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Abstract In this paper, a nonlinear PID controller is studied based on “proportional

component approach” (called “NPID-PCA”). While compatible with the conventional PID

technique, this type of controllers imposes three independent nonlinear functions between

the proportional forces on the error signals to synthesize nonlinear PID controllers. Due to

its simplest characteristics in nonlinear proportional forces, the proposed controller provides

a better means for designing and tuning of controller′s nonlinearity. A spline-based function

is adopted to realize the nonlinear functions with a graphical interface. Several examples are

given in comparison with the other existing nonlinear PID controllers. Simulation results

confirm the superior performances of the proposed controllers for plants with time delay or

dead zone. The toolbox of NPID-PCA has appeared to the public as “open source” software.
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1 	n��4XvB�+ PID<T�6}Z�y'fd*E*�Ih�
�pg^R[1∼12]

.y��1℄�IWGg�4X PID <T��C�v℄)�[13]
, $69' �j[14]

, {vo�'pIg�4XO℄6w[1∼9] j�Æ�V"I2���4X8}g�+9{�<TLJ[Eb�g�P�*/C�<��Zg�4X�'1<TX}�Y�x,<T)�g�Xj�!��b�4X�<T�6}x9Jgn��g�>�pu�A[EIh�
g*Zg#.��9{&���A�4X PID <T�gg*'�Xd
�g^RJ����wZv�xMg.)^ �z)t[>vr�aO�/S�dtst{,W/o��z�"� A. *V/ PID <T�go��<�"I,WIm�$�4X�"� B. *Vmt PID <T�z��<T_ WIm<1�4X���S��L�#{2W/�zgth�EB/WIm6}�4X PID<T��/��1 [7] ZxMg “�M�X�4X�Æ ” g$v3
1oOI2�j{7b}hn�-� Scilab/Scicos B/[Jg�4X PID <T�6}{v�?6.�wZ�L�/��1Z.)<TBM$W���)t[J�Æg�FX�
2 C�	,�7[|��Biuidy��O�y'�8M1℄FQg�4X PID<T��3-<T"I���ZR��WF�vFOJ�<TX (Direct-action) Q�`vFO5�uD (Gain-scheduling) Q�pog℄b)XUI�+�J�<TX (Direct-action) Q

u(DA) = uP (x, θP ) + uI(x, θI) + uD(x, θD) (1a)5�uD (Gain-scheduling) Q
u(GS) = KP (x, θP )e + KI(x, θI)

∫
edt + KD(x, θD)

de

dt
(1b)>K u, e �+�<TXW+�<T;
%=NS�x, θ �+��4XO℄gn&X?X�7℄?X�,' P, I, D �+�
��M�t����N��* uP (·), uI(·), uD(·) �+℄)�M�t����//�4X�XO℄�� KP (·), KI(·), KD(·) �+℄)�M�t����//�4X5�O℄�9{5M�WF<T��4XO℄gz��O1�g��=O�<T�Xg�4XJ�6}��Z=O�5�7℄g�4XGuD�9{I �>℄z��g1���O�4X PID <T�6}Z?:=�gwL
��Q�O!
v℄)��IjO9' �j�I6}�4XPOZ`�Æg1���S�/�4X PID <T�6}LJZ����mZ “�z A” g Y
O “�z B”  YgoO�/*Va3�4Xz��>�v9{3-{,W/o�~�2w�

1) �<T�/�4Xz�pgy�-pHF�
2) �<T�/�4X6}�f�pgrW6<�6ed�4X PID<T�O�FQ<T��9{5dy���:I (1) Zg1/�4XO℄/�g-pHF�p�P��M<T�X uP (·) ��K��pdt�N{,{/9{�<T"ImGBg�4XvB[7]

:

– �M<T�X uP (e, θP ) 9{O%=NS e gT`-_uq5g�4XO℄�
– b e = 0, � uP (e, θP ) = 0. ~�k^M%=�
^M�M<T�X�
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– b e = max(e), � uP (e, θP ) = max(uP ). )twZ%=�
wZ�M�XWM�i!�o�5�g�4XzFK�mwX[ [2]
, aO�9{H{�.���Ig�4XvB (o 5 ��?BM 1 Z�8Ath). `v�p��� uP (·) 9{�	pO℄���aw��4X{VvB�p�V3�2ZZ�d�4X<T�6}�

