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Quality and uniformity control of fiber
web by roller card system. Part II: Design
and validation of a roller card control
system

Chung-Feng Jeffrey Kuo1, Huy Quang Vu1 and Yu-Ching Li2

Abstract

Thin web is produced from flocks of raw fiber after being processed by a carding system. In the conventional carding

machine, the multi-roller design of the system has dynamic characteristic of time delay, and the quality of web output

evenness is affected by the control methods. Based on the new mathematical model of a carding machine, this paper

employed a new carding control system and fiber optic sensor to establish a new carding control system. The proposed

improved model predictive controller is developed to solve the problem of time delay in the roller carding system using a

discrete state and linear quadratic objective function, in order to minimize the deviation between predictive output and

given target value. The designed controller is compared with the proportional plus integral (PI) controller based on the

conventional control theories and state feedback integral controller using modern control theories as well. In experi-

mental verification, the fiber optic sensor is installed to measure web output at the doffer, a feeding roller is controlled to

change the feeding of raw cotton. The results confirm that the proposed improved model predictive controller can be

provided not only to enable the output response reach the control objects also improve the production efficiency of the

carding machine and enhance the web output evenness.
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The main purpose of a carding machine is to separate
the flock of fiber such as polypropylene, cotton, or
regenerated fiber to make uniform one or multi-layer
web. To increase the quantity and quality of the prod-
uct web, a lot of proposed approaches and inventions
have been introduced by scientists and engineers and
focused on two main parts: the mechanism and the
control system. In 1964, Higuchi and Takahashi1

found the mathematical model of the roller set for the
transfer function of the roller carding system, employed
the final value theorem and the power spectrum density
to analyze and obtain the delay time and time constant,
and investigated the effect of four types of system con-
trollers on the delay time and external interference. In
1991, Fritzsche2 proposed a spacing sensor and check
the spacing between the main carding cylinders and
carding machine parts such as licker-in, stationary

flat, doffering roller. Faas et al.3 also introduced a
drum of the carding machine made from fiber-rein-
forced synthetic material. Although it has smaller diam-
eter, it is operated at the same or a somewhat higher
circumferential speed in comparison with a conven-
tional card. In 2001, Kuo and Hsieh4 analyzed the
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dynamic model for the roller carding system, and uti-
lized the back propagation neural network to design the
controller, in order to control the yarn quality and
evenness and improve the transient response.
Guo et al.5 introduced a control system using the gen-
eralized predictive control theory in 2003. In 2009,
Schlichter and Vollrath6 developed an approach related
to a roller for fiber processing machine as the flat card
or roller card to improve uniform of carding nip on the
processing roller by using the complex roller including
at least one metal cylinder and one sheath of fiber-rein-
forced plastics material surrounding the cylinder.
While, Bradley and Edward7 presented a new invention
to produce multi-layer web product with high perform-
ance from long fiber and short fiber that can reduce the
processing and material cost. In 2006, to improve the
quality of card processing, Schmid and Wust8 devel-
oped a new lick-in system with three rollers, the first
two rollers have the same diameters, the third roller
closed to the main cylinder has larger diameter.
Pinto9 designed a carding machine adapted for main-
taining low fiber density on the main finish roller during
increasing production rate of the machine through the
discharge of a certain amount of fully opened fibers
from the breaker or first cylinder and thus increase in
productivity and reduce the carding cost. In addition,
there still exist some problems of the carding system
due to the characteristics of the system, namely, non-
linearity and high-order dynamic changes. The nonli-
nearity is the result of time delay in the carding process.
When the input of a feeding roller is changed, the dof-
fer’s output will reflect the effect of the change in the
input on the output after some time delay. The length
of delay time is correlated with the setting of the car-
ding machine, roller set and transfer rate of cotton web.

