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In this paper, a new type of modified Smith predictor based on the H2 and predictive PI control strategy is proposed.+emodified
Smith predictor not only has H2 robust performance but also has a similar predictive PI control structure. By introducing a time
delay term, the modified Smith predictor controller overcomes the shortcoming that the conventional control algorithm can only
use the low-order approximation of time delay term to design the control algorithm. +e modified Smith predictor controller’s
output is related to the current system error and related to the output in a period before the controller. Simultaneously, the
modified Smith predictor controller is applied to conventional process systems based on dynamic optimization estimation in the
case study to show absolute superiority over the nonpredictive control method (such as the classical PID control method).

1. Introduction

+e time delay process is a kind of process widely existing in
practical industrial production, such as the long-distance
transmission of gas or liquid, temperature control of heating
furnace, calculation delay of control action. +e control
problem of the time delay process is still tricky in the control
field. +e research on the control method and mechanism of
the time delay process has attracted control researchers
[1–4]. As far as the control system is concerned, the time
delay refers to the control action currently applied, which
can be reflected in the output after a certain period. It is often
the main factor leading to the deterioration or even insta-
bility of control system quality [5–10]. For linear systems, we
may use the high-order approximation method to deal with
the corresponding controller. Still, for nonlinear systems
with time delay, which are more common in the industry,
the control difficulty will be greatly increased [11, 12].

When the ratio of the time delay to the dominant time
constant of the processmodel is more significant than 0.5 (i.e.,
the model has a large time delay), the tuning strategy reported
in the literature will produce poor servo performance. +e

conventional PID (proportional-integral-derivative) control
algorithm cannot achieve satisfactory control effect [13–15].
When PID controller is used to control the process with a
large time delay, differentiation D is usually taken as 0 to
reduce overshoot and oscillation [16–19]. Smith predictor is
considered as a milestone to solve the control of time delay
process. Zhang et al. [20, 21] designed a new PID controller
based on H2/H∞ method and Smith control strategy. +e
controller can be applied to large time delay process, but the
high-order approximation method is adopted for the time
delay term of process. In [22, 23], the modified Smith con-
troller is designed based on the common industrial control
strategy. +e unstable term, integral term, time delay term,
and other different cases are considered. +e treatment of
time delay term is linear approximation to design the con-
troller. +ese algorithms have two defects: (1) they are sus-
ceptible to the model error, especially to the deviation of the
time error; (2) the setpoint tracking performance is good;
anti-interference ability is minimal.

+e modified Smith controller in this paper is based on
H2 optimal control theory and predictive PI (proportional-
integral) control strategy [24–28]. +e controller has the
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characteristics of predictive PI control strategy and H2
robust performance. It is especially suitable for the control of
large time delay systems. +e controller structure is simple,
the adjustable parameters are few, and the parameters’
adjustment is convenient and intuitive. +e proposed
control strategy overcomes the numerical approximation of
the time delay term in the previous control algorithm. Still, it
introduces the time delay term into the controller, making
the controller structure composed of two parts: the standard
PI control term or the modified PI control term and the
predictive control term.+e PI control term can improve the
controller’s robustness and maintain good robust perfor-
mance in the presence of different disturbances and model
parameter changes. +e introduction of a predictive control
term aims to overcome the adverse effect of a large time
delay on control. It can predict the future control effect
according to the control effect of a certain period in the past
and eliminate the blindness of the control effect. In the
controller design, although it is unnecessary to know the
precise model of the process, but to know the approximate
model of the process, the control is also a model-based
control. +ere is a direct relationship between the param-
eters of the controller and the parameters of the actual
process. Setting different parameters of the controller can
meet the different control characteristics required by the
object. In the process industry, setpoint changes occur less
frequently than load or parameter disturbances. +erefore,
interference suppression is more important than setpoint
tracking. +e control strategy has good closed-loop per-
formance, especially anti-interference performance, which is
more suitable for industrial applications.

+is paper is organized as follows. In Section 2, the
modified Smith control based on ITAE-PI/PID numerical
control strategy is compared with the Smith control strategy
proposed in this paper. In Section 3, the modified Smith
predictor control strategy is introduced. In Section 4, the
comparison of various modified Smith predictors is pre-
sented. In Section 5, we compare different control algo-
rithms for typical industrial processes based on dynamic
optimization estimation. Finally, we give conclusions and
further study in Section 6.