3 MT�7[ PID ?WÆ�>��Z��o3-�M�X�4X�Æ<1�4X PID <T��� 1 2M[%�4X PID<T�gtQ�<��A<1�4X�M�X uPi(·) g�Æ�/,v�Z!5�%<T�go�}hUIO�
û = K̂P ûP1(ê, θP1) + K̂I

∫
ûP2(ê, θP2)dt + K̂D

dûP3(ê, θP3)

dt
(2)	Z�v'"S “∧” )L%7℄m℄-Oo�_�d�Ig�M*�15�A℄��

K̂P , K̂I , K̂D ∈ [0, 1], Xd%=NS{vXd�M�X�ê, ûPi ∈ [−1, 1]. :I (2) gy�=�Xd<TNS û, pO1Xd�XNSgU�/<T�
Z�Xd�m Se v1/Dw7℄��I|�9{5��wM�
Se =

1

max(|e|)
(3)aO� Xd�m Su *�5�A℄vr�℄t6w7℄gDw���

Su = [0, max(|u−|, |u+|)] (4)	Z�u+, u− �+�<T�WMNSg�U2,3�6ed<T�v}�N��UWM)[�>℄��U_ {+�<T��<IZ (� 1), O�L��B�<TzNS$W�'�Su g�+i!�Q��Æ�Mv/4XDw7℄�aFO%7℄3w[15�A℄g_�d���>℄_�dPI�I1#k
[Dw7℄gf�;� (�/�ZgÆ�3;�i&�d�Zg�3;��V�u
4[�d>�), pj�x92`B/<T�G�d6}g%L�%W=u�L�
xQhÆ$W<T��d6}���17℄y'WIgGw[&d���
� 1 q�00�Q N�Yh�6V PID >V�=

Fig. 1 The typical structure of NPID-PCA

4 C��7[!O Zi8�9{5d�� 1 ZgJQ�4X PID <T��a[Q�4X PID go��<U<T"I�<T�g�4X�+�4O�L�M�XO℄ ûPi = fi(·) �f�	Z ûP1 J��
�M5��e�� ûP2 � ûP3 �+�
t����5��e�B�
Z�//O℄9{



222 q | g e � 321O~P�1�g�aO6ed ûPi :G�ÆvR���ZPth_vO℄ ûP = f(ê, θP ) g:G�Æ�B�Z�9{�1℄�I:G<T��4X�*
v℄	Im9' �j�Æ�{Q'pO℄j�/`�9W��IZ��op℄[�mZxMgo	/�z��1 [7] s�[/~ “�ÆvB ” z�a��4X6}�Æg6e�f�po�+O� “�4XO℄g�tX��4X7℄gFf�{v�Æg�_X ”.�LrW����'��o&� “r~O℄ ” �Æ/{2//vB�pO8�w�g�PID <T�z�l;<T_ �
v℄	Im9' �j�Æ9}-1.��N��S���o[�1 [7] Zg�Æ��[�%�=
�,p2M�<T��4XO℄6}g.{}h3a��4 1. LHda��4XO℄ ûPi /℄�3- “�_X�- ” "4�Æ�-�v/�4XO℄�%O℄gWM�>�+�M�t����5��e��4 2. LHda��4X7℄/℄ nnl, ��ZP�C/℄�A�nnl = 1, 2, 4. 3-
“�_X�- ” "4�Æ�-� nnl = 1.�4 3. 3-Gwg�4X7℄/℄�A�W+�4X7℄?X�

nnl = 1 : θP = {Px1}, nnl = 2 : θP = {Px1, Py1}, nnl = 4 : θP = {Px1, Py1, Px2, Py2}%7℄?Xg fM�+�r~O℄<Trg}'�S��M��/ [0,1] ����4 4. 3-,pr~O℄ÆP ûP = f(ê, θP ) / [0,1] ��gA)I�
ê = 3s(1 − s)2Px1 + 3s2(1 − s)Px2 + s3 (5a)

ûP = 3s(1 − s)2Py1 + 3s2(1 − s)Py2 + s3 (5b)/S�s � [0,1] ��g7℄&X�:I (5) �
 nnl = 4 g�A�	pW℄�A9{6w{,)[
G}h�
nnl = 1: 6 Px1 = Px2 = 1 − Py1 = 1 − Py2 = c, c ∈ [0, 1]

nnl = 2: 6 Px1 = Px2 = c1; Py1 = Py2 = c2, c1, c2 ∈ [0, 1]:I (5) g℄M}h�I9{O3-yHb� ê M /UO℄�J (5a), / [0,1] ��|$��v s
[7]

