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The authors participated in the modernization of the automatic strip thickness control system of OJSC
“Magnitogorsk Iron and Steel Works” 2000 hot rolling mill (OJSC “MMK?). The article offers a brief descrip-
tion of the implemented automatic strip thickness control system developed on the basis of hydraulic screw-
down mechanisms. Industrial trials found significant thickness deviation of up to 10% in the strip head section.
As a result the length of strip head section with thickness deviation can achieve 40—50 m after the last finishing
rolling stand of the mill. The authors offer a new way of strip head thickness control by means of roll gap in-
crease before the strip grip and its further decrease to the required gauge by hydraulic screwdown adjustment
during rolling. They also studied the algorithm of roll gap control and factors influencing its adjustment. The re-
search group developed mathematical model of the electromechanical system “stand electric drive — hydraulic
screwdown mechanism” taking into account the interrelation of their drives through the rolled metal. The ma-
thematical model of the stand electric drive is developed in the system of two-region speed control. The hydrau-
lic screwdown mechanism can be described by linearized differential equations of fluid flow rate, servo valve
for small coordinate increment and forces relationship in the rolling stand. The model consists of a system of
differential equations describing the rolled strip as a control object and mathematical description of automatic
screwdown mechanism control. The validity of the developed mathematical model was also proved. The au-
thors studied dynamic modes for various parameters of roll gap control and determined the optimum control pa-
rameters providing the minimum thickness deviation of the strip head section. The results of the first strips roll-
ing proved that the developed method is quite effective and can be recommended for advanced automatic strip

thickness control.
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The revamping of the automatic process control
system of the finishing train of OJSC “MMK” 2000 hot
rolling mill included modernization of the automatic strip
thickness control system [1-3]. The new system is based
on the multiprocessor digital controller. Controller en-
hancement made it possible to develop the advanced
digital algorithms of strip thickness control. In order to
study the accuracy of strip thickness control and to esti-
mate dynamic parameters of electric drives at the stages
of feasibility study and project implementation, it was
necessary to develop the dynamic mathematical model of
the electromechanical system “stand electric drive — hy-
draulic screwdown mechanism” taking into account their
interrelation through the rolled metal [4-7].

The complex of the automatic strip thickness
control system of the finishing train of 2000 hot roll-
ing mill consists of hydraulic screwdown mechanisms,
Davy McKee automatic strip thickness control system,
work roll bending (system) of rolling stands Nel10-13
[8-9]. Hydraulic screwdown mechanisms are the main
final control actuating link for final thickness control.
Electromechanic adjusting screws are applied only for
roll gap adjustment during the mill reconstruction. The
main adjuster of the automatic strip thickness control
system was designed on the principle of indirect
thickness measuring in the rolling stand. Exit thick-

ness gauge adjustment is used as the main control me-
thod [10-11].

Pilot research carried out on the rolling mill [4,
12] showed significant thickness deviations of the
strip head section up to 5-10 % while the standard
tolerances are £3,5 %. The rolling time of the uneven
section of the strip is 10-20 s, corresponding to 40—80
m of the strip length on the mill exit. This kind of
thickness deviation is characteristic for all the product
range of the 2000 rolling mill irrespective of the strip
thickness. The analysis of the operating schedule
showed that the thickness deviation of the strip head
section results from its higher temperature and this
deviation along the strip length is mainly characteris-
tic for thin strip rolling.

The research group offers a new way of strip
head thickness control by means of roll gap increase
before the strip grip and its further decrease to the
required gauge by hydraulic screwdown adjustment
during rolling [13—18]. Thickness adjustment is car-
ried out according to the diagram given in fig. 1.

The following parameters are depicted in fig. 1:
S, — additional correction value; At — time of constant
correction value; Az, — time of correction decrease to
zero. Colour background shows logic signal of metal
presence in the stand.
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Fig. 1. Diagram of thickness adjustment
of strip head section

In order to adjust the parameters of roll gap
change of the rolling mill, the authors carried out a
number of experiments where they studied rolling of
strips with different correction parameters in each
stand [9, 13, 15]. The parameters were selected empir-
ically and input to the controller of the automatic
process control system. Oscillograph records of strip
thickness obtained at different rolling parameters are
given in fig. 2.

