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Improved Part Quality in Stamping Using Multi-Input Multi-Output (MIMO)
Process Control

Yongseob Lim, Ravinder Venugopal, and A. Galip Ulsoy

Abstract— The binder force in sheet metal forming controls the
material flow into the die cavity, and maintaining precise material
flow characteristics is crucial for producing a high-quality stamped
part. Process control can be used to adjust the binder force based on
tracking a reference punch force trajectory to improve part quality
and consistency. The purpose of this paper is to present a
systematic approach to the design and implementation of a suitable
MIMO process controller. The approach includes modeling of the
sheet metal forming process, and the design of the process
controller based on simulation. Experimental results from a
complex-geometry part show that the MIMO process controller,
designed through simulation, is effective.

I. INTRODUCTION

1.1 Background

heet metal stamping is one of the primary manufacturing

processes, because it allows stamped parts, such as

automotive body panels and fuel tanks, to be produced in
large volumes at high-speed and with low-cost. A stamped
part is made by placing a sheet of metal between an upper
die (or punch) and a lower die, which are geometric
negatives of each other, and then stamping the sheet of metal
using a press. Fig. 1 shows a schematic of a simplified
stamping process. The basic components are a punch, die,
and a set of blank holders (or binders) which may, or may
not, include drawbeads around the edges of the dies. The
punch draws the sheet metal blank to form the desired shape
while the blank holder controls the flow of sheet metal into
the die cavity. Some process variables are shown in this
figure: F), is the punch force, /; is the draw-in, / is the punch
stroke, F, is the binder force, and F, is the restraining force
within the blank.

Once die design and validation are accomplished, high
productivity is the hallmark of stamping operations due to
their suitability for large volume production. Stamping
presses typically feature a large mechanism (the press ram)
that forces the punch, or upper die, towards the lower die,
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with the material to be drawn placed in between.
Traditionally, stamping presses have been mechanical in
design, but more modern presses are often electro-hydraulic.
Typical presses also have rubber, springs, and
pneumatic/hydraulic pistons to cushion the die in a stamping
press from the punch impact.
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Fig. 1: Schematic of a sheet metal forming process.

The main quality considerations in stamping are
formability (e.g., the ability to avoid wrinkling caused by
excessive local compression, and tearing caused by
excessive local tension) and dimensional accuracy (e.g.,
reduction of springback caused by elastic recovery) [20]. In
addition, consistency in terms of minimization of
dimensional variations (caused by variation in lubrication,
material properties, or thickness) is a key requirement in
mass production [8]-[10].

New challenges arise from the use of new materials. For
example, the need to reduce weight in automobiles, and to
improve fuel economy, encourages manufacturers to choose
lighter and stronger materials (e.g., aluminum and
magnesium alloys) in place of steel. However, aluminum
and magnesium alloys are not as formable as steel, and
produce more springback and fracture problems [1], [2] and
[18]. Therefore, a major issue in manufacturing sheet metal
products from such materials is the ability to ensure
consistent production of good parts, without tears,
wrinkling, and minimal spring-back, using a given blank
(with specified blank size, sheet thickness, and material
properties) and tooling (with specified geometry).

1.2 Motivation

Die design, using the finite element method (FEM) and
die try-out, which involves grinding and welding of the die
to ensure that the parts produced meet specifications, are



time-consuming tasks. Moreover, engineers in the forming
industry also face challenging production problems due to
process variability (e.g., variation in material properties and
lubrication) [31] and [35]. To improve part quality or correct
defects (e.g., wrinkling, tearing, and springback), with given
materials and a conventional press, the die geometry is
physically modified [34], during die try-out. Both die design
and die try-out depend heavily on the experience of experts.
Nevertheless, engineers have also been developing
standardized procedures for improving part quality in
production [24]-[25], [27], [37] and [40].

When it comes to overcoming mass production problems
following try-out, new press technologies continuously
emerge as new techniques and ideas in sheet metal forming
are considered in press design. For example, controlling the
flow of sheet metal via controllable multi-cylinder blank
holder actuators reduces die-try out time by cutting down on
die work (grinding and welding) [4], [5]-[6], [13]-[16], [17],
[19]-[21], [33], [36] and [38].