This paper is the second part of the research series
‘Quality and uniformity control of fiber web by roller
card system’. In the first part, ‘Dynamic modeling for-
mulation and experimental identification’, we proposed
a new mathematical model for the roller carding
machine. As for system analysis, it is divided into three
parts: feed input, main carding, and doffer output. The
system input is the mass flow rate of fiber web per unit
area. First, the mathematical model of each part can be
obtained based on the principle operation and the struc-
ture of mechanism, and then the mathematical model of
the entire roller card system is derived by integrating the
aforementioned three parts. Experiments were con-
ducted one real carding machine to confirm the quality
of the new proposed model. In the second part, we focus
on developing two modern controllers: one is designed
based on the state space feedback controller with inte-
grator and another is the discrete model predictive con-
troller. Model predictive control (MPC) is one of the
optimum control techniques, thus it can help to solve

complex systems and processes, the systems with mul-
tiple inputs and outputs, as well as problems with opti-
mum multiple standards by using the object
function.10,11 Therefore, it is capable of effectively sol-
ving the problem of time delay in the carding machine,
and utilizes the quadratic performance index with min-
imum deviation between predictive output and given
value. Experiments are carried out with three different
controllers including above two controllers and PI
controller and compared the output performances of
these controllers through the obtained variation
coefficients.

Mathematic model of carding machine

A carding machine usually includes some main sub-
systems such as a feed roller, taker-in (licker-in), main
cylinder, flat card or roller card (worker-stripper), and
doffer roller system. A typical carding machine with
one card with three tripper-worker subsystems is
described as in Figure 1.

The mathematic modeling model of this carding
machine is described as follows:12

QoðtÞ ¼ ð1� �wÞk1k2kd�d
n�rt1
vt1

SfVf

� ðt� �t1 � �t2 � �� � �senser � �d Þ½1� e�kt�

¼ ð1� �wÞk1k2kd�d
n�rt1
vt1

SfVf ðt� TÞ½1� e�kt�

ð1Þ

where �t1 is the delayed time of the feeding roll with the
first take-in roll, �t2 is the time delayed from the first
take-in roll to the second take-in roll, �� is the angle
created by the contact points between the take-in roll
with cylinder and the work roll with cylinder, �sensor is
calculated by measuring the time of fiber web output
flowing to the optic sensor system, T is the total time
delay, �d is the time passing of fiber from the contact
point between the cylinder with doffer input to the fiber
web output, Sf is the fiber count; Vf is the speed of the
feed roller, k1 is the attenuation factor between the first
take-in and the second take-in, k2 is the attenuation
factor between the second take-in and cylinder, and k
is the ratio constant between Qc2ðtÞ the mass flow rate
of cylinder output and Qd ðtÞ the mass flow rare input of
doffer, �w is the collecting power of fibers through the
first contact point on the cylinder, n is the revolutions
per minute of the first take-in roll, kd is the attention
factor between the input and output of doffer, �d is the
collecting power of fibers through the first contact point
on the doffer, and QoðtÞ is the mass flow rate of the fiber
web output.

According to our previous work,12 after applying the
Laplace transform and the time delay functions, the
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open-loop transfer function of the whole carding
machine system can be obtained as follows:

Qo sð Þ

Vf sð Þ
¼ 1� �w1ð Þk1k2kd�d

n�rt1Sf

vt1

1� 1
ekT

� �
sþ k

� �
Ts2 þ Tkþ 1ð Þsþ k

ð2Þ

Controller design

Classical and modern control theories

As shown in Figure 2, the basic design technique of the
classical control system is to apply one group of blocks
of compensable original system in the feedback path.
These blocks are expressed by the transfer functions
GCðsÞ of the controller and GpðsÞ of the plant
(system). The design technique based on parameter
damping ratio � and un-damped nature frequency !n

provides these blocks with the actions and functions of
the regulator, so they are called controllers. Output
feedback is used to make the regulating parameters of
the controller meeting the required transient perform-
ance and eliminating steady-state error. The controller
device of the carding machine in this study first designs
a PI controller to improve web density and remove the
steady-state error of the uneven fragments.