The first strip (fig. 2, a) was rolled without any
additional thickness adjustment of the strip head sec-
tion. Higher temperature of the strip head section re-
sults in — 2,9 % strip thickness deviation. During roll-
ing the temperature of the strip head decreases and
consequently the strip thickness increases on the stand
exit even though the roll gap does not change. Thick-
ness deviation along the length of the strip head sec-
tion is 5,6%. In the process of the following strips
rolling (fig. 2, b — e) the authors applied method of
automatic strip thickness control for the strip head
section. Additional correction values (S.), time of con-
stant correction value (At,) and time of correction de-
crease to zero (Af,) were adjusted in accordance with
the values given in fig. 2.

The analysis of findings allowed the authors to
make a conclusion that the thickness deviation of the
strip head section depends directly on the temperature
of the processed strip, initial settings of the roll gap
and the value of additional correction S,.

Changing the value of S, one can obtain favoura-
ble settings for a well defined range of processed
strips thus the problem of initial thickness deviation of
the strip head section is substantially solved (fig. 2, c).
To eliminate the above mentioned thickness deviation
along the length of the strip head section due to the
temperature difference it is necessary to select the
optimal time of constant correction value (Af)) and
time of correction decrease to zero (At,).

The experiments prove that it is necessary to
study rolling processes with different parameters of
the strip head section adjustment. Such trials at an
operating plant are fraught with emergency stops of
the rolling mill. So the authors believe it is necessary
to develop the dynamic mathematical model of the
system “stand electric drive — hydraulic screwdown
mechanism” taking into account their interrelation
through the rolled metal. The model structure should
include mathematical description of the automatic
strip thickness control system algorithms and the sys-

tem of two-region speed control of the main electric
drive [19-21].

The mathematical model of a stand electric drive
can be described by the system of equations including
equations of the anchor chain and equations taking
into account changes of the motor magnetic flux:

Kic.i .
Ey; —m"c.w
Edi =E+Req.ili(Teq.ip+l);
M, =k ;
E, =kd,0;
M; =M ; =Js ;po;
U. .= kt.ex.i .
ex.1 TH ex1p+l cex.1?
Iexiz 1+Tkip Ueri;
‘ Rex.i[1+(Tex.i+Tki)p] B
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where k. and T, are the amplification factor and the

response time of the thyristor converter;

u,. is the gate voltage of the thyristor converter;

R., and T, are the active resistance equivalent
and the response time equivalent of the anchor chain;

M and M; are the motor torque and static resis-
tance;

Js is the total mass moment of inertia of the roll-
ing stand drive;

U. .. and U,, are the gate voltage and output vol-
tage of the thyristor actuator;

R,, is the active resistance of the excitation cir-
cuit;

T,. and T} are the response time of the excitation
circuit and the eddy current circuit;

p =% is the time differentiation operator (Lap-

lace operator).

The hydraulic screwdown mechanism as a con-
trol object can be described by three linearized diffe-
rential equations [22].

1. Equation of fluid flow rate in the hydraulic
screwdown mechanism for small coordinate increment:

ds V.. dP
=S P-t»+ p.t. h.c. +rP,
Q h.c. dt E dt 'y e,

where Q is the flow rate of the fluid incoming to the
head end of the hydraulic cylinder;

S, is the position of the hydraulic cylinder pis-
ton;

Sh.. 1s the area of the hydraulic cylinder piston;

V,. is the piston displacement in the initial posi-
tion;

E is the volumetric modulus of elasticity of the
hydraulic fluid,

P, is the pressure in the head end;

r is the leakage factor provided the flow rate due
to leakage is proportional to the pressure in the head
end.
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2. Equation describing forces relationship in the
rolling stand:
2
Ph.c.Sh.c. = P+md—S;t'+b%
dt dt
where P is the total rolling pressure;

m is the weight of mechanical parts of the rolling
stand moving with the hydraulic cylinder as well as
the weight of the fluid in the pipe line from the battery
to the hydraulic cylinder modified to the piston area;

b is the viscous friction factor determining the
friction magnitude proportional to the displacement
rate of the hydraulic screwdown mechanism and aris-
ing in the points of contact between the roll carriages
and the bed shear of the rolling stand as well as be-
tween the hydraulic cylinder walls and the piston.

