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In a winding system, it is very important to control the tension precisely. Based on the process of rewinding and unwinding,
a sensorless tension control method with PI parameters of adaptive speed controllers is proposed in this paper. According to
the principle of torque balance, a tension observer is designed to replace the tension sensor, and the observed value instead of
the measured value of tension is used as feedback. Then the measurement delay caused by tension sensor is reduced. For the
time-variable inertia, Landau discrete-time recursive algorithm is used to estimate the inertias of the rewind and unwind motors.
Moreover, the estimated inertias are used to adjust the PI parameters of the speed controllers. As the tension control system has the
ability to adapt to the change of inertia, its dynamic performance is improved to some extent. In addition, the proposed sensorless
tension control method is simple and easy to implement, which only uses the current and speed signals of the motors without
any additional hardware needed. At last, the feasibility and effectiveness of the proposed method are verified by the experimental
results.

1. Introduction

Tension control system is widely applied in industrial fields
where high precision and productivity are required, including
printing, textile, chemical fiber, and metallurgy. Improper
control of tension will result in the windingmaterial fracture,
wrinkle, deviation, and so on [1–3]. Currently, there are three
ways to control the tension in industrial application: open-
loop control, direct closed-loop control, and indirect closed-
loop control [4–7]. Since the precision is lower in open-
loop control method, the direct closed-loop control methods
are commonly used in actual industry. However, tension
sensors need to be installed in direct closed-loop control
method. Besides the high price and the existing delay, the
signal of the tension sensor is also very weak, which is easily
interfered by the environment, so this method cannot be
applied in some special occasions. Therefore, if a tension
observer can be designed to replace the tension sensor and
the same control performance can be obtained compared

with the direct closed-loop control method, it will be of great
significance in tension control field.

Domestic and foreign scholars have put forward a variety
of implementations about tension control without tension
sensor in winding systems. Valenzuela et al. at the University
of Concepcion, Chile, proposed a control scheme without
tension sensor in papermaking system. Two new tension
estimators are developed for a two-drum electric-braking-
generator production winder that are based on unwinding
and rewinding variables, respectively, with the essential
dynamic, friction, and inertial variation effects considered
in the scheme [8–11]. Lynch from the University of Alberta
in Canada exploited linear time-varying error dynamics to
design a reduced-order, nonlinear tension observer. Expo-
nential stability of the error dynamics is also demonstrated
in this method, and the performance of the estimator is
experimentally compared with two competing designs on
real web-handing machine [12]. Song and Sul proposed a
tension control method with tension observer, which is used
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in continuous strip processing line, including the acceleration
torque. As this scheme directly controls torque current of
motors, faster dynamic response can be obtained in case
of linear speed acceleration or deceleration [13, 14]. In [15],
a sliding-mode (SM) feedback linearization control system
is designed for a multimotor web-winding system. This
method consists of a SM velocity controller and two SM
tension controllers. Two tension observers are suggested to
eliminate the need of tension sensors in a web-winding
system. Moreover, the effectiveness and capability of the
proposed control strategy are verified by simulation. In the
field of multimotor control, sliding-mode variable structure
control method is a very effective control algorithm. In [16,
17], the basic principle of the SM method is introduced
in detail, and some of the unique problems in the motor
control and multimotor control are introduced. In [18], to
filter out the measurement noises of velocities and estimate
the load torque of motors, an augmented observer is pro-
posed. In [19], a novel data-based hybrid tension estimation
and fault diagnosis method is proposed to estimate the
unmeasured tension between two neighbouring rolls. The
tension error compensation model is designed by applying
neural networks principal component regression, and the
corresponding tension fault diagnosis method is designed
using the estimated tensions. Moreover, the proposed ten-
sion estimation and fault diagnosis method is applied to
a real continuous annealing process line in a steel-making
company.

There are many factors that influence the tension control
performance in actual industrial production, among which
one of themost important is the time-varying inertia [20, 21].
Themoment of inertiawill changewith the radii of the rewind
and unwind rolls, which will change with the operation of the
system.Theperformancemay further deteriorate if controller
parameters are not adjusted properly according to the time-
varying inertia. The traditional solution is to estimate the
moment of inertia based on speed, thickness, and density of
the winding material and correct the controller parameters
using the estimated inertia to achieve the desired control
performance. However, in some instances the density and
thickness are unknown or vary with the humidity, tempera-
ture, and other external environment changes. Therefore, the
traditional method of estimating the inertia cannot be used
in some special occasions.

