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ABSTRACT 

 

The single stand cold rolling mills are generally called as reversing mills, whereby the metal strip is 

successively wound and unwound in the form of coil as it is repeatedly passed back and forth through the one 

mill stand. Rolling Pass schedule consists of setting of control parameters at each pass depending on various 

factor like input and output thickness, width of the coil, material to be rolled, mill capability etc. Majority 

Quality related problem faced by cold rolled producers using single stand cold rolling are strip thickness 

variation and strip flatness, also they are concerned about power consumption and production rate. This 

happens because there is no standard pass schedule available which can predict these Performance parameters. 

The operator uses thumb rule to make pass schedule. There is no Theoretical model available for such complex 

cold rolling process. Experimental Model using Taguchi based Single Optimization Method can improve the 

quality and process performance of the Mill. The main objective of this paper is to show the capability of the 

Taguchi Quality loss function based multi response optimization methods in increasing productivity of cold 

rolling process while controlling the Quality and cost of Production. The proposed methodology is used to 

optimize Multi process performance namely thickness variation, strip flatness, production rate and Power 

consumption by obtaining optimal solution for control factors exit tension, entry tension, Mill speed and Roll 

bending pressure for cold rolling of low carbon steel in single stand reversible cold rolling mill. A     

orthogonal array was selected and total 27 experiments were conducted after selecting control factors and its 

levels. Interaction plot shows no interaction among the control parameters. The ANOVA carried out which 

shows the mill speed is most significant control factor. The optimal values obtained using the multi 

characteristics optimization Model using Taguchi loss function has been validated by confirmation experiment. 

 

Keywords: Optimization; Cold Rolling; Taguchi Loss Function; Uncoiler; Orthogonal Array & Signal to Noise 

Ratio. 

 

1.0 Introduction 

 

The purpose of a cold rolling mill is to 

successively reduce the thickness of the metal strip 

and/or impart the desired mechanical and micro 

structural properties[1][2]. The cold rolling of metals 

produces flat product like sheet, strip and foil with 

increase mechanical strength with close control of 

product dimensions and good surface finishes. 

Tandem type cold rolling mills used for larger scale 

production, whereby the strip undergoes a single pass 

through a train of rolling stands before being wound 

into coil form. The single stand type cold rolling mills 

are usually called as reversing mills, whereby the 

metal strip is successively wound and unwound in the 

form of coil it is repeatedly passed back and forth 

through the single mill stand. Reversing mills are 

generally used for smaller scale production of the 

cold rolled products. 

Fig 1 shows schematic representation of single 

stand 4HI Cold rolling mill configuration consists of 

two work rolls and two back up rolls. The back up 

rolls provides rigid support to to prevent work roll 

bending & flexure. There are two hydraulic Jacks 

mounted on top of the housing on either side which 

provide rolling force of backup roll housing and 

adjust roll gap. The strip coil fed to mill via tension 

reel on either side of mill stand. As the strip exists the 
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mill stand it wound tight on tension reel on other side 

which is and expanding mandrel that maintain 

contant tension during rolling process while reel on 

entry side maintain back tension during rolling. 

It is not just with buildings, several 

technologies are also now being inspired from 

biological inspirations. Several bioninc inspired heat 

exchangers are also being developed that inspires the 

flow of blood of blood through arteries and veins [9] 

and such systems are found to be more efficient than 

conventional systems. 

Rolling pass schedule is the basis in the cold 

rolling process. It determines the stand reductions, 

rolling speeds, roll bending pressure and entry / exit 

tensions of a specified product for reversible cold 

rolling process mill system. 

 

Fig 1: Schematic Representation of Single Stand 4 

Hi Reversing Cold Rolling Mil 

 

 
 

Pass schedule consists of setting of control 

parameters at each pass depending on various factor 

like input output thickness, width of the coil, material 

to be rolled, mill capability etc. 

A case study was carried out on 4 Hi single 

stand cold rolling Mill at JSW steel coated Product 

limited Nagpur India carried out. Where rolling pass 

schedule is prepared by experience mill operator 

using thumb rule. As per feedback from the quality 

and production team finished cold rolled product is 

having numerous quality issues. Some of the 

productivity related issues reported are thickness 

variation and strip flatness. This happens because 

there no standard pass schedule available which can 

predict these quality parameters. As per production 

team cold rolling mill is fully loaded with production 

schedule and hence not available for doing exhaustive 

exercise of permutation and combination by changing 

of setting parameters for optimizing pass schedule. At 

the same time Production Manager is also concerned 

about power saving and enhance production to reduce 

the production cost so as to increase revenues. 

If the optimal values of setting parameters for 

pass schedule are available to the mill operator, 

performance of the mill can be improved and loss due 

to diversion of coil can be reduced substantially. 

