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ABSTRACT A novel series structure is proposed based on cascade control for dominating a class of unstable
processes with large delay-times. The modified structure consists mainly of one controller that exists in the
inner loop, and the inner loop controller is devised on the basis of internal model control (IMC) principles.
The outer loop setpoint tracking controller and the inner loop load disturbance rejection controller are
designed according to the H2 optimal performance. At the same time, the tuning parameters are selected
through the experience approach. Moreover, a suitable example and real value are recommended for the
inner loop controller based on a wide-ranging simulation, and the results are implemented to certify the
effectiveness of the proposed method. Simultaneously, the proposed method is applied to in a real-world
tobacco production line, and the test results prove that the above method is significant in terms of rapidity,

robustness and residual errors.

INDEX TERMS Modified cascade control, moisture control process, large delay-time, IMC.

I. INTRODUCTION

Conventional single closed-loop control does not offer satis-
factory performance for moisture control process with large
delay-times and strong disturbances in chemical process con-
trol. The main reason is that the correct action for disturbance
does not begin until the control variable deviates from the
setpoint. This phenomenon easily causes low control accu-
racy and a poor control effect. Cascade control was first
developed by Liu and Gao [1], Franks and Worley [2], and
is usually composed of two loops, i.e., the outer(primary)and
the inner (secondary) loops. The inner loop often uses com-
mon control methods such as PI to ensure the rapid control
effect, even though more technologies have been advanced.
A Smith predictor is commonly used in the outer loop to
control integrating processes with delay-time. One of the
main functions of the cascade control structure is to elim-
inate the load disturbance change before the system output
loses the ability to follow the setpoint value well. The other
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function is the introduction of the inner loop, which can
reduce the time constant of the control object. Generally,
the inner loop can the inner loop has a quickly overcome
a secondary disturbance. Meanwhile, the inner loop process
dynamics are fast compared to those of the outer loop. In cas-
cade control, the inner loop plays an important role in quick
attenuation of the disturbances.

A cascade control strategy can be used to achieve bet-
ter performance when the processes are not easy to control
owing to large disturbances and load changes. However, if a
large delay-time exists in the inner or outer loop, the cas-
cade control may not satisfy the aim of the closed-loop
response in tracking the setpoint value changes. The Smith
predictor [3]is introduced to improve this problem. Therefore,
references [4], [5] proposed using parallel smith predictor
to substitute for the conventional method. In parallel cas-
cade control, the structure has two controllers and a set-
point filter. The manipulated variable and the disturbances
influence both the inner and outer loop outputs simulta-
neously [6]. Kaya and Atherton [7] reported a structure
that integrate the process. The smith predictor is adopted
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FIGURE 1. Diagram of the offline to package moisture process.

in the proposed structure, which contains four controllers.
Uma et al. [8] designed a control structure that contain four
controllers. Uma et al. [8] designed a control structure that
contains three controllers and a filter to integrate an unstable
process. Semino and Brambilla [9] proposed a nonlinear
filter to improve the outer-loop control performance better.
Lee et al. [10] proposed a parallel cascade control with four
controllers to enhance the system stability. Recently, Raja
and Ali [11] introduced modified parallel cascade control
structures (PCCS) in an integrated system. Many papers have
stated the design and research of cascade control strategies
for the stabilization system [12]. However, limited research
has focused on a process that contains a large delay-time.

The cascade control system performs better than
single-loop control regardless of where the disturbance enters
the control system [13]. Owing to the simple implementa-
tion and potentially large control performance improvement,
cascade control has been applied extensively for several
decades [14], and it can be used in the process control
industries for moisture, temperature, and flow control. A
typical application example is the moisture control of the
tobacco re-drying process. The process diagram is shown
in Fig.1.

The process of the offline to package moisture process
belongs to the condition periods of the tobacco re-drying
industry. The tobacco sheets in the conditioning area increase
the moisture to decrease the broken rate, and the tobacco
sheets are then sent to the conveyor for moisture testing. The
offline moisture is detected by an infrared moisture meter,
and the sample velocity of the infrared moisture meter is one
second. Although, the velocity is fast, the accuracy is not yet
high. Meanwhile, a microwave moisture detector is used to
detect the package moisture, and the sample velocity of the
microwave moisture detector is 2-3 minutes. Although it has
perfect sample accuracy, the velocity is low, which can easily
cause a large delay-time [15].