This paper is organized as follows. In Section 2, the
dynamic model is set up, and the traditional tension control
structure is analyzed. In Section 3, a new tension control
strategy without tension sensor is proposed. For the iden-
tification of tension, a reduced-order observer is designed
to observe the tension, which eliminates the use of tension
sensor. For the time-varying inertia, Landau discrete-time
recursive algorithm is adopted to estimate the inertia, and
the estimated inertias are used to correct the PI parameters
of speed controllers, so that the tension control system can
still have good dynamic performance even if the inertia
changes substantially. At last, a series of comparative exper-
iments are conducted, and the feasibility and effectiveness
of the proposed method are verified by the experimental
results.

2. The Description and Modelling of
the Winding System

The tension control system that contains only one tension
zone is shown in Figure 1(a). This is the simplest unit of
tension control system of multispan. This structure mainly
contains rewind roll, unwind roll, tension sensor, controllers,
and so on. Then, the changes of radii and inertia of the
rewind and unwind rolls are analyzed. According to the
relationship of the volume diameter, thickness of the winding
material, and the rotation angle, the following equation can
be obtained:

𝑅r (𝑡) ≈ 𝑅ro + 𝜃r2𝜋ℎ,
𝑅u (𝑡) ≈ 𝑅uo − 𝜃u2𝜋ℎ,

(1)

where 𝑅r and 𝑅u are the radii of rewind and unwind rolls,
respectively; 𝑅ro and 𝑅uo are the initial radii of rewind and
unwind rolls, respectively; 𝜃r and 𝜃u represent the rotation
angles of rewind and unwind rolls, respectively; and ℎ
represents the thickness of the winding material.

After differentiation of (1), the change rates of the volume
diameters of rewind and unwind rolls are obtained

d𝑅r (𝑡)
d𝑡 = 𝜔rℎ2𝜋 ,

d𝑅u (𝑡)
d𝑡 = −𝜔uℎ2𝜋 ,

(2)

where 𝜔r and 𝜔u are the angular velocity of rewind and
unwind rolls, respectively. The inertia of rewind and unwind
rolls can be expressed as follows [19]:

𝐽r (𝑡) = 𝐽ro + 𝜋2 𝜌𝑏 (𝑅4r − 𝑅4ro) ,
𝐽u (𝑡) = 𝐽uo + 𝜋2 𝜌𝑏 (𝑅4u − 𝑅4uo) .

(3)

In (3), 𝐽r(𝑡) and 𝐽u(𝑡) represent the inertias of rewind and
unwind rolls, respectively; 𝐽ro and 𝐽uo represent the inertias
when the rewind and unwind rolls are empty; 𝜌 is the density
of the winding material; and 𝑏 is the width of the winding
material. After differentiation of (3), the change rate of the
inertias of rewind and unwind rolls are obtained

d𝐽r (𝑡)
d𝑡 = 2𝜋𝜌𝑏𝑅3r d𝑅r (𝑡)

d𝑡 ,
d𝐽u (𝑡)
d𝑡 = 2𝜋𝜌𝑏𝑅3u d𝑅u (𝑡)

d𝑡 .
(4)

According to the torque balance principle and the
Karnopp friction model used in this manuscript [22], then
the dynamic equations can be expressed as

d
d𝑡 (𝐽r𝜔r) = 𝑇er − 𝐹𝑅r − 𝑇fr − 𝐵r𝜔r,
d
d𝑡 (𝐽u𝜔u) = 𝑇eu + 𝐹𝑅u − 𝑇fu − 𝐵u𝜔u,

(5)
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Figure 1: Winding system with two motors. (a) Tension control system with two motors; (b) tension controller with tension sensor.

where 𝑇er and 𝑇eu are the output torque of the rewind and
unwind rolls, respectively; 𝐹 is the tension of the system;𝐵r and 𝐵u are viscous friction coefficients; and 𝑇fr and𝑇fu are coulomb friction. The viscous friction coefficients
and coulomb friction are obtained by measurements in
experiment at the offline state. During the operation, the
friction torque changes over time, with degradation of bear-
ings, lubrication, and so on. Accurate estimation or online
measurement of the friction is actually very difficult and
is impossible in real-world industrial winders. However,
the change of the friction with degradation of bearings
and lubrication is small and very slow, so viscous friction
coefficients and coulomb friction can be considered constant
value during the operation.

Substituting (1)∼(4) into (5) and rearranging (5), the
following equation can be obtained:

𝐹 ⋅ (𝑅ro + 𝜃r2𝜋ℎ) = 𝑇er − 𝑇fr − 𝐵r𝜔r

− 2𝜋𝜔r𝜌𝑏𝑅3r d𝑅r (𝑡)
d𝑡

− [𝐽ro + 𝜋2 𝜌𝑏 (𝑅4r − 𝑅4ro)]
⋅ d𝜔r
d𝑡 ,

𝐹 ⋅ (𝑅uo − 𝜃u2𝜋ℎ) = −𝑇eu + 𝑇fu + 𝐵r𝜔u

+ 2𝜋𝜔u𝜌𝑏𝑅3u d𝑅u (𝑡)
d𝑡

+ [𝐽uo + 𝜋2 𝜌𝑏 (𝑅4u − 𝑅4uo)]
⋅ d𝜔u
d𝑡 .

