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Abstract 

This paper presents a new design methodology of 
multivariable Smith predictor for stable 2×2 time delay 
processes based on the centralized inverted decoupling 
structure. The controller elements are calculated in 
order to achieve good reference tracking and decoupling 
response, and the obtained general expressions result 
very simple. The realizability conditions are stated and 
the particular case of processes with all of its elements 
as first order plus time delay systems is discussed in 
more detail. A diagonal filter is added to the proposed 
control structure in order to improve the disturbance 
rejection without modifying the nominal set-point 
response. The methodology is applied to two simulation 
examples and comparisons with other authors show its 
effectiveness. 

1. Introduction 

Time delays arise in many industrial processes as a 
consequence of different phenomena such as transport 
times of mass, information or energy; accumulation of 
time lags in processes interconnected in series; or 
processing time [1]. Time delays affect the performance 
of traditional control systems because they can lead to 
very poor system response as they prevent high 
controller gain from be used in order to avoid instability. 
The Smith Predictor (SP) was the first compensator 
specially designed for single-input single output (SISO) 
systems with time delay [2]. It allows the elimination of 
the time delay in the characteristic equation. In the last 
years, different modifications of the SP have been 
developed to overcome some drawbacks of its initial 
proposal and to improve its performance [3-5]. 

On the other hand, most industrial processes are 
multivariable systems, that are much more difficult to 
control compared with SISO counterparts because of the 
existence of interactions between the measurement 
signals and the control signals. Two-input two-output 
(TITO) system is one of the most prevalent categories of 

multivariable systems, because there are real processes 
of this nature or because a complex process can be 
decomposed in 2×2 blocks [6] with non negligible 
interactions between its inputs and outputs. 

The control system design for multivariable processes 
with time delays becomes even more difficult because 
each output is affected by each input with different time 
delays [7]. As a result, a transfer function matrix 
representation of the multivariable process is preferred in 
these cases [8]. Different approaches have been 
developed in order to design controller for multivariable 
systems with multiple time delays. Some authors 
develop directly pure multivariable methodologies: 
decoupling control [9-13], multivariable PID controllers 
[14, 15], H• controllers [16], or decentralized controllers 
[17, 18]. Other authors have extended the SP to the 
multivariable case [19-21] using a scheme similar or 
equivalent to that of Fig. 1 where G(s) is the plant, Gn(s) 
is the nominal model of the plant, Go(s) is the fast model 
of the process and C(s) is the primary controller. 

 

Figure 1. Smith Predictor scheme. 

In order to apply SP to multivariable systems, two 
approaches can be usually found. The first one consists 
in designing a decoupling compensator D(s) for the 
original process G(s) in order to obtain a diagonal or 
diagonal dominant apparent process, and then, applying 
the SP to this apparent process H(s)=G(s)·D(s) (Fig. 2) 
[22]. Then, the SP design can be carried out as that of 
SISO case. The second one and more common applies 
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simultaneously multivariable control and SP [19] using 
the scheme of Fig. 1.  

 

Figure 2. SP with decoupling scheme. 

From the SP scheme in Fig. 1, the matrix expressions 
of the closed loop transfer matrix T(s) from the 
references r to the outputs y, and the transfer matrix Q(s) 
from the load disturbances d to the outputs y can be 
obtained as follows: 

 
( ) 1

( ) ( )· ( )· ( ) ( ) ( ) · ( )n oT s G s C s I G s G s G s C s
−

= + − +⎡ ⎤⎣ ⎦   (1) 
 

( ) 1
( ) ( ) ( )· ( ) ( ) ( ) ( ) · ( )· ( )n oQ s G s G s I C s G s G s G s C s G s

−
= − + − +⎡ ⎤⎣ ⎦  (2) 

 
where G(s), Gn(s), Go(s) and C(s) are 2×2 transfer 
matrixes. When the nominal model of the process is 
perfect, i.e. Gn(s)=G(s), the previous closed loop transfer 
matrixes are simplified to (3) and (4). 
 

