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Control Scheme Using Forward Slip for a Multi-stand 
Hot Strip Rolling Mill 
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Forward  slip is an impor tant  parameter often used in rol l ing-speed control models for tandem 

hot strip roll ing mills. In a hot strip mill, on - l i ne  measurement  of strip speed is inherently very 

difficult. Therefore, for the se t -up  of  the finishing mill, a forward slip model is used to calculate 

the strip speed from roll circumferential  velocity at each mill stand. Due to its complexity, most 

previous researches have used semi-empir ical  methods in determining values for the forward 

slip. Al though these investigations may be useful in process design and control,  they do not have 

a theoretical basis. In the present study, a better forward slip model has been developed, which 

provides for a better se t -up  and more precise control of  the mill. Factors such as neutral  point,  

friction coefficient, width spread, shape of  deformation zone in the roll bite are incorporated 

into the model. Implementa t ion  of the new forward slip model for the control  of  a 7-s tand hot 

strip tandem roll ing mill shows significant improvement  in roll speed set -up accuracy. 
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Nomencla ture  
Fi 

f,  

hi 
Ahi  
h~  

: Shear force between roll and strip of  the 
i th roll stand 

: Forward  slip of  the i th roll stand 

: P lane-s t ra in  forward slip of  the i th roll 

s tand 

Improved value for forward slip with 

adjustment for width variat ion 

: Exit strip thickness at the i TM roll stand 

: Draft of  the i th roll stand 

: Strip thickness at the neutral  point  of  
the i th roll stand 
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Lp :Pro jec ted  contact length between the 

roll and the strip 

Ki ~i TM roll adjustment  factor for deter- 

mining  the friction coefficient 

K* : Factor  for the i th roll stand used in the 

determinat ion of  Ki. 

Km : Mill deformation resistance 

N : Number  of coils 

Pm : Mill load 

P;  : Roll  force normal  to roll surface for the 
i th roll stand 

Pi : Roll  pressure for the i th roll stand 

R;  : Radius of  roll in the i th roll stand 

Zm : Mill  torque 

VLactual ~ Actual  strip speed (measured at steady- 
state condit ions) for the i TM roll stand 

V~.,error : Strip speed prediction error for the i th 

roll stand 

Vi, preaict: Predicted strip speed for the i th roll 

stand 



Control Scheme Using Forward Slip for a Multi-stand Hot Strip Rolling Mill 973 

Ui 
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UN, 

W i  

WN~ 

X 

/3, 
yi 

o 

~7 
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: Exit strip velocity at the i th roll stand 

: Circumferential  velocity of the i th roll 

stand 

Strip velocity at the neutral  point  of  the 
i th roll stand 

Exit strip width at the i th roll stand 

Strip width at the neutral  point  of  the i th 

roll stand 

: Horizontal  posit ion in deformation re- 

gion 

: Bite angle of the i th roll stand 

Neutral  angle of  the i TM roll stand 

; P lane-s t ra in  prediction accuracy para- 

meter for the i th roll stand 

: Angula r  posit ion in deformation region 

; Fr ict ion coefficient between the roll and 

the strip of the i th roll stand 

: Parameter  based on torque, load and 

roll radius which reflects friction condi-  

tions in plane strain 

Parameter to account for width changes 

dur ing deformation in the i th roll stand 

1. Introduction 

In a finishing mill, the roll gap and the roll 

speed for each stand must be preset in advance 

before the front end of strip reaches the entry 

side of finishing mill. Hence, the accuracy of the 

se t -up values directly influences quali ty of the 

front end of the hot strip and the subsequent  

performance of  the mill control system. A roll 

speed model is used to control the mass balance 

between adjacent mill stands. So the roll speed 

control  is responsible for at taining stability of  the 

strip velocity and accuracy of the strip thickness. 