(6)

According to the analysis above, the size of the tension is
influenced by many factors, such as the density and width of
the winding material, volume diameter, friction coefficient,
and velocity. Variation in any of the aforementioned factors

will impose a certain effect on the tension.Therefore, tension
control system is a multivariable, nonlinear, strong coupling
control system. To accurately control the tension, the impact
of various factors must be considered.

Presently, tension sensor is commonly used in direct
closed-loop tension control structure among the actual
industrial production. The structure is shown in Figure 1(b).
The unwind motor is used to control the entire system
speed and the rewind motor is used to control the tension.
In Figure 1(b), V∗ represents the reference velocity and 𝑇cc
corresponds to the time constant of the first-order delay of
the current controller.

3. The Design of No-Tension Sensor Control
System with Adaptive PI Parameters

3.1. The Design of the Tension Observer. From the dynamic
equations of rewind and unwindmotors, it is easy to find that
the change of tension is reflected in the torque elements of the
rewind and unwind rolls. Therefore, a tension observer can
be implemented based on the drive torque components that
is related to the tension zone. The tension could be obtained
through analyzing the dynamic equation of the rewindmotor
or unwind motor, and they should be equal in theory. The
rewind roll is taken as an example in the following analysis.

Taking the tension 𝐹 as a state variable, as the change
rate of tension is far less than the sampling frequency of the
controller, the tension can be considered as a constant value
in a control period; that is to say,

d𝐹
d𝑡 = 0. (7)

Since the change rate of inertia is much less than the
change rate of angular velocity in the tension control system,
(5) can be approximated by

d
d𝑡 (𝐽r𝜔r) ≈ 𝐽r d𝜔r

d𝑡 ≈ 𝑇er − 𝐹𝑅r − 𝑇fr − 𝐵r𝜔r,
d
d𝑡 (𝐽u𝜔u) ≈ 𝐽u d𝜔u

d𝑡 ≈ 𝑇eu + 𝐹𝑅u − 𝑇fu − 𝐵u𝜔u.
(8)
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According to (7) and the first equation of (8), the dynamic
state equation of the rewind motor can be obtained as

ẋ = Ax + Bu,
y = Cx, (9)

where x = [𝜔r 𝐹]T is state variable; u = [𝑇er − 𝑇fr] is input
signal; y = [𝜔r] is the output signal; A = [ −𝐵r/𝐽r −𝑅r/𝐽r

0 0
]; B =

[ 1/𝐽r
0
]; and C = [1 0].
The necessary and sufficient condition for system (9) to

have an observer and be able to choose the observer poles
arbitrarily is the observability of system (9).The observability
matrix of (9) is

Q = [ C
CA

] = [[
[
1 0
−𝐵r𝐽r −𝑅r𝐽r

]]
]
. (10)

As |Q| = −𝑅r/𝐽r ̸= 0, the matrix rank of Q is rankQ = 2,
so system (9) is observable.

According to the idea of reduced-order state observer in
modern control theory [23], if we take the angular velocity
of the rewind motor as a correction variable in the tension
observer, the tension observer can be expressed as

̇̂x = Ax̂ + Bu + K (y − ŷ) ,
ŷ = Cx̂, (11)

where x̂ = [�̂�r 𝐹]T is the state variable of the observer; ŷ =
[�̂�r] is the output of the observer; and K = [𝑘1 𝑘2]T is the
feedback gain.

From (9) and (11), the observation error can be obtained
as

ẋ − ̇̂x = Ax + Bu − [(A − KC) x̂ + Bu + Ky]
= (A − KC) (x − x̂) . (12)

The characteristic of (12) can be expressed as follows:

det [𝑠I − (A − KC)] = 𝑠2 + (𝐵r𝐽r + 𝑘1) 𝑠 −
𝑅r𝐽r 𝑘2 = 0. (13)

Through the stability conditions of state observer, it is
known that if an appropriate matrix K is selected to make all
roots of the characteristic equation have negative real parts,
the following equation is obtained:

lim
𝑡→∞

(x − x̂) = 0. (14)

The key to observe the state variables accurately is the
selection of K matrix, which is independent of the state
variable x and the input u. Assuming that the desired two
observer eigenvalues are 𝛼 and 𝛽, the expected characteristic
equation can be obtained as

𝑠2 − (𝛼 + 𝛽) 𝑠 + 𝛼 ⋅ 𝛽 = 0. (15)

According to (13) and (15), the K matrix can be selected
as

𝑘1 = − (𝛼 + 𝛽) − 𝐵r𝐽r ,
𝑘2 = −𝛼𝛽 𝐽r𝑅r

.
(16)

The positions of the poles 𝛼 and 𝛽 should be chosen
according to the desired characteristics of the system. The
tension observer will be asymptotically stable as long as the
poles 𝛼 and 𝛽 have negative real parts. 𝛼 = 𝛽 = −6 is adopted
in this paper.

