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Abstract

This study proposes an indirect approach that estimates roll force from motor current
signals in a rolling mill. Motor current is first converted to motor torque using an induction-
motor equivalent-circuit model, then to roll torque via the gear ratio, and finally to roll
force through a torque-arm relationship. A laboratory-scale rolling mill was designed and
fabricated to experimentally validate the approach. Two torque-conversion schemes were
examined: Method A, which determines the slip of the induction motor from measured rpm
and recalculated motor parameters, and Method B, which estimates slip from measured
motor current and applies a finite element (FE)-based response surface function to calibrate
the converted torque. The converted roll torques were validated against FE analysis, and
the resulting roll forces were compared with load cell measurements under various rolling
conditions. Deviation, defined as the average difference between the FE-predicted torque
and the converted torques, ranged from —11.9% to 28.8% for Method A and —7.2% to 13.8%
for Method B. Roll force deviations from measurements ranged from —14.1% to 14.9% for
Method A and —3.7% to 14.2% for Method B. Method A provided a straightforward and
computationally light conversion route but was more sensitive to rpm-measurement noise,
whereas Method B yielded smoother temporal behavior at the cost of FE-based calibration.
The results demonstrate that both methods can reproduce the overall evolution of roll
torque and roll force using only motor-side measurements, offering a practical foundation
for real-time monitoring in rolling mills where stand-by-stand load cells are unavailable.

Keywords: induction motor; roll force estimation; torque conversion; finite element analy-
sis; rolling process

1. Introduction

Rod mills typically consist about 30 rolling stands, including 13 roughing stands and
16-18 finishing stands, sequentially arranged to reduce a 160 mm square billet to a 5.5 mm
diameter rod at elevated temperatures (950 °C and 1100 °C)—a common customer-specified
rod product size [1]. A rolling stand (or simply stand) is a functional unit consisting of
a driving motor, housing, spindle, gearbox, and a pair of grooved rolls aligned in an
upper-lower configuration.

Unlike hot strip mills, which usually consist of 2—4 roughing stands and 6-7 finishing
stands [2] and are equipped with load cells at each stand, most rod mills lack stand-by-
stand load cells for direct roll force measurement. This absence is mainly due to two
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factors. First, installing and maintaining load cells across dozens of stands results in entails
prohibitively high capital and operational costs. Second, rod rolling lines generally do not
employ automatic gauge control (AGC) systems that adjust roll gaps in real time based on
roll force feedback.

Nevertheless, roll force data in rod mill remains highly desirable. It supports opti-
mized roll pass design, including precise roll gap settings for low-temperature rolling [3];
and it enables early detection of abnormal roll wear [4] and surface defects in the rolled
material [5]. However, retrofitting load cell systems into existing rod mills is practically
infeasible due to structural complexity and unavoidable production downtime, even if cost
is disregarded. Therefore, alternative approaches for torque and roll force estimation in rod
mills are essential.

Research on indirect torque estimation in induction motors can be broadly classified
into two categories: (1) sensorless methods, which estimate torque using only terminal
quantities without additional torque or speed sensors, and (2) speed-sensor-based methods,
in which torque is calculated from slip or from speed—torque characteristics.

In the first group, Bastiaensen et al. [6] investigated the sensitivity of sensorless
algorithms to parameter errors and measurement uncertainty in air-gap-based torque
calculations, and proposed basic guidelines for evaluating sensorless torque estimation
schemes. Aarniovuori et al. [7] examined the accuracy achievable when torque is esti-
mated solely from motor terminal voltage and current, and discussed the practical limits
of such methods. More recently, Yamamoto and Hirahara [8] presented a practical estima-
tion method that incorporates stray-load loss into an equivalent-circuit model, enabling
improved torque estimation without torque or speed meters.

In the second group, Hsu et al. [9] introduced a simple slip-based torque calculation
approach in the context of induction-motor efficiency evaluation. Yamazaki et al. [10]
improved torque prediction by considering speed-dependent stray-load loss and harmonic
torque. Kawamura et al. [11] further increased accuracy by simultaneously estimating rotor
speed and stator resistance using a predictive algorithm.

These studies provide an important foundation for indirect torque estimation of
induction motors. However, they primarily address general drive applications and do not
explicitly consider torque or roll-force estimation under rolling-mill operating conditions.
This limitation motivates the present work, in which we develop and validate a current- and
rpm-based torque-conversion, in which we build and validate a current and rpm-torque
conversion framework using a laboratory-scale rolling mill.

