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Two Degree of Freedom PID Control Based on Modified

Smith Predictor Control Structure

YIN Cheng-Qiang1 GAO Jie1 SUN Qun1 ZHAO Ying1

Abstract A simple two degree of freedom control scheme is proposed for second-order unstable processes with time

delay based on modified Smith predictor control structure. The set point tracking controller and the disturbance rejection

controller are designed with the same procedure, and analytical design method on the basis of the internal model control

(IMC) design principle is adopted for the two controllers. The controller for setpoint response and the controller for

disturbance can be adjusted and optimized independently, and the two controllers are designed as PID form respectively.

Suitable values for the adjustable parameters of two controllers and conditions holding the closed loop robust stability are

recommended. Simulation examples demonstrate the superiority of the proposed method over recent other approaches.
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��ì�O§S�?Öþ. Ǒd�©3U? Smith ý���Ä:þJÑ
�«{ü�gdÝ���Y,ÄuS��n/¤
 PID ��ì�½�{, d�½�{�^una��Ø½�¢é���½���ìÚ6Ä³���ì��O. ÏL�ýïÄ�±wÑ, JÑ����YØ=�±��~���ì�OL§�E,§Ý, �XÚ��½��l5UÚ|6Ä5UÑ`uCÏ©z¥����J. �O���ìN´3L§���©Ùª��XÚ (Dis-

tributed control system, DCS) ½�?§SÜ6��ì (Programmable logic controller, PLC) ¥¢y, Buó§ö�.Ø���5, �©�éó�L§¥;.� 3 a��Ø½�¢é�, ïÄ��ì��O�{, §��D4¼ê©OǑ
P1(s) =

ke−θs

s(Ts − 1)
(1)

P2(s) =
ke−θs

(T1s − 1)(T2s + 1)
(2)

P3(s) =
ke−θs

(T1s − 1)(T2s − 1)
(3)�é±þ 3 aØ½�¢é�, JÑ��gdÝ��(�Xã 1 ¤«, Ù¥ Pm(s) Ǒ��é� P (s) �êÆ�., K1(s) Ǒ�½��l��ì,

K2(s) Ǒ6Ä³���ì. di(s) Ú do(s) ©OǑ·\��é��Ñ\Z6ÚÑÑZ6. 3I¡�¹e,=é��.Ú¢Sé������, dã 1 �±���½��lǑA�D4¼ê
Hr(s) =

y(s)

r(s)
=

P (s)K1(s)

1 + P (s)K1(s)
(4)3I¡�¹e, lÑ\Z6 di!ÑÑZ6 d0 �

L§ÑÑ y �D4¼ê©OǑ
Hdi

(s) =
y(s)

di(s)
=

P (s)

1 + K2(s)P (s)
(5)

Hdo
(s) =

y(s)

do(s)
=

1

1 + K2(s)P (s)
(6)

ã 1 U? Smith ��(�
Fig. 1 Modified Smith predictor structure�±wÑ, T��(���½��lǑAÚK16ÄǑA��)Í, �±©OÏLN! K1(s) Ú

K2(s) ��I�����J.Ó�Ǒ�±�����L§K1Z6³�4��Ö(¯Ý¼ê
T (s) =

K2(s)P (s)

1 + K2(s)P (s)
(7)

