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CONTROL SYSTEM FOR UNCOILER
WITH INDUCTION MOTOR DRIVE

BocuMitaA MROZEK*

The paper presents results of an investigation into the control systems
of uncoiler drives in the environment of a rolling mill at metallurgical
plant. Variable diameter and variable inertia of coil and demand of
stable stretch are important features of this machine. Control system
of an uncoiler working without the need of a stretch sensor is presen-
ted. The current source inverter and AC motor are controlled by a
digital system with field orientation. The variation of linear speed of
sheet (if needed) and stable stretch are assured. Compensation of dy-
namical torque and static looses of the uncoiler is shown. The author
does not know any uncoiler in exploitation with an AC motor drive.
The presented system has not been implemented yet. Its verification
was tested using a microcomputer simulation using Pascal language
(Turbo Pascal v. 5.5). The simulation results (steady state values and
transient plots) for start, steady state and brake of the AC drive sy-
stem are presented.The simulation has proved that modern drive may
replace the old DC system. The replacement will give better reliability
and trouble free service thanks to the rugged AC motor and powerful
electronics.

1. Introduction

Coilers and uncoilers of rolled metal strip and wire are examples of variable
inertia machines in metallurgical industry. There are also many variable
inertia machines applied e.g. in a paper and textile industry. The medium
and small power DC motors are often used in the drive systems of such
machines. Here, an induction motor with a current inverter was chosen as
being much more rugged and reliable in industrial environments than a DC.
The author does not know of any paper (or other information) describing
an AC motor application in uncoiler drive.

The correct operation of the uncoiler should be assured not only during
normal conditions of stable operation but also during the start or in the
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condition of the end of the sheet. The most important result is a stable and
desired stretch force value without the need of very inconvenient stretch
force sensors.

2. The Control Strategy

The stable and constant value of the stretch force and the desired value of
linear velocity of the strip are the main conditions of the correct uncoiler
operation. This condition yields (see Elisiejev, 1983) a constant value of the
drive power P, = Tv/1.

2.1. Field Orientation Control of Current Source Inverter (CSI)

A high performance CSI controller was described by Kaimoto and others
(1982). The stator current is controlled as a vector quantity using compo-
nents along two axes of a general reference frame d-q, rotating with syn-
chronous velocity w, (Fig. 1).

The position of this axis is arbitrary, but induction motor equations are
simpler when d-axis of the frame is locked on the rotor flux vector ¥,. Thus

Yar = Ve, g =0 (1)

The stator current is apportioned into two components 74, and iz, where
i4s (magnetizing current) provides the rotor flux, and i;s component (to-
~ rque current, in quadrature with 4,,) produces the torque. This relation is
described by equations (2) and (3) and shown in Figure 1.

igs = 153€086 (2)
, tgs = igsind. (3)
In steady state § remains constant, therefore ¢4, and ¢;; become DC quanti-
ties. By separation of the stator current in two components ¢4, and i4,, flux
and torque can be controlled independently similar to the DC motor torque
Mg which can be represented by

M
T, ,
When the rotor flux ¥, is maintained constant, torque M,; is proportional
to igs. Then this torque can be easily controlled by changing i4,. The g5 can
be controlled by adjusting the magnitude of the stator current ¢, and the

M. Pb‘I’riqs (4)
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angle é§ between the stator current and rotor flux. The rotor flux ¥, can be
held constant if 745 is held constant. But to take full advantage of the field
orientation method, some problems must be solved as precise observation of
the flux vector or that related to the control of the current vector positioned
on CSI. These problems are discussed by Kaimoto (1982), Leonhard (1985),
Biswas (1988) and Mrozek (1988).

stator axis

Fig. 1 Vector diagram for field orientation control

The steady state rotor equations of the induction motor have the following
form

T . Tr
0 = '—ET:M'Lds‘i"I_-J:ip‘rv (5)
0 = -—Z—:Miqs+w¢»,. (6)

The slip frequency formula needed to maintain.the field orientation of the
reference frame, is derived from equation (6)

T M g :
Lr \IIT, (7)