The observer input signal coulomb friction𝑇fr is obtained
by repeated measurements in experiment at the offline state;
the electromagnetic torque is obtained by the current of q-
axis; it can be expressed as follows:

𝑇er = 𝐾T ⋅ 𝑖qr, (17)

where 𝐾T is the torque coefficient of rewind motor and 𝑖qr is
the q-axis current of rewind motor.

3.2. Identification of the Inertia. The moment of inertia will
change with the radii of the rewind and unwind rolls, which
will change with the operation of the system. Therefore, if
the controller parameters are not corrected according to the
inertia, the dynamic performance of the tension control sys-
tem will deteriorate.The conventional method is to use (3) to
estimate the inertia approximately, for which the knowledge
of the density, thickness, and other variables of the winding
material is required. However, these variables are unknown
or difficult to obtain by measurement in some cases. In this
paper, Landau discrete-time recursive algorithm is used to
observe the inertias [24]. The main idea of Landau algorithm
is to use the equation with the unknown parameter as the
reference model and the equation without the unknown
parameter as the adjustable model. The two models have the
same physical input and output. Then, the parameters of the
adjustable model are adjusted in real time by the error of the
output of the two models until the difference between the
two is no longer further reduced, thus realizing the output
of the adjustable model’s output tracking control object [25].
Thus the inertias can be obtained accurately even under the
condition that the density, thickness, and other parameters of
the winding material are unknown. Taking rewind roll as an
example for analysis and ignoring friction coefficient, (8) can
be described as follows:

𝜔r (𝑘) = 𝜔r (𝑘 − 1)
+ 𝑇s𝐽r [𝑇er (𝑘 − 1) − 𝑅r (𝑘 − 1) 𝐹 (𝑘 − 1)] ,

𝜔r (𝑘 − 1) = 𝜔r (𝑘 − 2)
+ 𝑇s𝐽r [𝑇er (𝑘 − 2) − 𝑅r (𝑘 − 2) 𝐹 (𝑘 − 2)] .

(18)

In (18), 𝑇s is the control period. Since the sampling time
is very short, it can be assumed that the change periods of
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tension and radii are much greater than the speed calculation
period; then the following equation can be obtained:

𝑅r (𝑘 − 1) 𝐹 (𝑘 − 1) ≈ 𝑅r (𝑘 − 2) 𝐹 (𝑘 − 2) . (19)

By the subtraction of the two equations in (18), the
following equation is obtained:

𝜔r (𝑘) = 2𝜔r (𝑘 − 1) − 𝜔r (𝑘 − 2) + 𝑏𝑈 (𝑘 − 1) . (20)

In (20), 𝑈(𝑘 − 1) = 𝑇er(𝑘 − 1) − 𝑇er(𝑘 − 2); 𝑏 = 𝑇s/𝐽r;
if we take (20) as the reference model, the adjustable model
expressed in the a priori form can be described as follows,
namely, the estimated angular speed in the 𝑘th control cycle.

�̂�0r (𝑘) = 2𝜔r (𝑘 − 1) − 𝜔r (𝑘 − 2)
+ �̂� (𝑘 − 1)𝑈 (𝑘 − 1) . (21)

In (21), �̂�(𝑘−1) = 𝑇s/𝐽r is the variable to be identified and�̂�0r (𝑘) is the adjustable model expressed in the a priori form;
the priori error can be expressed as follows:

𝑒0 (𝑘) = 𝜔r (𝑘) − �̂�0r (𝑘) . (22)

According to Landau discrete-time recursive algorithm,
the adaptive rate of inertia can be expressed as

�̂� (𝑘) = �̂� (𝑘 − 1) + 𝛾 𝑈 (𝑘 − 1)1 + 𝛾𝑈2 (𝑘 − 1)𝑒0 (𝑘) . (23)

In (23), 𝛾 represents the adaptive gain; since 𝑇s is a
constant value, the inertia 𝐽r can be calculated through the
observed value �̂�(𝑘).

According to the basic principle of Landau algorithm,
it can be seen that changing the value of 𝛾 can change the
convergence speed and precision of �̂�(𝑘). And the higher the
adaptive gain, the smaller the convergence time of Landau
algorithm. But the jitter amplitude of the result of themoment
of inertia identification increases with the increase of the
adaptive gain 𝛾 value. When the value of the adaptive gain is
too large, the chattering of themoment of inertia is too severe
to be unrecognizable, and the magnitude of the adaptive
gain 𝛾 needs to be compromised between the convergence
time and the recognition accuracy. Therefore, the value of
the adaptive gain 𝛾 needs to be compromised between the
convergence time and the identification accuracy.