2. Modified Smith Control Based on ITAE-PI/
PID Control Strategy

A large time delay plant is universal in process control, but it
is not easy to control. +e Smith predictor method’s greatest
advantage is that the time delay is removed from the closed-
loop characteristic equation. +e time delay process’s design
problem is transformed into the problem of no time delay so
that the control quality is greatly improved. Figure 1 shows
the original structure of the Smith predictor. R(s) is the
input signal of the system, E(s) is the system error, Gc(s) is
the controller, U(s) is the controller output, Gp(s) is the
actual industrial model,Gp

′(s) is the nominal model, Gp(s) is
the nominal model without time delay, D(s) is the external
interference signal, and Y(s) is the system output.

However, the Smith predictor’s original structure still
has some defects: Time delay compensation needs an ac-
curate process mathematical model, and the control per-
formance is sensitive to model error. When the error
between the estimated model and the actual plant is large,
the control performance will deteriorate significantly. It is
also susceptible to external disturbances and has low ro-
bustness. It is only applicable to stable time delay plants. To
overcome these shortcomings, some scholars have proposed
various improved methods based on the conventional Smith
predictive control strategy [15, 20, 21].

2.1. Polynomial Approximate Time Delay Process. +e first
difficulty in treating time delay systems is that the time delay
term is represented as an irrational transfer function with
infinite dimensions. However, most of the design methods
proposed are based on the theory of rational functions and
can only deal with finite-dimensional control objects.
+erefore, it is necessary to discuss the rational approxi-
mation of delays before designing controllers [29].

+e two most widely used delay polynomial approxi-
mations are as follows.

2.1.1. Taylor Series Expansion

e
− θs ≈

1
1 + θs + θ2s2/2! + · · · + θn

s
n/n!
≈ 1 − θs +

θ2s2

2!
+ · · · +(− 1)

nθ
n
s

n

n!
. (1)

Equation (1) approximation is obtained by truncating
after only a few terms.

2.1.2. n/v Pade Approximation

e
− θs ≈

Pnv(θs)

Qnv(θs)
,

Pnv(θs) � 

n

j�0

(n + v − j)!n!

(n + v)!j!(n − j)!
(− θs)

j
,

Qnv(θs) � 
n

j�0

(n + v − j)!v!

(n + v)!j!(n − j)!
(θs)

j
. (2)

In (2), n and v are positive integers, which are the order
of the numerator and denominator of polynomial approx-
imation, respectively. P and Q are the numerator polyno-
mials and denominator polynomials, respectively. +e 1/1
Pade approximation, e− θs ≈ (1 − 0.5θ)/(1 + 0.5θs), is com-
monly used in engineering practice.
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+e model approximated by Pade polynomial is not
necessarily stable, so here we give the stability theorem of n/v
Pade approximation.

Stability +eorem 1 (see [20]). If n≥ v − 5, then n/v Pade
polynomial approximation is stable; when n � v, Pade
polynomial approximation is always stable.

In Figure 2, 1/1 Pade approximation, 1/2 Pade ap-
proximation, Taylor approximation, 5/5 Pade approxima-
tion, and 2/7 Pade approximation are used for comparative
analysis. When v − n> 6, the Pade approximate model be-
comes unstable. In simulation Figure 2, the FOPDT (first
order plus dead time) model (1/s + 1)e− 2s is approximated
by polynomial. v � n Pade polynomial approximation has
better accuracy than Taylor approximation and n< v Pade
approximation. As v � n becomes larger, Pade approxima-
tion becomes better and better.

2.2. Modified Smith Control Based on ITAE- PI/PID Control
Strategy. Most PID controllers rely on various experience
tuning algorithms, and these tuning algorithms often rely on
a single design index, and the overall control effect is not
optimal. With the need for engineering, a comprehensive
performance index can better reflect the whole control
system’s performance. Common control performance in-
dicators are shown in the following equation:

(1) ITAE (integrated time and absolute error) � 
∞

0
t|e(t)|dt,

(2) ISE (integral square error) � 
∞

0
e
2
(t)dt.

(3)

ISE performance index can transform the control system
design problem into a purely mathematical problem, so it is
widely used. +e optimal design method in modern control
is developed based on ISE, and the ISE performance index is
also H2 performance index in the frequency domain. ITAE
cannot be analyzed and can only be calculated numerically.

