

We wish NPID-PCA can be used for studies by both engineers and the educators.
Several demos are given for users to understand and test the proposed nonlinear PID control-
lers. We choose Scilab/Scicos as a simulation platform since this software is open source as
well asits sufficient functions for numerical studies.

The objective of this NPID-PCA toolkit is to stimulate a study in establishing a gen-
eralized nonlinear PID controller from both theoretical and practical viewpoints. One of the
most challenging tasks for this study, we believe, is to preserve the distinguished features of
the conventional PID control technique to the nonlinear PID controllers, such as,

- Generality: it isagenera tool applicable for various processes.

- Intuitivity: it works in principles compatible with human intuitions.

- Model free: it dose not require model identifications for parameter tuning.

- Simplicity: it is simple with afew number of tuning parameters.

Therefore, the features above become the principles, or design guidelines, for the
NPID-PCA. This documentation does not only propose a new approach but also stress on the
principlesin each aspect of the NPID-PCA controllers.
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2. Proposed Structure of NPID-PCA

There exist variety forms for linear PID controllers [Astrom and Hagglund, 1995;
Datta, et al, 2000]. In this work, we only study the most conventional forms of cascade
feedback for linear PID controllers:

u=KPe+K|jedt+KD3—f=up+u,+uD, D

where e is the error signal, Kp, K, and Kp are proportional, integral and derivative gains, re-
spectively. These gains are constant for a linear PID controller. u is the overall control force
which is a summation of three components as up, U; and up.

For anonlinear PID control, it can usually be found by one of two forms, that is, “Di-
rection-force” type and “Gain-scheduling” type [Mann, et al. 1999]. The two types can be
expressed in the following forms, respectively:

Direct-action type:

u®d =u,(x,0,) +U, (x,0,) + Uy (x,0,). (2a)
Gain-scheduling type:

U Z K, (x,0,)e+ Kl(x,el)jedt+KD(x,eD)$. (2b)

where x and 0 are the variable and parameter sets, respectively. One can see that two types
are different in the selection of items as the nonlinear functions. While the “ Direction-action”
type synthesizes the three components for the nonlinear functions directly, the “Gain-
scheduling” type designs the nonlinear gains individually.

In this work, we apply the “Proportional Component Approach” [Hu, et al, 1998] for
the design of nonlinear PID controllers, and call them as NPID-PCA. The main feature of
NPID-PCA is the selection of only proportional components, or actions, as the nonlinear
functions for synthesizing nonlinear PID controllers. “This selection is of great significance
in nonlinear control design since this action may provide maximum intrinsic simplicity of
nonlinear functions than other control actions and tuning gains [Hu, et al, 1998]”. For ex-
ample, one can derive the following heuristic properties for the function of the proportional
component:

- up(e,0p) isacontinuous and monotonic function in respect to the error signa e.
- When e=0, one has up(e,0p)=0.
- When e=max(e), one has up(e,0p)= max(up).

It is understandable that all other two components and three gains do not share the
similar properties. And, they do not hold other well-accepted property for simplifying the
nonlinear design. In the later simulation examples, we can understand this further by examin-
ing the nonlinear gains.

Fig. 1 shows atypical structure of NPID-PCA, in which we adopt the configuration of
using three independent proportional actions connected to each gain loop [Mann, et al, 1999].
The general expression for NPID-PCA is expressed by:

0= Ry0,,(8.0,) + K, [ 0,,(8.0,,)dt + KD%, ©)
where é and Upi (€[-1,1]) are normalized error signal and normalized proportional component,
respectively; and K, K, , Ky (€[0,1]) are the normalized gains given as constants. We call {
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to be the scaled output. In Fig. 1, Sc and S, are scaling factor and denormalized factor, re-
spectively. We usually set Sq to be a known constant by the calculation from:

__ 1 4
S~ @) (4)

but consider S, to be alinear tuning parameter in a given range:
s, = 0 madjur|fu[)] (5)

where u ,u” are the lower bound and upper bound of the saturation element, respectively. We
include a saturation element in the structure of NPID-PCA controllers (Fig. 1), since most
actuators do have limitations to produce the output forces. This strategy will be helpful for
analyzing the actual control forces to the processes.