1 ��ì��Odª (4) Úª (7) �±w�, �½��lǑA¼êÚÖ(¯Ý¼êäk�Ó�/ª, Ù¥� K1(s),

K2(s) ©O�¤XÚ�½��lÚ|6ÄõU. Ǒ~��OL§�E,Ý, é�½��l��ìÚ6Ä³���ìæ^�Ó��O�{. S���ÏÙ�Og´{ü, ��5U`�, Bu¢��`:, 3ó�L§��¥®��2�A^. 3dæ^ÄuS����ü K�"�{�O�½��l��ì
K1(s) Ú6Ä³���ì K2(s). ± P3(s) ǑÄ�ïÄé�, Äk�Ñ�½��l��ì��[�O�{. ã 2 Úã 3 ©OǑS���(�ãÚÄuS���ì�ü �"��(�ã.ã 2 ¥, C(s) ǑIOS���ì, K1(s) ǑÄuS��n���ì, �ÀǑJÑ�U? Smith��(�¥��½��l��ì½6Ä³���ì. �âS���ì�O�{[28] , L§�. Pm(s)©ǑüÜ©, Pm(s) = Pm−(s)Pm+(s), Pm−(s) Ú
Pm+(s) ©OǑ Pm(s) ���� Ü©Ú���� Ü©. éu��é� P3(s), K Pm−(s) = k/(T1s
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− 1)(T2s − 1), Pm+(s) = e−θs. IOS���ì�OǑ

C(s) = P−

m−
(s)f(s) (8)Ù¥, f(s) ǑS���ìÈÅì. �âS���XÚS½�¿�^�, (1 − P (s)C(s))P (s), C(s),

P (s)C(s) 7L´½�K�¢knD4¼ê. ÏdǑ�y4�XÚSÜ½, �OÈÅì/ªǑ[29]

f(s) =
b2s

2 + b1s + 1

(λ1s + 1)4
(9)Ù¥, λ1 Ǒ�½��l��ì��N�ëê, b1 Ú

b2 ��©OǑ
b1 =

T 2
2 (λ1

T2
+ 1)4e

θ

T2 − T 2
1 (λ1

T1
+ 1)4e

θ

T1 + T 2
1 − T 2

2

T2 − T1

b2 = T 2
2

[

(

λ1

T2

+ 1

)4

e
θ

T2 − 1

]

− b1T2

ã 2 S���(�
Fig. 2 IMC control structure

ã 3 ü �"��(�
Fig. 3 Feedback control structure�âÄuS����n�ü �"��ì�O�{, �deª����ì K1(s)

K1(s)P (s)

1 + K1(s)P (s)
= P (s)C(s) (10)éÜª (7)∼ (10), ��� K1(s) �äN/ª

K1(s) =
(T1s − 1)(T2s − 1)(b2s

2 + b1s + 1)

k[(λ1s + 1)4 − e−θs(b2s2 + b1s + 1)]
(11)

òþª%CǑ PID /ª
K1(s) = kk1

(

1 +
1

τi1s
+ τd1s

)

1 + δ1s

1 + β1s
(12)Ù¥, kk1 = b1/(k(4λ1+θ−b1)), τi1 = b1, τd1 = b2/

b1, β1 = b1θ/2−b2+2λ1θ+6λ2
1

θ+4λ1−b1
+ T1 + T2, δ1 = 0.5θ.dª (4) Úª (10) �±���½��lǑAD4¼ê�äN/ª

Hr(s) =
b2s

2 + b1s + 1

(λ1s + 1)4
e−θs (13)dþª�±wÑ, XÚ��½��lǑA�3�N, ǑAL§¥©f� b2s

2 + b1s + 1 ò��ØÏ"��N. Ǒd�OÈÅì
F (s) =

1

b2s2 + b1s + 1
(14)Uì� K1(s) Ó���O§S, �±��6Ä³���ì K2(s)

K2(s) = kk2

(

1 +
1

τi2s
+ τd2s

)

1 + δ2s

1 + β2s
(15)Ù¥, kk2 = b1/k(4λ2+θ−b1), τi2 = b1, τd2 = b2/b1,

β2 = b1θ/2−b2+2λ2θ+6λ2
2

θ+4λ2−b1
+ T1 + T2, δ2 = 0.5θ.þã�OL§´�é��é� P3(s) �Ñ���ì�O�{. éué� P1(s) Ú P2(s), �I²L{üC�òÙ=�¤� P3(s)���/ª=�. é�

P1(s)�=�Ǒ P1(s) = k′e−θs/((T ′s−1)(Ts−1)),Ù¥ T ′ �À�÷v T ′ ≥ 100k =�, Ó�Ǒ����A� k′ = T ′k; éu��é� P2(s) �=�Ǒ P2(s) = −ke−θs/((T1s − 1)(−T2s − 1)). ��ì
K1(s), Ù5U�½ëêǑ λ1, N� λ1 ���½�ǑA\¯, �´¤I��ì�ÑÑUþ�O�. éu��ì K2(s), Ù5U�½ëêǑ λ2, ~� λ2 �JpXÚ�|K16ÄUå, ~�ÏK16ÄE¤�ÑÑØ�, �Ó�¬ü$XÚ�°�½5, ¤±
λ2 �À�A3÷v��4��|6Ä5Ú°�½5�mò©. ²L�þ�ýÁ�, λ1 ��� 0.5θ −

1.5θ, λ2 ��� 0.75θ− 1.6θ, ^ 0.1β2 �O β2 ¬JpXÚ�|6Ä5U; � λ1 < θ �, ^ 0.1β1 �O
β1 ¬JpXÚ��l5U.

2 XÚ½5©Û
2.1 SÜ½5©Û�âXÚSÜ½5�O�{[30], XJXÚ¹
n �é�, ÙD4¼ê©OǑ gi(s), i = 1, 2, · · · , n,�¼ê�AÆõ�ªǑ pi(s), i = 1, 2, · · · , n, ½Â
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J(s) = ∆
n

∏

i=1

pi(s) (16)

∆ = 1 −
∑

i

L1i +
∑

j

L2j −
∑

k

L3k + · · · (17)Ù¥, L1i ´£´O�, L2j ´ü�Ø�>£´�O��È, L3k ´n�Ø�>£´O���È, í2�. dã 1 ���O���XÚ�¹ 4 �fXÚ:

p1(s) = K1(s), p2(s) = P (s), p3(s) = K2(s), p4(s)

= Pm(s); ±9ü�£´: L1 : −K1(s)Pm(s), L2 :

−K2(s)P (s). L1 Ú L2 pØ�>, ��
∆ = 1 − L1 − L2 + L1L2 =

[1 + K1(s)Pm(s)][1 + K2(s)P (s)] (18)- K1(s) = a(s)/b(s), P (s) = d(s)/c(s),

K2(s) = e(s)/f(s), Pm(s) = d̂(s)/ĉ(s), �\ª
(16), ��
J(s) = ∆(s)

6
∏

i=1

pi(s) =

[1 + K1(s)Pm(s)][1 + K2(s)P (s)]×

b(s) × c(s) × f(s) × ĉ(s) =

[b(s)ĉ(s) + a(s)d̂(s)][f(s)c(s) + e(s)d(s)]XÚ�±SÜ½�¿�^�´ J(s)�¤k�Ñ u��²¡. dþª�±wÑ, õ�ª b(s)ĉ(s)

+ a(s)d̂(s)�Nd��ìK1(s) û½ Pm(s)�½5; õ�ª f(s)c(s)+ e(s)d(s) �Nd��ì K2(s)û½ P (s)�½5. 3I¡�¹e, P (s) = Pm(s),¿���ì K1(s) � K2(s) ��O§S�Ó, ¤±�âª (12) Úª (15), ±9na��Ø½�¢é�D4¼ê (1)∼ (3) �±O��� b(s)ĉ(s)+

a(s)d̂(s) Ú f(s)c(s) + e(s)d(s) ��þ u��²¡, U
�yXÚS½5, ¤±����XÚ´½�.