[ ] 1( ) ( )· ( )· ( )· ( )oT s G s C s I G s C s −= +   (3) 
 

[ ] 1( ) ( ) ( )· ( )· ( ) · ( )· ( )oQ s G s G s I C s G s C s G s−= − +   (4) 
 
Then, the controller C(s) can be calculated in order to 

obtain the desired performance in the closed loop 
transfer matrix T(s) in (3). Its characteristic equation 
would be the determinant of [I+Go(s)·C(s)], which only 
includes the fast model of the plant Go(s). In order to 
simplify this design, several methodologies design C(s) 
in order to obtain a diagonal matrix Go(s)·C(s). Most of 
them use a transfer matrix C(s) in which the process 
inputs u are derived by a time-weighted combination of 
the error signals e. The main problem of such methods is 
that they usually require approximations, or complicated 
controller elements are achieved.  

This work proposes a new methodology of SP for 
directly decoupling and stabilizing 2×2 processes with 
multiple time delays. It is based on the structure of 
centralized inverted decoupling [23, 24] that allows 
obtaining very simple expressions for controller 
elements. However, as disadvantage, it cannot be applied 
to processes with multivariable zeros in the right half 
plane (RHP) since it results unstable. The paper is 
structured as follows. In Section 2, the proposed method 
is developed for 2×2 processes. Several aspects as 
realizability are discussed. The expressions for the 

particular case of processes in which all elements are 
first order plus time delay (FOPTD) systems are 
detailed. In order to improve disturbance rejection a 
diagonal filter in the feedback loop is proposed. Section 
3 illustrates the methodology with two simulation 
examples. Finally, conclusions are summarized in 
Section 4. 

2. Smith Predictor with Inverted Decoupling 

Assuming a TITO process G(s) with multiple time 
delays, the first step in order to apply the SP scheme in 
Fig. 1 is defining the fast model of the plant Go(s). In this 
work it is proposed as the output fast model of Gn(s) 
according to (5), where Θ(s) is a diagonal matrix that 
contains the minimal common time delays by outputs, 
that is, the minimal common time delays by row. Then, 
Go(s) is calculated from (6) and at least, one element by 
each row of Go(s) does not have time delay. Therefore, 
Go(s) is equal to G(s) after extracting the minimal 
common time delays of each row. 

( ) ( )· ( )n oG s s G s= Θ    (5) 

1( ) ( )· ( )o nG s s G s−= Θ    (6) 

As Θ(s) is a diagonal matrix, if C(s) is designed to 
decouple Go(s), then, it also decouples Gn(s), and 
diagonal matrixes of open loop processes Ln(s) and Lo(s) 
are obtained, respectively. Ln(s) is equal to Θ(s)·Lo(s). 
Ln(s) corresponds to the nominal open loop process (with 
the time delays in Θ(s)), and Lo(s), to the nominal delay 
free open loop process. Therefore, equations (3) and (4) 
would be reduced to (7) and (8) for the nominal case 
(Gn(s)=G(s)).  

[ ] 1( ) ( )· ( )· ( ) ( )· ( )o o oT s s L s I L s s T s−= Θ + = Θ   (7) 

[ ] 1( ) ( ) ( )· ( ) · ( )· ( )oQ s G s G s I L s C s G s−= − +    (8) 

According to (7), the closed loop transfer matrix T(s) 
would be diagonal, which implies a decoupled response 
from the references to the outputs. Each closed loop 
transfer function ti(s) would be given by (9). 
Consequently, it is possible to achieve the desired closed 
loop performance defining the proper open loop process 
loi(s); and thanks to the SP structure, this transfer 
function loi(s) is free of time delay. Thus, the 
specification of performance requirements can be carried 
out easily. However, it is important to note that the 
closed loop response is delayed by the corresponding 
time delay of Θ(s). 

· ·( )
( ) ( )·e ·e

1 ( )
s i s ii

i i
i

lo s
t s to s

lo s
θ θ− −= =

+
   (9) 

The proposed methodology uses the centralized 
inverted decoupling control scheme depicted in Fig. 3 to 
design the controller C. According to this structure and 
assuming that the transfer matrix Lo(s)=Go(s)·C(s) should 



be diagonal, the elements cij(s) of the inverted centralized 
control are given by 

1 12 21 2
11 12 21 22

11 1 2 22

lo -go -go lo
c = c = c = c =

go lo lo go
  (10) 

where the operator s has been omitted [23]. The transfer 
functions lo1(s) and lo2(s) are the desired open-loop 
transfer functions without time delay. The main 
advantage of (10) is the simplicity of the cij elements in 
comparison with the corresponding expressions (11) for 
conventional centralized controllers. 