Generdly, there have total four linear parameters in the design of NPID-PCA control-
lers, that is, Ky, K,, Kpand S;. It seems that an additional cost will be added if introducing
one more parameter into the conventional linear PID controllers. In fact, the significant bene-
fit is obtained by this scheme. For an optimization design of linear parameters, the conven-
tional approach will search within a half space for each of three gains, but the present ap-
proach will search within only a limited space for each of four parameters. Hence, the com-
putational cost can be greatly reduced due to the reduction of the searching space. Moreover,
this scheme will also be important for realizing a standard procedure for a controller design.
For example, a genetic algorithm can be used directly.

u+

Fig. 1. Typical structure of the proposed NPID-PCA controllers.
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3. Synthesis of Nonlinear Proportional
Components

Up to now, there exist various approaches to synthesis the nonlinear PID controllers.
In apart from the empirical approaches for some given nonlinear functions [Ruth, 1987; Han,
1994, Bucklaew and Liu, 1999; Armstrong, et al, 2001], the studies have been found in using
fuzzy logic (Zhao, et al. 1993; Malki, et al, 1994; Li and Gatland, 1996) and neura networks
(Ruano, et al, 1992; Scott, et al, 1992). Most researchers selected approaches based on their
experiences and preferences.

Although there is no cure-all solution or approach for control engineering applications,
there does exist a need of a general tool like aPID technique from process industry. This tool
usually requires handling every plant with different dynamic characteristics. Thisis aso true
when PID controllers evolve into a nonlinear technique.

Ideally, we may hope that a NPID controller can work like a “universal approxima-
tors’ (say, fuzzy systems [Wang and Mendel, 1992; Ying, 1994] or neura networks [Hornik,
et al., 1989; Park and Sandberg, 1991]) to be suitable for all kinds of processes. This means
that the controller can approximate any nonlinear control laws or functions. These functions
are varied with processes as well as the specific performance criteria. In most cases, however,
the knowledge of explicit expressions of nonlinear functions is usually unknown or does not
exist to control engineers. In the design of NPID technique, one will face the tasks as follow-
ings[Hu, et al, 1998]:

“1). toguessthe general (or process-independent) properties of the desired nonlin-

ear functions,

2). togenerate a set of closed-form nonlinear functions compatible with the prop-

erties, and

3). to related the nonlinear tuning parameters quantitatively to their associated

versatility and flexibility to cover various nonlinear functions’.

The task statements above indicate that NPID controllers should not be designed as
a conventional concept of “universal approximators’. If NPID controllers aim to be a
“model-free’ tool, they should be able to produce a group of nonlinear functions that are de-
rived from “process- or problem-independent” cases. Only in this way, this type of NPID
will preserve the most inherent power to deal with the cases where little or no knowledge is
available to the processes.

In our previous work [Hu, et al, 1998], we demonstrated the detailed procedures for
fulfilling the tasks above. First, we derived the fifteen items of heuristic properties for the
nonlinear proportional functions by institutions based on the general applications for nonlin-
ear design. Second, we selected spline-based functions to generate the closed form functions
that are compatible with those heuristic properties. In this task, we considered three evalua-
tion criteriafor the selection of the nonlinear synthesizing approach. Third, we used so-called
“nonlinearity variation index” as a “process-independent” measure, not the approximation
accuracy of the specific function, to evaluate the NPID controllers.

The three criteria proposed in the selection of nonlinear synthesizing approach are
“transparency”, “versatility”, and “simplicity”, respectively. Examining with these criteria,



NPID-PCA User Guide: A Simulation Toolkit of Nonlinear PID Control

we can understand that the methodologies like fuzzy systems and neural networks do not
present the best solution for forming a low-level control element of nonlinear PID controllers.

In thiswork, we will adopt the Bezier functionsin [Hu, et al, 1998] as the nonlinear

synthesizing approach. The readers can refer to the original paper for the theoretical parts of
the approach. For a proper understanding and applying the approach, the more detailed pro-
cedures of nonlinear design are given below.

Step 1. Select the number for nonlinear proportional functions, Usi. According to
the “Smple-first” strategy, only one function, Gp, is used, which will be
connected to each gain loops.