, �% s M℄+ (5b) Zy9fd ûP b�M��4 5. 3- ûP = f(ê, θP ) ���FO℄XY<1%O℄/ [−1, 0] ��gA)I�
 “r~O℄ ” �Æ�9{�L$r�U�^g�IB=�4X6}6z�b�M�X�4XO℄ ûP = f(ê, θP ) �wIZ�9{�>lfjF5� (KP )eq � (KD)eq g�4XO℄�4[7]
:

(KP )eq =
KP

suK̂P

=
ûP (ê, θP )

ê
=

3(1 − s)2Py1 + 3s(1 − s)Py2 + s2

3(1 − s)2Px1 + 3s(1 − s)Px2 + s2
(6)

(KD)eq =
KD

suK̂D

=
dûP (ê, θP )

dê
=

(1 − 4s + 3s2)Py1 + (2s − 3s2)Py2 + s2

(1 − 4s + 3s2)Px1 + (2s − 3s2)Px2 + s2
(7)��� (KI)eq g�4XO℄�44$^t�%=NS e(t) yH�
jF5�9{6<5�g�4X&dUr�/S
%[gA℄5�v	 Xd�mgz�9{I ��4X PID <T�}?	; “�4X�%� ” E6}�
�aOz�v℄�<T_ �%<T�1}3w�A�x/vw�<��E6e�1��Q�~�,g “�4X��%� ” ��%%vvw�4XO℄ (*9'�j). �g�4X PID<T�
%3-�%1℄�<��℄�g�4XvBE6e��[�GOo� “�vQ
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(model-free)” <T�6}�>HvB
� “�<��m�z�)�A (process- or problem-

independent)”. mt>HvBg�4XO℄9}1POv℄FQ��1 [7] ��4X�M�Xg�4XvB$W[.{rZ�:I (5) ZFOmt>HvB-.��_)XUIg�4XO℄�p	Z�C[d℄w�gT`Q�4X�4 (�+� “C”, “� C”, “S”, “�
S” �4) FQ�9{&��>Hw��4
%O�G�4X PID <T�z��<T_ go��4XFQ (8��4#.g�4XFQ�m). pu<G[%<T�g�4Xf�
(m�4XnP
) g9W�;��
5 ��EO��
[ “3�%k ” �Ig7b}h-� Scilab/Scicos

[15] B/[JQ�4X PID<T�6}{v�?�q-���F� “NPID-PCA”(�4X PID <T� — �M�X�Æ) 6.9 [18]
. %6.9x9[{,�4BMg�?
��� 1. #�*.-�*�,�$ [16]�1 [16] 5[v℄ PID <T��pgW+WM.I)XI��#.����)t
:I (5) Zg�_)XI�r9{B=�F<T��MO�v�)�g>j�A$W6<��<��gQqO℄v	�U_ �A�+�

G =
e−tds

s + 1
, u− = 0, u+ = 10%BMZ�NW℄>j�A��>j�td = 0; �>j�td = 0.2. � 2∼3 �+.L[W℄�A,g"h<T)�_��+;
�4��MZ
[ PI FQ<T���
W℄�A�

PI-A � PI-B �4X PI <T��NPI-A � NPI-B ��4X PI <T��1<T�gDw7℄�) 1, 	Z6wv/�4XO℄ uP �+W+2�M�t��e�NPI-A 
[ 1 /�4X7℄�NPI-B 
[ 2 /�4X7℄�
� 2 !�lw�+�#i>V�,<�

Fig. 2 Step response of the first-order process

without time delay (td = 0)

� 3 ��lw�+�#i>V�,<�
Fig. 3 Step response of the first-order process

with time delay (td = 0.2)* 1 !�l���lw�+�h6Z��6Z PI >VEx9_*
Table 1 Parameters of linear and nonlinear controllers for step responses

of the first-order process with and without time delay?k�B td = 0 td = 0.2=U�GR PI-A NPI-A PI-B NPI-B5Y=U8^ K̂P = 1, K̂I = 1 K̂P = 1, K̂I = 0.394 K̂P = 1, K̂I = 0.874 K̂P = 1, K̂I = 0.961

Su = 10 Su = 7.32 Su = 2.52 Su = 3.7�5Y=U8^  θP = {Px1} = {0.1}  θP = {Px1, Py1} = {0.7, 0.2}



