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Abstract: In this paper we document a systematic solution to a particular motion control
problem called soft landing encountered in the design of pick-and-place machines for the
semiconductor industry. The problem has already been studied for a single actuator, and a
solution for the case of voice-coil motors has already been implemented in commercial drivers.
Here we investigate a more complex setup consisting of two translation stages, which make the
problem over-actuated; furthermore, the inner stage (actuated by a voice coil motor) is preloaded
with a weight- compensating spring. Our systematic approach is based on the concept of reaction
force observer. Its functionality is demonstrated using numerical simulations and laboratory
experiments. We compare the proposed method with a baseline solution based on a simple
extension of an existing method. A related Simulink model and Matlab scripts are available for

free download to help reproduce the results.

Keywords: soft landing, dual-stage, motion control, force control, reaction force observer, voice

coil motor.

1. INTRODUCTION
1.1 Motivation

In this paper we document a systematic solution to a
particular motion control problem called soft landing. The
task is to drive an end effector (tool) as fast as possible to
physical contact with another object and exert a specified
force on it. Neither during the impact nor the subse-
quent contact can the force exceed some given limits. The
problem is encountered when designing a motion control
system for pick-and-place machines used in semiconductor
industry—the tool carrying a component travels over a rel-
atively large distance (at least several millimeters but often
even a few centimeters) until it reaches a silicon wafer,
against which it pushes the component with a specified
force while it is being soldered to the wafer. After soldering
is done, the tool retracts, picks another component and
the mission is repeated. Minimizing cycle time is desirable.
Here we investigate a more complex setup consisting of two
translation stages, which make the problem over-actuated.
Furthermore, the inner stage (actuated by the voice coil
motor) is preloaded with a weight-compensating spring.
In this setup, the application of existing techniques is not
straightforward and modification is needed. We present
two solution methods: one based on an extension of one
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existing soft landing approach, the other based on the
concept of reaction force observer.

1.2 State of the art

Although the topic of force control has found its way to
robotics textbooks, here we face the need to effectively
switch between position/velocity control and force control.
A textbook solution to this problem seems to be the
framework of hybrid position/force control introduced by
Raibert and Craig (1981), within which the force control
loop is closed around a position/velocity loop. It is known,
however, from Katsura et al. (2006) that if force sensors
are used to get the measurement for the feedback, the
resulting behavior might be oscillatory due to often limited
bandwidth of force sensors. Inspired by Peng et al. (2010),
we wanted to get along without force sensors. Provided
that initially, an end effector is at some distance from
the surface to be contacted, an intuitive procedure starts
within a position control mode, that is, the manipulator
ramps up the speed until it reaches the maximum value,
then it continues at this maximum speed and ramps down
at a given short distance from the surface. It then continues
slowly in the velocity mode while continuously detecting if
there was a hit. Once a hit is detected, the system switches
to a force mode, ramping up the force to the reference
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value. In case of linear dc (voice coil) motors, this intuitive
solution was patented ! .

A systematic framework fitted to the described problem
seems to be the one based on the reaction force observer
(RFOB) introduced in the 1990s by Murakami et al.
(1993). Some new results on the adaptation of RFOB have
been recently proposed by Sariyildiz and Ohnishi (2015).
In this paper we adopt this approach and fit it into the
dual-stage framework.

A dual-stage configuration has been exploited in some
motion control applications such as read-write heads for
hard disk drives, for example, see Clayton et al. (2014) or
inertial stabilization, see Reza¢ and Hurdk (2013). In such
applications, the motivation for this kind of overactuation
is to get an extra range of motion while at the same time
keep the benefits of high-performance (accuracy, band-
width, linearity) of short-range actuators. In addition to
that, here we also need to incorporate the impact/contact
force control aspects into the structure of the controller.
To the best of our knowledge, no systematic procedure for
soft landing adapted to the dual-stage configuration has
been published.

1.3 Outline of the paper

In the next Section 2 we describe the laboratory setup. In
Section 3 we present a mathematical model. Then, in Sec-
tion 4 we document the control design routines. We verify
the designed controllers in Section 5 by means of simu-
lations and in Section 6 through laboratory experiments.
Readers can also download both the Simulink model and
the related Matlab script to reproduce the design and the
simulations.

2. EXPERIMENTAL MOTION CONTROL SETUP

The laboratory platform design is based on an industrial
robot for die-attach soldering. It consists of two linear drive
stages which represent the robot motion in the vertical
axis.