Step 2. Select the number for nonlinear parameters, 7,,. In the proposed NPID-PCA
controllers, there exist three cases, that is, n,~1, 2, 4. According to the
“Smple-first” strategy, only one parameter, n,~1, isused.

Step 3. According to the number of nonlinear parameters, set the nonlinear parame-
ter set:

Nn=1: OP:{ le}

n,~2: ep:{ PX]_,Pyl}

=4 ep:{ PX]_,Pyl,sz,Pyz}
where all termsin the nonlinear parameter set are the coordinates of control
point(s), which are defined by 6p<[0,1].

Step 4. Establish the nonlinear function Up=f(&, 0p) for Up and & within [0,1] first by
the following parametric equations:

€=3s(1l-95)?P, +3s’(1-9)P, + S’ 5
Uy =3s(1-9)°P, +3s°(1-9)P,, + S, ©)

where 5(€[0,1]) is the functional parameter. Eq. (6) corresponds to the case
when n,=4. If using a smaller number of nonlinear parameter set, NPID-
PCA imposes the following constraints for the relation:

Nn=1: Pg= sz:].'Py]_:l'Pyzzc, Ce [0,1]

Nn=2: Pxu=Pwx=Cy,; Py]_:Pyz:Cz, C1,C2€[0,1]

Step 5. Calculate the eg. (6). For a given &, one can find a unique value of swithin
[0,1] form the first equation of (6), and obtain (e by substituting the current
value sinto the second equation.

Step 6. Construct whole Gp=f(&, 6p) function by adding the relations in the range of
[-1,0]. For simplicity, say, one can apply an anti-symmetric property to
form the whole function.

The nonlinear proportional function can be visualized whenever the control point(s) is
known. The most advantage for using the present synthesizing approach is that users can
immediately know the curve types from the location of the control point(s).

In the present NPID-PCA, four types of nonlinear curves can be formed as shown in
Fig. 2. Fig. 2(a) shows a“C” curve with using a single nonlinear parameter (Note the con-
trol point P; is located only on the diagonal line indicated). Fig. 2(b) shows an “Inverse-C’
curve with using two nonlinear parameters. And Figs. 2(c) and (d) show the “S’ and “In-
verse-S’ curves by using four tuning parameters. We consider those simplest curves are es-
sential for a generic tool of nonlinear PID controllers.

Although this work is about the nonlinear PID controller design, we propose users to
start with alinear PID controller first in their initial design or for their tuning process. For
example, one can realize alinear PID by imposing Px=P, on the controller points, which will
arrive at a perfect linear function, Gs=€. A nonlinear tuning process is usually made follow-
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ing the linear one, if a manual operation is used. In practice, severa iterations may be en-

gaged for achieving an optimal tuning.
For a given relation of Gp= f(&, 6p), one can obtain explicitly the equivalent nonlinear

proportional gain and derivative gain [Hu, et al, 1998], respectively:
KP Gp(élgpz)
Kpg=—7F-=""7"%
§Ke € 7

31— S)’P, +3s(1-5)P, +
 3(1-9)*P,+35(1-9)P,+5°’

©)

(KD)m: KP :Oup(eigpz)
s.Kp oe
_ (1-4s+35")P, +(25-35)P, + &
 (1-45+35%)P, +(25-35°)P, + 5’

However, one can find a closed-form solution for the equivalent nonlinear integral
gain (Ki)e only when the error signal &t) is known. Egs. (7) and (8) remove the linear pa-

rameter effectsin order to stress only on the nonlinearities of the gains.

Al Al
1 - 1
Py
1A .
I :
O. 5 "‘l’ ......... ............. O 5 ......................... ’1 ..
: ’I
: !
: !
é; - - P 1 é“
0 0.5 1 0 0.5 1
(a) "C" curve. (b) "Inverse-C" curve.
Al Al
1 — 1
P P, !
? i
: / : i
05 .............. o 05/’ ........ ............ '|
. /I 'I
. 7 . 1
Pl ~ II’ Pz é .
Z -7 - e : e
== > >
0 0.5 1 0 0.5 1
(c) "S" curve. (d) "Inverse-S" curve.