224 q | g e � 3219{5d��4X PI <T�9{x94Qg;
X}�b>j�+Z��M�X�
%=NSg�4X&d�N�k.eg1� (� 4∼5). jF�M5��AuO*S�h~ ûP (ê) O��FO℄�(KP (ê))eq O�FO℄�aO� 4∼5 P.L[1O℄/ov�3Zg�A��Z2M[:G ûP O℄g<Tr P1(8b��4X7℄/℄j� 1 m 2). 
<Tr�S9{�%m�^I6}M<T�g�4X�4�b ûP O℄�wZ��4X�M ({v��) 5�9{�>�U.L�
� 4 �6Z N�Y��6ZkG N6��6

(��� 2 \ NPI-A >VDN�!�l)

Fig. 4 Plots of ûP and (KP )eq for

NPI-A in Fig. 2

� 5 �6Z N�Y��6ZkG N6��6
(��� 3 \ NPI-B >VDN���l)

Fig. 5 Plots of ûP and (KP )eq for

NPI-B in Fig. 3/$W<T�6}LJZ�v54X PID 
3 (6w Px = Py, ylf ûP = ê).Dw
4X7℄Z�9{=�1℄�4X�4��L�M9{I �An1)}J�6}
KP (ê) j5�F�4XO℄����b ê = 0 >�v�Æ��5�gb�M�{v5�j�<��g&d�N��� 2. -�1�����$ [17]��yHg<Ta��A��1 [17]Z
[a�/C_ �4X PID<T��IB=<T�� (� 6). ����
�_Ebg�4X�M�X�ÆB/�F<T��1 [17]-�2M�<��gt�℄b)XI�'�?�}�9{fd�<��gQqO℄��

G =
2

s2 + 4.4s
, u− = −10, u+ = 10, I1 = ±0.5	Z�I1 O�1 [17] Z2Mga�2,3�� 7 2M[/℄<T��A,g_��+;
�4�	;"��I��4<T�5 PD FQ�	Z NPD-LD <T���1 [17] Zg4X PD �a�/C_ ��	p NPD-A � NPD-B �
���Æ��4Dw7℄�) 2.* 2 �>V�h
�+�h�6Z PD >VEx9_*

Table 2 Parameters of nonlinear controllers for step responses
of the second-order process with a dead zone=U�GR NPD-LD
[17]

NPD-A NPD-B5Y=U8^ KP = 3.21, KD = 0.043
K̂P = 1, K̂D = 0.15

K̂P = 1, K̂D = 0.15, Su = 10
Su = 3.0�5Y=U8^ �Æb�0D`! θP = {Px1, Py1} θP1 = {Px1, Py1, Px2, Py2} θP3 = {Px1, Py1}

= {0.01, 0.9} = {0.01, 0.9, 0.9, 0.01} = {0.01, 0.9}h~ NPD-A <T�5[ “C” �4��4X�M�XO℄ (� 8), p��1 [17] Za�/C_ �k8egUj�*K�`5�) 2 Z7℄ Su(= 3.0), %<T�g;
�4�M/Eu�A��[$v3'1<TX}�NPD-B
[W/~Pg�4X�M�XO℄ (� 9). b ûP3(�:G�4XjF��5�) �a “C” �4>�̂uP1(�:G�4XjF�M5�) y'&� “� S” �4 (%�4� 2 /<Trm 4 /�4X7℄�w). a



2 � \�+��6Z PID >Vi, —  N�Yh�6Z�� 2253 “� S” �4O��/^M%=$%�%�4�a�/C_ �k8egUj�>>�
Su 5�Z (=10), )�;
g�t.x,���?:Eu�W℄<T�Zg�4X�M5�&d�No�8��>`t�4X�M�X.�4Qg_s��PW�z��4X6}&X��M)tJQ�4X PID <T�x9g�_Eb�4X1#9{�F/C<Ta���>9{.e'1X}�Y�
� 6 �2 [17] \�6Z PID >V7~��

Fig. 6 Nonlinear PID controllers in [17]

� 7 �>V�h
�+�#i>V�,<�
Fig. 7 Setp responses of nonlinear controllers for

a second-order process with dead zone

� 8 �6Z N�YxkG6��6 ê = 0, (KP )eq = (KD)eq = 90

(��� 7 \ NPD-A >VDN)

Fig. 8 Plots of ûP and (KP )eq for

NPD-A in Fig. 7

� 9 �6Z N�YxkG6��6 ê = 0, (KP )eq = (KD)eq = 90

(��� 7 \ NPD-B >VDN)

