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Abstract. In this paper, feedforward compensation and an internal model control (IMC) PID tuning method to
maintain the yarn tension within a micro-boundary range are proposed. The proposed method can be used to
improve the quality of products in textile industry. We first develop a mathematical model of the AC servo
motor and yarn tension system. Based on the results of the mathematical model, an IMC PID controller is
designed to control the microtension of the yarn. The proposed IMC-PID controller can be directly calculated
from the time constant and time delay. Feedforward control is used to compensate for the linear velocity of the
winding roller. To reduce the lateral vibrations of the yarn, we designed an active roller to nip the moving yarn.
The active roller compensates for the variation in the diameter of the unwinding roller. The proposed method
effectively improves the dynamics performance and the robustness of the system, and is appropriate for
industrial application. Experimental instruments, including a tension sensor, an AC servo motor and a motion
controller, equipped with a computer, are used to test the proposed method. The simulation and experimental
results show the effectiveness of the proposed controller for the yarn microtension control system.

Keywords: IMC PID controller / feedforward compensation / microtension control / active roller /
AC servo motor
1 Introduction

Yarn tension is crucial parameter in the winding process.
The unwinder-winder system can be considered an axially
moving string system, and the lateral vibration of the
moving string causes yarn tension to fluctuate continu-
ously. In the process of production of yarn, the breakage of
the product is crucial for all technological processes
associated with the processing of threads [1]. Breakage
in spinning is amost important factor, causing a decrease in
the productivity as well as an increase in loss of raw
material. Yarn break detection at the right time is one of
the important levels of the yarn production and weaving
stages. The spinning process can run continuously only
when there are no breaks in the output yarn [2–5].
However, yarns do break, the main reason for breakage is
that the yarn tension and fluctuations exceed its allowable
value [6]. In the yarn winding process, maintaining the yarn
tension within a bounded range is an important technique
ngqing17@qdu.edu.cn
to maintain the fabric properties of the textile. To achieve
high quality textiles in the winding process, the winding
machine must be equipped with a tension controller [7,8].
Specifically, active string tension control in the winding
process requires using the string tension as a feedback
signal, and then adjusting the tension using a tension
controller [9]. Yarn tension is a function of the winding
velocity, and the tension is adjusted by changing the speed
of the yarn. According to Maryam Naebe [10], we know
that a smaller yarn tension result in, a better predictor of
the fabric’s Wool ComfortMeter value used in the yarn
winding process. In addition, the tension of the string
affects the nip dimensions and string diameter as the yarn
stretches [11,12]. These considerations demonstrate the
importance of keeping the yarn tension within a micro-
boundary range. It is therefore important to design a novel
method of tuning the control structure of the microtension
control system.

The yarn tension control system finds applications in
many textile processes including bobbin winding, warp
sizing, dyeing, warp preparation for weaving and warp
knitting. Many methods have been developed in the past to
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Fig. 1. Structure of the tension control system.
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control the winding tension of the yarn and web. Lin [13]
proposed an observer which was able to estimate web
tension precisely. Knittel et al. [14] presented multivariable
robust control with 2DOF applied to winding systems.
Wang et al. [7] applied neural networks to the system. In
this paper, they study and create a tension control system.
Vivek [15] designed a device that ensured uniform tension
in the yarn while the yarn was being twisted. Gassmann
et al. [16] proposed an improved alternative based on
methods that provide a systematic framework. A pendu-
lum dancer was applied in the unwinding section of a
processing line. In these experiments, the transient
response of the tension control system had a prolonged
regulation process and noticeable vibrations. However, the
existing research on yarn tension modeling has neglected
the time delay of the winding system, and they have been
mainly focused on large tension levels.

It is common practice in the industrial yarn unwinder-
winder processes to use a PID controller. The ratio of
applications of PID control, conventional advanced
control, and model predictive control is approximately
100:10:1 [17]. However, selecting the parameters of the
PID controller is difficult [18]. As a result, tuning the PID
controller is necessary. The direct synthesis methods [19]
and IMC-PID tuning methods [14] are two typical
tuning methods. The IMC-PID tuning rule, which also
considers time delay, has only one adjustable parameter.
Shamsuzzoha et al. [20] proposed a simple method for
PID controller tuning using closed-loop experiments.
Mozhdehi et al. [21] proposed a method to tune PIDs for
non-linear systems.