Based on the modern control theories, the mathem-
atical model of the dynamic system is expressed by the
state feedback model. The one-order differential equa-
tion of one group of state variables is used to describe
the system. The method can be utilized to analyze the
multi-input and multi-output system, as the dynamic

equation can be expressed in matrix form. Therefore,
it is particularly applicable to the computer software
for control and calculation. As shown in Figure 3, the
main design technique in the modern control system is
based on the state feedback control principle, whose
main framework is that the state variables undergo
fixed real number increment gain K feedback and pro-
duce suitable control signals to improve the dynamic
performance. Lastly, based on the state feedback con-
trol principle, this study will propose a state feedback
with integral control to manipulate web output even-
ness of the carding machine.

State feedback with integral control

The structure, as shown in Figure 4, is from output y
feedback to the general junction point, and produces an
error signal, _�, with the unit step reference input. The
error signal enters the feedback control system through
the integrator.13

Figure 1. The scheme of a carding machine.

GC(s) Gp(s)

Reference 
input

Error
Control
signal

Output

Controller Plant

Feedback signal

+
-

Figure 2. Block diagram of the feedback control system.
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This state feedback is under integral control of
steady-state error design, which increases the system
type. The dynamic mode of unit step reference com-
mand introduced into the integrator is 1/s. The design
mode is called the interior model design. The output of
the integrator may be defined as the state variable �,
and the differential of state variable _� defined as
follows:

_� ¼ r� y ¼ r� Cx ð3Þ

The state equation of the system is as follows:

_x ¼ Axþ Bu ð4Þ

y ¼ Cx ð5Þ

where u is the control signal (scalar), y is the output
signal (scalar), and r is the reference input signal.

The control signal u may change the system state
variable after state feedback of constant gain and
output feedback with integral control, and it is
expressed as follows:

u ¼ �Kxþ KI� ð6Þ

Equations (3) and (4) can be expressed by the matrix
form of the augmented state:

_xðtÞ
_�ðtÞ

� �
¼

A 0
�C 0

� �
x
�

� �
þ

B
0

� �
uðtÞ þ

0
1

� �
rðtÞ ð7Þ

y ¼ C 0
� � x

�

� �
ð8Þ

An asymptotically stable control system is proposed
for the carding machine and then the steady state of
system x(1) and �ð1Þ approaches a constant value
that leads to

_�ðtÞ ¼ 0, yð1Þ ¼ r ð9Þ

the steady state of the system is

_xð1Þ
_�ð1Þ

� �
¼

A 0
�C 0

� �
xð1Þ
�ð1Þ

� �
þ

B
0

� �
uð1Þ þ

0
1

� �
rð1Þ

ð10Þ

When the reference signal is the step input, we have

rð1Þ ¼ rðtÞ ¼ r ð11Þ

Define error states:

xðtÞ � xð1Þ ¼ xeðtÞ

�ðtÞ � �ð1Þ ¼ �eðtÞ

uðtÞ � uð1Þ ¼ ueðtÞ

ð12Þ

The error states’ equations can be rewritten as

_xeðtÞ
_�eðtÞ

� �
¼

A 0
�C 0

� �
xeðtÞ
�eðtÞ

� �
þ

B
0

� �
ueðtÞ ð13Þ

Error of control signal u

ueðtÞ ¼ �KXeðtÞ þ KI�eðtÞ ð14Þ

Figure 4. Block diagram of state feedback and integral output feedback.

Figure 3. Block diagram of a carding machine with state

feedback.
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Define error vector eðtÞ by

eðtÞ ¼
xeðtÞ
�eðtÞ

� �
ð15Þ

Equation (13) can be rewritten as

_eðtÞ ¼ ~AeðtÞ þ ~BueðtÞ ð16Þ

where

~A ¼
A 0
�C 0

� �
, ~B ¼

B
0

� �
ð17Þ

Equations (14) and (15) can be changed into

ueðtÞ ¼ � ~KeðtÞ ð18Þ

~K ¼ K �KI

� �
ð19Þ

The state error equation can be obtained by substi-
tuting Equation (18) into Equation (16):