22 1 12 2

11 12 21 1 11 2

21 22 11 22 12 21

go lo  - go lo
 c - go lo go lo

C = =   
c go go -go go

c
c

⎛ ⎞
⎜ ⎟⎛ ⎞ ⎝ ⎠

⎜ ⎟
⎝ ⎠

   (11) 
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Figure 3. Centralized inverted controller 
(configuration A) for TITO systems. 

Apart from the scheme of Fig. 3, there is an 
alternative configuration for centralized inverted control. 
This is showed in Fig. 4 and the equations of the 
controller elements in this case are given by 

11 2 1 22
11 12 21 22

1 21 12 2

go lo lo -go
c = c = c = c =

lo go go lo
−

  (12) 
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Figure 4. Centralized inverted controller 
(configuration B) for TITO systems. 

The controller elements of (10) or (12) do not contain 
sum of transfer functions, whereas the controller 
elements of (11) may result very complicated even if the 

elements of the system have simple dynamics. In 
addition, the transfer functions loi(s) may keep very 
simple in such a way that the performance requirements 
can be specify easily. 

Nevertheless, the structure of centralized inverted 
decoupling control presents an important disadvantage: 
because of stability problems it cannot be applied to 
processes with multivariable right half plane (RHP) 
zeros, that is, RHP zeros in the determinant of the 
process transfer matrix G(s). For internal stability these 
RHP zeros should appear in open-loop transfer functions 
of L(s). But it is not possible using centralized inverted 
decoupling control, because such RHP zeros would 
appear as unstable poles in some controller elements 
cij(s) according to (10) or (12). Only if the multivariable 
RHP zero is associated to an only output, and therefore, 
it is included into the process transfer functions of a 
same row, inverted decoupling control can be applied 
because the RHP zero will be cancelled. 

In order to obtain the four cij, it is only necessary to 
specify the two transfer functions loi(s). They can be 
chosen freely as long as the controller elements are 
realizable. Next subsections treat different design 
considerations to solve the this problem. 

2.1. Controller realizability 
The realizability requirement for the controller is that 

its elements should be proper, causal and stable. For 
processes with time delays or RHP zeros, the direct 
calculation of the controller can lead to elements with 
prediction or RHP poles, or improper. Next, the 
conditions that a specified configuration (Fig. 3 or Fig. 
4) needs to satisfy for realizability are discussed. Also 
the constraints on the transfer function loi(s) are 
indicated. There are three aspects to take into account 
and to be inspected by row: 

a) When some transfer function gim has a RHP zero, 
the element cmi of C(s) should not be selected in the 
direct path, in order to avoid this zero becomes a RHP 
pole in some controller element. When the zero appears 
in all elements of the same row, it is necessary to check 
its multiplicity ηij in each element. If gik is the transfer 
function of the row i with the smallest RHP zero 
multiplicity ηik, the element cki should be selected to be in 
the direct path. This RHP zero must appear in the loi 
open-loop transfer function with a multiplicity (ηi) that 
fulfils 

min( ) max( ) 1,2
iij ij jη η η≤ ≤ =    (13) 

b) Controller elements must be proper, that is, the 
relative degrees rij must be greater or equal than zero. 
Similarly to the previous case, the element cki should be 
in the direct path if the transfer function gik has the 
smallest relative degree rik of the row i. In addition, the 
relative degree (ri) of the loi transfer function must fulfil 



min( ) max( ) 1,2
iij ijr r r j≤ ≤ =    (14) 

c) Non causal time delays θij must be avoided in 
controller elements. The configuration A must be 
selected when the minimal output time delays are in the 
diagonal elements of G(s); and configuration B, when 
they are in the off-diagonal elements. The time delay of 
loi(s) must be zero. 