In the above studies, one aspect of the tuning method
was choosing the maximum sensitivity, and another aspect
was calculating the adjustable parameters by contrasting
the control performances in simulation studies. The
researchers found that it was necessary to design more
controllers with more tuning parameters.

In this paper, we proposed a new IMCPID controller for
yarn winding system. The adjusting parameter l was
directly calculated by the time constant and time delay of
the processes. The main purpose of our work is to maintain
the yarn tension at a micro level, and the method of tuning
the coefficient of the controller is the main problem to
resolve. Our procedure was organized in the following
steps. First, the mathematical model of the microtension
control system was established and simplified to a first
order integration process with a time delay. The mathe-
matical model was established by the yarn velocities and
nipping action of active rollers. Then, the IMC tuning rule
was designed to tune the parameters of the PID controller
for the yarn tension control system. Finally, using system
identification and curve fitting, we obtained the time
constant of the velocity loop and tension sensor, and the
simulation and experiment of the winding-unwinding
system were carried out.
2 System model

2.1 Microtension control system

Figure 1 shows the structure of the microtension control
system. Given the properties of roll-to-roll web winding
systems and the goal of maintain the yarn tension within a
micro-boundary range, we proposed tests on the active
roller, of the yarn winding system. In the microtension
control system, one AC servo motor is attached to the
active roller, and the other AC servo motor is attached to
the winding roller. The radius of the active roller is
constant and couples the linear velocity to the angular
velocity of the roller, which makes the active roller easier to
control than the unwinding roller. The yarn is clamped and
driven forward by the active roller, while the active roller
and the winding roller are driven by AC servo motors.
Because the yarn is nipped by the active roller, we can
ignore vibration from the unwinding roller and the yarn
tension between the unwinding roller and the active roller.
We define the distance between the active roller and the
winding roller as l0, the linear velocity of the active roller as
v1, and the linear velocity of the winding roller as v0.
Because the linear velocities of the active roller and
winding roller is different, the yarn is stretched, which
generates tension. Because the yarn tension in this study is
kept within a micro-boundary range, the addition of the
yarn to a winding roller can be treated as a linear analysis
using elastic strain theory within the model, which
conforms to Hooke’s law. It is represented by

s ¼ Ee ¼ E

Z
v1 � v0ð Þdt
l0

ð1Þ

whereE is the Young’s modulus of yarn, e is the yarn strain,
and s is the yarn tensile stress. And e can be calculated

by e ¼ Dl
l0
¼
R

v1�v0ð Þdt
l0

.
The tension F can be described by [22]

F ¼ EA

Z
v1 � v0ð Þdt
l0

¼ pd0
2
E

4l0

Z
v1 � v0ð Þdt ð2Þ



Fig. 2. AC servo motor equivalent simplify model.

Fig. 3. Feedforward and IMC control system.
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where A is the cross-sectional area of the yarn section.
Then, we can obtain:

dF

dt
¼ pd0

2
E

4l0
v1 � v0ð Þ: ð3Þ

The transfer function of the yarn tension system is as
follows:

F sð Þ ¼ pd0
2
E

4l0

1

s
V 1 sð Þ � V 0 sð Þ½ �: ð4Þ

Based on equations (3) and (4), the yarn tension clearly
depends on the difference of v1 and v0.

2.2 AC servo motor

A permanent magnet synchronous motor (PMSM) servo
system (Ld=Lq=L) was used to apply an id=0 current
control method.

The dynamic equilibrium equations of the PMSM servo
motor are as follows [7]:

d

dt
id ¼ 1

Ld
ud � R

Ld
id þ Lq

Ld
pnviq

d

dt
iq ¼ 1

Lq
uq � R

Lq
iq � Ld

Lq
pnvid �

ffpnv

Lq

J
dvr

dt
¼ Te �Bvr � TL

8>>>>>>><
>>>>>>>:

ð5Þ
In equation (5), Ld and Lq are the d–q axis stator
inductance, J is the rotational inertia of the rotor, TL is the
load moment, Te is the output torque, B is the viscous
friction coefficient, vr is the angular velocity of rotor,
v= pnvr is the electric angular velocity of the rotor, and pn
is the number of pole pairs.Kr is the reducer coefficient, and
Tv is the time constant of the velocity servo system.