3. Linearized equation of the servo valve for
small coordinate increment:

>

do
Ts.v. E + Q = ks.v.us.v. - kf.c.
where T, is the response time of the servo valve;

u g, 1s the control voltage (voltage on the input of
the amplifier determining the control current in the
electromagnetic coil of the servo valve);
kg, = ddQ is the flow rate factor of the servo

u

Pa

S.v
valve constant almost in any voltage variation range;

ki, =(§j is the rigidity rate of the servo
mJo

valve flow characteristic when the initial pressure in

the head end is P,.

The position control system of the hydraulic
screwdown mechanism is equipped with a proportion-
al action regulator. The hydraulic screwdown me-
chanisms are controlled by means of the automatic
strip thickness control system developed on the prin-
ciple of indirect thickness control on the basis of Go-
lovin-Sims equation:

Hiy=diy+ fis >
i+1

where d;;; is the value of roll gap;

P, is metal pressure on the rolls;

K1 is the modulus of rigidity of the rolling
stand.

The processed strip as a control object can be de-
scribed by the following equations [23]:
+V,. ) +00

sti

E .
0, =—LVy -V,
pL
Vi=V,;(1+ 8 ; +K;; 6,);

) H.
_ +1 .
Vi =V i L+ 8g 14y + K 141 07) ]_} ;

1

2

2n .
Vii= 'TI(’% sin 2f;

is the specific tension of rolled metal in

the i-th interstand space;

E, is the elastic modulus of rolled metal;

Vg i 1s the strip delivery speed from the previous
rolling stand of the i-th interstand space;

where o,

Vs i+1 1s the strip entrance speed into the succes-
sive rolling stand of the i-th interstand space;

oy ; 1is the initial value of specific tension of
rolled metal in the i-th interstand space;

V. i V. i+ are linear speeds of roll rotation of the
i-th and (i+1)-th rolling stand respectively;

K,; 18 the interaction factor between the values of
forward creep and front specific tension for the i-th
rolling stand;

Ky i+; 1S the interaction factor between the values
of forward creep and back specific tension for the
(i+1)-th rolling stand;

Soi, Spir; are the values of forward creep for the
i-th and the (i+1)-th rolling stands respectively;

H;, H;,; is the thickness of rolled metal at the
outlet of the i-th and the (i+/)- th rolling stand re-
spectively;

¥, ;s the linear speed of the roll movement of the
i-th looper.

Dresden formula is used to calculate the forward
creep during rolling in the stand rolls, it can be ex-
pressed as:

2
s _1£Hi 1}[1 | [H-Hy, B(cml—c,-)J
0l = 7 T H T + :
W Hy )\ w\ 20, 2R

The equation offered by academician A.l. Tseli-
kov can be used to calculate metal pressure on rolls
[23]:

i
p BXH | (X (X ) 1|
20 o X X; ?;

H, i
H, | +H,
X;=1156,;-0;;

Oy .1, Oy; are yield points of metal strip before and
after reduction in the stand;

; is the friction factor between the working face
of rolls and rolled metal;

m; = 2k factor.

H, | +H,;

As a result of mathematical description of the
electromechanical system “stand electric drive — hy-
draulic screwdown mechanism” the research group
developed a structural diagram given in fig. 3.

The validity of the developed mathematical mod-
el was proved by comparison of transient processes of
the main electric drive coordinates in the mode of roll
gap decrease on the strip obtained by modeling and by
oscillographic testing on the mill. Percentage error of
the compared figures in the representative points does
not exceed 7 %, which is quite acceptable for complex
system modeling.

The developed mathematical model was used to
study the main dynamic modes of electromechanical
systems of seven rolling mills of the finishing train
of 2000 rolling mill for measuring of the following
parameters:

— additional correction value on the strip head
section S,;

— time of constant correction value At;;

— time of correction decrease to zero At,.

where ¢, = Xy =L150g,,-0,,,
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Fig. 3. Structural diagram of the mathematical model “stand electric drive — hydraulic screwdown mechanism”
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Real variables of various strips were used as
source data.