3.3. Structure Diagram of the Proposed Tension Control
Method. The control block diagram of the tension control
method proposed in this paper is shown in Figure 2(a).
It mainly consists of a rewind motor, an unwind motor, a
tension observer, and two inertia observers. The rewind and
unwind motors are used to drive the winding rolls. The two
motors are both surface mounted permanent magnet syn-
chronous motors. Double-closed-loop vector control struc-
ture with inner current loop and outer speed loop is adopted
in this system. The controllers of current loop, velocity loop,
and tension loop are all integral isolated PI regulators.The PI

parameters of speed controllers are designed according to the
bandwidth related in [26, 27].

And the speed signal is obtained by incremental encoder.
The tension observer is used to observe the tension, which
eliminates the application of tension sensor. The inertia
observers are used to observe the inertias of the rewind and
unwind motors. Moreover, the observed inertias are used
to correct the parameters of speed controllers. Therefore,
the tension control system can still have a good dynamic
performance even if the inertia changes dramatically.

Then the methods of how to set the PI parameters and
how to revise the PI parameters are described. Taking the
rewind motor as an example, as can be seen from (8), the
inertia of the motor can affect system dynamic performance.
The response time of electromagnetic torque is much less
than the response time of the mechanical system as to
the PMSM Vector Control System. So the dynamic process
of the current loop can be ignored when analyzing the
speed tracking performance and the disturbance rejection
performance. Figure 3 shows the simplified control block
diagram of the velocity loop.

In Figure 3, 𝜔ref is the reference speed, 𝑇L = 𝐹𝑅r + 𝑇fr is
the load torque, and 𝑒𝜔 is the tracking error.

Considering that the friction factor 𝐵r is generally much
smaller, therefore, the friction factor 𝐵r is ignored in the
subsequent analyses. In this case, the closed-loop transfer
function from 𝜔ref to 𝜔r can be expressed as

𝐺io (𝑠) = 𝜔r (𝑠)𝜔ref (𝑠) =
𝑘vp𝐽r

𝑠 + 𝑘vi/𝑘vp
𝑠2 + (𝑘vp/𝐽r) 𝑠 + 𝑘vi/𝐽r , (24)

where 𝑘vp is the proportional gain of the PI controller and 𝑘vi
is the integral gain of the PI controller; 𝑘vp > 0, 𝑘vi > 0.

The closed-loop transfer function from 𝑇L to 𝜔r can be
expressed as

𝐺do (𝑠) = 𝜔r (𝑠)𝑇L (𝑠) = −
1𝐽r

𝑠
𝑠2 + (𝑘vp/𝐽r) 𝑠 + 𝑘vi/𝐽r . (25)

The speed tracking performance and the disturbance
rejection performance are good or bad when using PI con-
troller depends on the pole-zero distribution of the transfer
function (24) and (25), respectively. As can be seen from (24)
and (25), the pole-zero distributions are closely related to 𝑘vp
and 𝑘vi. The parameters 𝑘vp and 𝑘vi are mainly determined
by the dynamic performance index of tension control system.
The bandwidth of speed loop can be determined through the
speed loop rise time 𝑡rc.

𝛼s = ln 9𝑡rc ≈ 2.2𝑡rc . (26)

If the proportionality coefficient 𝑘vp is set as follows, it can
guarantee that the speed loop rise time is less than 𝑡rc.

𝑘vp = 𝛼s𝐽0, (27)

where 𝐽0 is the default value of the inertia.
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Figure 2: Structure diagram of the proposed tension control method. (a) Structure diagram of the proposed tension control method; (b)
simplified control block diagram of the rewind motor velocity loop; (c) block diagram of the tension observer; (d) block diagram of the
inertia observer.

The integral coefficient 𝑘vi can be set as

𝑘vi = (𝛼s2𝜁)
2 𝐽0, (28)

where 𝜁 is the damping ratio.
Substitute (27) and (28) into (24) and (25); then the

following equations are obtained:

𝐺io (𝑠) = 𝜔r (𝑠)𝜔ref (𝑠)
= 𝐽0𝐽r

𝛼s (𝑠 + 𝛼s/4𝜁2)
𝑠2 + (𝐽0/𝐽r) 𝛼s𝑠 + (𝐽0/𝐽r) (𝛼s/2𝜁)2 ,

𝐺do (𝑠) = 𝜔r (𝑠)𝑇L (𝑠)
= − 1𝐽r

𝑠
𝑠2 + (𝐽0/𝐽r) 𝛼s𝑠 + (𝐽0/𝐽r) (𝛼s/2𝜁)2 .

(29)

As can be seen from (29), the above two equations have
the same characteristic equation.