When disturbances such as noises and vibrations are
brought into the offline to package process, they may evoke
moisture content changes in the package process. At the same
time, due to the detection time in the re-drying process, a large
delay-time is produced during this process. The traditional
method is to manually tune the offline moisture directly
or alter the setting value of the offline moisture and reset
it to one. However, these methods have obvious defects.
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FIGURE 2. A modified cascade control structure.

The manual method increases the amount of labor, and mean-
while, the alignment accuracy depends on the skill level of
workers. Altering the setting value often results in a negative
effect of the re-baking tobacco leaves. Using the dynamic
delay compensation concept can result in improved perfor-
mance. A structure with dynamic compensation is distinct
from the cascade system, but it is a supplement to cascade
control. The modified structure is a transport delay system
that exists in the chemical part of the transport process, for
example, from the offline to package parts of the re-drying
process.

In the proceeding study, diagrams and equations, the sub-
scripts ‘ci” and ‘pi’ are used to denote the inner and outer
loops, respectively. R is the reference value, D is the dis-
turbance in the inner or outer loop, Y is the output of the
control system, and t is the transport delay-time, an impor-
tant element in this paper which exists in many chemical
industrial processes. The causes of the delay-time include
several situations, such as the transport time, measurement
time, and computation time. In this paper, we focus mainly
on the transport time and measurement time.

For clear interpretation, the organization of this article is as
follows: Section 2 offers a particular review of the proposed
modified cascade control structure. In section 3, the controller
design methods are discussed in detail, and the selection of
the tuning parameters is given. The simulation results are
presented in section 4. Finally, conclusions are drawn in
section 5.

Il. METHOD FORMULATION

A modified cascade control scheme is shown in Fig.2, where
both the manipulated variable and the disturbance influence
the inner and the outer loop. The structure consists of one
controller and manipulates an object in the inner loop, and the
outer loop is mainly composed of the dynamic compensation.
The output of the outer loop is compared with the setpoint
value to achieve the aim of placing the output near the setpoint
value. The primary difference between the modified cascade
control and conventional cascade control is that the modified
cascade control has dynamic compensation in the outer loop.
In general, the inner loop dynamics response should be much
faster than the outer loop response. When the disturbances
enter the inner loop, the delay-time of the manipulated object
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in the inner loop is shorter than that in the outer loop, and the
inner loop controller is regulated before the outer loop can
act. Therefore, the inner loop controller is tuned first, and
then the outer loop controller is regulated soon afterwards.
The introduction of dynamic compensation can eliminate the
large delay of the outer loop. Meanwhile, it can be used
to achieve better disturbance rejection, and obtain a perfect
control result.

A. MODIFIED CASCADE CONTROL STRUCTURE

A novel modified cascade control structure is proposed for
a stable, unstable and integrating system with a large delay-
time, and the structure comes from actual industrial fields,
especially processes that involve a large delay-time.

Generally, the response rate of the inner loop is faster than
that of the outer loop, hence, the corresponding control effect
is swift, but the dynamic performance is poor. Therefore, the
control mode of the outer loop is complex compared with that
of the inner loop.

In Fig.2, G is a first-order element, and the function of
which is to slow down the tracking speed. The function of the
inner loop controller G, is to control the inner loop control
object. The output of the inner loop is set as that of the outer
loop, and the output value of the outer loop controller is sent
to the control valve. The stability of the loop is related to the
controllers and controlled objects.

Ill. CONTROLLER DESIGN

The modified cascade control system has one controller that
exists in the inner loop. If the dynamics of the inner loop are
fast compared with the dynamics of the outer loop, the inner
loop controller needs to be designed first [16] according
to the design principle. In the present work, the dynamic
performance of the inner loop controllers is considered pre-
emptively, and the inner loop is designed first. Only the inner
loop controller is designed, and the overall process can be
obtained. In the following section, the design of the inner loop
is considered first.