Literature review [4] in this area reveals that, no 

theoretical model is available to arrive at the optimum 

setting of the single stand cold rolling Mill, satisfying 

multiple objectives to get desired mill performance. It 

is necessary to arrive at the optimum setting by 

planning and executing extensive experimentation. 

The Taguchi Approach for determining optimal 

settings of rolling process parameters through 

experiments focuses on product of single 

characteristic thickness variation [5].  

These Optimal process parameters setting are 

not optimal setting for other mill performance 

characteristic. In solving many engineering problems 

on optimization, it is necessary to consider the 

application of Multi Response optimization, because 

the performance of Product is often evaluated by 

several characteristics / response. Antony [6] has 

suggested a multi-objective optimization technique 

using Taguchi quality loss function to simultaneously 

optimize the multiple quality characteristics in 

manufacturing processes. 

The present case study is an attempt to 

experimentally optimize the setting parameters of 

pass schedule in second pass. The main objective of 

this paper is to show the capability of the Taguchi 

Quality loss function based multi response 

optimization methods in increasing productivity 

while controlling the Quality and cost of Production. 

 

2.0 Experimentation 

 
A series of Experiments were conducted in 

4HI cold rolling Mill at JSW Steel coated Product, 

Kalmeshwar Nagpur, India on low carbon steel as a 

case study. Table 1 shows the material data for input 

material and output desired depend on input and 

output data a roll pass schedule prepared. The basic 

procedure for the scheduling of cold rolling mills is 
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usually based on past experience, on trials or on rules 

of thumb [3].  

Table 2 shows the typical pass schedule. Our 

experimentation was done for optimization rolling 

parameters for 2
nd

 pass. 

 

Table 1: Material Data 

 

 
 

The control factors and their levels were 

decided for conducting the experiment, based on a 

“brain storming session” and by Fishbone diagram of 

cause and effect study that was held with a group of 

people and also considering the guide lines given in 

the operator’s manual provided by the manufacturer 

of the rolling mill.  

The input and fixed parameters used in the 

present study is shown in Table 3. 

The control factor(Rolling parameters) 

identified are exit tension (TEXT), entry 

tension(TENT), Mill speed(MS) and Roll bending 

pressure(BP) to investigate their effects on the mill 

performance thickness variation (THKV), strip 

flatness (FLT), production rate (PR) and Power 

consumption(PC). 

 

Table 2: Typical Pass Schedule 

 

 

 

 

 

Table 3: Control Factors and Fixed Factors 

 

 
 

2.1 Levels of parameters 

As per the experience and brain storming of 

welding operators in the industry, range for each 

variable (control factor) is decided. Then as per [4, 5], 

four levels are identified for each control factors as 

shown in Table 4. 

 

Table 4 Factors and There Levels in Design of 

Experiment 

 

 
 

2.2 Selection of orthogonal array (OA) 

Selection of the orthogonal array is based on 

the calculation of the total degree of freedom of all 

the factors. Orthogonal arrays are special matrix in 

which entries are at various levels of input 

parameters, and each row represents individual 

treatment condition [8, 9]. 

In orthogonal array, for any pair of column all 

combinations for each factor level occur and they 

occur in equal number of times (this is called 

balancing property).  

 Degree of freedom related to a process can 

be calculated as [9]: 
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dof = (number of levels - 1) for each factor + 

(number of levels - 1) (number of levels - 1) for each 

interaction + 1.  

In present case of four parameters at three 

different levels assuming three interaction between 

factors the degree of freedom is calculated as: 

Dof= ( 3 -1) x 4 + (3 – 1) x 2 x 3 + 1 = 21. 

Based on these values and the required 

minimum number of experiments to be conducted is 

21, the nearest O.A. fulfilling this condition is L27 

(3
7
).Therefore, Number of trials =27. The orthogonal 

arrays with actual values of input parameters are 

shown in Table 3. 

 

Table 5: Orthogonal Array (L27) with Actual 

Values 

 

 

 
 

2.3 Conduction of experiments and observations 

The work material used for the present study is 

Hot rolled coil (HR Coil) JSW Grade ST29DC low 

carbon steel (carbon 0.06 max & manganese 0.30 to 

0.35). HR coil of total standard 20 tons weight. Based 

on Taguchi L27 orthogonal array (DOE), the 

proposed research has attempted to introduce 

practical model to measure four Mill performance 

characteristics namely Thickness variation, strip 

flatness, power consumption and production rate in 

cold rolling process.  

 

Table 6: Orthogonal Array with Four Multiple 

Response 

 

 

 

One of the quality characteristics of rolled strip 

is Thickness variation, % of total rolled strip length 

under specified acceptable limit (±0.05) of the target 

thickness. Target thickness in our experiment is 1.400 

mm and allowable variation limit is 1.350 & 1.450 

mm. There are two X- Ray Gauge at Entry and exit of 

Mill stand. 