In this study, a laboratory-scale rolling mill driven by a three-phase induction mo-
tor and equipped with a proper measurement system was designed and fabricated to
experimentally validate the proposed roll-force estimation framework. The system was
configured to simultaneously measure motor current, roll rotational speed, and roll force,
thereby enabling sequential conversion of the measured current into motor torque, roll
torque, and ultimately roll force. Rolling tests were conducted under various rolling condi-
tions, including different roll gaps and specimen widths. The motor current was converted
into motor torque by applying the equivalent circuit model of an induction motor [12,13],
which represents the electromagnetic behavior of the motor as a simplified single-phase net-
work at rated frequency, capturing the relationships among input voltage, current, internal
impedance, power losses, and magnetic flux. The roll torque is then obtained by applying
the mechanical gear ratio between the motor and the rolls. Once the roll torque is then
determined, the corresponding roll force is determined using the classical torque(lever)-arm
model [14], which assumes that the resultant roll pressure acts at a certain distance from
the roll center.
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The current-rpm-torque conversion framework proposed in this study is governed
solely by the electromechanical characteristics of the drive system and is therefore inde-
pendent of the particular rolling configuration—whether strip, plate, bar or rod rolling
process. Provided that the system-level constraints are satisfied, and proper geometric
alignment is maintained, the same conversion principles can be applied directly to hot rod
rolling. In such cases, only the magnitude of the rolling torque and force changes, while
the fundamental electromechanical relationships remain unchanged.

The proposed indirect torque-conversion approach eliminates the need for costly
load-cell installations and avoids production downtime associated with sensor retrofitting,
offering a practical and reliable alternative for real-time roll-force estimation in existing rod
mills. Furthermore, the roll force estimated in real time can be directly utilized to optimize
key rolling parameters, such as roll-gap settings and roll speed, enabling more stable and
adaptive process control.

2. Procedure for Roll Force Estimation Using Motor Current

As illustrated in Figure 1, the proposed roll-force estimation procedure comprises six
sequential steps. Laboratory-scale rolling tests are first performed using the fabricated
experimental mill to acquire fundamental process data, namely motor rotational speed
(rpm), motor current, and roll force. Two approaches—Method A and Method B—are then
applied to convert these electrical signals into torque using the equivalent-circuit model of
an induction motor.

1) Conduct lab-scale rolling tests and collect
measured data (motor rpm, current, and roll force)

I

v v
Method A Method B
2) Recalculate motor 2) Convert motor torque

parameters using manufacturer- | |based on motor current
provided specifications and
analytical Eqs. in (Kim, 2021;
Lee, etal, 2012)

v
3) A finite element analysis—

v based response surface
3) Convert motor torque function is developed to
based on motor rpm and the calibrate the converted motor
recalculated motor parameters torque.

Iy —

4) Verification of converted roll torque
(Comparison with FE analysis results)

'

5) Establishment of relationship between converted roll
torque and roll force (using the torque arm model)

v

6) Verification of the converted roll force
(Comparison with measurements)

Figure 1. Workflow of the proposed roll-force estimation procedure using measured motor rpm and
current. Two approaches (Method A and Method B) are applied to convert motor signals to roll
torque and roll force through the equivalent-circuit model and torque-arm relationship [15,16].

In Method A, the motor parameters are recalculated from the manufacturer-provided
specifications using analytical equations [15,16], as the induction motor had been operated
frequently for approximately one year. During prolonged operation in the rolling tests,
effects such as thermal aging, magnetic saturation, and occasional overloads can alter the
electrical characteristics of the motor; therefore, parameter recalibration is required. Using
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the recalculated parameters, motor torque is obtained via the measured rpm through the
equivalent-circuit relations.

In Method B, the motor torque is estimated directly from the measured motor current
signals. However, when only current signals are used, subtle variations in slip cannot
be captured accurately, which leads to non-negligible errors in the current-to-torque con-
version, as also noted in recent studies in the motor current-to-torque conversion [17].
To compensate for the errors, a finite-element (FE)-based response surface function is
constructed. In the FE simulations, torque and roll force are calculated under a range
of rolling conditions—specifically, different reduction ratios, specimen widths, and roll
diameters—chosen to match the laboratory rolling tests. Based on these results, a response
surface function is constructed as a function of reduction ratio and specimen width and
used to calibrate the converted motor torque.

For both methods, the converted motor torque is transferred to roll torque through the
mechanical gear ratio and then verified by comparison with FE analysis results. The roll
force was subsequently calculated using the classical torque—arm relationship. The final
verification step, the predicted roll forces are compared with the measured roll-force data.

Either method can be chosen depending on user preference, the available measurement
signals, and the capability to perform FE analysis. The proposed indirect torque-conversion
framework can also be extended to rolling conditions involving temperature variations and
dynamic loading. Because it is based on the electromechanical behavior of the drive system
rather than on the specific deformation characteristics of the material, the framework
remains applicable under varying thermal and transient load conditions.