In addition, researchers have developed different types of
active blank holder systems (e.g., segmented/pulsating blank
holder system and reconfigurable discrete die), to improve
stamped part quality in forming [5]-[6], [26], [28], [39] and
[41]. A single-input single-out (SISO) process control using
a proportional plus integral (PI) controller was investigated
based on simple geometry of the die (e.g., u-channel
forming) under laboratory-based tests [13]-[16], [32] and
[41]. However, multi-input multi-output (MIMO) process
control to form complex-geometry parts in high volumes has
not been studied.

1.3 Purpose and Scope

The focus of this paper is to present a systematic approach
to the design and implementation of a MIMO stamping
process controller based on complex-geometry parts. The
controller corrects blank holder force trajectories obtained
from die try-out as process variations occur (e.g., changes in
material properties and thickness from batch to batch and
lubrication changes). The MIMO controller uses data
obtained from four punch force sensors at the 4 corners of
the press for a complex-geometry part (e.g., a double-door of
a pick-up truck). This paper is based upon original
experiments performed with a novel system for binder force
control in the stamping process, using 12 hydraulic
actuators.

II. MULTI-ACTUATOR BINDER FORCE CONTROL SYSTEM

2.1 Experimental System

The experimental system, with twelve hydraulic actuators
at the bottom of the die and an Opal-RT real-time data
acquisition and control system, is deployed to perform the
experiments (see Fig. 2). The complex part used for the
experiments is a double-door of a pick-up truck made from a
tailor-welded steel blank with three different thicknesses.
The press is a 1000 ton mechanical press which can operate
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at 12 strokes/minute. The material flow is controlled by a set
of binders with 12 hydraulic actuators. The punch force at
the four corners of the press is measured using full-bridge
strain gauges, which are attached to the surface of the four
punch-supporting beams on the press (see Fig. 2b). The
real-time system plays a key role in controlling the system
operation and acquiring the measured data from the sensors.
The experimental conditions are given in Table I.

Fig. 2: Experimental system: (a) test die with multiple actuators and blank
(b) positions of process variables (top-view).

TABLE I: EXPERIMENTAL CONDITIONS FOR STAMPING
Punch speed, v, 215 mm/sec

150 mm
0.002 sec (500 Hz)

Punch displacement, /7,

Data sampling rate

Lubrication Dry
Material CR EDD steel
Blank size 1640 x 1600 x 0.8 mm
Type Full bridge strain gage (120 ~ 1000 Q)
Punch force — —
sensor Excitation Built-in 10V@125mA max
Accuracy + 1% of full scale max
Binder force Type Piezo-resistive strain gage
sensor Resolution 1~ 5V for 0 ~ 2500 psi
Punch stroke Type Position transducer
sensor Accuracy +0.005% of full scale

2.2 Implementation of Process Control

Process control is used to ensure that a measurable
process variable (i.e., punch force) follows a reference
trajectory by manipulating the binder force (see Fig. 3). To
implement the process control, a process controller and
reference trajectory are required after the monitored process
variable (punch force) is selected. The process controller
generates reference commands for the machine controller
which ensures that the hydraulic actuators provide the
desired binder forces, as shown in Fig. 3. For MIMO process
control, four reference (or desired) punch force trajectories
are determined experimentally by experienced operators.
Then, process control is used to make the measured punch
forces track these reference punch force trajectories under
different lubrication and material property conditions. Thus,
process control improves consistency in geometric
dimensions and part quality, despite variations in lubrication
and material property.
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Fig.3: Process control of sheet metal forming process with reference punch
force trajectory.

The control-design model of the process must be simple,
yet accurate enough to capture the characteristic relationship
between the blank holder force and the punch force. A
process model mathematically describes the relationship
between the binder (or blank holder) force and the punch
force, assuming that the punch force generation is a function
of the blank holder force; see, for example, where such a
model was developed for a single-input single-output
(SISO) process and without explicit consideration of the
material draw-in during forming [15]. Other researchers
have developed sheet metal stamping models based on
material flow data from experiments taking into account the
local strain [6], [22] and [23].

Such methods, considering both draw-in and local strain
of sheet metal, can mathematically determine the elongation
of a section of a radial-line out of a drawn part with respect
to drawing stroke. However, the relationship between the
binder force and the draw-in, or the punch force, including
elongation of the sheet metal, has not been investigated.

In our previous work [20] and [21], we described, for the
first time, the development of a MIMO linear sheet-metal
stamping process model for the purpose of controller design,
including elongation of the sheet metal [11]-[12] and [30].
Due to space limitations in this paper, the key features of the
model are summarized below.