W =

then (5) yields
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U, = Mig, (8)
The above equations show that electromagnetic torque M,; and slip w de-
pend linearly on stator current component 44, only if rotor flux magnitude
V.. is constant.
2.2. Control Strategy of the Uncoiler AC Drive System
Constant value of mechanical power is desired for correct operation of an
uncoiler (Elisiejev, 1983)

P, = Myw, = Tv = const. 9)

Linear velocity‘ of metal strip is equal

Dw,
v = —2-; (10)

Substituting (10) into equation (9), the electrical torque is described by

D
e =T—
| Mg %, (11)
Comparing equations (11) and (4), the stretch force (its value should be
constant) can be determined from

T = 3ippb\1’r’ll;z% = const (12)
which yields another condition
k1Y, =T = const %’; = const (13)

The uncoiler control strategy is based on the above formulas and may be
expressed as:

o Absolute value of rotor flux should be stabilized and proportional to
desired value of stretch force and equal T = k1 ¥, = const.

o The i,, component of stator current should be inversely proportional
with instantaneous radius of open lap coil to satisfy formula i, /D =
const
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The electrical torque should also be proportional with instantaneous radius
of open lap coil and equal

3 M
Mg = _pb"'r( k3)2D' (14)
2 L,

This guarantees constant value of the uncoiler shaft power. The uncoiler
performance requirements pah be satisfied when the electrical torque of the
motor is controlled by variation of slip frequency w. The constant value of
rotor flux (¥, = const) is assumed. This rule is derived from

3 w
My(t) = §Pb‘1‘37—- (15)

2
As the slip value w should be proportional with instantaneous radius of open
lap coil, the motor slip transient may extend its nominal values. This will
decrease motor efficiency. The conclusion is that the range of open lap coil
diameter variation Dpjax/Dmin is determined by compromise between the
decrease of motor efficiency and the redimensioning of motor power. Stretch
force may be controlled by the rotor flux value. Taking into account flux
saturation phenomena, the maximal stretch force is related with nominal

value of rotor flux Tyax = k1¥,n, and minimal stretch with the lowest flux
value.

2.3. Compensation of Dynamical Torque and Static Losses

In industry applications, uncoiler stretch force measurement problems still
do not have a satisfactory solution to the cause of metal strip vibrations, so
indirect methods of stretch control are used. This paper proposes stretch
control using stabilization of the rotor flux. The presented method needs
compensation of dynamical torque during metal strip acceleration or brake
and compensation of static losses in driving gear. Formula (4) shows signals
one can use for compensation. There are:

e flux controller input

o reference value of stator current component i,

Component iy, of stator current signal was chosen for compensation. Chan-
ging flux value influence also drive velocity and drive torque.
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2.3.1. Compensation of Dynamical Torque
Dynamical component of the shaft torque is equal
dw,

dt

The moment of inertia of the uncoiler is not constant, as the open lap coil
diameter D decreases during operation

My=J

(16)

T
3242
Assuming that coil diameter variation during start and brake of uncoiler is
relatively small (42 = 0) and substituting (10) into (16) one sees

J=J, +ple—=(D* - d3) 7 (17)

21y dv
My=1J D (18)

Signal 44,4 used for dynamical compensation during acceleration and brake
of drive is derived from electrodynamical torque formula

3 M_ .
Meld = pr("l:\pr)zqsd (19)
where, comparing the last three equations one sees
2 L T 2ipdv
bgsd = =———[J, I(D* - d4)]| =2 2

2.3.2. Compensation of Static Losses

Static losses are dependent on several parameters, the most important are
those proportional to motor angular velocity. An extra electrical torque
needed for compensation of static losses is equal My; = kyw, where k, is an
empirical value. Substituting this equation into (4), an extra component of
compensation current can be derived as

. 2 L,- kzwr
ss — 21
L& 3 pr ‘I’r ( )

Signals 44,y and 74, are added respective signals of the decoiler control
system (see Fig. 2) to obtain needed correction of static losses and dynamic
torque. Absence of compensation signals is dangerous as it may kink or
brake the metal strip. ‘
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3. Control System Structure

The structure of the proposed control of drive with current source inverter
fed induction motor is presented on Fig. 2. It is assumed, that microproces-
sors are used in the proposed structure of the control system. The measured
and feedback signals are inputs to current controller (CC), velocity control-
ler (VC), rotor flux controller (FC) and to several function blocks.