3. Experiments
3.1. Laboratory-Scale Pilot Rolling Mill

Figure 2a illustrates the lab. scale rolling mill that was designed and fabricated by
the authors’ research team. While the proposed methodology is intended for application
in rod or bar rolling, cold strip-rolling tests were performed because the cold strip rolling
minimizes measurement errors associated with thermal effects and reduces alignment
errors along the longitudinal axis of the specimen, which are common in rod rolling test.

The pilot rolling mill is powered by a three-phase geared induction motor (model
F1HM15, Hyosung Heavy Industries, Seoul, Republic of Korea), featuring a gear reduction
ratio of 50:1. The motor specifications include a rated voltage of 220/380 V, rated frequency
of 60 Hz, 4 poles, and a synchronous speed of 1800 rpm. For compactness and structural
efficiency of the pilot rolling mill, the gearbox was mounted directly onto the mill housing.
After reduction, the motor delivers an output power of 0.75 kW and a maximum torque of
207 N-m. Motor speed was controlled using an FM3-007LF-NF inverter (Hyosung Heavy
Industries, Seoul, Republic of Korea).

Two types of work rolls were used with diameters of 85 mm and 100 mm, and a
barrel length of 105 mm. The rolls were designed to withstand a maximum torque of
413.8 N-m and were fabricated from SKD11 tool steel by computer numerical control (CNC)
machining (Boo-il Precision Co., Ltd., Siheung-si, Gyeonggi-do, Republic of Korea). All
structural components of the mill were fabricated from S5400-grade steel, resulting in a
total machine weight of approximately 250 kg, including the rolls and housing. To ensure
consistent feeding direction and entry height during experiments, an adjustable entry guide
was designed, allowing repositioning to accommodate specimens of different widths.
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Figure 2. Experimental apparatus used in this study: (a) photograph of the laboratory-scale pilot
rolling mill; (b) schematic of the measurement configuration. The pilot mill consists of two motor-
driven stands (Stand 1 and Stand 2) coupled through a gear reducer train, and is instrumented with a
load cell, a displacement sensor for roll gap displacement measurement, and a current transformer
for motor current measurement. Motor operation is controlled through the motor control console.

3.2. Data Acquisition
3.2.1. Motor Current Measurement

A current transformer (CT) was used to measure the current supplied to the induction
motor in real time. It was installed such that the motor power cable passed through its
center as shown in Figure 2b. For precise current measurement, the CT was mounted
according to the polarity markings on its housing, ensuring the motor-side (L) and breaker-
side (K) directions were correctly followed.

The measured current was filtered to remove electrical noise and converted to root
mean square (RMS) values before being transmitted to a programmable logic controller
(PLC). The RMS value was obtained by sampling the instantaneous current at a fixed rate,
squaring each sample, averaging the squared values over the acquisition interval, and then

taking the square root of the mean, following Igps = 4/ %Zfil Iz.z.
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The PLC was connected to a human-machine interface (HMI), enabling real-time
current monitoring both on the current measurement console and PC. In general rolling
systems, the PLC issues real-time control commands to actuators while simultaneously
monitoring system status and enforcing safety interlocks. In the rolling system employed
in this study, however, no control modules or actuators are installed. Consequently, the
PLC is dedicated solely to acquiring sensor outputs at a fixed sampling rate, performing
initial signal conditioning and timing synchronization, and buffering data to prevent loss
during data transmission.

3.2.2. Roll Force Measurement

Rolling forces were measured using two LC8701-T005 load cells (rated capacity: 49 kN
each) from AND Co., AND Co., Seoul, Republic of Korea. One load cell is mounted on
each side of the upper roll, as shown in Figure 2b, providing a total load capacity of up to
98 kN. The load cells are connected to an indicator (AD-4321P; AND Co., Seoul, Republic
of Korea) and transmitted data to a PC via RS-232C communication.

3.2.3. Roll Rpm Measurement

The roll speed was measured using an AS5048A magnetic encoder. This non-contact
absolute angle sensor detects the position of a magnet mounted on the end section of the
rotating roll shaft on the operator side, enabling precise measurement of angular position
and corresponding roll speed. The measured data are transmitted in real time to a PC
(Personal Computer) via a wireless network based on a hybrid SPI (Serial Peripheral
Interface)—Ethernet architecture, allowing continuous monitoring and analysis during
rolling operations.

3.3. Specimens and Test Conditions

Pure copper (C1100P) [18] was used as the specimen material. The specimens were
prepared in strip form with an initial thickness of 2 mm and a length of 400 mm. Rolling
tests were carried out under 12 different conditions, combining two roll diameters (100 mm
and 85 mm), different reduction ratios, and two specimen widths (25 mm and 40 mm). To
ensure the reliability and reproducibility of the results, each test condition was repeated
three times.