If the minimal output time delays are in the same 
column, then, the nominal process Gn(s) should be 
modified adding an extra time delay. Similarly, when 
two elements of C(s) have to be selected necessarily in 
the same column to satisfy the other two previous 
conditions in both rows, there is no realizable 
configuration. Then, it is necessary to insert an 
additional block N(s) between the system G(s) and the 
inverted controller C(s) in order to modify the process 
and to force the non-realizable elements into 
realizability. Then, the proposed method of SP with 
inverted decoupling would be applied to the new process 
GN(s)=G(s)·N(s). 

N(s) is a diagonal transfer matrix with the necessary 
extra dynamics. If there are no realizability problems in 
the row i, the nii(s) element is equal to the unity. 
Otherwise, the required extra dynamics (time delay, pole 
or RHP zero) is added with the proper multiplicity to 
fulfill the corresponding realizability condition. In 
general, nii(s) is defined according to (15). Generally, it 
is preferable to add the minimum extra dynamics. 
Therefore, after checking the required additional 
dynamics of each configuration (A or B), it is selected 
that one with fewer RHP zeros or extra poles in N(s). 
More detailed information about this issue is provided in 
[25]. 

1

1
(s)

( 1)

ii

ii

ii

ηx
Nz

θ s x
ii r

x x

s z
n e · ·

s zτs
−

=

− +
=

++

⎛ ⎞
⎜ ⎟
⎝ ⎠

∏     (15) 

2.2. How to specify the desired delay free open loop 
processes loi(s) 

For a given configuration (A or B), conditions (13) 
and (14) must be fulfilled for realizability when loi(s) is 
specified. Nevertheless, for best performance of the 
control system, it is undesirable to include any RHP zero 
in loi(s) more than necessary. Therefore, loi(s) is defined 
with the minimum RHP zero multiplicity which fulfill 
the realizability condition (13). In addition, since the 
closed loop response must be stable and without steady-
state errors due to setpoint or load changes, loi(s) must 
contain an integrator. The following form of loi(s) is 
suggested: 

1
1

1
(s)

( 1)
1 i

i

ηx
Nz

x
i r

x x ii

s z
lo ·

s z τ sλ s =
−

− +
=

+ +

⎛ ⎞
⎜ ⎟
⎝ ⎠

∏    (16) 

where the time constant λi determines the bandwidth of 
the closed loop i and acts as a tuning parameter for 
performance and robustness. When loi(s) must have zero 

relative degree according to (14), a zero can be included 
and used as an extra tuning parameter. 

For instance, two simple cases of loi(s) transfer 
functions are shown. First, when loi(s) is defined as 
1/(λis) according to conditions (13) and (14), the closed 
loop transfer function has the typical shape of a first 
order system plus time delay with time constant λi: 

(s)
1

1i
sθi

i

t ·e
λ s

−=
+

    (17) 

Second, when a relative degree equal to two must be 
specified in loi(s) without any RHP zero, it is necessary 
to include a pole in s=-1/τi according to (16). Then, the 
closed loop transfer function is obtained as a second 
order system plus time delay as follows: 

2(s)
1

1i
sθi

i i i

t ·e
λ τ s λ s

−=
+ +

    (18) 

The poles of ti(s) in (18) are characterized by the 
undamped natural frequency ωn and the damping factor ξ 
given by (19). 

1 0 5n i i i iω / τ λ ξ . λ / τ= =    (19) 

2.3. Application to TITO processes with FOPTD 
elements 

Since almost all industry processes are open loop 
stable and exhibit non oscillatory response for unit step 
inputs, higher order transfer functions can be simplified 
to first order plus time delay (FOPDT) model before the 
control design. In this way it is assumed that all process 
transfer functions can be described by 

ijsij
ij

ij

k
g (s) e

T s 1
−θ=

+
    (20) 

The transfer functions are stable and according to 
condition (13) no RHP zeros need to be specified in 
loi(s), which must has relative degree equal to one from 
(14). Consequently, loi(s) can be specified as 1/(λis) and 
closed loop responses according to (17) will be obtained. 

Using the inverted scheme of Fig.3 and expressions in 
(12), the cii(s) elements result PI controllers (21), and the 
other two are filtered derivative compensators plus time 
delay (22), where θi is the minimal output time delay. 

