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Abstract：A modified Smith predict~ q删 in Majhi and Atherto(1999)is shown to be equival~ to a modifiedin- 

ternal model control(IMC)SII'uCtUl'e，and then a three-stage design method is q)0sed for the Smith predict~．To achieve 

compronlise between disttlrbancc rejection and stability robustness。a robust control method is used to lame the feec~ack-loop 

controller．Design for typical integrating and unstable processes with time delay shows that the q)0sed method 啪  

aelaieve good compronlise between settx,int tracking．diSnⅡbance rejection and stabitity robusmess． 
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时滞过程改进型 Smith预估器的整定 

谭 文 

(华北电力大学 自动化系．北京 1o22o6) 

摘要：证明 Majlai和 Atherton(1999)文所提出的改进型 Smith预估器等价于一改进的内模控制结构(mIC)，并对 

该结构提出一种三阶段设计方法．为获得扰动抑制和稳定鲁棒性的均衡，采用了鲁棒控制方法来整定反馈环控制 

器．针对某些典型的积分和不稳定时滞过程的设计表明所提方法能获得较好的扰动抑制和稳定鲁棒性的均衡． 

关键词：Smith预估器；不稳定与积分过程；H 控制；鲁棒整定；鲁棒稳定及性能 

1 Inl~oduction 

It is well·-known that the Smith predictor is an effec·- 

tive control structure for processes with long time delay． 

However，due to intemal stability issue，it cannot be ap- 

phed to unstable processes．Many efforts have been 

made to extend the Smith predictor to unstable and inte— 

grating processes，e，g．，l 1，2 J．Astrom，Hang and 

Lira proposed a modified Smith predictors for control- 

ling processes wiⅡl an integrator and long dead—time． 

But a number of tuning parameters is required．Matausek 

and Micic ]proposed a deadtime compensator(DTC) 

structure which reduced the number of tuning parameters 

to three． 

For unstable processes wiⅡl time delay．another modi· 

fled Smith predictor structure(Fig．1)was proposed in 

【6J，and a method based on the direct method was used 

to t1．1ne the three controllers．A common character of 

these structures is that the design of setpoint tracking and 
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disturbance rejection can be done separately．It is also 

noted that the DTC structure in[5]is a special case of 

that in[6]．The latter can be applied to both integrating 

and unstable processes． 

Fig．1 Modified Smith predictor 

In this paper we show that the modified Smith predic· 

tor proposed in【6 J is equivalent to a modified internal 

model control(IMC)structure(Fig．2)，SO the setpoint 

tracking can be tuned by the well—known IMC tuning 

method[7]
．
To achieve compromise between disturbance 

——■—■_ } 
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rejection and stability robustness，we propose a method 

to tune the feedback-loop controller．By combining two 

tuning methods，good seqx,int tracking，good distur- 

bance rejection and good stability robustness can be 

achieved for the Smith predictor． 

Fig．2 M odified IMC structure 

2 M odified Smith predictor 

For the modified  Smith predictor shown in Fig．1，we 

have 

PKl(1+P。e-~'K2)r 
)， + 

(1+P。K0+P。Kl—P。e-~K1)(尸 l+ ) 

(I+P。Ko+P。K1)(1+尸 )+(P—P。e-出)Kl‘ 

(1) 

If the model is perfect，i．e．，P = P。e一 ，then 

Y 

景 +(-一 ‰ Pd~+d—a． 
(2) 

Now co nsider input-output relation in the modified 

IMC sll'ueture shown in F ．2，where the symbols have 

the IIIle meanings as those in Fig．1，except now Q，K0 

and K2 are controllers to be tuned ．W e have 

Y 

PQ(I+P。e-~K2)r+(1+P。Ko—P。e-~'Q)(pdl+ ) 

(I+P。Ko)(I+PK2)+(P—P。e-&)Q ‘ 

(3) 

if the model is perfect，then 

，，= r+(-一 ) ． 
(4) 

G。： P。 
1+ P。／Co’ G：： -  ： G-e一 ． ’。 e “‘ 

(5) 

Q= ， (6) 

then  the tw o slnlctures are equivalent，and the input-out- 

put relation is s／mp~ ed to 

Y： +(1一cq) ． (7) 