Copper was selected because of practical constraints associated with constructing
and operating a laboratory-scale rolling mill. This material choice satisfies several design
limitations of the experimental setup, including restricted installation space, the need for
easy assembly and disassembly, and the requirement that two students must be able to
safely change the rolls. If steel strips were used, the substantially higher rolling loads
would require a much larger stand structure, a higher-capacity motor, and increased system
stiffness—requirements that exceed what is feasible in a laboratory environment.

All tests were conducted at a constant room temperature (25 °C) under dry conditions,
with no additional lubricant applied between the roll and the specimen. To accurately
determine the reduction ratio, the specimen thickness was measured before and after rolling
using a PMU150-25MX micrometer (Mitutoyo, Japan). The device provides a maximum
measurement range of 25 mm and a resolution of 0.001 mm.

Thickness measurements were taken at 13 positions along the longitudinal direction
of the specimen at 30 mm intervals. Each measurement point was located at the center
along the width of the specimen. This measurement protocol allowed for a comprehensive
evaluation of thickness variation along the entire specimen length. Figure 3 shows the
appearance of the specimen after rolling test.
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https://doi.org/10.3390/machines14010045

Machines 2026, 14, 45 7 of 21

540

505

(b)

Figure 3. Appearance of the rolled copper specimens for two different widths: (a) 25 mm and
(b) 40 mm.

4. Motor Torque and Roll Force
4.1. Recalculation of Motor Parameter for Method A and Current-Voltage Relation for Method B

The parameter values listed in the column ‘Method B’ column in Table 1 correspond
to the manufacturer-supplied specifications. For Method A, parameter values (No. 2-6 in
Table 1) are recalculated by substituting these specifications into the analytical equations
reported in Refs. [15,16]. This recalculation is necessary because the laboratory-scale
rolling mill, including its electric motor, had been in operation for about one year, during
which repeated loading may have caused the actual motor parameters to deviate from the
supplier’s original values

Table 1. Motor parameters used in the equivalent-circuit model for Methods A and B.

No Parameters Descriptions Method A  Method B
1 Vs Stator voltage [V] 210
2 Ts Stator resistance [()] 6.1671 2.4060
3 Ty Rotor resistance [()] 5.1613 1.5574
4 X Magnetization reactance [(2] 97.0633 85.3835
5 Xs Stator leakage reactance [(}] 32.9421 3.6426
6 Xy Rotor leakage reactance [(1] 32.9421 4.1685
7 70 Core loss resistance [(}] - 5808
8 f Frequency [Hz] 60
9 p Number of poles 4

https://doi.org/10.3390 /machines14010045
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The synchronous speed wsyy, i.e., the speed of the rotating magnetic field produced by
the stator windings, is expressed as

1207 )

Wsm =

The slip s is then defined as
Wsm — Nm
§= - 2
For Method B, the slip s can be obtained using various equivalent-circuit models,
including the L-type, T-type, and IEEE 112 standard models. Among these, the IEEE 112
model was adopted in this study for its accuracy in predicting both nominal and peak
torque values, as demonstrated by Tezcan et al. [12]. The relationship between motor stator

current I; and stator voltage Vs can be written as

Vs\/(ro +rs+%)2+ (Xm + X5 + x,)°

(©)
\/(ro(rs + ) — xm(xs —|—xr))2 + (xm(rs +2) +ro(xs + xr))2

I; =

The slip s is determined by rearranging Equation (3). Once the slip is obtained, the
motor torque T}, for both methods can be computed by substituting the motor parameter
values into Equation (4) [13].

3rthzhs
wWsm B(s% + (2Ry,r+/B)s +12/B)

Vin(Thevenin voltage) = Xm Vs )

\/(75)2 + (xs + Xm)2

: . rsX2,

Ry, (Thevenin resistance) = - ©)

(7’3 + (xm + xs) >

2
X, (Thevenin reactance) = (r5xm + X s (xm +2 Xs)) -
7’% + (xm + xr)

B = Rjy+ (Xu+x)° -

When Method B was applied, the converted motor torque deviated from the FE-
predicted torque ranging from approximately —67.8 to +17.4%. This discrepancy arises
from the fundamental difference between the two quantities. The FE-derived torque
represents the physical torque required to induce material deformation, whereas Method B
yields an idealized air-gap torque based on the equivalent circuit model. The latter does
not include mechanical losses, or load-dependent stray-load losses [8]; because these losses
significantly reduce the actual shaft torque, direct comparison of the ideal and physical
torques inevitably leads to substantial deviation.