The other function blocks are described below:

GFY division block is used for decoupling of flux and rotor velocity
signals, )

GFY, block computes igzq - dynamic component of torque compensa-
tion signal (see eq. 20),

GFY, block computes iy - static component of torque compensation
signal (see eq. 21),

GF block computes reference magnitude of stator current and reference
of slip of angular velocity

i, = /(i + () (22)
rriT
= M-—. 2
Q 1.5 (23)

The signal i1 is the reference for stator current component iy, and ips is
the reference for component iz;. Error of inverter input current ip over
stator current magnitude reference i} is fed to the current controller block
(CC) which is of PI type with saturation controller and produces a rectifier
voltage command. The command is compared with the synchronization
voltages coming from a three phase AC supply to define the rectifier firing
angle. »

Rotor velocity Qr and DC current link are measured with the A/D
converter. Error of rotating speed Qg over velocity reference

. ki V
“r = T D

is fed to the speed controller block (VC) which is PI (proportional inte-
grating) controller with saturation. It must be emphasized that reference

(24)
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velocity value w? may change its value as it is inverse pfoportiona.l with coil
diameter.

The flux controller is also of PI type - with saturation. The rotor flux
signal @, is generated in observer block BO using motor phase currents and
line voltages as input. Reference of rotor flux is determined to receive the
needed value of metal strip stretch.

The value of rotor flux reference is constant, but proportional to the
desired stretch force T. The flux and speed regulators are the reference
value of the d- and g-axis components of stator current respectively.

It is assumed, that current controller (CC), velocity controller (VC)
and flux controller (FC) are digital controllers. Their parameters are com-
puted using the method of the discrete frequency characteristics using block
structures as described by (Mrozek, 1985). The signal proportional to coil
diameter is determined using the average method formula 0.5D = Vi, /w,.
The formula is computed using microprocessor software.

4. Simulation

In order to verify the control theory described in this paper a digital system
simulation program in Pascal language (Turbo Pascal v. 5.5) has been de-
veloped. The program covers the whole system as a decoiler drive with CSI
fed induction motor.

Parameters used in the simulation were derived on the basis of technical
data of the decoiler and DC motor drive working in one metallurgical plant.
This motor and decoiler data is listed in Appendix A. The actual CSI and
AC motor parameters used in the simulation program are listed in Appendix
B. The simulation program takes into account changes of moment of inertia
of the cpen lap coil, as its diameter and weight do change their value during .
uncoiler operation. A motor load torque is the function of stretch reference
and actual coil diameter.

A mathematical model of induction motor is described by a set of ordi-
nary differential equations in a general reference frame d-q, rotating with
synchronous velocity we is used. The influence of the stator and rotor slots,
hysteresis and eddy currents are neglected but the dependence of the stator
and rotor resistances on temperature is taken into account. It is assumed,
that the leakage inductances of the stator and rotor are constant. The main
inductance of the induction motor strongly depends on the nonlinearities of
magnetization curve. In the simulation model of induction motor the appro-
ximation of magnetizing curve by spline function was used. The influence of
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the magnetic saturation on the current and voltage harmonics, space fields
harmonics, and the torque ripple is not considered.

The current source inverter output is approximated by a sinusoid (first
harmonic). It is assumed, that losses of converter and inverter are small.
A total input DC power is converted to the fundamental frequency power
on output. In the model the supply system and the supplying rectifier are
replaced by an ideal voltage source. The voltage drops on the DC side are
taken into account by the appropriate increase of DC link resistance. A DC
link choke inductance is constant and large enough, so there is no current
pulsation in this DC circuit. The current control and the frequency control
of the current source inverter are quite independent. The simulation model
of the current source inverter - induction motor drive system was described
by Mrozek (1985), and (1988).