( )ii Pii Iii
ii

i ii

Pii ii i ii Iii i ii

T s 1 K s K
c (s)

k s s
K T /( k ) ; K 1/( k )

+ +
= =

λ
= λ = λ

  (21) 

i ij Dij( ij i)s ( ij i)s
ij

ij ij

Dij i ij ij ij i j ij i

k s K s
c (s) e e

T s 1 N s 1

K k ; N T ; (c )

− θ −θ − θ −θ−λ
= =

+ +

= −λ = θ = θ − θ
 (22) 

When it is possible to approximate the transfer 
functions of the process by FOPTD systems, authors 
propose to do it and to use the simple equations (21) and 
(22) to calculate the cij(s) elements.  



2.4. Additional filter 
According to (8), the disturbance rejection 

performance is governed by the open loop dynamics of 
the process G(s). In order to improve the disturbance 
rejection response of the closed loop system, a stable 
diagonal filter F(s) is proposed as is shown in the 
scheme of Fig. 5. A similar filter is proposed in the 
multivariable filtered Smith predictor in [21]. Then, the 
following closed loop transfer matrixes T(s) and Q(s) are 
obtained (where Laplace variable s has been omitted): 

( ) 11· · ·n oT G C I F G G F G C
−−⎡ ⎤= + − +⎣ ⎦   (23) 

( ) 11· · · · ·n oQ G G I C F G G F G C F G
−−⎡ ⎤= − + − +⎣ ⎦  (24) 

 

Figure 5. Filtered Smith Predictor scheme. 

For the nominal case (G(s)=Gn(s)), the reference 
tracking response remains the same T(s)= (s)·To(s), 
independent of F(s). Nevertheless, the load disturbance 
response is modified by the filter as follows: 

( )1·[ ] · · · ·oQ G G I L C F G I T F G−= − + = −   (25) 

Since T(s) and F(s) are diagonal matrixes, the matrix 
[I-T(s)·F(s)] is diagonal as well. In order to cancel the 
undesired poles of each row i of G(s), the filter element 
fi(s) must be designed in such a way that these slow poles 
appear as zeros in (1-ti(s)·fi(s)). This is satisfied if the 
following condition is fulfilled: 

( )1 (s)· ( ) 0; 0,1,..., 1; 1,...,
s zk

r

i i kr

d t f s r m k p
ds =

− = = − =  (26) 

where zk is an undesired pole, mk is its maximum 
multiplicity in the row i of G(s), and p is the total 
number of undesired poles in the row i. In general, the 
filter element fi(s) is defined as follows: 

( )
( )
( )· 1

( )
1

r
i

i
i

N s s
f s

s
α

η

λ
β

+
=

+
   (27) 

where the term (λis+1)r cancels in Q(s) the corresponding 
specified closed loop poles for reference tracking. The 
pole in s=-1/βi is used to define the desired time constant 
of the disturbance rejection response and its degree must 
be chosen to obtain a proper filter element. Note also 
that, according to (25), the stationary gain of fi(s) must 
be equal to the unity in order to obtain zero steady state 

error for step disturbance rejection. Then, the term 
Nα(s)=[ αqs

q+…+ α1s+1] is a polynomial of the proper 
degree q and coefficients αk which must be calculated in 
such a way that [1-ti(s)·fi(s)] to include as zeros the 
undesired poles of the original disturbance rejection 
response. 

If ti(s) is given by a FOPTD system and there is an 
only undesired pole at s=-z1 in the corresponding load 
disturbance response of Q(s), the filter is usually defined 
by (28) and α1 is calculated according to (29). 

( )( )
( )

1
2

1 1
( )

1
i

i
i

s s
f s

s

α λ
β
+ +

=
+

   (28) 

( ) 1
2

1 1 11 1 · · /i z
i z e zθα β −⎡ ⎤= − −⎣ ⎦   (29) 

3. Examples 

In this section, the proposed methodology is applied 
to two simulations examples and compared with other 
techniques. 