2.2 °�½5©Û�â�O�½n, ��XÚ�y°�½5�¿�^�´ ‖T (s)lm‖
∞

< 1, Ù¥ T (s) ǑK1Z6³�4��Ö(¯Ý¼ê, lm(s) L«¢S��L§��5Ø(½5.[31]

lm(s) =
P (s) − Pm(s)

Pm(s)
(19)éu��é� P3(s), XJ�.� 4 �ëê��3Ø(½5, =

P ′(s) =
(k + ∆k)e−(θ+∆θ)s

(T1s − 1)(T2s − 1)(∆Ts + 1)
(20)

�±��L§��5Ø(½5.
lm(s) =

∣

∣

∣

∣

P ′(s) − P (s)

P (s)

∣

∣

∣

∣

=
(1 + ∆k

k
)e−∆θs

(∆Ts + 1)
− 1?���N�ëê���å^�

∥

∥

∥

∥

b2s
2 + b1s + 1

(λ2s + 1)4

∥

∥

∥

∥

∞

<
1

∥

∥

∥

(1+∆k

k
)e−∆θs

(∆Ts+1)
− 1

∥

∥

∥

∞

(21)XJ�k�¢�3Ø(½5�, K��ìN�ëê��å^��L«Ǒ
∥

∥

∥

∥

b2s
2 + b1s + 1

(λ2s + 1)4

∥

∥

∥

∥

∞

<
1

|e−j∆θw − 1|
(22)XJ�kO��3Ø(½5�, ��ìN�ëê��å^�Ǒ

∥

∥

∥

∥

b2s
2 + b1s + 1

(λ2s + 1)4

∥

∥

∥

∥

∞

<
k

|∆k|
(23),	, �â°���nØ, �½ëê λ2 �U3÷vT��4��°�½5ÚI¡5U�mò©,�7L÷v�å^�

|lm(s)T (s)| + |W (s)(1 − T (s))| < 1 (24)Ù¥, W (s) Ǒ4�(¯Ý¼ê�. éu��ì
K2(s), λ2 O��XÚ°�½5Or, �XÚ6Ä³�Uå��f; ��, ~� λ2 �OrXÚ�6Ä³�Uå, �¬ü$XÚ�°�½5.

3 �ýïÄ9©Û�éna��Ø½�¢é�, �©�{�IS	�#ïÄ¤J?1
�ý'�. ǑBuþz'�, �©Ú\ýéØ�È© (IAE )!Ø�ýé���m�ÈÈ© (ITAE )!XÚÑÑ¸� (PV ) ÚÑÑÅÄoÚ (TV ) o�5U�I, Ù¥
IAE =

∫

∞

0

|e(t)|dt

ITAE =

∫

∞

0

t|e(t)|dt

TV =

N
∑

n=0

|yn+1 − yn|~ 1. �	 Kumar �[32] Ú Ghousiya �[33] ïÄ�ó�L§ e−0.2s/s(s−1). A^�©��O�{,ÄkòD4¼êCqǑ Pm(s) = 100e−0.2s/(100s −

1)(s − 1), ���ëê λ1 = λ2 = 0.3, ����ì
K1(s), K2(s) Ú F (s) ©OǑ
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K1(s) = 4.8356

(

1 +
1

1.3971s
+ 0.7811s

)

×

0.1s + 1

0.0632s + 1

K2(s) = 4.8356

(

1 +
1

1.3971s
+ 0.7811s

)

×

0.1s + 1

0.00632s + 1

F (s) =
1

1.0913s2 + 1.3971s + 1

Kumar �[32] ÚGhousiya �[33] JÑ����Yäk������J, 3Ù�ý�y¥Ǒw«`uÙ����{, 3dò�©�{Ú§�?1'�.©O3�½:Ñ\?\þü ��&Ò, t = 10 s �3é�Ñ\àK1Z6?\þ��ü ��&Ò,I¡XÚÑÑXã 4 ¤«, ��ǑAXã 5 ¤«.