𝑠2 + 2𝐽0𝐽r 𝜁𝜔0𝑠 +
𝐽0𝐽r 𝜔20 = 0, (30)

where 𝜔0 = 𝛼s/2𝜁; it is the natural angular frequency of the
speed loop.

When the system robustness is analyzed, it is necessary to
evaluate the performance of the maximum drop value 𝜔tm of
the motor speed as the sudden load is applied and the speed
error integral value IE in the recovery process.

When there is load disturbance, there are

𝜔tm ≤ 𝑇L𝑘vp ,
IE = lim
𝑡→∞

∫𝑡
0

L
−1 ( 𝑠𝐽r𝑠2 + 𝑘vp𝑠 + 𝑘vi ⋅

𝑇L𝑠 )
= lim
𝑠→0

𝑠 ⋅ 1𝑠 ⋅ 𝑠𝐽r𝑠2 + 𝑘vp𝑠 + 𝑘vi ⋅
𝑇L𝑠 = 𝑇L𝑘vi .

(31)
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It can be seen from (31) that maximum speed drop
value will reduce by improving 𝑘vp and the integral value
of speed error in the process of recovery can be lowered by
increasing 𝑘vi. However, the improvement of 𝑘vi corresponds
to the decrease of 𝜁. This will reduce the robustness of the
permanent magnet synchronous motor control system and
oscillation can occur in severe cases.Therefore, it is generally
necessary to constrain the value of the parameter by the phase
margin of the system.The open-loop transfer function of the
system 𝐺open(𝑠) is

𝐺open (𝑠) = 𝑠𝑘vp + 𝑘vi𝑠 ⋅ 1𝑠𝐽r . (32)

Let |𝐺open(𝑠)| = 1; we can get the shear frequency 𝜔c of
the system as follows:

𝜔c = 𝛼s2𝜁√2𝜁2 + √4𝜁4 + 1. (33)

Furthermore, the phase margin 𝜙m of the system is as
follows:

𝜙m = 𝜋 + arg𝐺open (𝑗𝜔c)
= arctan(2𝜁√2𝜁2 + √4𝜁4 + 1) . (34)

In order to ensure the robustness of the permanent
magnet synchronous motor control system, we should take𝜙m ≥ 60∘; then we can obtain 0.61 ≤ 𝜁 ≤ 1. In this paper, we
take 𝜁 = 0.707.

Through the analysis above, the following can be
obtained: the PI parameter tuning strategy has good adapt-
ability to the permanent closed-loop control system of
permanent magnet synchronous motor. The range of 𝜁 will
be determined according to the range of the phase margin
firstly and then the speed loop bandwidth value of the speed
control system is determined according to the actual needs,
for permanent magnet synchronous motor with different
moment of inertia. The PI parameter can be set by the
magnitude of its moment of inertia. Meanwhile, the PI
parameter tuning method above is also applicable to the
current loop PI parameter tuning.The derivation process will
not be repeated in this paper.

4. Simulation and Experimental
Results Analysis

4.1. Simulation Results Analysis. In addition, the effectiveness
of the observer is also simulated analysis. The simulation
parameters are shown in Table 1 except the material inertia.
We simulated the larger density material as the motor load,
while employing a longer observation time. Figure 3 shows
the simulation waveforms of the whole process of the tension
control system. The simulation parameters are basically the
same as the experimental ones. Only the empty volumes
inertia and the full volumes inertia are different, and they
are 0.01 kg⋅m2 and 0.022 kg⋅m2, respectively.The figures from

Current
sensors

Voltage
sensors

DC-link
capacitor

Main control board

Tension
signal

amplifier

Tension sensor

Unwind motor Rewind motor

Winding
material

Idle roll

AC → DC DC → DC

2∗IPM

Figure 4: Experimental platform.

top to bottom in turn are line speed of reference values,
tense values (reference value and actual value, observed
value), winding and rewinding roller radius, winding and
rewinding motor angular speed, winding and rewinding
motor electromagnetic torque, and winding and rewinding
roll moment of inertia (actual value and observed value). In
simulation, the system linear velocity changed from 4m/s
to 5m/s and then to 4m/s, and the tension reference value
changed from 30N to 60N suddenly.

It can be seen from the figure that when the linear
velocity of the system is constant, with the operation of
the system, the winding roller radius increases gradually
and roll radius decreases. As the winding and rewinding
roll radius changes continuously, the winding of the motor
angular velocity decreases and rolling motor angular velocity
increases gradually. We can see from the 6th and 7th picture,
with the operation of the system, the rotational inertia of
the rewinding motor increases gradually, rolling moment
of inertia of the motor decreases, and the inertia observer
proposed in this paper can estimate the moment of inertia in
real time. The analysis results have been added to the revised
manuscript.