First, the structures of the process models are shown in
Eq. (1) and (2) respectively; one provides the relationship
between the actual blank holder force (£ ,) as an input and
the actual punch force (F), ..;) as an output, the other provides
the whole system structure (G,,;) which has the relationship
between the reference blank holder force (£} ,,) as an input
and the filtered punch force (F), ;) as an output.

5F aci (Z) Z+b
Gy ()= et _hEthy (1)
0Fy . (2)  z-+az+a
OF, +(2)
G =P G ()G (2)-G
total (Z) 5Fb,ref (Z) p(Z) m(Z) f(z)
SF,
where, G, (z)=2lbae(2) __dy 2

SFy .y (2) 2+

5Fp,ﬁz (2) 50z

G.(z)= =
/() SF, 4u(z)  2-0.9048
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where G,, and Gy represent machine control model (i.e.,
hydraulic actuator dynamics) and low-pass filter model
respectively in experiments. The parameters of these models
are obtained from experimental data using the least-squares
system identification technique. Furthermore, these models
are validated by generating punch force outputs from desired
binder force inputs, and comparing them with the directly
measured desired punch force outputs.

In addition, we have extended the model in Eq. (2) to the
MIMO case by creating a 4 x 12 transfer function matrix
(TFM), with 4 punch forces (0F), ;) as outputs and 12 binder
forces (0F},) as inputs. Based on the experimentally
verified assumption that each punch force output is affected
only by three nearest binder force as inputs (see Fig. 2b), we
constrain the TFM to a block-diagonal form given by:

. SF,

Fu@ ]| [G, G, G 0 0 0 0 0 0 0 0 0 5Fhl(2) 3
SFp@| | 0 0 0 Gy GsGg 0 0 0 0 0 0 ()
5-1*'[/3(:) 0 0 0 0 0 0 Gy Gy Gy 0 Go o -
OF,4(2) 0 0 0 0 0 0 0 0 0 Gyjo Gayy Gan 5Fy(2)
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P
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Fig. 4: Block diagram of SIMO PI control system (e.g., K}, eR™3 s

K; e R and G eR¥).

III. PROCESS CONTROL DESIGN BASED ON MULTI-INPUT
MULTI-OUTPUT MODEL

4.1 Design of PI Process Control

For the MIMO system given by the block-diagonal form
in Eq. (3), four SIMO proportional plus integral (PI)
controllers are implemented using Simulink/Real-Time
Workshop® in the experimental system. The block diagram
of the SIMO process controller is shown in Fig. 4. The
fourth-order linear model, given by a 3 x 1 vector for each
single punch force plant output, can be used to design the
controller gains, which are given by a 1 x 3 vector for each
punch force measurement. To design the PI controller based
on the MISO perturbed process model, five steps are
followed:

= Step 1: Determine PI control gains based on a linear

process model by using the root-locus design method.
This method shows how PI controller parameters in the
system’s feedback characteristics influence the pole
locations.

= Step 2: Investigate the gain margin (GM) and phase

margin (PM) using a frequency-response design method
(e.g., Bode plot). Based on PI control parameters
determined from Step 1, stability margins (i.e., GM and



PM) are investigated for several cases described in
Table II. It is recommended to provide gain margins not
less than 6 dB, and phase margins-not less than n/6 [29].
A sample result of one of the punch forces in Fig. 5,
shows a controller design where GM is greater than 60
dB and PM is greater than n/2

= Step 3: Check system transient performance (e.g., rise
time and settling time) based on three cases of PI control
gains determined from Step I, using the closed-loop
step response (see Fig. 6). For example, settling time of
Case I and Case II is less than 0.05 sec, which satisfies
the requirement.

= Step 4: Perform simulations based on three cases of PI
controller parameters, with experimentally determined
reference punch forces. This step is used to assess the
tracking performance of the controller while ensuring
that the control signals meet the binder force saturation
constraints (minimum 0 tons and maximum 16 tons).

= Step 5: Perform the experiments with the selected gains
for the PI process controller.
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Fig. 5: Bode plot based on the PI control gains for the punch force (i.e., F,).