Fig. 9 Plots of ûP and (KP )eq for

NPD-B in Fig. 7�� 3. &5���$ [6]�MO�[��1 [6] ZxMg,X}�4X PI <T�$W���"�Z2MW℄
NPI 6}UI�

NPI5 − SS : u(t) = [Kp + gP eλ|e(t)|]e(t) + KIξ(t)

NPI6 − SS : u(t) =
a0 + a1|e(t)|

b0 + b1|e(t)|
e(t) + KIξ(t)

dξ(t)

dt
=

e(t)

1 + µe2(t)
, ξ(0) = 0	Z�NPI5-SS � NPI6-SS �+� 5 7℄� 6 7℄�4X PI <T��"�Z2Mg�?BMOv/Du�	�)��

G =
s + 1

s2 + 0.01s + 1) 3 Z�+2M[�1 [6] Z//<T�gDw7℄�>H7℄O�L�dwD%=�<



226 q | g e � 321TzRt�Ulfg�NPI-C�
���Æ�;� 4 /Dw7℄g�4X PI <T����O
U6
G7℄Dwg�* 3 Ev�
�+�h PID >VEx9_*
Table 3 Parameters of controllers for step responses of

the second-order process with small damping=U�GR PI–SS
[6]

NPI5–SS
[6]

NPI6–SS
[6]

NPI-C5Y=U8^ KP = 3.15 KP = 2.36
KI = 270.0

K̂P = 1, K̂I = 0.1

KI = 3.38 KI = 267.39 Su = 6�5Y=U8^  gP = 171.0, λ = −90.99 a0 = 19.36, a1 = 19.04, b0 = 0.5748 θP = {Px1} = {0.01}

µ = 37.01 b1 = 13.01, µ = 30.17� 10∼11 �+2M[d℄<T�g�+;
v	<TNS�d��BMZ�+;
,�� 3, �S NPI-C <T�Z6w Se = 1/3. %<T�.�w�g;
X} (� 10, �w>��"<T�
4 30%), 	℄�OCR[g�g}X (� 11). 9{&�JQ<T���1ZxMg 5 m 6 7℄�4X<T�o�8b�aOJ<T�g1/Dw7℄"I~�4��_t� (�A�4XO℄g"I~�9{�L1�4X5�/%=�Zg&d�4lf).

� 10 Ev�
�+�#i>V�,<�
Fig. 10 Stip response for the second-order

plant with small damping

� 11 Ev�
�+�#i>VOT
Fig. 11 Plots of u for the controllers

in Fig. 10

6 ��Ii�\���st[�4X PID <T�6}ZgW/o��z��4X&Xga3��4XWG�Æga3�PID |Y�Anfd[wF�g
�dt"�/�p6z"Ig�FX��_X�b�4X PID<T|Y�+�4X8}>�Jg<T�
%wZJ�m�a"�<T�_ g�UvX���xMg6}�ÆFO>rv℄�S�/�+ “w�_ ”g�4X<Tzg�>j�u[<T�6}G�d{)gÆP�*J�ÆZGw[<T�1/7℄gw����<6}Z�+�U_ �5�^I�Ud�4X6}jW=�>H�}��L�6J
gG�d��Z2Mg.)�?BM)t[J�Æg�FX�1BMZg;
�K`9{
 NPID-PCA 6.9[18] �{pG-$W'$�
PID <Ty'Ony<T6JZw�GXg|YIv[19,20]

. aO�/�4XIh�
�p�ojHI1��_�o��z~^ 2�,p.)�z2M[�4X<TIh�
�pg}9�/>IZ�PID '�Owo�g<T_ �Mf�o�$v3g&FUsl�
– “�4X��wX ” gA)
– “�4X��X ” gA)
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– “�4X�;
�Y ” gA)
– “Eb�4X ” �1℄FQ�4Xg/C<T
– “>& ” FQg�4X PID <T�6}
– �4X�>j�<��gB><T
– �4X��W�&XLJ<T
– �4X PID 7℄DwG4
– 1℄FQ�4X PID <T�g)�d��g*
– �4X<T�9:G “�4X;� ” g:�
· · · · · ·0'z=*I�bI� (Liu Guo-Ping) �VgbYth�/ Scilab/Scicos -��q
Z7fdÆI INRIA g*$#g�f�z=�oo)L*I�
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