_eðtÞ ¼ ~AeðtÞ � ~B ~KeðtÞ ¼ ð ~A� ~B ~KÞeðtÞ ð23Þ

Augmented matrix equation of the whole system
integrating constant increment and integral control is

_xðtÞ
_�ðtÞ

� �
¼

A� BK BKI

�C 0

� �
xðtÞ
�ðtÞ

� �
þ

0
1

� �
rðtÞ ð20Þ

yðtÞ ¼ C 0
� � x

�

� �
þ 0½ �rðtÞ ð21Þ

Proposed improved MPC

In all controllers derived from MPC, the algorithm
strategies have the following features, as shown in
Figure 5. Four main concepts of the MPC theory are
described as follows:

1. The principle of MPC is based on the mathematic
model of the system to predict the future output and
control input.

2. Determine the size of the predictive future output Np

and the predictive control input Nc through the
model of processes or plants. These predictive out-
puts yðkÞ, k ¼ 1, 2, . . .NP are determined by using
the information of the current time point t (i.e.
past output and input) and future control signal
uðkÞ, k ¼ 1, 2, . . .Nc.

3. Future control sequence can be obtained based on
an optimum principle that can be described by a
determined criterion to make the response output

tracking and approaching the reference trajectory
r, which may be the set point or one approximate
estimate. A form adopted under a determined criter-
ion can be a quadratic function expressing the error
between the predictive output signal and the predict-
ive reference trajectory. In most cases, the effect of
control output is also considered and included in the
objective function.

4. Only the first predictive future element in the control
input sequence is applied for the control input of the
real system, and then the overall procedure for find-
ing the minimum values of the object function is
repeated. The new future output and control input
are calculated for the next step.

Figure 6 shows the basic structure of model predic-
tion. The model is utilized to predict the future output
of a process or a dynamic system using the past and
current output and input, as well as the future optimum
control actions. The optimum actions are used to cal-
culate the objective function, namely, the error of
future path is considered and the optimum control
input is applied.

A continuous model of a plant is described by ordin-
ary differential equations

_xcðtÞ ¼ AcxcðtÞ þ BcuðtÞ ð22Þ

yðtÞ ¼ CcxcðtÞ þDcuðtÞ ð23Þ

From Equations (22) and (23) we can get the discrete
state-space model:

xd ðkþ 1Þ ¼ Adxd ðkÞ þ BduðkÞ ð24Þ

Figure 5. Strategy of model predictive control.
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yðkÞ ¼ Cdxd ðkÞ ð25Þ

The difference of the state variable and the control
variable is defined as follows:

�xd ðkÞ ¼ xd ðkÞ � xd ðk� 1Þ ð26Þ

�uðkÞ ¼ uðkÞ � uðk� 1Þ ð27Þ

The new state-space model is defined as4

�xd ðkþ 1Þ

yðkþ 1Þ

" #
¼

Ad OT
d

CdAd 1

" #
�xd ðkÞ

yðkÞ

" #

þ
Bd

CdBd

" #
�uðkÞ ð28Þ

yðkÞ ¼ Od 1
� � �xd ðkÞ

yðkÞ

� �
ð29Þ

or

xðkþ 1Þ ¼ AxðkÞ þ B�uðkÞ ð30Þ

yðkÞ ¼ CxðkÞ ð31Þ

where

xðkÞ ¼ �xd ðkÞð Þ
T yðkÞ

� �T
ð32Þ

A ¼
Ad Od

CdAd 1

" #
ð33Þ

B ¼ Bd CdBd

� �T
ð34Þ

Suppose that the current information of the system
is acquired through measurement of sampling instant
time ki,ki 4 0, and state variable vector xðkiÞ.

The vectors are defined as

Y ¼
y ki þ 1jkið Þ y ki þ 2jkið Þ y ki þ 3jkið Þ

. . . y ki þNpjki
� �� �T

ð35Þ

�U ¼
�u kið Þ �u ki þ 1ð Þ �u ki þ 2ð Þ

. . . �u ki þNc � 1ð Þ

� �T
ð36Þ

In the single input and single output, the dimension
of Y is Np, and the dimension of �U is Nc; here Np is
the predictive time domain and Nc is the control time
domain.