The first linear drive, later referenced as the primary stage,
is composed of a permanent magnet synchronous motor
(PMSM) and a ball screw linear drive connected via a shaft
coupler. The PMSM is manufactured by the company ESR
Pollmeier GmbH and it is controlled by a control unit by
the same manufacturer. The linear drive has a range of
16 cm and the incremental position sensor has a resolution
of 1pm.

The secondary linear stage is a linear voice coil motor (VC)
SLA25 by the company SMAC. It has a range of 1cm
and the incremental position sensor with a resolution of
1pm as well. For the reference solution to the soft landing
problem, the driver by the manufacturer SMAC is used.
Because of its inconvenience for experimental purposes, we
have developed a custom driver electronics for the voice
coil motor, which we use in the proposed control method.

The whole experimental setup is depicted in figure 1.
The main control program runs at dSpace MicroLabBox

I Soft-Land™ by SMAC Corporation, https://www.smac-mca.
com/technical-resources/programmability-soft-land.
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Fig. 1. Experimental platform as used with the proposed
control algorithm

platform, which sends position setpoints to the ESR driver
and provides analog/digital interface for the VC driver
electronics. For the reference industrial solution, a different
setup is used. Instead of dSpace, we send the trajectory
setpoints directly from the PC to the ESR driver. The
VC driver is the SMAC control unit in this case. The Soft-
Land routine is implemented using a macro language of the
manufacturer, uploaded to the control unit, and initiated
using a command over the RS232 bus. The force sensor
Honeywell FSAGPD at the bottom of the platform serves
only for verification purposes, it is not used for feedback
control.

3. MATHEMATICAL MODEL
3.1 Hybrid model

We have modeled the dual-stage system as a hybrid system
with three modes. The first mode M; describes the free
motion with no contact. The second mode Ms models
the limit position of the VC motor. Finally, the third
mode M3 models the contact of the end effector with
the environment (wafer with components). In the figure
2, we can see the schematic of the mode M. There are
two inputs to the system, primary stage velocity v, and
secondary stage force F5. Since we use the PMSM motor
with a control unit in the velocity mode, we modeled the
velocity directly as an input. In reality, the velocity has a
trapezoidal character, as is the standard in the industry,
but transitions are negligible for our purposes. Mode M,
has the same structure as M;, only the parameters of
the spring ko and by are changed to koym and bojm,
respectively. This serves as an easy way how to model the
limit position of the secondary stage, which is necessary
for simulation of the proposed soft-landing procedure.
The contact mode M3 changes the model structure by
introducing the linear Kelvin-Voigt model of the impact
in the form of an additional spring k3 and a damper b3, as
mentioned for example in Flores and Lankarani (2016).
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Fig. 3. Mechanical system during contact (mode M3)

The bond graph representation of the system is displayed
in figure 4.
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Fig. 4. Bond graph representation of the mechanical sys-
tem. Additional parameters of the mode M3 high-
lighted in red

The resulting equations from the bond graphs for the mode
M, are as follows:

d.’l?l

ar W
d

%:—mQQ—bQ(%—Ul)—Q2k2_F& (2)
dgz  po

kL R R 3
dt mao v ( )

where x7 is the primary stage position, po momentum of
the end effector and g2 displacement of the secondary stage
spring.

After linearization at the equilibrium of the spring:

o 0 Ob 0 x1 107,
Ago 0 n% 0 Ag -1 0

For the mode M3, the equations are:

i 0 0 0 0 x 1 0
i 0 —betba gy ol |

p2. _ {nQ 2 3 P2 + bg —/Cf U.l
A'(JQ 0 e 0 0 AQQ -1 0 7|7
ds 0 - 0 0 43 0 0

(5)

where the state ¢3 is the displacement of the impact spring.
We are also interested in the position of the end effector
Zo, which can be computed as zo = 21 + Ago.

3.2 Model Implementation

We implemented the model as a hybrid system in the
hybrid system description language (HYSDEL). Using
Hybrid Toolbox by Bemporad (2004), the model can be
compiled into a Mixed Logical Dynamical (MLD) model
and simulated. The switching between the modes M7, My
and M3 is done by the state automaton (figure 5).

dy

start —

Fig. 5. State automaton of the hybrid system

The logical conditions di,ds,ds and d; are defined as
follows:

dy = x93 < —¢,

dy =22 >0,

d3 = Aqz < Agaiim — €,
dy = Aqz > Agaiim,

where Agolin, is the limit position of the secondary
stage (VC motor) and € is a very small number (107°)
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which introduces hysteresis to the switching conditions
for smoother numerical behaviour. The meaning of the
parameters used in the mathematical model is summarized
together with their numerical values and units in the table
1.