In general, a forward slip model (Koncewicz, 

1991 ; Bakhtinov, 1988 ; Zhang,  1995 ; Lenard, 

1997 ; Lee, 2002; Zhang,  1989 ; Hum, 1996; 

Seregin, 1989) is used for the roll speed because it 

converts roll circumferential velocity into strip 

speed at each mill stand. In a tandem hot strip 

roll ing mill, forward slip is difficult to measure 

due to high temperature and the harsh environ-  

ment sur rounding  the mill. Hence, the lbrward 

slip in hot strip mill is often obtained from a 

prediction model but high accuracy is difficult to 

achieve due to many process variables. The pur- 

pose of the present study is to develop a better 

model for forward slip. 

Since, in practice, the velocity of the strip is 

calculated from the circumferential velocity of 

the roll, it is important  to have a reliable roll 

velocity model. The roll velocity model influences 

not only the thickness of the strip at the front 

and back ends but  also the thickness profile of  

the entire coil and the operat ional  stability of  

the mill. Accuracy of the roll velocity model is 

directly dependent  on the accurate prediction of 

forward slip. 

2. Basic Model  for Forward Slip 
Parameter  

A schematic of  the roll bite geometry for the 

i th roll stand is shown in Fig. 1. The relative 

slip between the strip and the roll surface is one 

of the important  factors in the control  models for 

the roll ing process. In general, forward slip (fi) 

is considered as a measure of  the relative slip 

and defined as the difference between strip veloc- 

ity (vi) and roll circumferential velocity (v °) 

divided by the roll circumferential  velocity, or 

Vi - -  V 0 
f ' - -  o (1) 

From the volume flow balance between adjacent 

mill stands, 

hi_tVi_lWi_l= hiviwi (2) 

where h:  and w; are the strip thickness and width, 

respectively, on exit from the i th stand. 

P 

Fig. 1 Schematic drawing of roll bite geometry 
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From Eq. ( I ) ,  the exit strip velocity can be 

expressed as 

Vl = V ° ( 1 + f~). (3) 

Substitution of Eq. (3) into the volume flow 
balance equation yields 

h , - lv°wi - l ( l+f i -1 )  = h i v ° w i ( l + f , ) .  (4) 

The volume balance is satisfied at any point 

within the roll bite. For  the neutral point of  the 

i th stand (defined by the subscript N,-), 

h~-i v/-1 wi-1 = h i v i w i  = h~,, vA,, w~,. (5) 

Rearrangement of Eq. (5) gives 

hN, v~, w~v, (6) 
V i =  h i w i  " 

Substitution of Eq. (3) into Eq. (6) yields 

hN, v~t WN, 
f i - -  hivOwl 1 (7) 

From the geometry, as shown in Fig. l, one can 

show that 

h u , = h , +  2R,(  l -cOO 13,) (8) 

where Ri  is the roll radius of the i th roll and ,8i is 

the neutral point angle. 

There is no slip at the neutral point. Hence, 

v~, = v°i cos ,8i (9) 

and substituting into Eq. (7), the basic equation 

for forward slip can be obtained as 

h2v~ WN~ 
f / =  h,w, coo ,si--l .  (10) 

The strip thickness at the neutral point (h~,) can 

be calculated from Eq. (8) if coo ,8i is known. 
Likewise, if the neutral angle (,8/) and strip width 

at the neutral point (w~¢,) are known, the forward 
slip can be calculated from Eq. (10). 

From a force balance in the roll bite region, as 

shown in Fig. 2, one can find 

t "  a~ t ' , e i  
]_ P i w i R i  sin O dO+ J_ PiWiJl iRi  c o s  O dO dO dO 

(11) 
-Je['P,wa-~/R/: coo 0 dO=O 

where a; is the bite angle, p; is the roll pressure 

i 
I 
I 

1 

I P~ F~ I 
I 

Fig. 2 Forces in the roll bite 

and /zi is the coefficient of friction for the i th 

stand. 