3.1. Example 1: Wood and Berry distillation column 
The Wood-Berry binary distillation column process 

[26] is a multivariable system that has been studied 
extensively. The process has important delays in its 
elements. It is described by the transfer matrix: 

-s -3s

WB
-7s -3s 

12.8 -18.9e e
16.7s 1 21.0s 1G (s)

6.6 -19.4e e
10.9s 1 14.4s 1

⎛ ⎞
⎜ ⎟+ +⎜ ⎟=
⎜ ⎟
⎜ ⎟+ +⎝ ⎠

  (30) 

According to conditions of subsection 2.1, 
configuration A must be selected to achieve realizability 
without extra dynamics. First, the common output delays 
are obtained as θ1=1 and θ2=3. Then, the fast model Go(s) 
is given by: 

-2s

o
-4s

12.8 -18.9 e
16.7s 1 21.0s 1G (s)
6.6 -19.4e

10.9s 1 14.4s 1

⎛ ⎞
⎜ ⎟+ +⎜ ⎟=
⎜ ⎟
⎜ ⎟+ +⎝ ⎠

  (31) 

Since all process elements are FOPTD systems, the 
parameters of the controller elements can be directly 
calculated according to (21) and (22), and closed loop 
transfer functions given by (17) are achieved. The 
desired closed loop time constants are chosen as λ1=2 
min and λ2=3 min. The resultant parameters are listed in 
Table 1. 

Next figure shows the step response of the closed 
loop system using the proposed method of SP with 
inverted decoupling (SPID) in comparison with that of 
the decoupling SP of Wang [27]. There is a unit step 
change in the first reference at t= 0 min, ant at t=60 min, 
in the second one; and at t=120 min, there is a 0.15 step 
in both inputs as load disturbances. 



Table 1. Controller parameters for the 
Wood and Berry column. 

c(s) KP KI KD N θ 
c11 0.652 0.039 0 0 x 
c22 -0.247 -0.017 0 0 x 
c12 x x 37.8 21 2 
c21 x x -19.8 10.9 4 

 

 

Figure 6. Outputs and control signals of 
the step response of example 1. 

Both techniques obtain similar performance without 
interaction from reference changes, although the 
proposed one achieves a faster response with smaller 
settling time and smaller IAE values (which are collected 
in Table 2). However, the control signals of the proposed 
method are more oscillatory than those of Wang’s 
controller. 

Table 2. IAE values in example 1. 

IAE SPID SPID-F Wang 
loop 1 6.4 3.8 9.5 
loop 2 17.4 9.4 18.1 

In addition, the disturbance rejection is very slow, 
above all in the second output. Therefore, a diagonal 
filter F(s) is designed to improve the disturbance 
rejection according to the scheme of Fig. 5 and 
subsection 2.4. The filter element associated to the first 
loop is calculated according to (27) to cancel the process 
poles at s=-1/16.7 and s=-1/21. The second filter element 
is designed to cancel the process poles at s=-1/10.9 and 
s=-1/14.4. The desired time constants of the disturbance 
rejection response are specified equal to the time 
constants for reference tracking. The resultant elements 
of the filter are given by: 

( )

( )

2

1 2

2

2 2

16.14 6.94 1( )
2 1

38.13 11.25 1( )
3 1

s sf s
s

s sf s
s

+ +=
+

+ +=
+

  (32) 

The proposed methodology with this filter (SPID-F) 
improves considerably the disturbance rejection, as can 
be observed in Fig. 6; and it obtains smaller IAE values, 
as it shown in Table 2. 

3.2. Example 2: Wardle and Wood distillation 
column 

The transfer matrix of this TITO process [28] is given 
by: 

-6s -12s

WW -8s -8s 

0.126·e -0.101·e
60s 1 (48s 1)(45s+1)G (s)

0.094·e -0.12·e
38s 1 35s 1

⎛ ⎞
⎜ ⎟+ +⎜ ⎟=
⎜ ⎟
⎜ ⎟

+ +⎝ ⎠

  (33) 

According to conditions of subsection 2.1 about time 
delays and relative degrees, configuration A in controller 
C must be selected to achieve realizability without extra 
dynamics. The common output delays are obtained as 
θ1=6 and θ2=8. Therefore, the fast model Go(s) is given 
by: 

-6s

o

0.126 -0.101·e
60s 1 (48s 1)(45s+1)G (s)
0.094 -0.12
38s 1 35s 1

⎛ ⎞
⎜ ⎟+ +⎜ ⎟=
⎜ ⎟
⎜ ⎟+ +⎝ ⎠

  (34) 