The x ray gauge before entering mill bite 

measures input gauge and Gauge after mill measures 

output Gauge. Another quality characteristic of the 

rolled strip is flatness. Flatness for the strip measured 

in I value. The I-unit is a powerful description of the 

fiber length distribution in the strip width direction. 

Flatness is measured by shape meter roll installed in 

either side of the mill. Rolling Time was recorded 



Optimization of Multiple Performance Characteristics of Cold rolling Processes Using Taguchi’s 

Quality Loss Function 
64 

 

after completion of pass weight of the coil was 

known hence production rate was calculated. 

Energy meter reading were recorded before 

start of the rolling and after completion of pass which 

provides power consumed and thus power consumed 

per ton was calculated. Table 6 gives the average 

values of all four mill performance characteristics 

recorded.  

 

2.4 Computation of quality loss for each quality 

characteristic 

In Taguchi method [10, 11], a quality loss or 

mean square deviation (MSD) function is used to 

calculate the deviation between the experimental 

value and the desired value.  

 

The MSD is different for different types of 

problems e.g.for Smaller-the-better type problem. 

MSD = (y1
2
+y2

2
+…)/n............. (1) 

and for Higher-the-better type problem 

MSD=(1/y1
2
+1/y2

2
+.)/n…………(2) 

Where, y1, y2… yn are results of the 

experiments (responses), and n is the number of 

repetitions of yi. In present case the thickness 

variation in acceptable range is higher-the-better 

(HB) type and Strip flatness I value is smaller-the-

better (SB) type.  

And power consumption is smaller-the-better 

type and Production rate is higher-the better type. The 

quality loss values for each Productivity characteristic 

against different experimental runs are given in Table 

7. 

 

Table 7: Quality Loss of Response and its Normalized Data 
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2.5 Computation of normalized quality loss for 

each quality characteristic 

Let Lij be the quality loss for the i
th

 quality 

characteristic at the j
th

 trial condition or run in the 

experimental design matrix. As each quality 

characteristic has different unit of measurements, it is 

important to normalize the quality loss [3]. The 

normalized quality loss can be computed using:  

yij = Lij / Li* …………………….… (3) 

Where, yij = Normalized quality loss value for 

i
th

 experimental run and j
th

 quality characteristic, Li* = 

maximum quality loss for the i
th

 quality characteristic 

among all the experimental runs. Therefore, yij varies 

from a minimum of zero to a maximum of 1. The 

computed normalized quality loss for Weld 

Indentation and Weld Strength is given in Table 7. 

 

2.6 Computation of total normalized quality loss 

(TNQL) 

For computing the total normalized quality 

loss (   ) corresponding to each experiment 

condition, we must assign a weighting factor for each 

quality characteristic considered in the optimization 

process. If wi represents the weighting factor for the 

i
th

 response, p is the number of response 

characteristics and     is the loss function associated 

with the i
th

 quality characteristic at the j
th

 experiment 

condition, then     can be computed using: 

     ∑      
 
    ……….(4) 

Weightage of response characteristics 

     After detailed discussion it has been 

assumed that the all the four response characteristics 

are equally important and hence equal weightage has 

been assigned. However, there is no constraint on 

weightage and it can be any value between 0 and 1 

subjected to the conditions specified. 

      =  0.25 ( Weightage for Thickness 

variation ) 

       = 0.25 ( Weightage for Flatness I value ) 

     = 0.25 ( Weightage for Power 

consumption) 

     = 0.25 ( Weightage for Production Rate ) 

In present case, p = 4 

The Total Normalized Quality Loss (TNQL) of 

each experiment has been calculated using the 

following relation: 

                     x       +     x     

+     x      ….(5) 

where: 

j – trial number, j = 1,2,…,27 

the total normalized quality loss in each experimental 

run is shown in Table7. 

 

2.7 Computation of multiple S/N ratio (MSNR) 

After the total normalized quality loss (Yj) 

corresponding to each trial condition has been 

calculated, the next step is to compute the multiple 

S/N ratio at each design point. This is given by: 

ηi = -10 log10 (Yj)                                … (6) 

The multiple S/N ratios along with total 

normalized quality losses in each trial condition are 

shown in Table 7. 

In single quality optimization using Taguchi 

methodology, steps of calculating the normalized 

quality loss and total normalized quality loss  are 

omitted, and in place of a multiple S/N ratio, separate 

S/N ratios corresponding to each quality 

characteristics is computed where the Yj are the 

quality loss values of different quality characteristics. 

Other steps are same as in multi-objective 

optimization.  