Par. Unit Value Meaning
mo Kg 0.426 VC moving mass
ba Nsm™! 5.5 VC damping, static friction
ko Nm~?! 190 VC spring stiffness
botim Nsm~1! 1x103 VC limit damping
kolim Nm~! 2 x 104 VC limit stiffness
b3 Nsm™! 0 Contact env. damping
ks Nm~! 2 x 104 Contact env. stiffness
g ms~? 9.81 Gravitational acceleration
ke AN 2.7 VC motor constant
vy ms~! input PMSM stage velocity
Fy N input VC actuating force, Fo = ki

Table 1. Model parameters

4. CONTROL DESIGN

4.1 Classical approach—segmentation into position, velocity
and force regimes

The commonly used procedure in the industry is to de-
couple the motion of each axis. In the case of a dual-stage
soft landing, this means that the initial positioning is done
by the primary stage and the soft landing procedure by
the secondary stage. A classical industry-ready solution for
soft landing problem is the Soft-Land™ procedure trade-
marked by the company SMAC, which is the manufacturer
of the voice coil motor used in our experimental platform
as the secondary stage. The procedure is described by the
pseudocode algorithm 1.

In our setup, the secondary stage is supported by a spring,
which changes the behaviour of the linear motion by
introducing an additional position-dependent force. The
Soft-Land™ procedure does not count with the presence
of a spring, it rather assumes that a motor strong enough
to hold the entire mass of the end effector by itself is
used. The presence of the spring results in dependence of
the steady-state value of the contact force on the impact
position. This means that it is possible to tune the input
parameter F' of the algorithm 1 in a way, that the contact
force satisfies given constraints, but in the presence of any
deviation from the nominal impact position, it changes
notably.

Algorithm 1 Soft-Land™ by SMAC (single-stage)

1: procedure SOFTLAND(F, v)
2: Set control unit to velocity feedback loop
3 Froax + F
4: Vref < U
5: Start motion
6 while true do
7 Texp € Uref * t
8 €y |xexp - xact|
9: if e, > etnr then
10: Detect impact
11: break
12: Push with force Fiyax

4.2 Improvement of the classical approach for a system
with a spring

To resolve this problem, we can introduce spring com-
pensation into the Soft-Land™ algorithm (Algorithm 2).
We can do this by re-setting the maximum force every
sample. The new maximal force is a sum of the spring
compensation force in the particular position and the force
we want to push with during the contact.

This improved soft landing procedure is now robust to-
wards the contact position deviation.

Algorithm 2 Soft landing for spring-mass system (single-
stage)

1: procedure SOFTLANDINGSPRING(F, v, k)

2: Set control unit to velocity feedback loop
3: Frax < F

4: Uref < U

5: Start motion

6: while true do

7 Fspring < Tact * k

8: Fmax — Fspring +F
9: Texp € Uref * T
10: €r  |Texp — Tact]
11: if e, > eynr then
12: Detect impact
13: break

14: Push with force Fiax

4.8 Dual-stage approach

In the classical approach, the stages are used sequentially
in a decoupled manner - first moves the primary, then
the secondary stage. The switch between the two motions
usually happens after the primary stage signals that the
position setpoint is reached and stops. This inherently
means that the velocity of the end-effector reaches zero
for a short time and the overall duration of the procedure
increases.

Our proposed procedure improves this by using both the
primary and the secondary stage in parallel by decoupling
them in terms of the functionality - the primary takes
care of the entire positioning and the secondary is used
to regulate the contact force. This solution is based on a
reaction force observer (RFOB) (Murakami et al. (1993)),
which estimates the force acting on the VC motor. The
estimate is then subtracted from the motor force reference,
as depicted in the figure 6, by which we essentially com-
pensate the forces acting on the motor by adjusting the
force exerted by the motor. By setting the reference force
Fer, we can now control the contact force. The disturbance
d in the figure 6 symbolizes in our case the force exerted
by contact dynamics.

The reaction force is estimated using the following expres-

sion:
o b:‘c) :
5+ gu

which can be rearranged to the following form:

F _ Grfob

10
5 + Grfob (10)

(k:fz'mf + kx — b +
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Fig. 6. Reaction force observer (RFOB)
- Grfob . GrfobS .
F= ———— (kfiges+ kx) — bx.
s+ Grfob ( fhxe ) (S + grfob)(s + g'u)
—————
Low-pass filter Band-pass filter
(11)

The low-pass filter filters the unwanted high frequencies
from the estimate. The band-pass filter in addition filters
the frequencies around zero from the velocity measure-
ment. This is a practical necessity which results from the
nature of our application, as will be explained.