The two desired open loop process loi(s) can be 
specified as 1/(λis) according to conditions (13) and (14), 
and consequently, the closed loop transfer functions ti(s) 
are given by (17). After chosen the closed loop time 
constants λ1=λ2=15 min, the controller elements are 
calculated by means of expressions (10). The resultant 
elements are: 

( ) ( )
-6s

11 12

21 22

60s 1 1.515s·ec = c =
1.89s 48s+1 45s 1

-1.41s 35s 1c = c =
38s 1 1.8s

+
+

− −
+

  (35) 

 
The closed loop system response of the proposed 

control using the scheme of Fig. 1 (SPID) is shown in 
Fig. 7. There is unit step changes at t=0 min in the first 
set point, and at t=500 min, in the second one. There is 
also a -20 step change at t=1000 min in both inputs as 
load disturbances. For comparison, the decentralized 
Smith Predictor (D-SP) control proposed in [28] is also 
shown. 

The proposed control achieves perfect decoupling. 
The proposed control and the D-SP control obtains 
similar performance and IAE values in the first loop; 
however, the proposed control improves the response of 



the second loop with smaller settling time and IAE 
value, and better disturbance rejection. 

 

Figure 7. Outputs and control signals of 
the step response of example 2 with 
nominal process. 

Table 3. IAE values in example 2. 

IAE SPID SPID-F D-SP 
loop 1 48.5 36.5 46.4 
loop 2 35.1 35.1 76.8 

IAE with perturbed process 
loop 1 49.9 41 54 
loop 2 58 58 100 

 
The disturbance rejection in the first loop is a bit slow 

compared to that of the second loop. Therefore, a filter 
f1(s) is designed in order to speed up this rejection. The 
slowest pole associated to the first output in q11(s) and 
q12(s) is s=-1/60. The filter is calculated according to (28) 
and (29) to cancel this pole. The time constant of the 
disturbance rejection response β1 is fixed equal to λ1. The 
diagonal filter F(s) is given by  

29.46 1 0
F(s) 15s 1

0 1

s +⎛ ⎞
⎜ ⎟= +⎜ ⎟⎜ ⎟
⎝ ⎠

   (36) 

The closed loop response of the proposed control with 
filter (SPID-F) is also shown in Fig. 7. The reference 
tracking response is the same, and the disturbance 
rejection in the first loop is improved obtaining a smaller 
IAE value, similar to that of the second output. 

To investigate the robustness of the different 
controllers, the time delays of the first row of GWW(s) are 
increased by 50%, and those of the second row are 
decreased by -50%. A similar perturbation is performed 
in the gains of GWW(s): +50% for the first row, and -50% 
for the second one. The same previous simulation is 

carried out without modifying Gn(s), Go(s) or the 
controllers. 

The closed loop responses of outputs and control 
signals with the perturbed process are shown in Fig. 8. 
The IAE values are listed in Table 3. The response of the 
second loop becomes slower; however, the proposed 
controllers obtain the best performance with smallest 
IAE values and they maintain a decoupling response. 
The second loop response using the D-SP control 
becomes very slow. 

 

Figure 8. Outputs and control signals of 
the step response of example 2 with 
perturbed process. 

4. Conclusions 

In this work, a new methodology of decoupling Smith 
predictor for stable TITO processes with multiple time 
delays has been proposed. It is based on the structure of 
centralized inverted decoupling control, which is 
combined with the SP structure. The main advantages of 
this combination are the simplicity of the four controller 
elements and the easiness for specifying closed loop 
performance requirements as simple time response 
specifications. Furthermore, for processes with all of its 
elements as FOPTD systems, two PID controllers and 
two filtered derivative compensators plus time delays are 
obtained, which can be easily implemented in 
commercial distributed control systems. 

In addition, realizability conditions are stated. A 
diagonal filter is proposed to improve the load 
disturbance rejection without modifying the nominal 
response for reference tracking. 

The methodology has been illustrated with two 
representative examples, found in multivariable 
literature, obtaining similar o better results than other 
authors. 
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