Based on the new state-space model, also called the
augmented model, the future state variables are calcu-
lated sequentially using the set of future control param-
eters. In general, Nc � Np, the information derived
from current state xðkiÞ of the system can be used to
predict xðki þ j jkiÞ state.

The future state variables by iteration according to
predictive time domain Np are

x ki þNpjki
� �

¼ ANpx kið Þ þ ANp�1B�u kið Þ

þ ANp�2B�u ki þ 1ð Þ

þ � � � þ ANp�NcB�u ki þNc � 1ð Þ ð37Þ

Predictive output state variables are

y ki þNpjki
� �

¼ CANpx kið Þ þ CANp�1B�u kið Þ

þ CANp�2B�u ki þ 1ð Þ

þ � � � þ CANp�NcB�u ki þNc � 1ð Þ

ð38Þ

Every predictive state variable is determined upon
current state xðkiÞ and future control state �uðki þ j Þ,
j ¼ 0, 1, . . .Nc � 1.

From Equations (35)–(38), we have

Y ¼ Fx kið Þ þ��u ð39Þ

Plant

Model

Optimizer

Predicted
output

Reference trajectory

Real output

Cost function Constraints

Future
inputs

Past input 
& output

Figure 6. Basic strategies of the model predictive control

system.
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where

Next, based on the minimization of the error
between the set point signal and the output signal, an
objective function can be defined. The cost function is
defined as

J ¼ Rs � Yð Þ
T Rs � Yð Þ þ�UTR�U

¼ ETEþ�UTR�U
ð41Þ

Rs ¼ 1 1 � � � 1
� �T

r kið Þ ¼ Rsr kið Þ ð42Þ

R ¼ rwINc�Nc
rw � 0ð Þ ð43Þ

where rðkiÞ is the reference point signal at ki, Rs is the
reference point signal, �R is the diagonal matrix of the
characteristics of the closed-loop system, rw is a regu-
lating parameter of the characteristics of the closed-
loop system, Rs is the unit vector with Np dimension,
and E is the error vector to describe the errors between
the predicative output and the reference input signal.

From Equations (39) and (41), we have a new cost
function:

J¼ Rs�Fx kið Þð Þ
T Rs�Fx kið Þð Þ�2�UT�T Rs�Fx kið Þð Þ

þ�UT �T�þR
� �

�U

ð44Þ

To find the optimum solutions for control input, the
cost function J is minimized: taking the fist-order dif-
ferential of the cost function J,

@J

@�U
¼ �2�T Rs � Fx kið Þð Þ þ 2 �T�þ R

� �
�U ð45Þ

The condition for obtaining the minimum value J is
described as follows:

@J

@�U
¼ 0 ð46Þ

From Equations (45) and (46), the obtained control
signal of the optimum solution

�U ¼ �T�þ R
� ��1

�T Rs � Fx kið Þð Þ ð47Þ

Substituting Equation (42) into Equation (47), and
obtain

�U ¼ �T�þ R
� ��1

�T Rsr kið Þ � Fx kið Þ
� �

ð48Þ

Based on the receding predictive horizon control
theory, the first element of control vector �U is the
incremental control value at time ki

�u kið Þ¼ 1 0 � � � 0
� �

�T�þR
� ��1

�T Rsr kið Þ�Fx kið Þ
� �

¼Kyr kið Þ�Kdmpcx kið Þ

ð49Þ

In Equation (49), Ky is used to express the first elem-
ent of �T�þ R

� ��1
�TRs while Kdmpc is used to

describe the first row of �T�þ R
� ��1

�T F and can
be rewritten as follows:

Kdmpc ¼ ½Kx Ky � ð50Þ

where Kx corresponds to the feedback gain vector
related to �xd ðkÞ.