The equivalence is not surprising．For stable processes 

the relation has al呻 been known，e．g．，in the book 
of Morari and Za丘|i0uf 71

．  

3 Controller tImil】曙 

By Eq．(7)，the seqx,int tracking is not iclated to K2， 

so the seqx,int tracking Call be designed in ：p即d‘mt1)r． 

By the analysis in the pI~vious section，Q Call be de— 

signed as an IMC controller for the stabilized model G． 

W e note that an IMC controller inverts the invertible part 

of G。。thus if K0 does not introduce additional right- 

half-plane(R )zeros，its effect will be canceled by 

Q．So／cocan be chosen arbitrarily as long as it stabiliTes 

the de lay-free part and does not introduce RHP ze )s．if 

the pIoceSs is(mamimny)stable，then it can be set to 

zero．It is just for intemal stability of the suueture．The 

final performance of the s)咖 does not depend o11 it． 

Once／Co and Q ate ct sen，the other degree of 一 

dom provided by K2 can be used to improve the distur- 

bance rejection of the closed loop system．Note that the 

transfer functions缸Im dl(d2)to y is 

= (1一GQ) ， 

‘ (8) 

= (1一GQ) · 

if P is unstable，clearly the response from dl to Y will be  

unstable without K2．To have good di~ ce rejec— 

tim ，K2 should stabilize the plant P and rninimiT~the 

no rms of 
I 

and ．M~R'~over，we唧 iIe that the 

perfonmnoe can be achieved robustly．Since model ira- 

certainty usually occurs at high hequeney and 1一GQ≈1 

at lligh frequency(since it is the sensitivity full~ou of 

an IMC smlcture without K2)，so robustl~ of the 

closed-loo p system depends mainly ou  K2．Now we need 

to consider the following problem： 

in
．，
f II(1+ K2)～II。， (9) 
2̂ 

where is an unceaainty model of the plant． 

Suppose the mlc豇咖 is a multiplieative 0ne，i．e．， 

= P(1+As)， (1O) 
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(1+ K2)～ = 

(1+PK2)一 一(1+JP )一 JPI△ · 

(1+ (1+PK2)～pAs)一。K2(I+PK2)～．(11) 

Define a new uncertainty structure 

△：【 
where Apis an iIIla西na block．By the main-loop theo一 

掰 n[引，robust performance defined in Eq．(9)is equiva— 

lent to 

( )， (13) 

WI Ie 

『(1+PK2) (1+PK2)JP 1 
M ： (1+ )一。／(2(1+ )一。PJ’ 

(14) 

This is a 一synthesis problem ．It can be solved  by D-K 

iteration．However，the procedure is complex．W e锄  

use a co nstant scalo to compute the upper-bound of the 

stmealred singular value[8J
，i，e．，to solve the following 

problem ： 

数 。 扎． 
HeIe 22can be thought of as a weighting between stabili— 

ty mbustne~ and performance．Frequency-based scaling 

can also be  used ，but it will increase the ol'der ofthe fi— 

hal controller ． It c觚 be shown that the problem in 

Eq．(15)is equivalent to a loop-shaping H。design pro— 

cedure[ ]with = 1 and l ．=l2
．  

In sl】咖唧IaD，，we propose the following three-stage 

controller design o‘：cdI】Ie for the modified Smith pre— 

dictor． 

1)De lay-free part stabilizer．A controller K0is chosen 

to stabilize the delay-free part of the model，i．e．，P。． 

For stable and integrating processes K0 c缸 be eh0scn as 

2)Setpoint tracking．A controller Q is designed as an 

IMC controller for the stabilized model C．Then 

：  ． 

1一C’Q 

3)Load disturbance mjecton and mbustuess．A loop 

shaping H。controller is design ed  to robustly stabilize 

the ongmal delayed  process P． 

It is well-known that an IMC controller has one tuning 

parameter．It is easy to fin d out that in the proposed 

method we have essentany two t~ming 响衄e ：one 

for tuning the IMC controller，o1"Kl；and the 0m盯(22) 

for tuning K2．Detailed  tuning ptocedtne for some typi— 

cal processes with time delay are illusna~ in the next 

section． 

4 aXuang for typical processes with t——i——n——l——e 

delay 

4．1 An integraang process with time delay 

For the integrating pnx：ess 

JP(s)= e一， (16) 