A. DESIGN OF THE INNER LOOP CONTROLLER

As stated in section 2, based on the analysis of the modified

cascade control structure, we simplify the Fig.2. The inner

loop is designed in accordance with the IMC [17], and the

inner loop controller G, is designed as an IMC controller.
The closed-loop transfer function of the inner loop can be

gained from Fig.3.

Ya(s) Ge(5)Gpi(s)
R(S) 14 Ge(9)Gpi(s) — Gels) Gpi(s)
Here, Gy is the inner-loop controlled process, and the

transfer function is assumed as a first order plus delay- time
(FOPDT), the transfer function is assumed to be,

ey

Gp1 = 0 2
rl 1’1S+le 2

where, 6] is the delay-time, 71 is the time constant.
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FIGURE 3. Simplify of the modified cascade control structure.

In practice, the controlled process has high-order situation,
and we assumed that the high-order process can be approxi-
mated satisfactorily by the FOPDT [18].

Simultaneously, in nominal situation, under the perfect
model conditions G, = Gpl, according to design principle
and general form of the IMC, the inner loop controller G, is
written as the following form,

e—é)gs

aes+ 1

Ge(s) = 3

Here, o is the tuning parameter of the inner loop.
To gaining good performance, an appropriate value o, should
be selected. Under the condition of stable output and no
disturbance entering into the inner loop, the smaller the
value of «. is, the better the performance of the sys-
tem [19]-[21]. Usually, «, is related to the delay-time of
the inner loop. Yin et al. [16] and Padhan and Majhi [17]
suggested that o, should be chosen as one-half the delay-
time of the inner loop in order to obtain a faster dynamic
response.

Under the ideal situation, equation (1) takes the following
form,

Ya(s) e=0s
Ro(s)  aes+ 1

“

B. DESIGN OF THE OUTER LOOP CONTROLLER

1) DESIGN OF THE SETPOINT TRACKING CONTROLLER Gs
Overshoot usually appears in the closed-loop response, which
causes the system adjustment severe and oscillation serious.
A setpoint tracking controller is recommended to eliminate
or decrease the overshoot. In this paper, the ISE perfor-
mance index [13] is adopted to design the setpoint track-
ing controller G.;. Based on the studying of the Internal
Model Control (IMC) method, the H optimal performance
objective [22] min || W(1 — Y;1(s)) ||% is designed as an
optimal setpoint tracking controller. Here W(s) is setpoint
input weight function and usually W (s) is selected as 1 / , for
a step change in a system.

_ Yi(s)
Yri(s) = R1(s)
Yii(s) = GcchleleZ 5
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In Fig.3, we assume the controlled object G1 and Gy, have
the following transfer function form.

Gy = 6
. (s + 1) ©
ky [A Ay
Gpo = 2 [A21($)A2—(5)] s @
(s + 1)
The subscript ““—"" refers to the roots in the left-plane and

the subscript “4 refers to the roots in the right-plane [22].
y/y order all pass Pade approximation of delay-time is used
to solve the equations (6) and (7), then after calculation and
substitution, we obtain the following equation,

ki[A1+(9)A1- ()] Oyy(—b1s)

Gy = ®)
(@s + 1) 0y,(615)

G = 2112 M2-©)) 0n(—629) o)
(25 + 1) 0yy(625)

205!
enough to guarantee that the approximation error can be

ignored compared with the process model mismatch in prac-
tice [23].

Here, Q) (6hs) = % M(st)/ and y is set large
j=0

| W(l = Y,1(5) 113
ns+ 1 KA (A1 (9)Q(—015)

1
= — 1 —_
| s( GCS(acs + 1) (t15 + DOyy(015)
I3

Koo (5)A2—()Qyy(—025)
(T25 + D0y (629)
Oyy(015)Qyy(025)AT , (5)A5 | (5)
Sny(_el S)ny(_GZS)A1+(S)A2+ ()

o] KiKoAT, (9)A%, ()A1—(5)A2—(s)
Sl es + 1 s(t1s + (a5 + 1)

3
(10)

Here, A7, (s) and A (s) are complex conjugates of A4 (s)
and A (s) [23]. Adopting the orthogonality property of Hp
norm, we get (11), as shown at the bottom of the next page.