The closed-loop system can be obtained by substitut-
ing Equation (49) into Equation (30):

x kþ 1ð Þ ¼ A� BKdmpc

� �
x kð Þ þ BKyr kð Þ ð51Þ

The closed-loop system designed by discrete
model predictive control can be described as shown
in Figure 7, where q�1 describes the backward shift
operator while 1

1�q�1
expresses the discrete-time

integrator.

F ¼

CA

CA2

CA3

..

.

CANp

2
666666664

3
777777775

: � ¼

CB 0 0 . . . 0

CAB CB 0 . . . 0

CA2B CAB CB . . . 0

..

. ..
. ..

. ..
. ..

.

CANp�1B CANp�2B CANp�3B . . . CANp�NcB

2
666666664

3
777777775

ð40Þ
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Design of controllers and experiments

In the previous sections, the steps for designing gener-
ally state feedback integral controller and the discrete
model predictive controller are presented in more
detail. In this section we show the applications of
these controllers to a real carding machine.
Experiments are carried out to indicate which control-
ler is the best for the carding machine control system.
The obtained controllers are also compared with a PI
controller commonly used for the carding machine in
practice. The real machine includes feeding rollers,
taker-in rollers, a main cylinder, a doffer roller, and
three worker-stripper rollers. The physical parameters
of this system are presented in Tables 1 and 2.

Hardware components

The devices which are used for experiments to confirm
the proposed mathematical model have been described
in detail in part one of the research series1 and are also
applied to evaluate the designed controllers.

We used a Fuji DC servo motor and driver,
GYG751CC2-T2E 0.75 kw, and an infrared sensor
system using optical sensor FS-V31M Keyyence
(analog output 1–5V according to the detection quan-
tity). The minimum resolution is 0.0005 inch, equivalent
to a gold wire diameter. We also used a motion control
interface card RT-DAC 4/PCIm and VISSIM software.

The speed of the feed roller is controlled through a
digital-to-analog converter (DAC) output (12-bit reso-
lution and range 0–10V) of the motion interface card
RT-DAC 4/PCIm. The values of sensors output was
read by analog-to-digital converter (ADC) inputs (12-
bit resolution and range 0–10V) of RT-DAC 4/PCIm.
The scheme of the roller card control system is shown
in detail in Figure 8.

From Equation (2), the open-loop transfer function
of the real carding machine can be obtained as follows:

QoðsÞ

Vf ðsÞ
¼

0:0328sþ 0:01774

7:091s2 þ 4:758sþ 0:53
ð52Þ

By applying the analysis of root locus analysis, suit-
able controller parameters are designed to conduct
computer simulation of the whole system of the roller
carding machine. Validation is conducted on the even-
ness control of online real-time web density with an
actual machine.

The poles of the open-loop transfer function are in
the complex left half-plane, as shown in Table 3. The
system is stable. Figure 9 shows the root loci of the
closed-loop system with a proportional controller.

PI controller

The control objective in this paper is that output tran-
sient response has no maximum overshoot:

Mos ¼ e���
ffiffiffiffiffiffiffiffi
1��2
p

¼ 0, � ¼ 1 ð53Þ

Figure 7. Scheme of discrete-time predictive control system.

Table 1. Parameters of each part of the roller card

Components Radius (mm) Velocity (rpm)

Feed roller 20 10

Take-in roller 65 98

Cylinder 190 182

Carding roller 55 10

Stripper roller 33 370

Doffer 160 10

Draft roller 310 12
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The settling time is less than 20 seconds, and
response output falls within 5% of the final value

3

�!n
� 20) !n ¼ 0:1 ð54Þ

The setting parameters of the carding machine were:
web output weight, 3.84 g; web output length, 9.734m;
cotton fiber count, 0.3945.