ã 4 ~ 1 I¡XÚ��ǑA
Fig. 4 Step responses for Example 1 (normal)

ã 5 ~ 1 I¡XÚ��ǑA
Fig. 5 Control signals for Example 1 (normal)d	, �b�¢Sé��ò´�mÚO�~êÑO\ 20 % �, ����ÄXÚ�ÑÑǑAXã 6

¤«, ��ÑÑXã 7 ¤«. dã 4∼ 6 �±wÑ,�©�{�I¡XÚǑAÚ6ÄǑAÑ`uÙ�ü«�{. AO/, �XÚ�3Ø(½5�, ��ìǑA²w, vk��ÅÄy�. I¡XÚǑAÚ6ÄXÚǑAe�n«�{�5U�I�L 1, dL 1 �±

ã 6 ~ 1 6ÄXÚ��ǑA
Fig. 6 Step responses for Example 1 (perturbed)

ã 7 ~ 1 6ÄXÚ��ǑA
Fig. 7 Control signals for Example 1 (perturbed)L 1 ~ 1 �5U�I
Table 1 Performance measures for Example 1�{ IAE ITAE OV PVI¡ǑA�©�{ 1.40 2.58 1.00 1.0091

Kumar �{[32] 1.41 3.13 1.05 1.1042

Ghousiya �{[33] 1.52 3.14 1.01 1.02266ÄǑA�©�{ 1.75 7.75 1.02 1.4168

Kumar �{[32] 3.01 31.09 1.05 1.9253

Ghousiya �{[33] 2.90 27.29 1.08 6.2813



6Ï Ù¤r�: ÄuU? Smith ý���(���gdÝ PID �� 1279wÑ�©�{���85U�IÑ`u Kumar�[32] Ú Ghousiya �[33] ��{.~ 2. �	��Ø½�¢é�
Pm(s) =

e−0.939s

(5s − 1)(2.07s + 1)A^�©��O�{, ÄkòD4¼êCqǑ Pm(s)

= −e−0.939s/((5s − 1)(−2.07s − 1)), ©O���ëê λ1 = 0.65, λ2 = 0.85, ����ì K1(s), K2(s)Ú F (s)

K1(s) = 9.7971

(

1 +
1

3.9413s
+ 1.1358s

)

×

0.4685s + 1

0.0122s + 1

K2(s) = 7.3841

(

1 +
1

5.0187s
+ 1.217s

)

×

0.4685s + 1

0.02s + 1

F (s) =
1

4.4764s2 + 3.9413s + 1Nõ©zÑQ�éTé�?1
ïÄ, yÀ�CÏJÑ� Ajmerin�[25] �{ÚWang �[28] �{��©�{?1'�. 3 t = 1 s �u�½:Ñ\?\þü ��&Ò, t = 30 s �3é�Ñ\àK1Z6?\þ����&Ò, I¡XÚÑÑXã 8 ¤«,�±wÑ, �©�{Ñ`uÙ�ü«�{.

ã 8 ~ 2 I¡XÚ��ǑA
Fig. 8 Step responses for Example 2 (normal)Ǒ�yXÚ�°�5, ò¢Sé��ò´�mÚO�~êÑO\ 10 % �Ø(½5, Ó�ü��m~êÑ~� 10 % �, ����ÄXÚ�ÑÑǑAXã 9 ¤«, n«�{�5U�IXL 2. d�ý�Ú5U�I�±wÑ, 3XÚ�.���, �©�{EU�±û��XÚ5U.