Fig. 2. Four types of simple curves.
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4. Case Studies

In this simulation toolkit, we will present several case studies using NPID-PCA con-
trollers on the existing examples from the literature. All studies can be repeated from the giv-
ing files in this toolkit, but only in next chapter we will introduce the basic procedures in
using the toolkit.

As a preliminary study in this work, we only focus on a single-input-single-output
feedback control with the specifications of response performance. That means we would aim
at realizing high-performance controllers. Further investigations can be extended conven-
iently based on the present setup into the other aspects, such as the disturbance response,
stability, robustness, etc. Although there exist various advanced configurations on the PID
controllers, we only consider the conventional cascade one for the purpose of fast compari-
sons with other reported works.

Three cases will be studied below with nine individual demos. They will give users a
rough idea how an NPID-PCA Controller works, and what the performance it can exhibit.
Except for the given parameters from other sources, all other parameters are obtained by a
well manually tuning means.

CASE 1: Step response of first-order plant with or without time delay.

This case study is taken from [Hu, et al, 1999], where fuzzy PID controllers were
used. From this case we can see that the present NPID-PCA controllers are able to reach the
similar high performances as fuzzy PID controllers. However, the present controllers will
have ssmpler expressions of nonlinear functions than those of fuzzy PID controllers.

The plant in this case is afirst-order process with a saturation ranges:

Gzie"ds, u=0 u=10
s+1
Two situations are studied for the time delay: t4=0, and t4=0.2. In this case study, only PI-
type controllers are applied. Figs. 3-4 show the step responses for the closed-loop systems for
two situations. Both PI-A and PI-B are linear controllers, and NPI-A and NPI-B are nonlinear
controllers. The parameter values are listed in Table 1 for four controllers. In the nonlinear Pl
controllers, only a single nonlinear function, @, is used. NPI-A and NPI-B controllers employ
asingle and two nonlinear parameters, respectively.

Table 1. Parameters of linear and nonlinear controllers for step
responses of the first-order process with and without time delay.

Time Delay tg=0 t4=0.2
Controller PI-A NPI-A PI-B NPI-B
Linear Kp=1, K, =1 | Kp=1, K, =0.394 | Kp=1, K, =0.874 | Kp=1, K, =0.961
Parameters S,=10 S,=7.32 S,=2.52 S, =37
Nonlinear 0p={ Px1} 6={ PPy}
Parameters None, ~{0.1} None. ={0.7,0.2}
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It can be observed that the nonlinear Pl controllers provide better performance than
the linear counterparts. When a time delay occurs to the process, the nonlinear proportion
function changes from a “C” curve into an “Inverse-C” curve (Fig. 5-6). One can also ob-
serve the plots of the equivalent nonlinear proportional gains in two situations. From these
examples one can understand why a direct design of nonlinear gains will be more difficult.
Designers usually have no knowledge about the gain value at a zero-error point; neither about
the changing tendency for the nonlinear functions.
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Fig. 3. Step response of the first-order Fig. 4. Step response of the first-order
process without time delay (t4=0). process with time delay (t4=0.2).
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Fig. 5. Plots of 0 and (Kp) fOr the Fig. 6. Plots of (s and (Kp) fOr the
NPI-A controller. NPI-B controller.

CASE 2: Step response of second-order plant with dead zone.

Liu and Daley (2000) proposed a nonlinear PID controller for a dead zone process,
which consists of a PID controller plus a dead-zone compensator (Fig. 7). In this case study,
we will show that a dead-zone process can also be controlled by smooth nonlinear functions
using NPID-PCA controllers. Since they did not provide an explicit expression for the proc-
ess investigated in [Liu and Daley, 2000], we obtain the estimation of the process from the
simulation with the following transfer function:

G=- 2 , u =-10, u =10, I =205
s°+4.4s
where 1, is a half width of the dead zone. Fig. 8 shows the step responses from three PD type
controllers. NPID-LD is a controller designed from [Liu and Daley, 2000], and NPD-A and
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NPD-B are nonlinear controllers based on the present approach. All tuning parameters are
givenin Table 2 for the three controllers.