Let the second term in equation (11) be zero, minimize
the right part of equation (11). Thus, we obtain the optimal
controller (12) and (13), as shown at the bottom of the next
page.

The theoretical controller G¢s(opmin)(s), is not physically.
Therefore, a low-pass filter is added to the system, with a form
similar to the following fcs(opmin)(s) = m , where Acs
is the time constant of a filter. Therefore, the setpoint tracking
controller G¢s(opmin)(8) in practice is physically feasible, and
the following controller is obtained,

Ges(s) = Ges(opmin)(8) - fCS(opmin)(8)
(15 + 1)?
K1 KrAT  (9)A5  (5)A1—(s)A2—(s)(Acs + 1)"cs
(14)

Here, Acg is the tuning parameter of the closed-loop and
always is positive. When Acg tends to zero, G.s tends to
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optimal performance. That is, the tracking performance has
better effect.

The value of m.; depends on the order of numerator poly-
nomials, and which aims at making the controller G in
practice. The selection of Lcs should focus on the interme-
diate value between the nominal performance of the setpoint
response and the corresponding actuator. In general, Acg is
related to the process delay-time. Yin [16] et.al point out the
starting value of Acs can be set 0.5(6; + 6>). The recom-
mended range of Acgs is selected as 0.5(61+62) ~ 0.8(61+6>).
Usually, it is an empirical value.

2) DESIGN OF THE INNER-LOOP LOAD DISTURBANCE
REJECTION CONTROLLER G,
The IMC strategy is adopted to design an inner-loop load
disturbance rejection controller. The controller is used to
reject the disturbance in the inner loop.

From Fig 2, the transfer function of the closed-loop from

y2 to d can be inferred as
G
2 __ vd (15)
d 1+ GnGe1Gp

Therefore, the complementary sensitivity function of the
inner loop may be derived as,

GnGe1Gy
Ti8) = —————— 16
a(s) [+ GnGuG, (16)
Equation (15) can be written as,
2
7= Gy(1 —Ty) 17)

From the H; optimal performance, the practically desired
complementary sensitivity function of the inner loop is writ-
ten as follows,

1 ) 0yy(015) o0
Ars+ 1 Qyy(—619)
Here, Ay is a tunable parameter.

From Equation (16), we obtain the load disturbance rejec-
tion controller.

Ty(s) =

(18)

T, 1 14/6.6,

G = . =
m®) =17 GaG,  1-1T4

19)

To achieve more robust stability and a good disturbance
rejection performance, the selection of Ay comes from the
empirical values of many simulations in different cases. The
suggested range of the tunable parameter is 0 ~ %(91 + 67).
Under normal conditions, the recommended value is about
1O +6)).

C. THE STABILITY ANALYSIS OF THE MODIFIED CASCADE
CONTROL SYSTEM

Stability is one of the key points in judging whether or
not system works properly. The following work is to prove
the stability of the modified cascade control system. Taking
Fig.3 as a specific example to prove the stability and steady
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FIGURE 4. The block diagram of the proposed structure.

residual error. Here the dotted box represents the inner loop
that takes IMC as its control strategy.

For ease of presentation, we assume d = 0 and
Gp2 = k. The closed-loop transfer function is given as
follows,

Y Go(5)Gp(s)ke %2
1(s) (9)Gp(s)ke 20)

Ri(s) 1+ Ge(9)Gp()[1 + (k — 1)e—t25]

Substituting equation (2) and equation (3) into equation
(20), and then simplifying, the following equations can be
obtained,

Ge(5)Gp(s)ke %S
1+ Ge($)Gp(s)[1 + (k — 1)e=025]
E(s) = Ri(s) — Y1(s)

Yi(s) = Ri(s) 1)

kG.(s)G —02s
=Ri(s)|1— (5)Gp(s)e
1+ Ge()Gp(9)[1 + (k — 1)e=025]
_ 1+ Go(5)Gp(s)(1 — e7%2%) )
T 14+ G($)Gp([1 + (k — De—025]
ess = lim S - E(s)
s—0
1 G, G 1 — —0hs
= lim S - + Ge($)Gp(s)(1 — e 72%) 03
s—0 1 4+ Ge()Gp(s)[1 + (k — 1)e—025]
After calculation and the result can be obtained.
1
e =1lmS - —— =0 (24)

s—0 1+k

There is no steady-state residual error in the system. The
stability of the proposed method is described as follows. The
block diagram expresses in Fig.4.