+e PID controller’s main characteristics are that it has a
fast proportional function, eliminates the integral effect of
steady-state error, and predicts the future differential effect.
It is especially suitable because the process’s dynamic per-
formance is benign, and the control performance require-
ments are not strict. +e PID parameter tuning is always
based on the analytic method to determine its parameters,
leading to the PID controller not controlling the complex

system. With improved computer numerical calculation
technology, PID tuning is more based on a numerical op-
timization method to determine its parameters, which can
also achieve good control effect [30]. +e ITAE-PI/PID
control structure is shown in Figure 3. Based on ITAE
performance indicators, the optimization solution is shown
in (4), where s(t) is the error transfer function.

J � min
Kp,Ki,Kd


∞

0
t|e(t)|dt,

s.t. e(t) � r(t)s(t),

ulow ≤ u≤ uhigh.

(4)

3. Modified Smith Predictor Control Strategy

3.1. :eoretical Developments. +e important basis of the
control system design is the mathematical model of the
control plant. +e mathematical model is used to describe
the input, output, and internal variables of the system.
Process control plants may be various equipment or devices
in the production process, such as heat exchanger, dryer, and
distillation column. +e physical and chemical reaction
principles of these control plants are different. Still, from the
similarity principle of control models, a linear time-in-
variant model can describe a certain stage’s characteristics.
An integrated process model is assumed in the control
process, as shown in (5). K is the process static gain, T is the
process integral constant, τi(i � 0, 1, . . . , n) is the process
time constant, and θ is the process pure time delay.

G(s) �
K

Ts τ0s − 1(  τ1s + 1(  τ2s + 1( , . . . , τns + 1( 
e

− θs
.

(5)

+e process model G(s) contains an integral part 1/Ts

and an unstable part 1/(τ0s − 1). +erefore, the system
process model needs to be stabilized as a stable plant Gp(s)

(see (6)), and then the system controller is designed. +e
advantage of this method is that the structure of the con-
troller is simpler and the adjustable parameters are less,
which is convenient for engineering practice.

Gp(s) �
Ke

− θs

bns
n

+ · · · + b2s
2

+ b1s + 1
. (6)

When the process model Gp(s) is established, the in-
fluence of input signal on system output is considered. +e

R(s) E(s) U(s)Gc(s) G~p(s)
–

–

Y(s)
D(s)

G′p(s) – Gp(s)

Figure 1: +e original structure of Smith predictor.
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input signals u(t) of process control system are divided into
two types: setpoint value signal R(s) and interference signal
D(s). If the input signal u(t) is known and bounded, it can
be nominal to pulse signal by W(s), and W(s) � u(s). +e
system’s output norm, such as (7)–(10), is derived by using
the bounded norm theorem.

y(t) � Gp(t)∗ u(t) � 
+∞

− ∞
G(t − τ)u(τ)dτ

� Gp(t)∗ δ(t),

(7)

‖y(t)‖2 � Gp(t)
�����

�����2
, (8)

Gp(jω)
�����

�����2
�

1
2π


+∞

− ∞
Gp(jω)

2dω 
1/2

,

Gp(jω) � 
+∞

− ∞
Gp(t)e

− jωtdt

� 
+∞

− ∞
Gp(t)




2
dt 

1/2
� Gp(t)

�����

�����2
,

(9)

‖y(t)‖2 � Gp(t)
�����

�����2
� Gp(jω)

�����

�����2
. (10)

3.2. Smith Predictor Based on H2 and Predictive PI Control
Strategy. In this section, the input signal r(t) is known, a
filter weight function W(s) � R(s) can be introduced first to
normalize the input of the system to an impulse signal, and
the system error e(t) is obtained according to the Section 3.1.
Based on the H2 optimal control strategy, the system square
error integral is minimized, min‖e(t)‖2. Equivalent fre-
quency domain minimized weighted sensitivity perfor-
mance index is shown in the following equation:

min
∞

0
e
2
(t)dt � min‖e(t)‖

2
2⟹ min‖e(t)‖2 � min‖W(s)S(s)‖2 < 1.

(11)

+e Smith control structure shown in Figure 1 is
transformed into the Youla parameterized control struc-
ture shown in Figure 4 for controller design.
Q(s) � Gc(s)/(1 + Gc(s)∗ Gp(s)) is the lumped controller,
and Gf(s) is the filter to deal with the nonregularization
problem of the controller.
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Figure 2: Polynomial approximate FOPDT process.
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Figure 3: Modified Smith control based on ITAE-PI/PID controller structure.
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Gp(s) has been stabilized as a stable object. To facilitate
calculation, we transform Gp(s) into another form shown in
the following equation:

Gp(s) �
Ke

− θs

bns
n

+ · · · + b2s
2

+ b1s + 1
,

M(s) � bns
n

+ · · · + b2s
2

+ b1s + 1, bi > 0.