Suppose that the characteristic equation of the tran-
sient equation is

ðsþ aÞðs2 þ 2�!n þ !
2
nÞ ð55Þ

Add the characteristic equation of the closed-loop
transfer function of the PI controller:

�ðsÞ ¼ 7:091s3 þ BðsÞ þ CðsÞ þDðsÞ ð56Þ

BðsÞ ¼ ð4:76þ 0:0978kpÞs
2 ð57Þ

CðsÞ ¼ ð0:53þ 0:0978kI þ 0:052894kpÞs ð58Þ

DðsÞ ¼ 0:052894kI ð59Þ

By comparing Equation (52) with Equation (55), we
obtain a¼ 0.5253 and kI ¼ 4:01622. The difference
between the theoretical output and the output of

Table 2. Parameter table of the whole roller card

Delay time (sec)

�c �w �s �t1 �t2 �� �sensor �d

0.02 4.76 0.125 0.176 0.22 0.025 0.0178 6.67

Attenuation factor k1 ¼ 1, k2 ¼ 0:311, kd ¼ 21:61

Collecting power �w1 ¼ 0:54, �w ¼ 0:54, �d ¼ 0:0857

Transfer factor k ¼ 0:53

Delay factor D ¼ 2:02

Feeding speed Vf ¼ 0:0137

Sensor gain ks ¼ 6

Fiber count Sf ¼ 0:3355

Cylinder speed n ¼ 25:9 rpm

Figure 8. The scheme of a roller card control system.

Figure 9. Root locus of the closed-loop with a proportional

controller.

Table 3. Pole–zero configurations of the

roller carding machine

Poles Zeros

�0.53 �0.54

�0.141
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roller card control system with the added PI controller
is validated and compared.

As shown in Figure 10, the output response includes
sensor noise and interference produced by the motor
output, the filter is utilized to remove such issues. The
sensor and servomotor used in the experiment produce
high-frequency noise and interference, the low-pass
filter is selected to limit the high-frequency signal.
Figure 11 applies the one-order low-pass filter com-
posed of the operation amplifier.

The one-order low-pass filter circuit is also called a
reversed phase integrator or Miler integrator. In this
paper we selected a Butterworth filter for signal filter-
ing, which has the smoothest amplitude at the origin of
the S plane. This means that all derivatives of ampli-
tude response at the origin are equal to zero. It includes
a full-pole design, and has 3 dB attenuation character-
istic at the critical frequency, so it can be used to pro-
vide the attenuation frequency and desired attenuation
value. The system open-loop transfer function can be

calculated through a Bode diagram, and the
calculated cut-off frequency ! ¼ 0:141ðrad=secÞ as
shown in Figure 12.

As shown in Figure 13, the output response shows
that the theoretical output of the response curve of the
carding system with a PI controller added is closest to
the actual output, without maximum overshoot, thus
satisfying the design objective of a transient response.
Its coefficient of variation is 4.5178%.

State feedback with integral controller

From the obtained mathematical model of the carding
system12 as presented in Equation (2), the state space
model of the system is obtained as

_x1 tð Þ
_x2 tð Þ

� �
¼
�0:671 �0:0747

1 0

� �
x1 tð Þ
x2 tð Þ

� �
þ

1
0

� �
Vf tð Þ

ð60Þ

Qo tð Þ ¼ 0:0047 0:0025
� � x1 tð Þ

x2 tð Þ

� �
ð61Þ

The matrices A, B and C are

A ¼
�0:671 �0:0747

1 0

� �
ð62Þ

B ¼
1
0

� �
ð63Þ

C ¼ 0:0047 0:0025
� �

ð64Þ

Figure 10. Comparison between the theoretical value output and actual system response with PI control added (without filter).

Figure 11. Low-pass integrator.
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The controllable matrix of the system is

Co ¼
1 �0:671
0 1

� �
ð65Þ

The observable matrix of the system is

Ob ¼
0:0047 �0:0006
0:0025 �0:0004

� �
ð66Þ

The rank of the controllable and observable matrices
can be found as follows:

Rank Coð Þ ¼ 2 ð67Þ

Rank Obð Þ ¼ 2 ð68Þ

Therefore, the system is controllable and observable.