The transfer function of the block diagram is obtained from
Fig.4.
kale—st
1+ kale_eﬂ — Gp1e_92‘Y
Substituting equation (2) into equation (25), we obtain,
ke~ @1+62)s

G(s) = (25)

Gls) = 26
® (t1s + 1) + (k — 1)e=O1+02)s (26)

Let the denominator be zero,
(T1s+ 1)+ (k — e~ @110 — 27)

Entering s = a + jb into equation (27), then we can get the
following equation,

(tia+ 1) + (k — De”@+2)%050, +0,)b =0 (28)
b + (k — De” @1 H)%in0o, + 6,)b =0 (29)

Here, a and b are the real part and imaginary part of
a complex number. respectively, we discuss the following
cases.

Casel. Whena > 0,if —1 < k — 1 < 1, the equation
(28) has no solution. That is, all the roots are located at the
left plane, and the system is stable under the condition of
0<k<2.

Case2. When a < 0, the system is stable in itself.

Case3. When a = 0, the roots are located at the imaginary
axis, the system is in a critical stable state.

D. ROBUSTNESS ANALYSIS OF MODIFIED CASCADE
CONTROL SYSTEM
It is essential to analyze the stability and robustness of the
proposed structure due to uncertainty exists in a practical
process. The types of uncertainty here discussed are model
and parameters uncertainties between the ideal parameters
and actual parameters in the system [24]. The robustness is
strongly interrelated to the nominal performance.

The closed-loop system is robust if and only if the follow-
ing condition is set up. The condition ||7,,(s)ALy($)|lee <
1 [19] is given by the small-gain Theorem. Here, T},(s) is the

05+ 1, KAy §)AI-()Q(—015) KaAry(5)Aa—(5)Qyy(—625)

1
wa -, 2| --G
I W( 1) 15 = |l S( CS(OlcS+1

(15 + DQyy(015)
Oyy(015)0yy(025)AT, ($)A3, (5) — Oyy(—015)Oyy(—025)A11(5)A2+(5) 2

2
(@5 + DOy (00s) 12

5Qyy(—015)0yy(—625)A 1 1 (5)A2+(5) 2

L) K KaAT (A%, (9A1-(5)A2—(5)

(t15s 4+ (125 + 1 — Ges(
+ |

(15 + D@25 + 1) = Gesopmin (D KIKAT (A3, A1 (042-0)

s(tis+ D(ms+ 1)

113 (11)

(12)
s(tis+ D(mas+ 1)
(T15 + 1)?
G in) = 13
Slopmin =k KaAT, (943, (A 1—(9)Ar—(s) (1)
2149
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closed-loop complementary sensitivity function. Al (s) is the
multiplicative uncertainty of the process.

Tin(s)

_ Go()Gpa(s)

1+ Go(5)Gpa(s)

B k(tis+1)(Tas+ e

" (oes+ D(T1s+ D) —(tas+ De= 015+ (tas+ (1 5+ ke 025

(30)
Go(s)
S B
1= Ge)Gpls) 1 — &;ﬁ; . (re;sijl)
(tis + D(ras + 1) .

T (@ + D(@s+ 1) — (tas + e
If the parameters contain uncertainty elements, then Al (s)
can be obtained as follows,

Gy(s) — Gp(s)

Aly(s) = G )
2

(32)

Here, G,,(s) is the model of an unstable process.

In a modified cascade control system, the delay-time
includes uncertainty, and the controller should ensure the
following equation must be found.