(12)

Because of the existence of pure time delay, it is chal-
lenging to design the controller analytically. Many algo-
rithms use low-order polynomial functions to approximate
pure time delay term. In this section, H2 optimal control
theory and n/n, (n⟶∞) give a better method to deal with
time delay term as shown in the following equation:

e
− θs

�
Qnn(− θs)

Qnn(θs)
,

Gp(s) �
KQnn(− θs)

M(s)Qnn(θs)
.

(13)

Assuming that the input of the system is a unit step signal
and the filter weight function is W(s) � 1/s, in order to
realize unbiased control of the system, the set of Q(s) sat-
isfies the following equation:

lim
s⟶0

1 − Gp(s)Q(s)  � 0,

Q(0) �
1

Gp(0)
�
1
K

,

Q(s) �
1
K

+
s

Q1(s)
,

Q1(s) ∈ stable.

(14)

+e integral sum of square error of the system is derived
as the following equation:

‖W(s)S(s)‖
2
2

� W(s) 1 − Gp(s)
1
K

+
s

Q1(s)
  

��������

��������

2

2

�
1
s

1 −
Qnn(− θs)

M(s)Qnn(θs)
−

KQnn(− θs)s

M(s)Qnn(θs)Q1(s)
 

��������

��������

2

2

�
1
s

M(s)Qnn(θs) − Qnn(− θs)

(Ms)Qnn(θs)
−

KQnn(− θs)s

M(s)Qnn(θs)Q1(s)
 

��������

��������

2

2

�
M(s)Qnn(θs) − Qnn(− θs)

sM(s)Qnn(θs)
−

KQnn(− θs)

M(s)Qnn(θs)Q1(s)

��������

��������

2

2

�
Qnn(− θs)

Qnn(θs)

M(s)Qnn(θs) − Qnn(− θs)

sM(s)Qnn(− θs)
−

K

M(s)Q1(s)
 

��������

��������

2

2

�
M(s)Qnn(θs) − Qnn(− θs)

sM(s)Qnn(− θs)
−

K

M(s)Q1(s)
 

��������

��������

2

2
.

(15)

R(s) E(s)
Q(s)

– –

–

Y(s)
D(s)

Gc(s)

Gp(s)

Gf(s)
U(s) G~p(s)

G′p(s)

Figure 4: Youla parameterized control structure.
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H2 +eorem 2 (see [21]). Let L2 denote all strictly regular
stable transfer functions. H2 is a subset of L2, which is re-
solved at Re s> 0, and H⊥2 is resolved at Re s≤ 0,
H2 + H⊥2 � L2. +en, each function in L2 satisfies the fol-
lowing equation:

ς(s) � ς1(s) + ς2(s),

ς1(s) ∈ H2,

ς2(s) ∈ H
⊥
2 ,

‖ς(s)‖
2
2 � ς1(s)

����
����
2
2 + ς2(s)

����
����
2
2.

(16)

We use H2 +eorem 2 to derive the integral sum of
square errors of the system as the following equation:

‖W(s)S(s)‖
2
2

�
Qnn(θs) − Qnn(− θs)

sQnn(− θs)
+

M(s) − 1
sM(s)

−
K

M(s)Q1(s)
 

��������

��������

2

2

�
Qnn(θs) − Qnn(− θs)

sQnn(− θs)
 

��������

��������

2

2
+

M(s) − 1
sM(s)

−
K

M(s)Q1(s)
 

��������

��������

2

2
.

(17)

+e minimum value of the system error performance
function ‖W(s)S(s)‖22 is taken as the following equation:

M(s) − 1
sM(s)

−
K

M(s)Q1(s)
� 0,

Q1(s) �
Ks

M(s) − 1
,

Q(s) �
1
K

+
s

Q1(s)
�

M(s)

K
.