As the system is controllable, the design is produced
as follows according to the transient response specifica-
tion. The settling time is less than 20 seconds, and
response output falls within 5% of the final value:

4

�!n
� 20) !n ¼ 0:2 ð69Þ

The design based on the pole configuration of feed-
back controller gives

�0:2 �0:2 �1
� �

ð70Þ

Figure 13. Comparison between theoretical output and actual output response with PI.

Figure 12. Expression of cut-off frequency of the transfer function of the system.
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The characteristic equation is

� sð Þ ¼ sþ 0:2ð Þ sþ 0:2ð Þ sþ 1ð Þ ð71Þ

The design state feedback increment K and integral
increment are

K ¼ 0:729 0:2914
� �

ð72Þ

KI ¼ 15:7427 ð73Þ

Experimental results are presented in Figure 14.
When the unit step is input, the output response of
the designed state feedback with integral controller

should be consistent with the response output of the
actual carding machine.

Discrete model predictive controller

First, the discrete mathematical model is obtained by
converting the continuous model into a discrete time
system with sampling time �t ¼ 1:

xd ðkþ 1Þ ¼
0:4872 �0:05375
0:7195 0:7

� �
xd ðkÞþ

0:7195
0:4023

� �
Vf ðkÞ

ð74Þ

Figure 14. Response comparison between state feedback with integral control and the original system.

Figure 15. Compare actual output and theoretical output responses.
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Then, we find the augmented model by finding the
increment state space model of state space variable and
control input through Equations (22)–(34):

Ad ¼
0:4872 �0:0538
0:7195 0:9699

� �
ð75Þ

Bd ¼
0:7195
0:4023

� �
ð76Þ

Cd ¼ 0:0047 0:0025
� �

ð77Þ

Dd ¼ ½0� ð78Þ

Convert the discrete time system into the increment
model based on Equations (28) and (29):

�xd ðkþ 1Þ

yðkþ 1Þ

� �
¼

0:4872 �0:0538 0

0:7195 0:9699 0

0:0041 0:0022 1

2
64

3
75 �xd ðkÞ

yðkÞ

� �

þ

0:7195

0:4023

0:0044

2
64

3
75�uðkÞ

ð79Þ

A ¼
0:4872 �0:0538 0
0:7195 0:9699 0
0:0041 0:0022 1

2
4

3
5 ð80Þ

B ¼
0:7195
0:4023
0:0044

2
4

3
5 ð81Þ

C ¼ 0 0 1
� �

ð82Þ

D ¼ ½0� ð83Þ

Experiments are conducted with parameters of the
control system described as follows: the initial value of

the starting state variable of the system is

xd ¼ 0 0
� �T

; the initial value of the starting state

feedback variable of the system is xf ¼ 0 0
� �T

; the

predictive time domain is NP ¼ 10; the control time
domain is Nc ¼ 6; the weight parameter of characteris-
tics of the closed-loop system is rw ¼ 5; the discrete
model predictive controller parameter is Ky ¼ 0:8388,
Kdmpc ¼ 0:0152 0:0080 0:8388

� �
.

Figure 15 shows the experimental results within 100
predictive steps. Within 20 seconds, the output response
can reach a steady state, and its coefficient of variation
is 3.174%.

Conclusions

In this paper, a PI controller, the state feedback with
integral controller, and the improved discrete model
predictive controller have been designed by applying a
roller card system and then experiments have been car-
ried out to evaluate the quality of these controllers
through web variation coefficients. Experiments indi-
cated that the web variation coefficient of the PI con-
troller was 4.5178% while the state feedback with
integral control applied the web coefficient of variation
4.55%. In comparison with the PI controller and state
feedback with integral controller,7 the web coefficient of
variation obtained from the discrete model predictive
controller is 3.174%, enabling the output web to
achieve better evenness. The experimental results con-
firmed that the carding control system with the discrete
model predictive controller has the best tracking prop-
erty and can apply high output response performance.
Therefore, the proposed control system helps to
enhance the carding efficiency and post-processing
procedures.
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