1Tn($) oo < | 33)

e—A@]S — 1|

To ensure the robustness of the closed-loop performance,
the robust stability and nominal performance must be satis-
fied with the following constraint,

AL ()T + WA = Tu()llle <1 (34

Here, W(s) is the sensitivity weight function and usually
the value is 1/s for step response of the load disturbance.
Therefore, only a sound As should be selected to satisfy the
robustness stability and performance.

IV. SIMULATION EXAMPLE

The proposed structure exists in the industrial process model,
especially in the condition area of the tobacco re-drying
period. From offline to package, the process requires a long
time and the moisture of the process will change at any
moment. It needs 3-5 minutes to sample the moisture content
if using an infrared moisture meter. Even microwave testing
also need take 1-2 seconds. For the moisture content, this time
is considered a large delay-time, and it is easy to cause a slow
response. Thus, the implementation of control may cause
the proper opportunity [24]. Traditional methods cannot
ensure moisture content that is controlled within the required
range.

The moisture content of the offline phase is usually approx-
imately 12:5%, but during the transmission of tobacco, mois-
ture is gradually lost. The loss of moisture content will
affect the quality of tobacco. Therefore, a high-pressure sprin-
kler sprays pure water during the transmission process to

2150
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FIGURE 5. The simulation result of Case 1.

ensure that the moisture content in the package is maintained
at 12:5%. This control process adopts the modified cascade
control to ensure that the system is more rapid performance,
and can tend to the steady state quickly in the case of dis-
turbance [25]. A schematic diagram of the moisture content
from offline to package is shown in Fig.1. In this section,
the effectiveness of the proposed method is verified through
the simulation of real parameters. We consider the following
style of control by analyzing different situations, and compare
it in terms of the rapidity, stability and overshoot. In the
tobacco re-drying process, the disturbances come mainly
from the measuring devices, control valves, external interfer-
ence and the process itself. Because this paper focuses on the
process of tobacco re-drying, the controlled objects discussed
below are all assumed to be first-order inertia plus pure
delay-time.

Case 1: we consider the condition where dynamic com-
pensation is not contained in the outer loop. For the tobacco
re-drying process, the transfer function of the offline mois-
ture usually is assumed as G, = 1 e %% and the

60s+1
transfer function of the package moisture is assumed to

be Gpp = 0.9¢7%% in the actual process. According to
the tuning principle mentioned above, take o = 30 and
ar =775.

With the IMC method adopted in the inner loop, the simu-
lation is carried out in the outer loop with dynamic compen-
sation and without dynamic compensation. The simulation
results are shown in Fig.5.

Fig.5 shows that the proposed method has a better system
response, in addition, it can be seen that the proposed struc-
ture has no residual-error while the system with no dynamic
compensation has larger residual-error under the same situ-
ation. At the same time, when there is disturbance existing
in the system, the proposed structure can quickly restore
stability. But the method with no dynamic compensation still
exists residual error.

Case 2: We consider the difference control method with
the same dynamic compensation as well as the same value
of . and oy. Here, we discuss the predictive PI(PPI) and
IMC of the inner loop method, these two methods are pop-
ular in the control area. The simulation results are shown
in Fig6.
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FIGURE 6. The simulation result of Case 2.

—Model mismatch under dynamic compensation
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FIGURE 7. The simulation result of Case 3.

Fig.6 shows that the proposed method matching different
control methods achieves a good effect in terms of stability,
rapidity and residual error. The difference is that IMC has
better rapidity than PPI, but PPI tends to be more stable in the
presence of disturbance. The IMC can restore stable when the
disturbance appears, but IMC has oscillation in the process
of restoring stability. Reference [26] It is proved that the
proposed method is suitable for a system with large delay-
time. Moreover, the proposed method can be used in many
industrial areas like tobacco re-drying.

Case 3: We consider a model that does not exactly rep-
resents the process with or without dynamic compensation
under the same controller, and another parameter, adjusting
only the parameter of the model. A comparison is performed
under the condition of model mismatch. The simulation
results are shown in Fig.7

Fig.7 shows that a large-scale model mismatch arises. The
model mismatch without dynamic compensation gets out of
control, and shocks severely. It cannot ultimately converge to
stability. By contrast, despite a model mismatch, the proposed
methods still own good control effect, well rapidity, also
no overshoot [27]. When there is a secondary disturbance,
the adjust speed is fast and almost unaffected by the model
mismatch.