4.2. Experimental Platform. In order to verify the correct-
ness of the proposed strategy, an experimental platform of
tension control system is established shown in Figure 4.
The experimental platform consists of a main control board,
power circuit, drive circuit, current sensor, voltage sen-
sor, winding material, unwinding motor, rewinding motor,
idle rollers, and so on. The DSP applied in the system is
TMS320F28335 produced by TI, and the Intelligent Power
Module (IPM) is PS21867 produced by Mitsubishi. The



Mathematical Problems in Engineering 9

0

[1.000 s/div]

F２？＠ (reference)
F2 (observed)
F1 (measured)

F
Ｌ？
＠

&
F
1

&
F
2

(3
0

N
/d

iv
)

(1 s/div)

(a) Sine wave tracking

0

[1.000 s/div]

F２？＠ (reference)
F2 (observed)
F1 (measured)

F
Ｌ？
＠

&
F
1

&
F
2

(3
0

N
/d

iv
)

(1 s/div)

(b) Triangle wave tracking

0

0

Zoom

Delay

(3
0N

/d
iv

)


(0
.5

m
/s

/d
iv

)

[200.0 ms/div]

[1.000 s/div]

F２？＠ (reference)
F2 (observed)
F1 (measured)

F
Ｌ？
＠

&
F
1

&
F
2

(1 s/div)

(c) Tension mutation

0

0

0


(0

.5
m

/s
/d

iv
)

F
1

(3
0N

/d
iv

)
F
2

(3
0N

/d
iv

)

[1.000 s/div]

(1 s/div)

(d) Velocity mutation

Figure 5: Closed-loop control method with tension sensor.

switching frequency of the inverter is 5 kHz. Two identical
permanent magnet synchronousmotors (PMSM) are applied
as the rewind and unwind motors in the experiment. The
winding material applied in the system is kraft paper. In
order to do comparison experiment, a tension sensor is
installed, the tension sensor applied in this system is LX-015-
TD produced by Mitsubishi, and the tension signal amplifier
applied in this system is KTC820. The size of the experi-
mental prototype is 2.5m × 0.6m, and the detailed mechan-
ical parameters of experimental platform are shown in
Table 1.

4.3. Verification Experiment of Tension Identification. Fig-
ure 5 shows the experimental waveforms of the direct closed-
loop control method with tension sensor and Figure 6 shows
the method proposed in this paper. Figures 5 and 6 show,
respectively, the experimental waveforms under the circum-
stance that the reference linear velocity remains 1.0m/s and
the reference tension changes in the sinusoidal manner, the
experimental waveforms under the circumstance that the
reference linear velocity remains 1.0m/s and the reference

tension changes in the triangular manner, the experimental
waveforms under the circumstance that the reference linear
velocity remains 1.0m/s and the reference tension changes
from 30N to 100N abruptly, and the experimental waveforms
under the same circumstance that the reference tension
remains 60N and the reference linear velocity changes from
0.5m/s to 1.0m/s abruptly. In the experimental waveforms,
V represents the linear velocity and 𝐹ref , 𝐹1, and 𝐹2 are,
respectively, the reference tension, the tension measured by
tension sensor, and the tension observed by the proposed
method.

Due to the characteristics of the tension sensor, its output
signal is very weak, generally only 200mV.Therefore, usually
it takes an amplifier circuit and a filter circuit to process the
output signal.The filter time constant used in this experiment
is 100ms. However, some delay of tension sensor signal will
be caused inevitably.

As can be seen from Figures 5(a)∼5(b) compared to the
reference tension 𝐹ref , in the tension 𝐹1 measured by the
tension sensor, there exists a delay. And 𝐹2 is the observed
value by the proposed method in the paper. Because tension
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Table 1: Mechanical parameters of experimental prototype.

PMSM (rewind motor and unwind motor)
Rated power 𝑃N kW 2.3
Rated speed 𝑛 r/min 1500
Inertia 𝐽 kg⋅m2 0.00272
Resistance 𝑅 Ω 0.635
Inductance 𝐿 mH 4.025
Coulomb friction torque (𝑇fr/𝑇fu) N⋅m 0.06/0.06
Viscous friction coefficient (𝐵r/𝐵u) N⋅m/(rad/s) 0.0004/0.0004
Number of poles 𝑝 4
Winding rolls and winding material
Radii (empty volumes/full volumes) m 0.05/0.1
Inertia (empty volumes/full volumes) kg⋅m2 0.00138/0.00348
Width 𝑏 m 0.18
Thickness ℎ mm 0.15
Specification (kraft paper) g 120
Tension sensor (LX-015-TD) and signal amplifier (KTC820)
Rated capacity N 150
Output voltage V 3
Filter time ms 100
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Figure 6: Closed-loop control method without tension sensor.
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Figure 7: Inertia identification results. (a) Empty volumes; (b) full volumes.

sensor method is used at this time, there is a bigger delay
between 𝐹ref and 𝐹2. For the tension system, it can be seen
that control method with tension sensor will be difficult to
meet the requirements for many high-speed applications.
However, from Figures 6(a)∼6(b), there is a smaller delay
between 𝐹ref and 𝐹2, compared to Figures 5(a)∼5(b).