If the friction coefficient, the strip width and 

the roll pressure are constant in the roll bite 

region, then Eq. (11) can be solved (Koncewicz, 

1991; Bakhtinov, 1988) for the neutral angle. 
This gives 

s in  s in  a; ~/ . 

The bite angle (ai) can be derived from geomet- 

rical relationships (see Fig. I) as 

--COS ai) = l  ( h i - l - h i ) .  (13) R/(1 

From Eq. (lO) and assuming a constant strip 

width ( w i =  w~,) during rolling, the forward slip 

for this plane-strain condition is calculated as 

f/* = ~ / C O O  ,8i-- 1 (14) 

where, hN,=hi+2R~(1-cOO,8i ) ,  and cOO,8i = 

~ / l - - ( s in ,8 i )  2. The value for fli can be deter- 

mined from Eq. (12) if the friction coefficient is 
known. 

3. Determination of Friction 
Coeff icient  in the Forward Slip 

Equation 

To calculate forward slip from Eq. (14), the 
friction coefficient must be known. In a produc- 

tion strip rolling process, the friction coefficient 

depends on a large number of variables, which 
may vary during the operation, such as bite angle, 
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rolling speed, lubrication, strip surface condi- 

tion, etc. The selection of  a unique value for the 

friction coefficient is very difficult task. 

One possible approach to selecting a numerical 

value for the friction coefficient is as follows. 

It can be shown that the more the strip width 

expands during rolling, the forward slip becomes 

less. It was assumed in derivation of Eq. (13) that 

the strip width does not expand. It is asserted that 

sin fl~ is at a maximum value for this condition. 

Hence, as the friction coefficient approaches a 

minimum value, the value for s in  fl,., as calculated 

from Eq. (12) increases and approaches a more 

realistic value because it can compensate width 

variation during rolling. 

For  the strip to enter the roll bite, 

F~ cos a ~ > P i  s in  a~ (15) 

where F i  is the shear force due to friction at the 

interface between the roll and the strip and /9,. is 

the normal force (see Fig. 2). Rearrangement 

yields 

F ;  ~_ s in  a; (16) 
Pi COS Oli" 

From the definition of  the friction coefficient 

Fi=,uiPi, one finds 
1 

{ Ahi  ~2 lz,>tan a i ~ \  ~ 7 - ]  . (17) 

The minimum friction coefficient is the value 

satisfying the equality of Eq. (17). The minimum 

friction coefficient is 

i 
/ Ah;  \~  

,t2/,min = ~ ~ / /  ) . (18) 

The minimum friction coefficient of Eq. (18) can 

be easily used for the determination of  forward 

slip and hence for the roll-speed control model, 

but it should be refined in order to compensate 

for the characteristics of  individual mill stands. 

The refinement can be done through the use 

of mill processing data. The rolling torque is 

strongly correlated with the friction coefficient. 

Hence, a refinement based on the roll torque 
is developed to obtain more realistic value for 

the friction coefficient in the roll-speed control 
model. 

The mill load (Pro.i) for each stand can be 

obtained from the mill deformation resistance 

(Kin,i) and the projected contact length (Lpa) 

between the roll and the strip by 

P m . i  ['Lp.i r~ . 
--.]o lXm,iax (19) 

The roll torque (Tma) can be calculated as 

Tma Lp., • 
- fo (,ui Km, Mx) R~ W i  (20) 

, ffLPd 

=12~ R~Jo Km,dx 

By substituting Eq. (19) into Eq. (20), one can 

obtain 

T i n . - M R ~  Pro. (21) 
W i  W i  

From Eq. (21), a new parameter that reflects the 

frictional conditions is determined as 

T=a (22) 
IZ* -- RiPm, i" 

Instead of using the minimum friction coefficient 

of Eq. (18) in the roll-speed model, one can 

select a friction coefficient based on the operating 

parameters as 

/z~ = K~,u * . (23) 