It can be observed that the proposed method ameliorates
the large delay-time of the outer loop through dynamic com-
pensation compared with the other methods, and the con-
trol action is smoother obviously. From a real simulation
example, we found that the proposed methods own obvious
advantages in some respects.

V. CONCLUSION
In a real tobacco re-drying production line, the quality of
tobacco products is influenced by higher or lower moisture

VOLUME 8, 2020

content in the package process, and moisture content con-
trol has caused wide concern. Therefore, an improved cas-
cade dynamic compensation is proposed. The proposed
method consists of only one controller in contrast to previous
methods. The design and operation are relatively easy and
can be performed for many processes with a large delay-
time to control stable, unstable or integrating processes with
a large delay-time, such as temperature and moisture control.
Thus, in this manuscript, there are several innovations,(1)The
conventional control methods, such as PID, PPI and IMC,
usually have two or more controllers, the structure is complex
and the control effect is poor for systems with a large delay-
time.(2)Introducing the concept of dynamic compensation
into a system with a large delay-time, and the rationality
and property of the structure are proved through the H, opti-
mal performance.(3)The robustness issue is resolved through
small-gain theorem owing to the large-delay and dynamic
compensation.

Based on the above analysis, the proposed method has bet-
ter rapidity and no overshoot. The simulation results indicate
that the proposed structure affords a significant improvement
in the closed-loop performance. At the same time, it pos-
sesses a fine anti-disturbance ability and robustness, being
especially suitable for an industrial site with a complex envi-
ronment.
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The data used to support the findings of this study are
available from the corresponding author upon request.

Conlflicts of Interest

The authors declare no conflict of interest.

REFERENCES

[1] T. Liu and F. Gao, “Industrial process identification and control design,”
Adv. Ind. Control, pp. 321-347, Nov. 2011.

[2] R. Franks and C. Worley, “Quantitative analysis of cascade control,” IEC
Res., vol. 48, no. 6, pp. 1074-1079, 1956.

[3] J. E. Normey-Rico and E. F. Camacho, “Dead-time compensators:
A survey,” Control Eng. Pract., vol. 16, pp. 407-428, Apr. 2008.

[4] I. Kaya, N. Tan, and D. P. Atherton, “Improved cascade control structure
for enhanced performance,” J. Process Control, vol. 17, no. 1, pp. 3-16,
2007.

[5] I Kaya, “Improving performance using cascade control and a Smith
predictor,” ISA Trans., vol. 40, no. 3, pp. 223-234, 2001.

[6] D. Padhan and S. Majhi, “An improved parallel cascade control struc-
ture for processes with time delay,” J. Process Control, vol. 22, no. 5,
pp. 884-898, 2012.

[7] 1. Kaya and D. Atherton, “Use of smith predictor in the outer loop for
cascaded control of unstable and integrating processes,” Ind. Eng. Chem.
Res., vol. 47, no. 6, pp. 1981-1987, 2008.

[8] S. Uma, M. Chidambaram, and A. Rao, “Enhanced control of integrating
cascade processes with time delays using a modified smith predictor,”
Chem. Eng. Sci., vol. 65, no. 3, pp. 1065-1075, 2010.

[9] D. Semino and A. Brambilla, “An efficient structure for parallel cascade
control,” Ind. Eng. Chem. Res., vol. 35, no. 6, pp. 1845-1852, 1996.

[10] Y. Lee, M. Skliar, and M. Lee, “Analytical method of PID controller
design for parallel cascade control,” J. Process Control, vol. 16, no. 8,
pp. 809-818, 2006.

[11] G. L. Raja and A. Ali, “Smith predictor based parallel cascade control
strategy for unstable and integrating processes with large time delay,”
J. Process Control, vol. 52, pp. 57-65, Apr. 2017.

[12] P. R. Dasari, L. Alladi, A. S. Rao, and C. Yoo, “Enhanced design of
cascade control systems for unstable processes with time delay,” J. Process
Control, vol. 45, pp. 43-54, Sep. 2016.