Thus, from Figures 5(c) and 6(c), when the reference ten-
sion changes from 30N to 100N abruptly (tensionmutation),
the linear velocity change without tension sensor control
method is smaller than that with tension sensor. And the
tension observed by the proposed method can track the
reference tension excellently. From Figures 5(d) and 6(d),
when the reference linear velocity changes from 0.5m/s to
1.0m/s abruptly (velocity mutation), it can be seen that the
observed tension by the proposed method can track the
reference tension precisely even if the linear velocity changes
abruptly. In summary, the proposed method can achieve
nearly the same control performance as the direct closed-loop
control method with tension sensor.

4.4. Verification Experiments of Inertia Identification and
Adaptive Parameter of the Controller. The total inertia on the
rewind motor side consists of the inertia of motor armature,
driving shaft, the winding material, and so on. Among them,
the inertias ofmotor armature anddriving shaft are constants,
while the inertia of windingmaterial is time-varying, because
the material is continuously released into the process. After
calculation, the theoretical values of inertia when the rewind
roll is empty and full are 0.0041 kg⋅m2 and 0.0062 kg⋅m2,
respectively. Landau algorithm adaptive gain 𝛾 is 0.05 in
the experiment. Because the identification process of inertia
involves the division calculation, to prevent the arithmetic
overflow in the early operation, the output limiter is adopted.
As can be seen from Figure 7, the proposed identification
method can converge to the theoretical value of inertia within
two seconds.

In order to verify the parameters self-adaptive function
of the proposed method, a series of comparative experiments
are conducted. In some large industrial applications such as
the steel rolling production line, the inertia changes generally
substantially. It is necessary to correct the parameters of
speed controllers based on the inertia. However, due to the

limitations of the experimental platform in this paper, the
inertia changes very slowly, and the effect is difficult to
observe in one set of experiments. Therefore, in order to
observe the effect of the algorithm clearly, the experiments
are carried out in two stages that the unwind roll is empty
and full, respectively. In the two cases of unchanged param-
eters and adaptive parameters, the reference linear velocity
remains 1.0m/s and the reference tension changes from 30N
to 110N. Moreover, the reference tension remains 60N, and
the reference linear velocity changes from 0.5m/s to 1.0m/s.
Experimental waveforms are shown in Figure 6. Since the
observed inertias have yet to converge to the actual value
during the start-up phase of the motor, the algorithm of
adaptive parameters is not applied until the system goes
through the start-up phase and reaches the steady state.

Figure 8(a) shows that since the PI parameters of speed
controller are not self-adaptive in case of inertia variation,
when the parameters are unchanged, a slight overshoot is
generated when the unwind roll is in full volume.However, in
Figure 8(b), because the parameters adapt themselves to the
inertia variation, the waveform is basically the same whether
the rewind roll is empty or full. Figures 8(c) and 8(d) show
that when the unwind roll is empty, the changes of velocity
have the same influence on tension whether the speed con-
troller parameters are unchanged or adaptive. However, when
the unwind roll is full, velocity changes have greater influence
on the tensionwhen the controller parameters are unchanged
than when the controller parameters are adaptive, which
demonstrates the effectiveness of the proposed method.

5. Conclusion

This paper proposes a novel tension control strategy which
needs no additional hardware. A sensorless tension control
strategy only using the speed signal obtained by the encoder
and the current signal of the rewind motor is realized. The
unwind motor is used to set the linear velocity, and the
rewind motor is used to control the tension. With respect
to the variation of the inertias caused by the radii of rewind
and unwind rolls, Landau discrete adaptive algorithm is
adopted in this paper, which overcomes the shortcomings
of the conventional method to estimate the inertia that the
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Figure 8: Adaptive controller parameters experiment when the tension and velocity mutation. (a) Tension mutation, parameters unchanged;
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knowledge of the density, thickness, and other information
of the winding material is required. Moreover, the observed
inertia is used to adjust the parameters of speed controllers
online, which enables the tension control system to still
maintain good dynamic performance even if the inertia
changes dramatically. Experimental results demonstrate the
feasibility of the program.The tension sensor is replaced by a
tension observer in this paper, which reduces the cost, solves
the problems that tension sensor cannot be ins f matalled in
some special occasions, and avoids the quality degradation
caused by the delay of sensors. In addition, the structure of
the method is simple and easy to implement. Therefore, the
proposed method proves to be of practical value in industrial
applications.
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