The mathematical model of the AC servo motor can be
obtained with the vector control and current coupling
method. The state equation is as follows [7]:

d

dt

iq
vr

� �
¼

�R

L
� pn’f

L
pn’f

J
0

0
B@

1
CA iq

vr

 !
þ

ud

L

�TL

J

0
B@

1
CA: ð6Þ

The PMSM velocity servo system using the vector
control method consists of a current loop and velocity loop
[23], which is shown in Figure 2.

In consideration of the engineering design, we can
simplify the velocity servo system to a first order equation.

Gv sð Þ ¼ Kv

Tvsþ 1
: ð7Þ

3 Design of the IMC PID controller

Figure 3 show the feed forward and IMC control system.
Based on the above discussion, we know that the winding



4 Q. Wang et al.: Mechanics & Industry 20, 609 (2019)
process is an integral operation in the roll-to-roll system
and that the winding process is also related to the difference
between the linear velocities of the rollers. We also know
that yarn tension is determined by the winding velocity.
We therefore use a tension sensor to measure the yarn
tension as a feedback signal and then adjust the tension by
changing the speed of the yarn.

A feedforward compensation loop is used in the yarn
tension control system. Feedforward compensation is a
method that measures disturbances directly rather than
basing compensations on errors, and the method provides
approximate corrections to disturbances before they cause
errors, therefore avoiding the development of disturbances
over time. The linear velocity of the winding roller is
constant and observable [13]. Therefore, feedforward
control can be used to adjust the linear velocity of the
winding roller. Knowing the linear velocity of the winding
roller, we can adjust the linear velocity of the active roller in
advance. The system includes a tension sensor and moving
yarn. Any disturbance due to the gravity of the yarn or
friction between the yarn and the tension sensor will be
detected as a load between the rollers and the tension
sensor. R is the reference input tension, vref is the reference
angular velocity of the AC servo motor, F is the controlled
system output tension, and d is the disturbance.

At present, typical methods to measure the yarn
tension in the winding process involve the use of a
resistance strain sensor or a capacitive sensor. In this paper,
we chose the three-point yarn tension sensor to measure
yarn tension. The tension sensor transfer function is
described as follows:

S sð Þ ¼ 1

Tssþ 1
e�us: ð8Þ

The microtension control system transfer function is:

P sð Þ ¼ pd20EKv

4l0s Tvsþ 1ð Þ Tssþ 1ð Þ e
�us: ð9Þ

P(s) is the yarn winding process, which contains the AC
servo motor and tension sensor transfer function with time
delay e�us. The tension control system can be described by
a second order integration with time delays.

The internal model control has a natural robustness,
and it can overcome the drawbacks of time delays inherent
in conventional PID controllers.

According to the design procedure for the IMC system,
the model is factorized as [24]

M sð Þ ¼ Mþ sð ÞM� sð Þ: ð10Þ
M(s) is the process model, which is used as the internal

model, and M+(s) and M−(s) are the portions of the model
that are inverted and not inverted, respectively.

M sð Þ ¼ P sð Þ ¼ pd20EKv

4l0s Tvsþ 1ð Þ Tssþ 1ð Þ e
�us: ð11Þ

Define K ¼ pd20EKv

4l0
and T=Tv+Ts.
According to the dominant pole theory [25], and
considering the stability of the system, we can simplify
M(s) to a first order integration with time delays:

M sð Þ ¼ K

s Tsþ 1ð Þ e
�us ð12Þ

f (s) is a low-pass filter, which we define as follows:

f sð Þ ¼ 1þ as

1þ lsð Þ2 a > 0ð Þ: ð13Þ

Q(s) therefore can be designed as:

Q sð Þ ¼ f sð Þ=M� sð Þ ¼ s Tsþ 1ð Þ asþ 1ð Þ
K lsþ 1ð Þ2 : ð14Þ

The time delay term is approximated by the first order
Padé expansion e�us≈ (1� 0.5us)/(1+0.5us). The inte-
grating process can be approximated by a first order
process [19]:

K

s
≈

hK

hsþ 1
: ð15Þ

The controller can then be written as follows:

C sð Þ≈ asþ 1ð Þ hsþ 1ð Þ Tsþ 1ð Þ=hK
lsþ 1ð Þ2 � asþ 1ð Þ 1� 0:5usð Þ= 1þ 0:5usð Þ : ð16Þ

After simplification, we can obtain the coefficient of a:

a ¼ 2lþ uð Þh2 þ 0:5ul2 � l2 þ ul
� �

h

h2 þ 0:5uh
: ð17Þ

The PID controller can be written:

C sð Þ ¼ Kc 1þ aT

aþ T
sþ 1

aþ T

1

s

� �
1þ 0:5us

1þ bs
ð18Þ

where Kc ¼ aþTð Þ
Kh 2lþ u�að Þ and b ¼ 0:5ul2

h 2lþ u�að Þ.
The PID controller is often implemented as follows [24]:

u tð Þ ¼ KP zr� yð Þ þ jKI

Z
e tð ÞdtþKD

de tð Þ
dt

ð19Þ

where e(t)=R−F is the error signal between the reference
input tension R and the controlled output tension F, and
KP, KI, and KD are constant P, I, D control gains,
respectively. z is the set-point weighting coefficient.
Because of the time delay of the winding system, the
integration of the PID controller will accumulate,
eventually causing large overshoot of the system.

To solve this problem, we considered separating the
integration from the control algorithm, and defined the
weighting coefficient of the integration term as j=1 or 0.

The main objective for the microtension control system
is to reduce large overshoot and disturbance rejection. The
yarn tension control loop relationship for input changes is



Table 1. IMC-PID controller tuning rules.

Process l a KP KI KD Compensator

K

s Tsþ 1ð Þ e
�us T þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uT þ T 2

p 2lþ uð Þh2 þ 0:5ul2 � l2 þ ul
� �

h2 þ 0:5uh

1þ lð Þ aþ Tð Þ
Kh 2lþ u � að Þ

1þ 2lð Þ
Kh 2lþ u � að Þ

aT

Kh 2lþ u � að Þ
1þ 0:5us

1þ 0:5ul2= h 2lþ u � að Þð Þs
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Fig. 4. Identification curve of the AC servo motor time constant.
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given by [20]

F sð Þ
R sð Þ ¼

C sð ÞGv sð ÞG sð Þ
1þ C sð ÞGv sð ÞG sð Þ : ð20Þ

The closed loop relationship for the disturbance is given
by [25]

F sð Þ
D sð Þ ¼

F sð Þ
R sð Þ

1

C sð ÞGv sð Þ : ð21Þ

From equation (21), we know that the coefficient of
1

C sð ÞGv sð Þ influence the disturbance rejection directly. The
optimal value of the coefficient is determined by two trade-
offs: first, between improving the dynamic performance and
enhancing disturbance rejection, and second, between
stabilityandrobustness.Consideringwhathasbeendiscussed
above, proportional-integral weighting is considered. Based
on extensive simulations conducted on the yarn tension
processes the weighting coefficients are given as follows:

KP ¼ 1þ lð Þ aþ T

Kh 2lþ u � að Þ ð22Þ

KI ¼ 1þ 2lð Þ 1

Kh 2lþ u � að Þ ð23Þ

KD ¼ aT

Kh 2lþ u � að Þ : ð24Þ

From equations (18), (22), (23) and (24), we can obtain the
value of KP, KI, and KD (Tab. 1).
4 Simulation and experiment

The motion controller sends a step signal to the AC servo
motor, and the computer collect the encoder output.
According to the theory of system identification and curve
fitting, we can obtain the time constant of the velocity loop
(i.e.Tv) with the MATLAB system Identification Toolbox.
Given the time delay of the AC servo motor and tension
sensor, we tune the time and response axis to obtain the
time constant. The result is shown in Figure 4. Using the
same method, we also obtain the time constant of the
tension sensor (i.e., Ts).