Calculated curves of thickness change AH; with
the change of roll gap (time Az,) are given in fig. 4 as
an example.

Simulation data made it possible to determine the
optimal control parameters on the strip head section
(assumption 4 fig. 4) providing the least strip thick-
ness deviation AH=0,6 %. Besides, the analysis of
fig. 4 shows that selection of wrong adjustment para-
meters on the strip head section may result in thick-
ness deviation (curve 6 fig. 4) comparable with devia-
tions that would result if no adjustments were made
(curve 1 fig. 4).

The results of investigations on the basis of the
mathematical model allowed the authors to determine
the control parameters of the roll gap providing the
least thickness deviation of the strip head section. The
varia bles for stands Ne 7-10 are given in the table 1.
The minimum thickness deviation is less than 1 %
(tolerances 13,5 %).

The result of rolling of the first strips in the roll-
ing mill proved that the selected parameters of roll gap
adjustment can be considered optimum ones and can
be recommended for advanced automatic strip thick-
ness control of the mill [24-25]. Implementation of
thickness control algorithm with the calculated opti-
mum parameters of roll gap adjustment results in re-

duction of thickness deviation.
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- : -
2F i .
|
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Fig. 4. Results of thickness deviation modeling for strip head section
Table 1
Correction parameters thickness of the cerebral part of the band
Stand The tthkn?SS/ >2 mm 2—4 mm 4-8 mm 8—12 mm > 12 mm
the correction
S., mm 0,6 0,5 0,9 0,75 0,4
No7 Aty, s 4 5 4 9 7
Aty, s 6 3 5 8 8
S., mm 0,4 0,4 0,7 0,5 0,3
Ne8 Aty, s 3 4 3 9 7
Aty, s 6 5 5 8 8
S., mm 0,2 0,4 0,5 0,3 0,3
Ne9 Aty, s 2 4 2,5 9 7
Aty, s 6 5 5 8 8
S., mm 0,15 0,2 0,3 0,2 0,3
NelO Aty, s 1 3 4 9 6
Aty, s 6 5 5 8 8
S., mm 0,1 0,1 0,2 0,1 0,2
Nell Aty, s 2 3 4 9 6
Aty, s 5 5 5 8 9
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Conclusions

1. The authors proved that it is necessary to study
the rolling process with various control parameters of
the strip head section and this study should be carried
out using mathematical simulation methods.

2. The developed dynamic mathematical model of
the system “stand electric drive — hydraulic screwdown
mechanism” makes it possible to apply the suggested
method of thickness control for the strip head section.

3. As a result of the research work the authors de-
termined the optimum roll gap control parameters for the
strip head section rolling and proved that these parame-
ters provided the minimum thickness deviation.

4. The dynamic mathematical model can be used
to analyze dynamic modes and to set the rolling stand
automatic electric drives as well as hydraulic screw-
down mechanisms thus contributing to improvement
of final product quality of wide strip rolling mills.
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3neKTpomexaHquCKMe Cuctembl