2151



IEEE Access

Z. Fan et al.: Modified Cascade Control Strategy for Tobacco Re-Drying Moisture Control Process With Large Delay-Time

[13]

[14]

[15]

[16]

[17]

[18]

[19]

2152

K. S. Holkar, L. M. Waghmare, and G. V. Lakhekar, “Predictive sliding
mode-based cascade control for parametric uncertainty,” Int. J. Dyn. Con-
trol, vol. 3, no. 4, pp. 437-447, 2015.

C. Yin, H. Hui, J. Yue, J. Gao, and L. Zheng, “Cascade control based
on minimum sensitivity in outer loop for processes with time delay,”
J. Central South Univ., vol. 19, no. 9, pp. 2689-2696, 2012.

State Tobacco Monopoly Administration, Cigarette Process Specifica-
tions, vol. 1. Beijing, China: China Light Industry Press, 2016, pp. 19-98.
C. Wang, H. Sun, and Q. Zhao, “Improved cascade control system for a
class of unstable processes with time delay,” Int. J. Control, Automat. Syst.,
vol. 17, no. 1, pp. 126-135, 2019.

D. Padhan and S. Majhi, “Enhanced cascade control for a class of inte-
grating processes with time delay,” ISA Trans., vol. 52, no. 1, pp. 45-55,
2013.

T. Liu, D. Gu, and W. Zhang, “Decoupling two-degree-of-freedom control
strategy for cascade control systems,” J. Process Control, vol. 15, no. 2,
pp. 159-167, 2005.

F. Ye and W. Zhang, ““H2 input load disturbance rejection controller design
for synchronized output regulation of time-delayed multi-agent systems
with frequency domain method,” J. Control, vol. 92, no. 2, pp. 356-367,
2017.

(20]

(21]

(22]
(23]

(24]

(25]

(26]

[27]

J. Yu, Advanced Control Technology for Industrial Process, vol. 1.
Shanghai, China: East China Univ. of Science and Technology Press, 2008,
pp. 174-176.

K. G. Begum, A. S. Rao, and T. K. Radhakrishnan, “Enhanced IMC
based PID controller design for non-minimum phase (NMP) integrating
processes with time delays,” ISA Trans., vol. 68, pp. 223-234, May 2017.
W. Zhang, ‘“Analytical design methods for process control,” Shanghai
Jiaotong Univ., Shanghai, China, Postdoctoral Res. Rep., 1998.

M. Wu and Y. He, Robust Control Theory. Beijing, China: High Education
Press, pp. 57-86.

Z. Ren and D. Zheng, “Application of the combined integral system
in tobacco process,” Tobacco Sci. Technol., vol. 11, no. 1, pp. 23-26,
2008.

'W. Zhang and B. Liu, “Industrial machine vision method-development of
selected impurity removal systems in the tobacco industry,” Sci. Press,
vol. 1, no. 1, pp. 13-66, 2017.

O. Aidan, Handbook of PI and PID Controller Tuning Rules, vol. 2.
London, U.K.: Imperial College Press, 2006.

T. Hagglund, “A predictive PI controller for processes with long dead
times,” IEEE Control Syst. Mag., vol. 12, no. 1, pp. 57-60, Feb. 1992.

VOLUME 8, 2020



	INTRODUCTION
	METHOD FORMULATION
	MODIFIED CASCADE CONTROL STRUCTURE

	CONTROLLER DESIGN
	DESIGN OF THE INNER LOOP CONTROLLER
	DESIGN OF THE OUTER LOOP CONTROLLER
	DESIGN OF THE SETPOINT TRACKING CONTROLLER Gcs 
	DESIGN OF THE INNER-LOOP LOAD DISTURBANCE REJECTION CONTROLLER Gm 

	THE STABILITY ANALYSIS OF THE MODIFIED CASCADE CONTROL SYSTEM
	ROBUSTNESS ANALYSIS OF MODIFIED CASCADE CONTROL SYSTEM

	SIMULATION EXAMPLE
	CONCLUSION
	REFERENCES