(18)

According to the control structure of Figure 4, the
lumped controller Q(s) needs a filter Gf to regularize the
parameters. +e filter must be low-pass to attenuate the
high-frequency characteristics. Still, because there are many
low-frequency functions, this requirement does not neces-
sarily uniquely determine the filter. Here, the filter Gf �

1/(λs + 1)m is introduced into the controller design. λ is an
adjustable parameter representing the bandwidth of the
system’s closed-loop response. It determines the perfor-
mance of the control system. Equation (19) is Zhang’s Smith
control strategy, where the lumped controller Q(s) and
controller structure Gc(s) are shown [20, 21]. Zhang only
gives rough simulation guidance for selecting parameter λ,
and there is no specific and detailed selection method, which
also leads to the effect of control algorithm not reaching
reasonable optimization.

Q(s) �
M(s)

K

1
(λs + 1)

m,

Gc(s) �
1
K

M(s)

(λs + 1)
m

− 1
.

(19)

+emodified Smith algorithm controller structure solves
Zhang’s Smith control strategy for selecting parameter λ
based on the predictive PI (PPI) control strategy and pro-
vides an effective adjustment method in engineering
practice.

+e structure of the control system is shown in Figure 5,
where Gc(s) � Q(s) � M(s)/K. After transforming the
control structure, a new controller structure PPI is obtained.
According to Figure 5, the control structure of PPI is derived
as (20). Gp

′(s) is equal to the actual process plant Gp(s)

under nominal conditions.

PPI �
Gc(s)∗Gf(s)

1 − Gp
′(s)∗Gc(s)∗Gf(s)

�
M(s)/K ∗ 1/(λs + 1)

m

1 − Gp
′(s)∗M(s)/K∗ 1/(λs + 1)

m. (20)

Predictive PI (PPI) controller proposed by Astrom
[24] combines a predictive control algorithm with a PI
control algorithm. PPI controller is designed based on the
industrial process model with a large time delay. It
consists of two parts: the standard PI controller part and
the dynamic prediction part depending on the process
model delay time. PPI controller inherits the PID algo-
rithm’s thought system, and its characteristics are familiar
to operators, which is conducive to playing its good
control performance.

+e actual plant of the process is shown in the following
equation:

Gp(s) �
Kpe

− Ls

M(s) + 1
, M(s) � bns

n
+ · · · + b2s

2
+ b1s, bi > 0,

(21)

where Kp, M(bi), and L are uncertain parameters, and their
nominal values are Kp0

, M0(bi), and L0. It is assumed that
the expected closed-loop transfer function of the system is
shown in the following equation:

G0(s) �
e

− L0s

μM0(s) + 1
. (22)

Among them, μ is an adjustable parameter. +e con-
troller transfer function of the control system is shown in the
following equation:

Gc �
G0

Gp
′ 1 − G0( 

�
M0(s) + 1

Kp0
μM0(s) + 1 − e

− L0s
 

. (23)

+e input and output relationship of the controller is
shown in the following equation:
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U(s) �
1

μKp0

1 +
1

M0(s)
 E(s) −

1
μM0(s)

1 − e
− L0s

 U(s).

(24)

Term 1/μKp0
(1 + (1/M0(s)))E(s) has the structure of PI

controller, while term − (1/μM0(s))(1 − e− L0s)U(s) can be
interpreted as the controller’s output at time t based on the
control action in time interval (t − L0, t). +erefore, this
kind of control is called predictive PI controller.

Using the predictive PI control strategy characteristics,
we compare and analyze the two control structures’ con-
trollers, as shown in the following equation:

PPI �
M(s)/(λs + 1)

m

K 1 − Gp
′(s)/K∗M(s)/(λs + 1)

m
 

,

Gc �
1

Kp0
1 − G0( 

, μ � 1.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(25)

When lims⟶0M(s)/(λs + 1)m � 1, the modified Smith
predictor controller can be equivalent to a predictive PI
controller, and Gp

′(s)/K � G0(s) is the closed-loop transfer
function of the control system.

By simplifying the parameters λ, μ, and m, the controller
structure of PPI is obtained as the following equation:

PPI �
1

K 1 − Gp
′(s)/K 

, (26)

λ is an adjustable parameter when μ � 1, and the system’s
open-loop time constant is the same as the closed-loop time
constant. When μ> 1, the system’s closed-loop response
speed is slower than the open-loop response speed; when
μ< 1, the system’s closed-loop response speed is faster than
the open-loop response speed. From the engineering
practice perspective, this control strategy can completely
ignore the adjustment of λ and m to solve controller pa-
rameter tuning and obtain good setpoint tracking perfor-
mance in terms of anti-interference robustness.