YOK 621.313.2

WCCNEQOBAHUE CUCTEMbl ABTOMATUYECKOW KOPPEKLIMU
TOJILWKHBI NONOCbLI HA LULMPOKOIMOJIOCHOM CTAHE NOPAYEN
NMPOKATKU

B.P. XpamwuH, A.C. KapaHOaee, A.A. PaduoHos, P.P. XpamwuH

Brimonnena mMozaepHuM3anusi cucteMbl aBromMaruueckoro perynupoBanust tonuuHbl (CAPT) crana 2000
OAO «Marnutoropckuii Meramryprudeckuii komounat» (OAO «MMKy). JlaHo xpaTkoe onucaHie BHEAPEHHON
CAPT, BbInonHeHHOU Ha 0a3e rHIpaBIndecKuX HaXUMHBIX ycrpoiict (HY). IIpoBeneHHbIC SKCIIEpHMEHTAIBHBIE
HCCIIeIOBAHMS BBIIBIJIN HEJOIyCTHMbIC OTKIIOHEHHS TOJIIMHBI HAa TOJOBHOM YYacTKe IOJIOCHI, JOCTUTAIOIINe
10 % B cTOpOHY yMEHBIICHHS. DTO NPHBOIUT K BOZHUKHOBEHHIO PA3HOTOJIIMHHOTO FOJIOBHOTO YYaCTKA ITOJOCH
qmHOH 40-50 M Ha BBIXOzE cTaHa. [IpeiokeH criocod KOPPEeKIUH TOIIMHEI TOJIOBHOTO YJacTKa, OCYIECTBIIIe-
MBI 32 cUeT pa3BelleHUs BAJIKOB KJIETEH Iepes 3aXBaTOM IOJIOCHI U MOCIEIYIOIIEro UX CBEJCHUS A0 3aaHHOIO
TMIOJIO’KEHUS 3a CueT nepeMerneHus ruapasandeckux HY Bo Bpems mpokatku. PaccMoTpeH anropuT™ U3MeHEHHs
MEXBaJIKOBOT0 3a30pa. OO0CHOBaHA HEOOXOANMOCTH ONTUMAIIBHON HACTPOHKN BPEMEHH YIepKaHHUs MaKCHMAlb-
HOTO pa3BeJCHHs BAJIKOB M BPEMEHH yMEHBIICHHS KOPPEKIHH 10 Hyis. Pa3spaboraHa mareMaTmdeckas MOJETb
CHCTEMBI (QJIEKTPOIPHBOL KJIETH — THAPABIMIESCKHI IPUBOJ HAKUMHBIX YCTPOHUCTBY C YIETOM B3aMMOCBSI3U Ha-
3BaHHBIX NPUBOJOB Yepe3 MPOKAThIBaEMblii MeTa/ul. MaTremMaTiyeckasl MoJelb 3IEeKTPOIPHBO/IA KJIETH TIOCTPOEHA
B CHUCTEME JBYX30HHOI'O peryiaMpoBaHHsi cKopocTH. I'mapaBmuueckue HY onmchIBaroTCsl JIMHEapH30BaHHBIMU
T epeHIMaTbHBIMU YPaBHEHHSAMH PacXofa >KUIAKOCTH, CEpPBOKIIANAHA Ul MAJBIX NPUPAIIEHUH KOOPIHHAT U
COOTHOIICHNS YCHIIMI B TPOKATHOH KiIeTH. Mojiens BKIIOYaeT cucTeMy quddepeHIMaTbHbIX YPAaBHEHHH, OIHICHI-
BAFOIINX IPOKATHIBAEMYIO TIOJIOCY Kak OOBEKT yIPaBIICHHS, a TAKKE MATeMaTHIECKOE ONMCAHHE CHCTEMbBI aBTOMATH-
4yeckoro perynupoBaHus nojoxenus HY. JlaHo moaTBepikieHue aaeKkBaTHOCTH pa3pabOTaHHON MOJETH HCClerye-
MOMY OOBEKTy. BBINOJHEHO HCCleZIOBaHHE JMHAMUYECKHX PEXHMMOB NPH M3MEHEHHUSX MapaMeTPOB KOPPEKLIMH
MEXBAJIKOBOrO 3a3opa. OmnpezeneHbl ONTHMalIbHBIE MapamMeTpbl KOPPEKLHH, NMPU KOTOPBIX OOECreYnBaeTcsl Hau-
MEHbIIIee OTKIIOHEHHE TOJIIMHEI TOJIOBHOTO yJacTKa. [IpokaTka Ha CTaHe ITEpBBIX MApTHIl IOJIOC TOATBEPAIIIA -
(heKTUBHOCTB Pa3pabOTaHHOTO CIIOCO0A KOMITCHCAIINY Pa3HOTOIIIHHOCTH FOJIOBHOTO yJacTKa.

Kniouesvie cnoea: cman copsueti npokamxu, mONWUHA NONOCHL, OMKIOHEHUS, CUCMEMA De2yiupo6aHus,
Mamemamu4ecKkas Mooeb, UCCIe008aHUe, IKCHEPUMEH.
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