K0 can be cI嗍  ZOID，and the IMC controller Q can 

be d一  Q = ， a Inning 

parameter．Then 

=  ． 

K2 c觚be desi鲫 by solving H。p~blem(15)with天2 

chosen to make the in l姗 equal 2．5 for a omlptomise 

betweell robustness and disaubance attenoa0on ．Using a 

curve fitting approach，we get fonowmg tuning for- 

mula for K2： 

f K2= (1+ s)， 

{ = 1 ，(18) 
【 =(0．40130+0．5691r)． 

4．2 A process with an integrator lind time de- 

lay 

For the process 

P(5)：÷e一， (19) 

K0c趾also be dlo~ll as zcro，and the IIvIC controller Q 

can be chosen弱Q ·Then 

K·= =瓦1． (20) 

For lifts p10ceSS if we choo~ ．=【2= 1．8／r， get 

following Uming formula for K2： 

0 we c缸  

K2 0．7851 1+0．50s 
l+0．095l ’ (21) 

=  (1+0．40490s)． (22) 
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4．3 First-order unstable processes with ljnle 

delay 

For lifts process 

P(s)= 1e一． (23) 
一  

The delay-free part。f the process is = ．s0 

G (s)= ’
一

1+kgo‘ (24) 

If go is chosen to be larger than 1／k．then G will be 

stable·For simplicity，we choose go 专，which 

inakes G (s)= ．N0w all IMC controller Q caII 

h0SeIl aS Q = and 

， ： 1 ： 1(1+ )． (25) 
一 G p 从 、 

Now we need to design ．It is known that the stabi— 

lizing proportional gain for a first-order delayed unstable 

process is lx~unded both below and above．We take the 

average value of the two lx~unds as the desired normal— 

ized loop gain( 2)and solve problem in Eq．(15) 

against the normaliTexl delay．We Call also approximate 

the optimal controller with a PD controller．Using a 

curve fitting approach，we get吐le following tuning for- 

mula for for a first-order unstable process with time 

delay： 

Kz= ( s+1)， (26) 

where 

=  

{( +0．746)，if 0／r 7， 

{( +0．694)，if o．7<0／r 5， 

= (0．4260／r一0．014)r 

5 Examples 

(27) 

(28) 

Example 1 Consider a process with transfer ftmc— 

tion 

P(s) ： ----。 
S 

(29) 

where 0 = 5．The controller setting for the modified 

Smith predictor tuned by the proposed method( l 1) 

is shown in Table 1．So aIe settings tuned in[6]and 

[1]． 

Table 1 ~ tmller setting for Example 1 

The set~ int and load di殉-lI11)锄ce re叩伽 seS aIe sl~wn 

in Fig．3(a)．We see that the proposed controller setting 

has the best load res19伽 se and the setl~int res19伽 se is 

faster than that for[6]but slower than that for[1]． 

However，the setting in【1 J is too aggre~ive as shown 

in Fig．3(b)where delay has 10％ uncertainty．The 

proposed setting has the best c0l珈 捌[Ilj between load 

disturbance eC 0n and stability robustness． 

鲁 
j 

0 

器 
8 
2 

(a) 0=5 

(b) 0 increases by 10％ 

Fig．3 Responses for Example 1 

Example 2 Comider a process with tl~ er function 

P(s)= l—e-5|． (3o) 
The controller setting for the modified Smith predictor 

tuned by the proposed method( =1)is shown in 

Table 2．So is the setting tuned in[6]． 

Table 2 Controller settings for Example 2 

i 一 一  ] 一 

l ( t { { 

F̂j0 ∞∞80_l 
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The setpoint and load disturbance responses for nomi— 

nal delay and delay increased by 10％ are shown in 

Fig．4．W e see that the proposed conlroller setting has 

better load disturbance rejection than that by[6]，since 

in the latter case Kz is just a static gain． 

芎 
9  

0 

呐  

器 

2 

芎 

e 

0 

呐 

器 

2 

Time 

(a) Nominal 0 

Iline 

(b) 0 increases by l0％ 

Fig．4 Responses for Example 2 

6 Conclusions 

A tuning method for a modified Smith predictor for 

integrating and unstable processes with time delay was 

propped in this paper．Essentially two parameters are 

needed tO tune the conla'oller setting：one is responsible 

for the seq~int tracking，and the other for load distur- 

bance rejection and stability robustness． le design 

for some typical processes with time delay shows that the 

pmposed method can achieve good compromise between 

time domain performance and stability robustness． 
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