Nonlinear PID Controller

Linear [ ll/

PID | | _]

A

Plant

A 4

A 4

v

att

Fig. 7. Nonlinear PID controllersin [Liu and Daley, 2000].

Table 2. Parameters of nonlinear controllers for step
responses of the second-order process with a dead zone.

NPD-LD
Controller [Liu, 2000] NPD-A NPD-B
Linear Kp=3.21, Kp=1, Kp=0.15 Kp=1, Kp=0.15
Parameters Kp=0.043 S,=3.0 S, =10
Nonlinear A dead-zone 0p ={ leyPyl} O ={ leyPylyPXZuPyZ} Ops ={ le.Pyl}
Parameters Compensator. ={0.01,0.9} ={0.01,0.9,0.9,0.01} ={0.01,0.9}

Note that NPD-A appliesa“C” curve for the nonlinear proportional function (Fig. 9),
which presents a similar shape as the dead-zone compensator used in Fig. 7. If one increases
the value of S,(=3.0) for the NPD-A controller, the process will result eventually in an over-
shooting response. In order to improve the performance further, the NPD-B controller em-
ploys two independent nonlinear functions (Fig. 10). While Ups still remains to be the same
“C” curve in the NPD-A controller, Op; has changed into an “S’ curve. We choose this curve
since it preserves the similar shape as the dead-zone compensator around the origin. At this
time, the value of S,(=10) is enlarged greatly, yet without the overshoot.

Ay

06 [

.’::\NPD-LD R

04 f it

e .
02f fi

oo
Y AR S S

Fig. 8. Step responses of nonlinear controllers
for a second-order process with dead zone.

Examining the both equivalent nonlinear proportional gainsin Figs. 9 and 10, one can
observe that the plot difference between the variable gains is not much in comparison with
the “C” curve and “S’ curve for the nonlinear proportional functions. This observation con-
firms the selection of nonlinear proportional functions for the nonlinear design.
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The study above demonstrates that the present NPID-PCA controllers are applicable
even for processes with dead zones. We can see that the “Smple first” strategy is quite help-
ful in a control design. When the performance is not satisfied to the process, users can add
more parameters one by one. Users will not lose the physical meaning for their design. This

strategy is usually better than that so called “ Complex reduction”.
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Fig. 9. Plots of 0 and (Kp) fOr the
NPD-A controller.

Fig. 10. Plots of 0 and (Kp)e, fOr the
NPD-B controller.

CASE 3: Step response of second-order plant with small damping.
This case study is taken from an investigation given by Shahruz and Schwartz in 1997,

where they also proposed two types of high-performance nonlinear Pl controllers in the fol-
lowing algorithms:

NPI5— SS: u(t) =[K, + g.¢"“e(t) + K, &(t),
_ a, +aye(t)|
NPI 6— SS: t) = 2" 2Pl at) + K, (1),
u(t) b0+bl|e(t)|e()+ £(t)
dé(t)  et) _
dt 1+ ue(t)’ <0=0

where their designs of NPI5-SS and NPI6-SS controllers applied total 5 and 6 parameters,
respectively. Their process example is a second-order plant with small damping:
s+1

$+0.01s+1

In their investigation, a linear Pl controller, PI-SS, was also given. For comparing with
their methods, we design a controller, NPI-C, based on the present approach, which employs
only total 4 parameters. All parameters for the four controllers are given in Table 3. The con-
trollers from [ Shahruz and Schwartz, 1997] were obtained by optimization designs on a mini-
mum of both error and control force.

10
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Table 3. Parameters of controllersfor step
responses of the second-order process with small damping.

Controller PI-SS NPI5-SS NPI6-SS NPLC
[Shahruz, 1997] [Shahruz, 1997] [Shahruz, 1997]

Linear Kp=3.15, K=2.36, K.=270.0 Kp=1, Kp=0.15
Parameters K=3.38 K\=267.39 e S, =10
Nonlinear None 1710, ?:é%?iéa"azgfg'l 00 (P}
Parameters ' A=-90.99,u=37.01 | 0 u:Bb 17 ={0.01}

Figs. 11-12 show the step responses and control forces of four controllers, respec-
tively. Due to the set-point value is 3, the scaling factor is set as S.=1/3 for NPI-C. This con-
troller presents the best performance (Fig. 11), but it consumes more energy to the control
force (Fig. 12). We can conclude that the NPID-PAC controllers compete closely in perform-
ance with the controllers proposed by Shahruz and Schwartz, but present the better physical
meanings to the nonlinear tuning parameters.