According to Figure 4, we can calculate thatTv=0.02 s,
and using the same method, we can also obtain the time
constant of the tension sensor, Ts=0.067 s. From
equation (12), we find that T=0.087 s. We choose
h=1000 and z=0.4 as the weight coefficient of the IMC
PID controller. According to the experimental result, the
time delay of the microtension control system is u=0.1 s.
The yarn parameters are given as E=66.7MPa,
l0= 0.23 m, r=0.5mm, and r=0.6 g/m.

From equation (12), we can obtainK ¼ pd20EKv

4l0
¼ 61:76.

We can then confirm the microtension control system
transfer function

M sð Þ ¼ P sð Þ ¼ 61:76

s 0:087sþ 1ð Þ e
�0:1s: ð25Þ

The parameters of the IMC PID controller are obtained
below.

l ¼ T þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uT þ T 2

p
¼ 0:21455 and a=0.529.

Based on the above calculations and according to
equation (19), (23) and (24), the parameters of the IMC
PID controller assume the following values: proportional
coefficient KP=0.121, integral coefficient KI=0.231 and
differential coefficient KD=0.0075. To demonstrate the
effectiveness of the proposed IMC PID controller, the
simulation resultswere comparedwith themethod proposed
by SIMC [20], Chen and Seborg [26] and Shamsuzzoha and
Lee [27]. To provide a fair comparison, the maximum
sensitivity, defined as Ms=max|1/[1+P (jw)C (jw)] |, is
used. In this paper, we choose Ms=2.26. The results of the
simulation were shown in Figure 5.

To evaluate the robustness of the process, a 10% change
in system delay and the steady state gain are assumed, such
as P sð Þ ¼ 67:936

s 0:087sþ 1ð Þ e
�0:11s. The results of the simulation

are shown in Figure 6, and the performance indices are
providing in Table 2.

From the simulation results we can clearly see that
improved performance is obtained with the proposed
method.



Fig. 5. Response for yarn tension control system. Fig. 6. Response of the yarn tension control system with 10%
parameters.

Table 2. PID controller parameters and the resulting performance indices.

Method l Kp KI KD Ms Perfect model 10% mismatch

IAE Overshoot IAE Overshoot

Proposed 0.2146 0.121 0.231 0.0075 2.26 0.358 1.00 0.358 1.00
Chen 0.131 0.121 0.246 0.0086 2.26 0.380 1.14 0.431 1.21
Shamsuzzoha 0.094 0.128 0.261 0.01 2.26 0.359 1.06 0.405 1.14
SIMC 0.1 0.065 0.081 0.0056 1.45 0.660 1.03 0.619 1.01

Fig. 7. Active roller of the tension control system.
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There are many perturbations in the winding process.
The lateral vibration of the moving yarn makes the yarn
tension fluctuate continuously. The lateral vibration of the
yarn also causes considerable problems in achieving high
quality textiles. The lateral vibrations are mainly caused
by the unpredictability and change in the unwinding roller
diameter from a full to empty spool. Therefore, we
proposed that the active roller be used to nip the moving
yarn and reduce the lateral vibrations of the moving yarn.
The nip roller is driven by an AC servo motor to adjust the
yarn speed. The nip rollers aremade of aluminum alloy [28].
Oil lubrication is applied to reduce friction between nip
rollers [29].

Figure 7 shows the active roller in the tension control
system. If the yarn tension exceeds the limits, the yarn
against the active roller will skid, which may influence the
yarn tension. The active roller is not commonly used in
practical use systems, so the proposed solution, which
utilizes the active roller, is only suitable for microtension
control systems. The active roller can couple the linear
velocity and angular velocity of the moving yarn, which
simplifies the control process. Springs are used to tune the
nip force between the active roller and the yarn to avoid
skidding. The active roller and winding roller are controlled
by AC servo motors, and the parameters of the AC servo
motor are as follows:
Rated output power: 50W; Moment of inertia: 0.025 �
10�4 kg�m2; Rated torque: 0.16N�m; Rated revolution:
3000 rpm.

Figure 8 shows the experimental instrument of the yarn
tension control system. As a result of the low precision of



Fig. 8. Experimental instrument of the yarn tension control
system.