 

2.8 Determination of factor effects and optimal 

settings 

Next step is to determine the average effect of 

each factor on multiple quality characteristic at 

different levels. This is equal to, the sum of all S/N 

ratios corresponding to a factor at particular level 

divided by the number of repetition of factor level. 

The factor levels corresponding to maximum 

average effect are selected as optimum level. The 

average factor effect has been shown in Table 8 and 

response plot is shown in Figure 2. The optimum 

setting of parameters is A3 B3 C3 D1 . 

 

Fig 2: Main Effect Plot for S/N Ratio 
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Fig 3: Main Effect Plot for Mean TNQL 

 

 
 

Table 8: Response Table for S/N Ratio of TNQL 

 

 

 

Table 9 ANOVA for S/N Ratio of TNQL 

 

 
 

2.9 Analysis of variance (ANOVA) 

A better feel for the relative effect of the 

different factors can be obtained by the 

decomposition of the variance, which is commonly 

called ANOVA. It is a computational technique to 

estimate quantitatively the relative significance (F-

ratio), and also the percentage contribution (PC) of 

each factor. The sum of squares (SS) and mean sum 

of squares or variance (V) for each factor, and error 

obtained by pooling of factors C and D are computed 

first, to evaluate the F value and PC [6]. The degree 

of freedom (dof) for each factor is calculated as: 

dof = number of level – 1. 

The results of ANOVA for Multi Response 

Total Normalized Quality Loss S/N Ratio indicate 

that MS (Mill speed ) is the most significant (81.55%) 

Cold rolling parameters followed by BP (13.34%) 

and ENT and EXT and are very less significant. 

 

Fig 4: Interaction Plot for S/N Ratio TNQL 

 

 
 

Interaction plot Fig. 4 for S/N Ratio of TNQL 

shows no interaction among the control factor, hence 

the selected model for experimentation is suitable for 

prediction of data 

 

2.10 Confirmation Experiment 

Conducting a verification experiment is a 

crucial final step of a robust design. Its purpose is to 

verify that the optimum conditions suggested by the 

matrix experiment do indeed give the projected 

improvement. The confirmation experiment is 

performed by conducting a test with optimal settings 

of the factors and levels previously evaluated. The 

predicted value of multiple S/N ratio at optimum 

level (ηo) is calculated by following formula: 

ηo = ηm -


k

i 1

(ηi-ηo)                                ... (7) 
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Where, k is the no. of factors and ηm is the 

mean value of multiple S/N ratios in all experimental 

runs, ηi are the multiple S/N ratios corresponding to 

optimum factor levels. 

The predicted value of multiple S/N ratio and 

that from confirmation test are shown in Table 10. 

The improvement in multiple S/N ratio at the 

optimum level is found to be 5.01 dB. The value of 

thickness variation 80.57% , strip flatness I value 

21.08, power consumption 7.03 KWHr/Ton and 

Production rate 13.52 Tons /Hr. at this optimum level 

are 78.35 % , 21.5 , 8.23 and 29.56 against the initial 

parameter setting of 73.12,24.54,8.08 and 27.74.  

 

Table 10: Results of Confirmatory Experiment 

 

 
 

3.0 Optimization of Pass schedule 

Experiment was carried out in second pass 

only, refer table 2, similar experimentation can be 

carried out for remaining passes up to 8
th

 pass. 

Optimal setting parameters at each pass to be 

obtained. Final pass schedule can be obtained after 

optimizing all the passes.  

s 

4.0 Conclusions 

 

The conclusions drawn from above results are 

summarized as: 

1. The Taguchi’s quality loss function can be used 

to optimize the multiple performance 

characteristics. A significant increase in S/N ratio 

(5.01 dB) has been registered at optimum 

parameter setting in the present experimental 

investigation. Also, all four performance 

characteristics (Strip thickness variation, strip 

flatness, power consumption and production rate) 

have been considerably improved as compared to 

initial parameter settings of the experiment. 

2.  The optimum parameter values in the present 

operating conditions are: Exit tension = 17200 

Kg, Entry tension = 7200 Kg, Mill speed 600 = 

mpm and Bending Pressure = 40 Kg/cm2.  

3.  The percentage contribution of factors in 

increasing order is: MS (Mill speed ) is the most 

significant (81.55%) Cold rolling parameters 

followed by BP (13.34%) and ENT (and EXT 

and are very less significant. 

4.  The loss of quality is always possible during 

optimization of multiple quality characteristics at 

a time. The deviation of quality from its optimum 

value depends mainly on the weight assigned to 

it. Therefore, a careful selection of weights for 

different quality values plays a crucial role in 

multi-objective optimization. 

 

The optimal values obtained using the multi-

response optimization models have been validated by 

confirmation experiments.  
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