Ay Ay

4

. _NPI-C
: < _—~PI-SS
% S [
,. ,fszls—ss T
. Jf  NPIS=SS

,’I
ik

3.5

3

25

t
0 -
0 0.5 1 15 2 25 3 35 4

Fig. 11. Step response of the second-order Fig. 12. Control forces for the four
process without small damping. controllersin Fig. 11.

From the simulation examples above one can understand that nonlinear PID control-
lers serve only for approximations of simple nonlinear functions, rather than a conventional
concept of a“universal approximators’. If alinear function is the first approximation for the
control force, then the four types of curves will present the next approximation for the un-
known nonlinearities of control forces.

For the nonlinearity tuning, we can see that the present NPID-PCA controllers work
well for using the “Smple first” strategy. The degree of complex can be added step by step.
First, users can apply alinear PID controller directly for the initial tuning of the processes. If
the performance is not satisfactory, one can impose a single nonlinear function on the con-
trollers. At this stage, the total number of nonlinear tuning parameters can be selected from 1,
2to 4 eventualy. If it is still unsatisfied, multiple nonlinear functions can be used. Therefore,
the incremental means of nonlinear parameters in the NPID-PCA is quite straightforward for
users to manipul ate the complexity of controllers.
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5. NPID-PCA Toolkit on Scilab/Scicos

In the present NPID-PCA, most simulations are made on Scicos, which is a simula-
tion toolbox included in Scilab. Scicos provides a user-friendly GUI-based editor for model -
ing dynamical systems. The most distinguish feature for Scilab/Scicos is open source to pub-
lics. This feature is very important for engineering training and university studies. It will en-
courage and promote fast distributions and communications of new ideas and results freely
within engineering and academic communities.

In this chapter, we will introduce some procedures for using the NPID-PCA smula-
tion toolkit. The NPID-PCA has been designed and tested on Scilab/Scicos 3.0 in the Win-
dows environment. One can obtain this toolkit from the web address below:

http://liama.ia.ac.cn/hubg/Scilab

Within the “zip” file entitled “NPID-PCA.zip”, it includes 11 “cos’ files, which are
used on Scicos. Each file corresponds to the one specific controller aslisted in Table 4.

Table 4. Namellist for ssmulation filesin NPID-PCA toolkit.

Case File Controller Type Total Referenced

Number Name Parameters Figure(s)
CASE1 PI_A.cos . 3 Fig. 3

cace 1 | CASEL PI_B.cos Linear P 3 Fig. 4
CASE1 NPI A.cos Nonlinear PI 4 F! gs. 3,5
CASE1 NPI B.cos 5 Figs. 4, 6
CASE2 NPD_LD.cos | PD+Compensator 2+1 Fig. 8

CASE 2 | CASE2 NPD A.cos Nonlinear PD 5 Figs. 8,9
CASE2 NPD B.cos 9 Figs. 8, 10
CASE3 PI SS.cos Linear Pl 2
CASE3 NPI5_SS.cos 5 ,

CASES I'CASE3 NPI6 SScos | Nonlinear P 6 Figs 11, 12
CASE3 NPI C.cos 4

In apart from the “cos” files, “NPID-PCA.zip" also has other files, namely:
readme.txt
NPID-PCA .pdf (Thisdocumentation)
Automatica98.pdf (Reference paper)
P_TFS99.pdf (Reference paper)
P_SMC99.pdf (Reference paper)
After un2|pp|ng those files and installing them into the specified subdirectory, one
can start the ssimulation one by one. Here, we describe the stepsin running a demo as follows.

e wN e

1. Run Scilab and receive a window as shown in Fig. 13. This is main
window for Scilab.
2. From the pull-down menu, select “File’ and then “Chang Directory”,

to move your current directory into the one that includes the all NPID-
PCA simulation files.
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3. From the pull-down menu, select “Applications” and then “Scicos’.
You will see a new window caled “Untitled”. This is a main window
for Scicos.