ã 9 ~ 2 6ÄXÚ��ǑA
Fig. 9 Step responses for Example 2 (perturbed)L 2 ~ 2 �5U�I
Table 2 Performance measures for Example 2�{ IAE ITAE OV PVI¡ǑA�©�{ 3.57 10.94 1.00 1.0144

Ajmerin �{[25] 3.71 12.15 1.00 1.0083

Wang �{[28] 3.75 12.51 1.00 1.00526ÄǑA�©�{ 4.37 36.80 1.01 1.590

Ajmerin �{[25] 4.67 41.29 1.01 1.535

Wang �{[28] 4.70 44.70 1.00 1.381~ 3. �	 Vanavil �[34] ïÄ���Ø½�¢é�
Pm(s) =

2e−0.3s

(3s − 1)(s − 1)A^�©��O�{, ��ëê�Ǒ λ1 = 0.35, λ2

= 0.3, �âª (12), (14) Ú (15) ���½��l��ì!6Ä³���ìÚÈÅìǑ
K1(s) = 3.5671

(

1 +
1

1.491s
+ 1.3364s

)

×

0.15s + 1

0.0577s + 1

K2(s) = 4.6264

(

1 +
1

1.3537s
+ 1.1093s

)

×

0.15s + 1

0.0045s + 1

F (s) =
1

1.9926s2 + 1.491s + 1



1280 g Ä z Æ � 46òÓ�Ú\�C Ajmerin �[25] ��{?1'�.3 t = 1 s�u�½:Ñ\?\þü ��&Ò, t =

20 s �3é�Ñ\àK1Z6?\þ�����&Ò,I¡XÚÑÑ!��ǑA©OXã 10 Úã 11 ¤«. �±wÑ, �©�{Ñ`uÙ�ü«�{. Ǒ�yXÚ�°�5, ò¢Sé��ò´�mO\ 10 %,O�~êO\ 40 %, �m~ê T1 O\ 33 % ��Ä= P (s) = 2.8e−0.33s/(4s − 1)(s − 1) �, ����ÄXÚ�ÑÑǑAXã 12 ¤«, ��ǑAXã 13¤«. n«�{�5U�I�L 3. d5U�I9ã
10 Úã 12 �±wÑ, �©�{Ø=Jp
XÚ�|Z6Uå�U
�XÚäkér�°�½5,Ó�ã 11 Úã 13 Ǒw«
�©�{��ìÑÑ�²§Ý. ã 14 Ǒ~ 1∼ 3 ¥�©�{�(¯Ý¼êÌ��.

4 (å��éna��Ø½�¢é�JÑ
�«�gdÝU? Smith ý����Y, ÄuS����nJÑ� PID ��ì)Û�O�YØ=A^u�½��l��ì�O�Ǒ^u6Ä³���ì��O,

ã 10 ~ 3 I¡XÚ��ǑA
Fig. 10 Step responses for Example 3 (normal)

ã 11 ~ 3 I¡XÚ��ǑA
Fig. 11 Control signals for Example 3 (normal)

ã 12 ~ 3 6ÄXÚ��ǑA
Fig. 12 Step responses for Example 3 (perturbed)

ã 13 ~ 3 6ÄXÚ��ǑA
Fig. 13 Control signals for Example 3 (perturbed)L 3 ~ 3 �5U�I

Table 3 Performance measures for Example 3�{ IAE ITAE OV PVI¡ǑA�©�{ 1.71 3.47 1.00 1.0121

Ajmerin �{[25] 1.23 2.13 1.01 1.0230

Vanavil �{[34] 1.75 3.88 1.00 1.00346ÄǑA�©�{ 2.04 11.82 1.02 1.4628

Ajmerin �{[25] 1.70 13.36 1.04 1.5220

Vanavil �{[34] 2.51 24.77 1.02 1.6185¿�T��ì)Û�O�Y�·^una��Ø½�¢é�, �3é�§Ýþ~���ì�OE,5. XÚI¡�½�ǑAÚ6Ä³�ǑA��)Í,�ÏLüëêÕáN�!Ú`z. �ý(JÚ5U�IL²�©JÑ����YØ=UJp��XÚ��½��l5U, �U
��JpXÚ�|Z6UåÚ°�½5.
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ã 14 ~ 1∼ 3 �©�{(¯Ý¼êÌ�
Fig. 14 Magnitude plots of the proposed sensitivity

function for Examples 1∼ 3
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