The value of/2,.* can be obtained from Eq. (22) 

and the value of  K; can be determined from 

averaging across all the mill stands because the 

exact value for each stand is difficult to obtain in 

actual tandem mill. For  a seven-stand tandem 
mill, Ki is 

- -  , 1 7 * 

(24) 
with K ~ =  TmJ(em~R~) .=  , 

where N is the number of coils that have been 

rolled and K,.* is found by averaging over th 

e number of coils that have been rolled. There- 

fore, forward slip for the plane-strain condition 

can be obtained from Eq. (14) if the value of the 

friction coefficient from Eq. (23) is used to de- 
termine the neutral point angle in Eq. (12). 
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4. C o n s i d e r a t i o n  o f  S t r i p - w i d t h  

V a r i a t i o n  

During production rolling, plane-strain condi- 

tions are not maintained within the roll bite 

and the characteristics of  each roll are different 

from one another. Therefore, the forward slip 

value calculated under the plane-strain condition 

should be revised according to the width varia- 

tion by using operational rolling data. 

The basic forward slip model, given in Eq. 

(10), can be re-written using the parameter ~ ,  

which compensates for width variation as 

h~, 
f , = ~ -  ~ cos f l , -  1 (25) 

if  one uses a predicted friction coefficient, which 

determines the most accurate value for forward 

slip, f ,  then the most desirable situation would be 

that the predicted friction coefficient is equal to 

real friction coefficient, leading to 

f , = f ,  (26) 

From Eqs. (14), (25) and (26) one can obtain, 

f,---- ( f * +  1) ~ , - -1  (27) 

Therefore, the parameter that compensates for 

width variation can be defined as 

~i--  f i +  l (28) 
f * + l "  

Hence if the predicted friction coefficient, which 

allows calculation of the most accurate value 

for forward slip ( f ) ,  can be determined, then the 

average value of parameter a)i shown in Eq. (28) 

can be obtained at each stand, and the optimal 

forward slip can be obtained from Eq. (25). 

5. D e t e r m i n a t i o n  o f  f 

To determine the friction coefficient that pro- 
duces most accurate value for forward slip ( f ) ,  
the following procedure has been used. 

For  a plane-strain condition, the circumferen- 
tial velocity of  the i th roll can be determined from 

Eqs. (4) and (14) as 

VO, NEWl (l +fi,*N~Wl ) h7 0 _ (29) U i, N E W 1  - -  

(l + f,*~E~) h, 

which uses the exit velocity, exit thickness and 

forward slip from the last mill stand (i----7). 

The subscript ' N E W  l '  notes the calculations 

are based on the plane-strain forward slip model. 

For  the revised situation where width variation 

in the roll bite can occur, the forward slip based 

upon the refined model ( f ) ,  yields 

0 o _ vT , .~  (l + f ~ )  h7 
v i , ~  (30) 

( l +fiT.ue~) hi 

where the subscript ' N E W T  denotes the forward 

slip model after refinement ( f ) .  

To estimate the prediction accuracy of  the 

plane-strain forward slip model, the parameter 

(Vi) is defined as 

0 0 
v~', r,~c~r -- vi.mwi (31 ) 

~ t i - -  0 
V i, N E W 1  

where the target circumferential speed (viO, rARcEr) 
is the actual measured speed after strip stability 

has been achieved in the mill. Therefore, when the 

(Vi.NE~a) is the predicted circumferential speed 0 

( Vi, r~aEr), Ti same as target circumferential speed 0 

would be zero. 