As the described microcomputer system is still under development, the
simulation program considers only its most important behaviours. The fol-
lowing simulation method of control system of decoiler with AC drive is
used. The simulation model is divided into two segments: continuous and
discrete.

The continuous part consists of differential equations which describe the
mechanical part of coiler with coil, AC motor, inverter model and sensors
of current and velocity. The equations used in this model are easy to find
in literature (Leohard, 1985) and in chapter 2. The Runge-Kutta method
of 4-th order is used for integration of that continuous model.

The discrete part of the model is used for computation of control si-
gnals as described on system block diagram (Fig. 2) in chapter 3. Current
controller (CC), flux controller (FC), velocity controller (VC) are digital PI
control blocks with saturation. The mathematical model of PI control block
with saturation and with aperiodic element is described hy the following
equation

dUli
wi = Ti— i
Fli t T2i
2 TyiJo ! * TuU1 (26)
Ui = F5U+ Fo;Ugi + F(')iU(')i (27)
where
Fii = ayjog + asiagi;  Foi = aniaei;  Foir = azi;  Fo; = asi;

a1i, A2, A3i, Q444 Os5, Gsis F14, Foi, Foi, FY; - logic fuaction, value 0 or 1
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a; =1 for Uy; >=0; az =1 for Uy <0

azi =1 for Uy > Uss asi =1 for Uy <= Uy;

asi =1 for Uy < Upy; agi=1 for Uy >=Ug;

Uwi - input voltage, U; - PI block with saturation output voltage, Ug;, U},
- saturation voltage, T; - time constant of aperiodic element, T}; - integral
constant; T5;/T}; -integral control factor.

The Euler method is used for digital integration of Uy; voltage signal.
It is assumed, that quantization time is equal 7,,=3.3 ms. This value is
the equal maximal value of time lag of the rectifier response. All algorithms
control system structures (as described in chapter 3) are prepared as a single
subroutine. The program computes control voltage values for rectiiier input
and desired frequency of inverter.

Equations 25 to 27 permit amplitude quantization during single sample
period Tp,. On the other hand simulation for a longer time is done as follows.
For the continuous part of the §lmulation model, the integration procedure
step is 10 times less than sample period Tp,. After each tenth step, the
discrete control system subroutine is called, passing actual values of control,
reference and feedback signals. New values Teceived from the subroutine
(quantization period Tpr =3.3 ms) are used as input for the next 10 steps of
integration procedure. This method gives proper a simulation of the coiler
drive system.

Simulation covers all typical modes of decoiler operation as: steady
state, start and brake. Simulation results are presented for open lap coil
diameter equal D=1.3 m and for D=1.0 m. The start operation parameters
were: initial strip linear velocity v=1.25m/s, acceleration dv,=0.2 m/s? (for
brake dv;=0.2 m/s?). The constant value of the stretch force was F=4032
N, as in decoiler technical data. .

The simulation results are presented in diagrams Fig. 3 (open lap coil
diameter D=1.0 m) and on Fig. 4 (for D=1.3 m). Maximal rotor flux
deviation (the most important drive parameter which determines uncoiler
stretch force) was only 5 %. These results show the correct response of
control system on disturbances such as variation of moment of inertia, load
torque variation and motor velocity changes. This means the proposed con-
trol system (field orientation CSI fed induction motor) performs all needed
assumptions as constant stretch value and constant linear velocity of metal
strip. Its performance is as high as that of the DC motor.
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5. Conclusions

An analysis of a possible substitution of an old DC motor with the new AC
drive system for the decoiler in metallurgical works is presented. A control
system synthesis was performed, taking into account that the rolling mill
imposes special demands on a decoiler operation as:

e large range and stabilization accuracy of stretch force control
o large ratio of maximal and minimal diameter of open lap coil

For the DC motor drive the typical parameters are as follows : stretch force
range is 1< 7; stabilization accuracy of the stretch force control is about 10-
20% (botch values for indirect method of control) and the ratio of maximal
and minimal diameter of the open lap coil Dpax/dmin = 4 if complex two
zone velocity control method is used.