4. Comparison of Various Modified
Smith Predictors

+e control performance of H2 Smith predictor proposed
in this paper is compared with other modified Smith
predictor control algorithms (ITAE-PI/PID and Zhang
[20, 21]). Although these modified Smith predictor
methods can provide better system performance and ro-
bustness than conventional Smith estimation methods,
they are challenging to apply to high-order time delay
processes. In this paper, the high-order time delay system is
considered to reduce the order to the standard industrial
first order plus time delay system (see (27)) for control
comparison.

Gp
′(s) �

100
200s + 1

 e
− 360s

. (27)

+e parameters of ITAE-PI are Kp � 0.67998, Ki �

0.65448; the parameters of ITAE-PID controller are
Kp � 0.9972, Ki � 0.8698, Kd � 0.0001; the parameters of
Zhang’s Smith predictor are Gc(s) � (1/100)(200s + 1/
0.1s), λ � 0.1; and the H2 Smith predictor parameters
proposed in this paper are PPI � (1/100)(200s + 1/200s+

1 − e− 360s). In the nominal case, the setpoint tracking re-
sponse with a value of 100 is shown in Figure 6. According to
the setpoint tracking response, the modified Smith predictor
algorithm can track the set value well. +e H2 algorithm
proposed in this paper is slower than the other three al-
gorithms in tracking speed.

+e control performance and robust performance of
the modified Smith predictor control algorithm are studied
under the condition of parameter uncertainty. In the
control system, four types of uncertain factors are mainly
concerned to investigate the robustness of the controller
system:

(1) Static gain of the model: K ∈ [Kmin, Kmax]

(2) Time constant of the model: τ ∈ [τmin, τmax]

(3) +e pure time delay of the model: θ ∈ [θmin, θmax]

(4) Random interference of the model: d ∈ [dmin, dmax]
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Figure 5: +e Smith control structure proposed in this paper.
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Parameter uncertainty situation 1: +e amplitude of the
static gain K of the actual model of the system is increased
from 100 to 150. According to the setpoint value tracking
response in Figure 7, during the system’s dynamic process,
the other three control algorithms have frequent oscilla-
tions, and the robustness of anti-interference is very poor.
+e steady-state tracking performance is also slower than
that of the H2 Smith predictor control algorithm proposed
in this paper.

Parameter uncertainty situation 2: the amplitude of the
time constant τ of the actual model of the system increases
from 200 to 250. According to the setpoint tracking response
in Figure 8, during the system’s dynamic process, the other
three control algorithms have frequent oscillations, and the
robustness of anti-interference is very poor. However, the
H2 Smith predictor control algorithm proposed in this paper
has no oscillation in the whole dynamic process, and the
control performance and robustness performance are good.

Parameter uncertainty situation 3: the pure time delay θ
of the actual model of the system increases from 360 to 400.
According to the setpoint tracking response in Figure 9,
ITAE-PI/PID control algorithm has a super large oscillation
and cannot stabilize the system. Zhang’s Smith predictor
control algorithm has a large and frequent oscillation in the
dynamic process, and its anti-interference robustness is very
poor.+e H2 Smith predictor control algorithm proposed in
this paper has no overshoot in the whole dynamic process.
+e control algorithm has an excellent ability to suppress
pure time delay interference.

Parameter uncertainty situation 4: the output distur-
bance d of the system is a random signal with an amplitude
of ±5. According to the setpoint tracking response in Fig-
ure 10, the ITAE-PI/PID control algorithm has a large
overshoot oscillation in the dynamic process, and the overall
system deviation is larger than that of the other two

algorithms. Zhang’s Smith predictor control algorithm and
the H2 Smith predictor control algorithm proposed in this
paper have no overshoot in the dynamic process. +e system
deviation of the H2 Smith predictor control algorithm
proposed in this paper is smaller than that of the Smith
predictor control algorithm.

5. Case Study

Above, we have only verified that the proposed controller
has good control performance and robust performance
compared to other modified Smith predictor control algo-
rithms. Here, it is compared with PID control algorithms
under other control structures to verify the control algo-
rithm’s scalability.