To address this mismatch, additional FE simulations of the laboratory-scale rolling
tests were conducted for various combination of rolling conditions (reduction ratios, roll
diameters and specimen widths). On the basis of these simulations, a response-surface
function was constructed to calibrate the ideal torque obtained from Method B to the
FE-derived physical torque. For each rolling condition, the torque deviation was quantified,
and a response surface was generated using the MATLAB Curve Fitter Toolbox (R2024a).
The resulting surface (Figure 4) is expressed as a functional relationship in which the
parameter {4;r denotes the ratio of the converted motor torque to the FE-predicted torque.
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Figure 4. Three-dimensional response-surface function used to calibrate the motor torque obtained
with Method B. The surface represents the torque-deviation factor t,;¢, defined as the ratio of con-
verted motor torque to FE-predicted torque, as a function of reduction ratio r and normalized
specimen width w/ Ds.

The torque deviations obtained from the FE analysis were fitted using a least-squares
minimization procedure, yielding the optimal coefficients of the response surface function.
The function was designed to capture second-order behavior with respect to the reduction
ratio and second-order behavior with respect to the normalized specimen width, while
only first-order interaction terms between the two variables were included.

The coefficients in the response surface function were determined by curve fitting
as follows

2
w w w
fr,w) = nyr + np— + n3r’ + nyr— + ns <D> + 16 ©)
S S S

wheren) = —9.4734,np = 0.1261, n3 = 12.6802, ny = 16.7043, ns = —17.119, ng = 2.1151.
Here, r denotes the reduction ratio, w the specimen width, and D; the roll diameter, normal-
ized by a reference value of 185 mm (the nominal roll diameter used in the experiments;
data from 85 mm and 100 mm rolls were included in the calibration).

Detailed explanations of Methods A and B have been provided, and their main
advantages and disadvantages are summarized in Table 2.

Table 2. Advantages and disadvantages of Method A (rpm-based) and Method B (current-based) for
indirect torque estimation.

Method Advantages Disadvantages
e  Exact slip can be obtained from the measured Motor speed must be measured using a
motor speed. tacho-meter or encoder (additional speed
A e  FE analysis is not required to compensate for sensor required).
the errors in the current-to-torque conversion. Motor parameter values must be recalculated
Only rpm measurements are needed. using equations in Refs. [15,16].
e No additional speed sensing equipment is Because the exact slip cannot be obtained from
required. the motor current, a surface response function
B e  Only motor current is required, which can be based on FE analysis is required.

easily measured using a current transformer
without system modification.

Computing capabilities are required to derive
the surface response function.
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Rolling
Direction

4.2. Conversion of Motor Torque to Roll Torque and Roll Force

Once the motor torque Ty, is obtained, the corresponding roll torque T is calculated by
applying the gear ratio between the motor and the rolls. The roll force F; is then computed
from T, using the following relationship:

F=T/ar (10)

where the torque arm ar is defined as the distance between the roll center and the acting
point, i.e., the point where the resultant roll force acts. This term is used to convert roll
torque into roll force through the torque-arm model [14], but it does not act in the reverse
direction and therefore does not alter the motor-generated torque generated by the motor.
Figure 5a schematically illustrates the roll-gap region, the torque arm, and the projection of
the contact length.

?

v

to | Material '+

Y Acting

I Point
z

E,
aTi‘m
i e ¥
| i Ay Work
I i Roll
=
: b 4 ‘J_l'fl A
___?__I tl
/‘Lp;: \
(@) (b)

Figure 5. Schematic illustration of (a) the roll force, torque arm, and acting point in the roll-gap region,
and (b) the projected contact length used for roll force analysis. In (a), the entry and exit thicknesses
are denoted by ¢y and t1, and the resultant roll force F; acts normal to the roll surface at a distance ar
(torque arm) from the roll center. The acting point, deformation zone, and geometrical relationship
are indicated.

Here, Ly is the projected contact length between the roll and the workpiece, and is

given by
) At\? (At)?

where R is the roll radius and At(= ty — t1) is the thickness reduction of the workpiece. To

clarify the derivation of L, an enlarged schematic highlighting the geometric construction
is provided in Figure 5b.

In Equation (11), A represents the ratio of the torque arm to the contact-arc length,
which varies with the entry thickness, reduction ratio, and roll radius. To obtain a more accu-
rate value of A, the present study adopted a modified expression proposed by Sun et al. [19],
excluding the terms associated with roll force and front/back tension, as shown below:

to+ £ >a2 a <bu0g>a6
A=a +az(r)™ +a 13

where 7 and buvg denote the reduction ratio and average width of the rolled material,

respectively. The constants in Equation (13) were determined via FE analysis of the
laboratory-scale rolling mill as follow a; = 0.5350, ay = 0.2089, a3 = —0.0001, a4 = -3,
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as = 0.0075, ag = —3. For Method A, in which FE simulation is not used, a constant value
of A = 0.4 was adopted.