Fele Rdiy  Fraferesers Cenieed BRter  kpplissiioms 3
| NS EEE NS ]
Scileb=J.0<FCl1 ﬂ
OEYIIgLE LBl L9Es-2Eg
Cormectius Scilsh [THATE, ENTC)
SCAETap edelulios
lewdfizg initisl aorironssst
L o
Fig. 13. Scilab main window.
4.

From the pull-down menu of the Scicos window, select “Diagram”,
“Load’, and then one file, say “CASE1_NPI_B.cos’. The current win-

dow is shown as Fig. 14, and renamed automaticaly as
“CASEL1 NPI_B”.

Biagra Ll Tealiis Ml ®m

=
W P
wnle b [ __I
[, K Lt sufpent fils "‘;"
. S i
| F
1 =] 1 (] , =
f I E 1
. | | T T Congurns | 9
1 — e -
| = -'Eh- i | i i--IE- 'l-: - - Fainh e =
1 v il
KL o
T | _"___ WilRE o
aregul file

Case | Step respoie of the fust-oader plagt with tuoe delay by woadinenr Pl

0 i [
Click s open ek o sk o Lk

Fig. 14. Setup of the demo of “CASEL1 NPI_B” on the Sciocos window.

5. From the pull-down menu of the Scicos window shown in Fig. 14, se-

lect “Simulate” and then “Run”, one will see a new window as shown

in Fig. 15, which illustrates the step response of the controller. It pre-
sents the same results as the plot from the “NPI-B” controller in Fig. 4.
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Note that some demos may also present the plot of “0, - & after running the files. Us-
ers can exam each file to confirm the simulation results presented by this documentation.
Each demo gives users a convenience to set their own parameters for the improved perform-
ances.

[E
foat =i

[ ]

Fig. 15. The plot window for the demo of “CASE1_NPI_B”.

For changing the parameters, there usually have two ways, depending on the setup in
the origina files. For example, one can select the gain block, and input the specified value to
the block directly, like four gain blocks (in a triangle shape) for K P, K I, K D, and s uin
Fig. 14. In the other way, one need to select “Edit” and then “Context” in pull-down menu,
and change the values in the new “Scilab Dialog” windows shown in Fig. 16, where Px1,
Pyl, Px2 and Py2 are nonlinear parameters as the control points. In practice, all parameters
can be inputted by the way shown in Fig. 16.

O EE—— C
Iiamy s e moPll M P THL I DR -
. e Iy T
Pedm mmem rem me e
|ibrmr miin i w m m—— e
i B En el meyy ey gmgree oy maie wl
i
8] | L

Fig. 16. The “Scilab Dialog” window for changing the parameters.

In Fig. 14, one block called “ Scifunc” is used to construct the nonlinear proportional
function. It should be written by the Scilab language. The main program for this nonlinear
calculation in the “ Scifunc” block is given below:

er=abs(ul);

if er > 1 then

write(%io(2), 'You need to scale down the error signal within unit range');
write(%io(2), 'er=");

write(%io(2), er);

end
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s=poly(0,"s");
p1=3*s.%(1-5)."2*Px1 +(3*s.72).*(1-s)*Px2+s./3;
p=pl-er;
ss=(roots(p));
s1=[];
if er==0 then s1=0; end;
if er==1 then s1=1; end;
for j=1:3
if abs(ss(j))==real(ss(j)) then
ssr=real(ss(j));
if ssr >= 0 then
if ssr <=1 then
s1=ssr;
end
end
end
end
if s1==[] then
write(%io(2), 'ul=");
write(%io(2), ul);
end
y1=3*s1*(1-s1)"2*Py1 +(3*s1"2)*(1-s1)*Py2+s1"3;
yl=yl1*sign(ul)

For a given value of &, the program above has to find the corresponding value of Up.
Eqg. (6) consists of two basic functions for calculating their relations. We use an absolute
value, | &|, for the calculation of | 0p| first. Since | &| is limited within a unit range, this pro-
gram makes a range check first on the current |é|. If it is out off the range, an output mes-
sage will be given to the user. The next step in the program is to solve a cubic function for
the current parameter value of s from the first equation in Eq. (6). Since three solutions of s
will be obtained, the one only within the unit range is selected in the program. If this solution
cannot be found from a unit range, a message will be given to the user. Whenever the current
value of s is obtained, the corresponding value of | (e is calculated directly from the second
equation in Eq. (6). The last command of the program isto find areal value of Gp.