In the presented system, control of stretch is achieved by stabilization
of absolute value of rotor flux. Using current source inverter fed induction
motor the ratio Dpyax/dmin > 4 can be gained without special arrangement.
If only the first zone of the AC motor is used, the ratio of maximal and
minimal fed frequency is equal to about iggi = 5 .The ratio Dyax/dmin can
be even higher than 5, if PWM modulation is used in a two zone control

system or if larger AC motor looses are permissible.

Digital simulation of the system shows that static and dynamic perfor-
mance of AC drive with CSI is as high as that of a DC motor drive. The
author believes this drive system should apply in the high accuracy systems
formerly composed for DC motors.

Symbols
open lap coil diameter D
stator current 1s
d-q components of stator current 445, %45
angle between 7, and ¥, ' é
rotor velocity %”—{ Wy
rotor flux v,
linear velocity of metal sheet v
moment of inertia J.Jo

weigh density of steel p
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width of coil 1
slip fréquency . , w
stretch force T
gear ratio ip
mutual inductance M
rotor inductance and resistance L,,7,
number of poles Do
uncoiler drum diameter . dqg
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~ Appendix A

In the following there are given the parameters of DC drive and decoiler
used for simulation purposes.
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Decoiler parameters (Variation, 1975)

metal strip velocity 75 m/min
acceleration during start 0.2 m/s?
deceleration during brake 0.25 m/s?
stretch force 4032 N
Open lap coil parameters
maximal open lap coil diameter 2m
minimal diameter 0.61 m
wide of strip 0.63+ 0.43 m
gear ratio ip =40
DC motor parameters
power 5.5 kW

rotor current and voltage Un=240V, In=29A
stator current and voltage Upn=115V, Iy=3.7A
nominal rotations ny=470 RPM
maximal rotations Nye=1570 RPM

Using respective formulas (9) and (10), one can obtain the desired range of
velocity equals 477 +- 1565 RPM and torque equals 30.7 = 100.8 Nm.

Appendiic B

In the following there are given the parameters of AC drive used for simu-
lation purposes.
Inverter parameters

input three phase voltage Upn=220/380 V

DC link choke inductance Ly=86 mH
DC link resistance Rq4=0.1 Q
commutation capacitance «Cr = 6 uF
current gain factor K, = 56.4

The desired frequency range is f = 16Hz + 52.1Hz, slip may vary from
w=0.7+23wn.

AC motor parameters

It is assumed, that the AC motor shall substitute the above DC motor.
The new drive parameters should be equal to or better than before. The
chosen AC motor is overdimensioned cause to higher harmonics looses. Its

overload capacity was verified in several working points. Its parameters are
(AC Motors, 1982).
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three phase voltage Un=220/380 V

power E 7.5 kW
number of poles py=2
synchronous rotations "~ np=1500 RPM
cos ¢ cos n=0.86
current In=26.1/15.1 A
slip snv=2.9%
resistance 1,=0.699%, r,=0.481Q
mutual inductance M=139.12 mH
inductance L,=143.06 mH, L,=145.15 mH

current
<

[ 4
i BOrx.uxI veltage
-
-

d

-

I
4
.
L I PR LTI @ AC Motor

-~

Aéwlomw reference coil diametr b
BO-:;:.[]_ ““““

Fig. 2. Structure of the control system
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Fig. 3. Simulation results for start, steady state and brake operation for
drive of metal strip decoiler with AC motor and current source inverter.
Initial open lap coil diameter D = 1 [m] (diagram noncontinuities are due
dot matrix printer). ,

a) motor velocity {rd/s] (thick line), electric torque [Nm] (solid line), load

torque [Nm] (dashed line),
b) rotor flux [Wb],
¢) stator current magnitude [A]
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Fig. 4. Simulation results for start, steady state and brake operation for
drive of metal strip decoiler with AC motor and current source inverter.
Initial open lap coil diameter D = 1.3 [m] (diagram noncontinuities are due
dot matrix printer).
a) motor velocity [rd/s] (thlck line), electric torque [Nm] (solid line), load -
torque [Nm] (dashed line),
b) rotor flux [Wb],

c) stator current magnitude [A]