+e industrial water tank is the storage equipment
commonly used by various enterprises. Filtered and dis-
infected water in the industry is used for cooling equipment
and other mechanical parts in the process. +is water is
stored in the industrial water tank, and it is crucial to keep
the water of appropriate capacity in the tank at any time. Its
management personnel monitor the materials stored in the
tank and master the important data such as the liquid level
(unit: m), reserves, and quality. To effectively manage them,
it is particularly important to understand the liquid level
measurement in the tank. A reasonable liquid level can
ensure the safe, reliable, and efficient operation of the tank.
As shown in Figure 11, a cylindrical water tank’s inlet flow is
controlled by a valve (unit: %). LTand PTare the water tank
level and inlet pressure sensors. Inlet pressure is the system’s
disturbance variable; LC and PC are the level controller and
pressure controller, respectively, a cascade control structure.

Here, we choose to use the dynamic optimization es-
timation method. At the same time, the result based on the
graphic method is used as the initial value of the dynamic
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Figure 6: Setpoint tracking of modified Smith predictor under nominal condition.
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optimization estimation to improve the convergence and
solution speed of the optimization [31]. +e dynamic
optimization estimation method results are shown in
Figures 12 and 13. +e system process model and input
pressure disturbance model are obtained by dynamic op-
timization.+e specific optimization parameters are shown
in Table 1.

In the process control, the main control methods to
suppress interference are feedforward and feedback and
cascade control [32, 33]. Compared with the single loop

control system, the cascade control system has a secondary
loop connected with it in the structure. +e secondary loop
control is mainly used to suppress the system interference
quickly. For the tank level process, we use the modified
Smith predictor controller proposed in this paper, IMC-PID
method [32], ZN-PID method [34], and Lambda-PID
method [35], respectively. To verify the effectiveness of the
control algorithm, various time domain performance in-
dicators (such as response time, stability time, overshoot,
and ITAE) are selected for comparison [36].
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Figure 7: Setpoint tracking of the modified Smith predictor under parameter uncertainty situation 1.

140

120

100

80

60

40

20

0

–20

O
ut

pu
t

0 1000 2000 3000 4000 5000 6000
Time (sec)

109
108
107
106
105
104

1040 1060 1080 1100 1120 1140

Setpoint value
Proposed method
Zhang method

ITAE-PID method
ITAE-PI method

Figure 8: Setpoint tracking of the modified Smith predictor under parameter uncertainty situation 2.

Mathematical Problems in Engineering 9



0 1000 2000 3000 4000 5000 6000
Time (sec)

0 1000 2000 3000 4000 5000 6000
Time (sec)

0 1000 2000 3000 4000 5000 6000
Time (sec)

0 1000 2000 3000 4000 5000 6000
Time (sec)

120

100

80

60

40

20

0

–20

O
ut

pu
t

O
ut

pu
t

120

100

80

60

40

20

0

–20

O
ut

pu
t

150

100

50

0

O
ut

pu
t

150

100

50

0

Setpoint value
Proposed method

Setpoint value
ITAE-PID method

Setpoint value
ITAE-PI method

Setpoint value
Zhang method

Figure 10: Setpoint tracking of the modified Smith predictor under parameter uncertainty situation 4.

0 1000 2000 3000 4000 5000 6000
Time (sec)

0 1000 2000 3000 4000 5000 6000
Time (sec)

0 1000 2000 3000 4000 5000 6000
Time (sec)

0 1000 2000 3000 4000 5000 6000
Time (sec)

Setpoint value
Proposed method

ITAE-PID method ITAE-PI method

120

100

80

60

40

20

0

O
ut

pu
t

O
ut

pu
t

800

600

400

200

0

–200

–400

3000

2000

1000

0

–1000

–2000

–3000

O
ut

pu
t

O
ut

pu
t

6

4

2

0

–2

–4

–6

Zhang method

×105

Figure 9: Setpoint tracking of the modified Smith predictor under parameter uncertainty situation 3.

10 Mathematical Problems in Engineering



Water inflow
Valve

PT

PC LC

LT

Water outflow

Figure 11: Scheme of the industrial water tank.
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Figure 12: Continued.
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Figure 12: FOPDT dynamic optimization estimation. (a) System process model step response (level (unit: m) and valve (unit: %)).
(b) System process model dynamic optimization estimation (output (unit: m) and input data (unit: %)).
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5.1. Case 1. For the nominal process model and disturbance
model that we have established, we control the process object
through themodified Smith predictor controller proposed in
this paper (proposed method), IMC-PID method, ZN-PID
method, and Lambda-PID method. Figure 14 shows that
these four control algorithms have a good control effect for
the process model with a large time delay. With the change
of the setpoint value, the tracking performance is good, but
the proposed method’s response speed is faster than that of
the other three control algorithms without any overshoot
phenomenon. From Table 2, we can see that the proposed
method performs well in ITAE error.