Fig. 9. Yarn tension for reference equal to 100 mN.

Fig. 10. Yarn tension for reference equal to 10 mN.
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the instruments and the variation in the diameter of the
winding roller, the linear velocity fluctuates periodically
with some disturbances. The variation in the yarn tension
will affect the quality of the textiles and the winding system
directly. The tension therefore must be adjusted by
changing the linear velocity of the active roller. We add
some disturbances to the linear velocity to simulate the
variations in the linear velocity. We proposed feedforward
compensation and an IMC PID controller to control the
yarn tension of the winding systemwithin a micro range. In
textile processes, the yarn input tension can be a major
disturbance source, and one of the sources that contributes
to disturbances in the input tension is the change in the
winding diameter from an empty spool to a full spool. These
disturbances are included in the model by changing the
linear velocity of the winding roller to simulate the real
situation [30,31].

To evaluate the robustness of the proposed method in
the real world, we set the reference tension to 100 mN.
Figure 9 shows the results of the experiment.

The tension static difference ratio and tension fluctua-
tion ratio are two important indicators to evaluate the
performance of the tension control system.
The tension static difference ratio is calculated as
follows:

T d ¼ 2 Tmax � Tminð Þ
Tmax þ Tmin

� 100%: ð26Þ

The tension fluctuation ratio is calculated as follows:

T e ¼ Tmax � Tmin

R
� 100%: ð27Þ

From equations (26) and (27), we can calculate
Td=15.97% and Te=16.18%. Because the yarn tension
is maintained in a micro-boundary range, the tension static
difference ratio and tension fluctuation ratio are larger than
typical values of large tension levels, but they were within
an acceptable range.

Maryam Naebe tested three different levels of tension
and analyzed the effect of yarn winding tension on the
Wool Comfort Meter [10]. The results confirmed the
significant effect of yarn tension on the Wool Comfort-
Meter value of the yarn. Because a lack of applied tension
will cause the winding yarn to unwind, yarn tension should
be maintained within a micro-boundary range. The
reference tension is set to 10 mN, and the results of this
experiment are shown in Figure 10.

In analyzing the results of the experiment, the proposed
method can clearly maintain yarn tension within the
correct range of microtension. From Figure 9, the value of
the yarn tension was maintained within a micro-boundary
range. The yarn tension control system design using the
IMC PID method is effective at overcoming time delay
problems that exist in the winding process. Given the
results shown in Figure 10, we know that the IMC PID
controller can keep yarn tension at less than 16 mN and
maintain the tension in a micro-level. Due to the friction
between the yarn and the tension sensor, some problems
may exist inmeasuring yarn tension. The friction caused by
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contact between the yarn and reference pins used for yarn
guidance will affects the measured result. For the micro-
tension control system, the influence of friction is
substantial and will make the tension static difference
ratio and tension fluctuation ratio larger than typical
values of large tension levels. However, the ratios were
maintained within an acceptable range. These results
suggested the effectiveness of the proposed method.

5 Conclusions

An IMC PID controller design for a microtension control
system is proposed in this paper and demonstrates good
performance in a roll-to-roll system. The main purpose of
our work is to calculate the value of the coefficient of the
PID controller to keep the yarn tension within a micro-
range. We used feedforward control to adjust the linear
velocity of the winding roller and the IMC method to
obtain the parameters for the PID controller. The
unwinder-winder system can be considered an axially
moving string system, and the lateral vibration of the
moving string causes yarn tension to fluctuate continu-
ously. We designed the active roller to nip the moving yarn
to reduce lateral vibrations of the yarn. The roller can also
couple the linear velocity and the angular velocity of the
moving yarn. To simulate yarn input tension and the
variations of linear velocity in the winding roller, we add
disturbances to the linear velocity. We set the reference
tension to 100 mN and then 10 mN to test the effectiveness
of the proposed method. The results of the simulation and
experiment show that the proposed method is useful.
Because of the friction and time delay of the tension sensor
and fluctuations of the winding roller velocity, yarn tension
fluctuated but was maintained within an acceptable range.
From the results of the experiment, it is clear that the
proposed method is effective in maintain yarn tension
within a micro-boundary range.
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