4.2 Simulation and Experimental Results

Simulation is used to validate the performance of the
proposed PI process controller based on the linear perturbed
process model given in equations (1) and (2). The simulation
models use the perturbed binder forces (JF}) as inputs, the
perturbed punch force (JF,) as an output, and the perturbed
punch force (6F) ) as the reference. The perturbations are
with respect to baseline binder force inputs. The total
simulated punch force (F},), reference punch force (£, ;) and
binder forces (F}), shown in Fig. 4, are respectively given by

Fp = Fp’bm + 5Fp @
1
Fp,re_/' = Lppase T 5Fp,r6f’ Fp &Fp,ref €R
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where F), .. is the measured-baseline of the punch force
corresponding to the baseline binder forces, Fj, pqs, Which is
set to a constant value of 16-tons for all 12 actuators. Fig. 7a
shows the simulation results with punch force as output
using the PI process controller based on the perturbed linear
process model. Based on these simulation results, good
experimental tracking performance is expected.
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Fig. 6: Simulation results with step input for the punch force #1 (i.e., F,):
(a) output #1 (F,) (b) input #1 (F,) (c) input #2 (Fys) (d) input #3 (Fyo).

TABLE II: CASES OF SIMULATION AND EXPERIMENT

Plant model Cases I—‘.; gains (1 x 3) | K, gains (1 x 3)
Case I [0.30.30.3] | [0.010.01 0.01)

; All models ———— 3 -
Simulation (&F. .- &F) Case 11 [0.4 0.4 0.4) [0.02 0.02 0.02]
PETPOT Case T | [0.50.50.5] | [0.03 0.03 0.03)

F, [0.40.20.6] | [0.01 0.01 0.01]
F. CPer 0.1 0.150.15 0.01 0.01 0.01
R — v Ex]ﬁ::ﬂenr [ : 1 1
Fs A5e [0.6 0.2 0.4] | [0.01 0.01 0.01]
F, | [0.150.150.1] | [0.01 0.01 0.01]

Fig. 7b shows simulation and experimental results for the
three binder force inputs (i.e., Fj7, Fps & F9) associated with
each punch force output (i.e., F,;). Although there is
variation in the binder forces, the simulated binder force
trajectories are similar to the measured binder force
trajectories.

Experimental results for one of four punch force outputs
(i.e., F,;), using the MIMO PI process controller and the
reference punch force trajectory, is shown in Fig. 8.
Consequently, Fig. 9 shows the effect of binder force control
on part quality for a double-door with complex geometry
made from a tailor-welded blank; Firstly, Fig. 9b shows that
wrinkling occurs when the binder forces for all 12 actuators
are commanded to the constant baseline value of 8 tons.
Secondly, Fig. 9¢ shows that a split occurs when the binder
forces for all 12 actuators are commanded to a constant
value of 16 tons. Finally, Fig. 9a shows that MIMO process
control eliminates these defects. The MIMO process
controller adjusts the binder forces, which have been



initially commanded to a constant value of 16 tons, to track
the reference punch force trajectories. Thus, the MIMO
process control corrects the defects by appropriately
regulating the material flow. This indicates that the MIMO
process controller works well.
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Fig. 7: Simulation and experimental results: (a) simulation results of punch
force (i.e., F,;) (b) comparison of three binder forces (Fy7, Frs & Fio) for
punch force (i.e., F,;) between experiment and simulation.

IV. DISCUSSION AND REMARKS

The MIMO PI process controller has 24 parameters,
namely, 12-proportional gains and 12-integral gains. The
MIMO PI process control (i.e., output feedback control) is
simple compared to other control design methods (e.g., pole
placement and LQ design method based on state feedback
control) and also works well to improve part quality (shown
in Fig. 9). However, trial-and-error controller tuning is time
consuming and thus, auto-tuning methods will be
investigated. Future work will also consider combining
auto-tuning with iterative learning control (ILC) or adaptive
control.
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Fig. 8: Experimental results of punch force (i.e., F,;) as output tracking

reference punch force

(2)

# PC: Process Controller

Fig. 9: Improved part quality comparisons: (a) with PC, (b) without PC for
constant 8-ton binder force (c¢) without PC for constant 16-ton binder force
for complex part geometry (i.e., double-door panel)

V. SUMMARY AND CONCLUSION

The MIMO stamping process control has been shown to
improve part quality and consistency for a complex-
geometry part. For the first time, a MIMO PI stamping
process controller with good tracking performance has been
developed and experimentally validated. However,
controller tuning based on trial-and-error in experimental
tests is time consuming and expensive. Future work will
investigate auto tuning methodologies.
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