For  the refined model, the following must be 

satisfied. 

o o (1 + ~',) ( 3 2 )  V i, N E W 2  = V i, N E W 1  

Eq. (32) can be expressed as  

V°,~vEvez (1 +]-~7,~vew2) 

(1 + ~ m w 2 )  (33) 
__ VO.NEWl ( 1 + f T*,NEW1 ) 

( l + y i ) .  
(1 + / 5 , ~  ) 

In the mill set-up, speed for the final (7 th) stand 

does not change significantly, Hence YO.UEWl is 
0 nearly the same as VT.~CE~. Therefore, 

f-,.,,E~ = ( l +/:.*~,E~ ) ( l +f~.NE.~) I. (34) 
( I + / 7 , % . .  ) (1 + ri) 

TO calculate f i . m ~  from Eq. (34), fT,UE~ must 
be known. 
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The value of ~7,NEW2 in the right side of Eq. 
(34) can be initially approximated by f~,*NEVa. 
Then, Eq. (34) becomes 

0.03--0.09 and shows maximum at the 3 rd and 
4 th mill stands. 

Figure 5 shows an implementation of the newly 

( 1 + f*~VEV,~ ) ( 1 + fT*,UE~ ) 
f i, NEW'2 

( ] + f ~ e W l  ) (l + 7'/) 
- -  f ~NEW1 - -  ?'i 

( I + ?'~) 

(35) 

From Eq. (35), fT , ,vE~ can be obtained as 

fr, jVEW2 = f~,*~EWX -- ?'7 (36) 
(1+77) 

By substituting Eq. (36) into Eq. (34), the final 
expression for the f ;  can be obtained as 

f i ~  f i,~vEw2 

( 1 q- f-].*,vEwa ) ( 1 + 7';) 

(37) 

6. Calculat ion  o f  Forward Slip 

Figure 3 shows the predicted friction coefficient 
at each stand from operational data. The friction 
coefficients obtained by Eq. (18) show a steeply 

decreasing trend with increasing stand number. 
On the other hand, friction coefficients obtained 
by Eq. (23) do not show a steep decrease for the 
later stands. 

Figure 4 shows the predicted forward slip at 
each stand from operational data. The forward 
slip obtained by Eq. (25) lies in the range of 

0.5 
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1• 0.3 

0.2 

E. 
0 .1  

0.0 

-.-e--- u = (~,:/ja/R) ''2 

~ ' - ~ . u  = K  - , u "  

I | I I I I I 
F1 F2 F3 F4 F5 F6 F7 
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Fig. 3 Friction coefficient at each stand 
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0.00 . . l [ 
F1 F2 1:3 F4 F5 F6 FT 

S t a n d  n u m b e r  

Fig. 4 Predicted forward slip at each stand 
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(a) Standard deviation of Vi, error 
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Fig. 5 
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S t a n d  number  

(b) Average of Vl.er~o, 

Comparison of strip speed prediction error 
(V~ . . . .  ) 
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Fig. 6 Summary of forward slip calculation 

developed model. The operational data obtained 
by existing forward slip model, designated as 
'old model', had been compared with newly 
developed model. Although not specifically ex- 
pressed in this paper, the semi-empirical old 
model had only considered reduction ratio and 
strip thickness at each stand in the calculation 
of forward slip and the prediction accuracy had 

not been so good. 
As seen in the figure, the roll speed set-up 

accuracy is significantly increased when using 

the newly developed model. In Fig. 5, the strip 
speed prediction error, Vi, error can be obtained 
by Eq. (38). 

Vi, error= Vi, actual-- Vi, prectict (38) 
Vi, predict 

where Vi, actual is the actual strip speed measured 
by pulse-generating speedmeter after strip stabili- 
ty is obtained, and Vi, preaict is the predicted strip 
speed from the forward slip obtained from Eq. 

(25). 
The newly developed forward slip model is 

schematically summarized in Fig. 6. 

7. Conclusion 

A new forward slip model based on strip 
geometry, roll diameter, neutral point, friction 
coefficient, volume fractions undergoing width 

spread, shape of deformation zone and roll tor- 
que has been developed. For the application 
of  theoretical model, a methodology to convert 
some 'difficult-to-measure' parameters from op- 
erational mill data has also been developed. Im- 
plementation of  newly developed model shows 
good improvement in roll speed set-up accuracy 
for a 7-stand hot strip finishing mill. 
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