5.2. Case 2. Apply disturbance to the nominal system: add a
disturbance model of 1/(s + 1) in 385 s, with the input being
step signal; add a disturbance with a constant value of 1 in
1000 s; add a disturbance with a constant value of − 1 in 1700 s.

In the whole dynamic process, the system is subject to
different output disturbances in three time periods, and the
overall robust performance of the four control algorithms is
acceptable. From Figure 15, when the proposed method
suppresses interference, its response speed and overshoot are

better than those of the other three control algorithms. At the
same time, it can be seen from the ITAE error performance
index of each control algorithm in Figure 16 that the proposed
method is hugely smaller than the other three algorithms.

5.3. Case 3. When the system gets a wrong model due to data
acquisition error or sensor equipment damage, there is model
adaptation. In this case, we assume that there is nomismatch in
the disturbancemodel of the system and that the processmodel
of the system changes from the FOPDTmodel to the SOPDT
(second order plus dead time) model, which is also a large time
delay system: Gp(s) � kp/(τp0s+ 1)(τps + 1)e− θp , τp0 � 8.

For the model mismatch of the system, the four con-
troller parameters have not changed to investigate each
control algorithm’s robust performance. Figure 17 shows
that each control algorithm has overshoot. +e proposed
method’s response speed is still faster than that of other
control algorithms, and the response time of the other three
algorithms is slower than that of the nominal case. From
ITAE error performance in Table 3, the error convergence
speed and amplitude of the proposed method control al-
gorithm are better than those of the other three algorithms.
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Figure 13: FOPDT dynamic optimization estimation. (a) Pressure disturbance model step response (level (unit: m) and valve (unit: %)).
(b) Pressure disturbance model dynamic optimization estimation (output (unit: m) and input data (unit: %)).

Table 1: +e specific optimization parameters.

System process model Pressure disturbance model
Initial SSE objective: 1.58490737 Initial SSE objective: 9.75560807
Final SSE objective: 0.00084558 Final SSE objective: 0.0001433
kp � 0.04846079 kd � 0.03401168
τp � 71.42269544 τd � 71.42582946
θp � 31.35644345 θd � 1.23592024
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Figure 14: Setpoint tracking of the four control algorithms under a nominal condition.

Table 2: +e error performance index ITAE of controllers in case 1.

ITAE 0–600 s 600–1300 s 1300–2000 s
Proposed method 1485 6.761e + 04 1.375e + 05
IMC-PID 5294 1.258e + 05 2.503e + 05
ZN-PID 5000 1.034e + 05 2.04e + 05
Lambda-PID 3045 9.343e + 04 1.818e + 05
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Figure 15: Setpoint tracking of the four control algorithms under different output disturbances.

14 Mathematical Problems in Engineering



6. Conclusion

In this paper, a new type of modified Smith predictor is
proposed, and its application and characteristics in systems
with large time delay are explained. By comparing it with
some other modified Smith predictors and with the con-
ventional PID controller in cascade control strategy in the

case study, the simulation results show that the proposed
controller has some superior characteristics and indicators.
+e proposed controller has both robust performances from
H2 and a control structure similar to predictive PI. As
mentioned above, the proposed design controller’s impor-
tant property is that it introduces the time delay term into
the controller, which overcomes the adverse effect of
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Figure 16: +e error performance index ITAE of controllers in case 2.
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Figure 17: Setpoint tracking of the four control algorithms under model mismatch.

Table 3: +e error performance index ITAE of controllers in case 3.

ITAE 0–600 s 600–1300 s 1300–2000 s
Proposed method 3100 9.130e + 04 1.834e + 05
IMC-PID 5457 1.305e + 05 2.597e + 05
ZN-PID 11080 1.587e + 05 3.049e + 05
Lambda-PID 5206 9.183e + 05 2.348e + 05
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traditional algorithms on the low-order approximation of
the time delay term.

At present, the control strategy in this paper is only
designed for linear time delay systems, and it may need
further expansion for nonlinear time delay systems. In the
following research work, the controller’s parameter ad-
justment with the time delay term is based on the controller’s
output data in the past time domain, which can be extended
to a moving horizon controller based on optimization. In
general, the controller provides a more flexible framework to
replace traditional controllers.
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