5. FE Analysis of Rolling

To ensure the validity of the motor current-to-roll torque conversion method, the
estimated roll torque was compared with finite element (FE) analysis results. Figure 6
shows the boundary conditions and mesh used in the FE analysis of rolling. In this study,
the commercial FEA software Abaqus (2017) was used to perform the FE analysis. The roll
was assumed to be a rigid body and the full size of the material was adopted as the analysis
model. A no-load condition was applied at both ends of the material, as no external traction
(0 = 0y = 0) was applied.

. Upper roll
7

Contact boundary
with friction
u =036
S
Specimen b
o, =0, =0

RS
LY

Mesh size A
0.5 x 0.5 x 0.25 [mm]
o, =0, =0

-

Lowerroll -

1.916 [rad/s]

Figure 6. Finite element (FE) model of the laboratory-scale rolling test: overall view of the roll-
specimen system, including boundary conditions and mesh configuration.

At the boundary where the rolls and copper material come in contact, Coulomb’s
law of friction was applied with a friction coefficient y = 0.36 [20]. The flow stress & was
determined using Hockett-Sherby constitutive model [21]. The mesh type used for the
analysis was C3D8RT (8-node trilinear displacement and temperature, reduced integration)
with 256,000 elements. Element size for the specimen was 0.5 x 0.5 x 0.25 mm (x:y:z), and
the roll’s rotational speed was 1.916 rad/s.

6. Results and Discussion
6.1. Motor Current Variation

Figure 7 presents the time variation of three-phase induction motor current measured
during rolling tests performed under different combinations of roll diameter (100 mm and
85 mm), reduction ratio (9.0-24.8%), and specimen width (25 mm and 40 mm). Each curve
represents the transient current response of the motor as the specimen passes through the
roll bite. A rapid rise in current is observed immediately after the roll entry, corresponding
to the onset of deformation and the sudden increase in rolling load. The current remains
nearly constant during steady-state rolling and then drops sharply as the specimen exits
the roll gap.
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Figure 7. Time variation of measured motor current during lab-scale rolling tests for various com-
binations of roll diameter, reduction ratio, and specimen width: (a) 25 mm and (b) 40 mm. Higher
reduction ratios and wider specimens result in increased motor current.

As the reduction ratio increases, the measured motor current increases proportionally,
indicating a higher required motor torque. This behavior reflects the greater deformation
resistance associated with increased thickness reduction. For a given reduction ratio, larger
roll diameters result in slightly higher steady-state current values due to the larger contact
arc length and increased frictional contribution to the torque.

A comparison between specimens of different widths (25 mm and 40 mm) shows that
both the peak and steady-state current values are higher for the wider specimens. The
concurrent increase in motor current can be attributed to the larger roll-material contact
area and the greater volume of material deformed per unit time, which requires higher
mechanical power input from the motor. These trends collectively demonstrate that the
measured motor current reliably reflects the combined effects of roll geometry, reduction
ratio, and specimen width on the rolling load, thereby validating its suitability as an indirect
indicator of rolling torque and force.

6.2. Converted Roll Torque vs. FE Analysis

As shown in Figure 8, the roll torque converted from the measured motor current
using Method A captures the overall trend of the FE-predicted roll torque, including the
initial peak corresponding to material entry into the roll bite and the gradual decrease
toward the end of rolling. Hereafter, the term “torque” refers to the roll torque for simplicity.
Deviation is defined as the average difference between the FE-predicted torque and the
converted torque during the steady-state interval (excluding the initial 1 sec. transient after
material entry). The deviation ranges from —11.9% to +28.8% for twelve rolling conditions
that are combinations of reduction ratio, roll diameter, and specimen width. However, the
converted torque exhibits noticeable time-dependent fluctuations, whereas the FE results
remain comparatively smooth. These fluctuations may arise from dynamic effects in the
experimental system—such as torsional oscillation of the motor shaft, gear backlash, elastic
deformation in the drive train, and transient noise in the measured current. In contrast, the
FE analysis assumes quasi-static conditions and idealized contact behavior, excluding such
dynamic disturbances. Despite these discrepancies, the average torque levels predicted by
the conversion method agree reasonably with the FE predictions.
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Figure 8. Comparison of roll torques converted using Method A with FE-predicted roll torques
under varying reduction ratios and roll diameters: (a) specimen width = 25 mm, (b) specimen
width = 40 mm.