After testing on each demo in the NPID-PCA simulation toolkit, users can try differ-
ent processes and control strategies.
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6. Conclusions

It is reported that PID controllers continue to be an important method in control engi-
neering [Astrom and Hagglund, 1995; Tan, et al, 1999; Datta, et al, 2000]. About 90 percent
controllers can be related to the PID control technique in process control. This fact indicates
that any improvement in this technique may result in a big impact on all related industrials.
For reaching such improvement, we believe that a study on nonlinear control will be one of
the important directions.

Although an introduction of nonlinear features is able to enhance the overal perform-
ances of PID technique, it also brings a much higher degree of complexity in the design and
analysis. In principle, adding one nonlinear parameter will require significantly bigger efforts
than adding one linear parameter. At the same time, another great challenge is how to synthe-
size nonlinear PID controllers that will preserve the distinguished features exhibited by the
conventional PID technique.

In this work, we describe a new simulation toolkit of nonlinear PID control, namely,
NPID-PCA. A “smplicity” principle is persistently followed for the design of NPID-PCA
controllers. Since the proportional forces are used for the nonlinear functions, the controllers
preserve the simplest properties as well as the most physical meanings in the nonlinearity
design. We adopt a spline-based function for forming nonlinear proportional functions. This
approach provides a high degree of flexibility in generating four simplest nonlinear curves.
Therefore, some existing nonlinear PID controllers reported in literature may fall into a spe-
cial caseinto the present controllersif examining their nonlinear curves.

To demonstrate the applicability of the present controllers, several examples are
tested in comparing with the other existing nonlinear PID controllers. The simulation results
confirm the superior performances of the NPID-PCA controllers. From the demos in the
toolkit, users can find that the implementation is also quite important. The present controller
does provide an effective way for realizing the “Smple first” strategy in the nonlinearity de-
sign. At the same time, all parameters in the controllers are well defined within the compact
ranges, which may improve the cost of the optimization design of controllers greatly.

The present NPID-PCA seems to be afirst free toolkit of nonlinear PID controllers
opened in publics. We encourage users to use, distribute, and modify the present simulation
toolkit. It is the author’s hope this work can stimulate in-depth studies on the nonlinear PID
control technique. Within these studies, simulation toolkits also play an important role. We
recognize that the ssmulation toolkit “NPID-PCA” needs to be improved in many aspects. A
user interface with a graphic means to the nonlinear curve design is expected. By this way,
users can immediately visualize the shape of nonlinear functions and nonlinear gains, respec-
tively. An optimization tool is also necessary for awell tuning of parameters. A genetic algo-
rithm approach is suitable for the purpose. One toolbox in such subject, called “GATS” (Ge-
netic Algorithm Toolbox for Scilab) developed by Li (2004), could be used, but a further
work is needed for a proper integration of two parts.

The PID control technique has the longest history in our control engineering life. We,
sometimes, claim that PID control is the most matured technique in controlling applications.
However, when examining it carefully, we have to recognize that some important, yet essen-
tial, studies remains for the nonlinear design and analysis of the PID control technique. In
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fact, we are still far away from realizing a full knowledge or an in-depth understanding to any
one of the following open problems:
- Relationship of “nonlinearity and stability”
- Relationship of “nonlinearity and performance”
- Relationship of “nonlinearity and robustness”
- Tuning rules for nonlinear parameters in together with linear ones
- Nonlinear control on real-time control to time-delayed processes
- “Smooth nonlinear” control for various “hard nonlinear” compensa-
tions
- “Time variant” or dynamic design of nonlinear PID controllers
- Systematic designs and evaluations of various nonlinear PID control-
lers
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