Figure 9 compares the torque converted from the measured motor current using Method
B with the torque predicted by the FE analysis. The deviation between the FE-predicted
and measured values was within —7.2% to +13.8% for twelve rolling conditions examined.
The converted torque obtained through Method B closely follows the FE-predicted torque in
both magnitude and time-dependent response, with only minor deviations near the transient
regions of roll entry and exit. Overall, Method B exhibits higher apparent accuracy and
smoother temporal behavior than Method A. However, it cannot be conclusively stated that
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Method B is better than Method A. Although the results of Figure 9 (Method B) show smoother
and more stable behavior than those of Figure 8 (Method A), the deviations between the
FE-predicted and converted torques show no statistically significant difference. Moreover,
these results were obtained by applying a surface response function derived from FE analysis
of lab-scale rolling mill. Developing such a surface response function is complex and time-
consuming, as numerous rolling conditions—such as roll diameter, reduction ratio, and

specimen width—must be individually simulated and analyzed.
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Figure 9. Comparison of roll torques converted using Method B with FE-predicted roll torques
under varying reduction ratios and roll diameters: (a) specimen width = 25 mm, (b) specimen

width = 40 mm.
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It should be noted that minor differences in the measured reduction ratios between
the two methods arise because the specimen thickness varies slightly even when the roll
gap is accurately set. Such small variations are inevitable in laboratory-scale rolling tests
due to material inhomogeneity and elastic deformation of the rolls.

6.3. Converted Roll Force vs. Roll Force Measured by Load Cell

Figure 10 compares the roll force converted from motor torque using Method A with the
roll force measured by load cell under various rolling conditions. The converted roll force
successfully reproduces the overall trend of the measured data, including the initial rise at roll
bite entry and the subsequent drop as the specimen exits the rolls. Across all rolling conditions,
the deviation between the converted roll force and experimental measurements remained
within —14.1% to +14.9% for twelve rolling conditions. However, noticeable fluctuations
are observed in the converted force, particularly during the steady-state region, whereas the
measured values remain comparatively smooth. These fluctuations likely arise from mechan-
ical vibration of the rolling stand, elastic deformation of drive components, and transient
variations in friction, which are not captured in the simplified torque-to-force conversion
model. From a practical perspective, the indirect estimation method proves useful, as the
average roll force predicted using the conversion method matches the measured values to a
certain degree, without requiring expensive load cells.

Figure 11 compares the roll force converted from motor torque using Method B with
the roll force measured by load cell under various rolling conditions. The converted roll
forces show overall agreement with the measured data across all combinations of roll
diameter, reduction ratio, and specimen width, with deviations ranging from —3.7% to
+14.2%. Both data sets show similar temporal evolution—characterized by a sharp rise at
roll entry, a stable plateau during steady-state deformation, and small oscillations upon roll
exit. Although Method B appears to capture the transient response of the rolling process
more accurately, this apparent superiority largely results from calibration using the surface
response function obtained from FE analysis of lab-scale rolling mill, which requires a lot
of cost and time.

The comparative results obtained from Figures 8-11 highlight the distinct character-
istics of the two torque-conversion schemes. Method A, which estimates slip from the
measured rpm, provides a straightforward and computationally efficient means of torque
and roll force estimation, even when motor-parameter recalculation—simple in practice—is
included. However, torque estimation is more sensitive to transient variations in rotational
speed and electrical noise. Hence, the accuracy of Method A largely depends on the precise
and stable measurement of the motor’s rotational speed.

Meanwhile, Method B, which determines slip from the motor current, yields smoother
and more stable responses but requires calibration of the converted motor torque using an
FE-derived surface response function. Developing such a surface response function on the
basis of FE analysis is complex and time-consuming, as numerous rolling conditions must
be simulated to ensure adequate generality and accuracy.

In summary, Method A provides a simple procedure when reliable roll-rpm data are
available, whereas Method B yields smoother temporal responses but requires FE-based
calibration and exhibits higher sensitivity to uncertainties in motor parameters. Table 3
presents a qualitative and quantitative comparison between the two approaches.
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Figure 10. Comparison of roll forces converted from motor torque using Method A with roll

forces measured by load cells under varying reduction ratios and roll diameters: (a) specimen

width =25 mm, (b) specimen width = 40 mm.
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Figure 11. Comparison of roll forces converted from motor torque using Method B with roll
forces measured by load cells under varying reduction ratios and roll diameters: (a) specimen
width = 25 mm, (b) specimen width = 40 mm.
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Table 3. Comparison of Method A (rpm-based) and Method B (current-based) in terms of complexity,
noise sensitivity, implementation difficulty, industrial applicability, and deviation in converted torque
and roll force.

Category Method A (RPM-Based) Method B (Current-Based)
Complexity Relatively low (requu‘gs only High (requires time consuming FE-based
parameter recalculation) calibration)
Noise sensitivity RPM measurement noise may propagate Current signal can.l:?e fllterec'i effectively; less
into torque estimation sensitive to noise
Implementation . More complex due to FE analysis and
. Simple once parameters are recalculated . .
difficulty surface-fitting requirements
Industrial Suitable when accurate rpm Suitable when only motor current measurement
applicability measurements are available is available
Torque: —11.9 to 28.8% Torque: —7.2 to 13.8%
Deviation (%)
Roll force: —14.1 to 14.9% Roll force: —3.7 to 14.2%

Regarding the sources of deviation, several mechanical, sensor-related, and model-
related factors contribute to the observed torque and roll-force estimation errors. Dynamic
disturbances—including torsional oscillations, gear backlash, and elastic deformation of
the drive train—generate high-frequency fluctuations in both rpm and current signals
(Figures 8-11). The retrofitted magnetic encoder also exhibits limited precision and high
sensitivity to vibration, while the measured current is influenced by inverter harmonics
and electrical noise, which propagate directly into the torque-conversion process.

In this context, the limitations and challenges of this work are summarized as follows.
First, the laboratory rolling tests were performed under room-temperature, low-load con-
ditions using soft copper, which limits their representativeness for industrial hot rolling
conditions. In addition, simplifying assumptions in the FE model of laboratory-scale
rolling mill, together with geometry- and reduction-dependent nonlinearities, lead to
condition-dependent deviations in the predicted torque and roll force.

7. Concluding Remarks

This study evaluated two indirect torque-conversion methods—an RPM-based ap-
proach (Method A) and a current-based approach (Method B)—for estimating roll torque
and roll force in a laboratory-scale rolling mill. Method B yielded smoother temporal
behavior but required FE-based calibration to compensate for the errors in the current-
to-torque conversion. Method A provided a straightforward and transparent conversion
path but exhibited a relatively large average deviation from FE-predicted torque and force,
compared with Method B.

Experimental results confirmed that both methods successfully reproduced the overall
torque and roll force trends during steady-state rolling. Method A demonstrated greater
robustness in the recalculated motor parameters, whereas the response-surface function
applied in Method B improved agreement with FE predictions, indicating its usefulness in
situations where FE simulation of rolling mill are feasible in terms of computational time
and cost.

Overall, the proposed framework reliably captured the evolution of roll torque and roll
force across a range of geometries and reduction conditions, providing a solid foundation
for real-time roll force estimation in rolling mills. Nonetheless, several limitations remain—
most notably the use of soft copper strip material, reduced dynamic loading, and room-
temperature operation. Measurement accuracy was also influenced by sensor-related
factors, including encoder precision and drive-train compliance.
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Future work will focus on integrating higher-precision speed-sensing technologies,
extending validation to elevated-temperature rolling and more industrially relevant materi-
als, and improving the equivalent circuit model that converts induction motor current into
torque.
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Abbreviations

The following abbreviations are used in this manuscript:

AGC Automatic Gauge Control

CNC Computer Numerical Control
CT Current Transformer

FE Finite Element

FEA Finite Element Analysis

HMI Human-Machine Interface
IEEE Institute of Electrical and Electronics Engineers
PC Personal Computer

PLC Programmable Logic Controller
RMS Root Mean Square

RS-232C Recommended Standard 232 Revision C
SPI Serial Peripheral Interface
Symbols

Motor equivalent circuit and operation

Vs Stator voltage

Ts Stator resistance

ry Rotor resistance

Xm Magnetizing reactance

Xs Stator leakage reactance

Xr Rotor leakage reactance

10 Core loss resistance

f Frequency

p Number of poles

Wsm Synchronous angular speed

m Motor speed (rpm)

s Slip

I Stator current

T Motor torque

Vin Thevenin voltage

Ry, Thevenin resistance

Xin Thevenin reactance

B Auxiliary parameter in torque equation
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Rolling and geometry

T Roll torque

F, Roll force

ar Torque arm

Ly Projected contact length

R Roll radius

At Thickness reduction

to Entry thickness

t Exit thickness

r Reduction ratio

bavg Average width

b Reference width used in normalization of bayg
o Angle of contact (=angle of bite)
A Lever arm coefficient

Response surface and correction

taif Torque deviation factor

Dy Nominal roll diameter

w Specimen width

ny, ny, n3, ng, ns, ng  Coefficients of torque-correction response surface
ay, a4y, as, 4y, ds, dg Coefficients in the lever-arm coefficient expression A

Material /FE analysis

U Coefficient of friction

oy Normal stress

ot Tangential stress

4 Flow stress from the Hockett-Sherby constitutive model
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