By using the velocity measurement in the RFOB, we are
able to set the damping for the motion by the coeflicient b.
This improves greatly the contact force transition during
the impact. With the b = 0, the secondary stage behaves as
a falling mass, and rebounds can occur during the impact.
When the parameter b is increased enough, the rebounds
are eliminated. However, during the reciprocal motion, the
contact force is increased because of the nonzero DC value
of the velocity, which is not the desired behavior. This
can be solved by subtracting the low frequencies from
the velocity measurement, effectively creating a band-pass
filter for the velocity, as shown in equations (10)—(11).

In simulations and experiments, we used a hand-tuned PI
controller for the force control (C' in the figure 6), which
provides satisfactory results.

5. SIMULATIONS

Simulations have been carried out using the hybrid model
implementation from the section 3.2. All simulation files
are available for free download at Matlab Central reposi-
tory 2.

2 https://www.mathworks.com/matlabcentral/fileexchange/
73393-simulation-of-dual-stage-soft-landing

The simulations show clearly that the characteristics of the
contact force during impact and reciprocal stage motion
can be improved by setting the damping parameter b. In
figure 7, we can see that in a case when b matches the
spring damping exactly, the resulting contact force has
an oscillatory behaviour. When we increase the b, the
oscillations are successfully damped, but the force does
not follow the reference during the reciprocal motion of
the linear stages, because of the nonzero DC value of the
velocity measurement. This is improved significantly by
subtracting the low frequencies from the velocity measure-
ment, i.e. creating a high pass filter, or rather a bandpass
filter when combined with the output low pass filter.

T T T
Force ref.
80 Mastched b |
——High b
60 1 —— High b + HPF ||
o
o0
8 40 s
5
£
20 |- s
0
| | |
0.8 1 1.2 1.4 1.6

Fig. 7. Contact force dependence on the RFOB damping
b, simulation results

T T T T
Force ref.
80 - Matched b ||
——High b
—— High b + HPF
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%
g
— 40 [ |
=
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[T : : : wdh s
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Fig. 8. Contact force dependance on the RFOB damping
b, experimental results
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6. EXPERIMENTS
6.1 Contact force and RFOB

The experiments from the simulation have been conducted
on the experimental platform as well, the results are shown
in figure 8. In comparison to the simulation, the data
match fairly well, given the simple linear impact model.
It is apparent that the matched damping causes rebounds
and oscillatory behavior during impact, while high damp-
ing causes tracking problems during reciprocal motion
and even rebounds during the restitution. The proposed
method with a bandpass velocity filter has shown better
performance in both the simulation and the experiment.

6.2 Soft landing benchmark

In the soft landing experiments, both the reference pro-
cedure and our proposed procedure were tuned to the
limits of the experimental platform. Since the resulting
time is dependent on several factors, the algorithms had
to be tuned with an emphasis on equality of conditions for
both procedures. This means for example that the range
in which we expect the impact to happen and therefore
the impact velocity is reached is the same in both cases.
In both procedures a maximal contact velocity has been
chosen such that the impact impulse almost reaches the
upper constraint, but still satisfies it.

The benchmark test for the procedures is to start 20 mm
above the impact position and achieve the impact as fast
as possible, while keeping the constraints on the contact
force. For die soldering, it is important not to cross a
certain maximum force during the procedure, since it could
potentially damage the component. At the same time,
the contact force should not fall below a certain value
as well, for the soldering to succeed. These constraints
are not standardized and can differ with the size of the
manipulated component. For the benchmark, we have
chosen that the acceptable interval for the contact force
is from 20 gf to 40 gf. The goal is to keep the contact force
within the constraints for a time period of approximately
500 ms, which is the time needed for successful soldering.

The results for the reference procedure are displayed on
figures 9 and 11, for our proposed procedure on figures 10
and 12. The results show clearly, that the proposed soft
landing procedure offers a possible slight time improve-
ment at the price of the contact force oscillations during
the reciprocal motion of the stages. However, as long as the
contact force stays within the constraints, we do not care
about the oscillations from a technological perspective.

The experiments have shown that the proposed dual-stage
approach offers a slight time improvement as a trade-
off for slightly less steady contact force when compared
to the conventional approach. In applications where the
requirements on the steadiness of the contact force are not
too strict, this could be beneficial, since even a tenth of a
second per cycle could mean a noticeable difference in long
term operational /production periods. The experiments are
documented in the form of a short video available at
https://youtu.be/BBQp_Mypgao.

- - tsL Timp —— T2

- - = timp -

20

[
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Position [mm)]
—
S

1 1.2 14 1.6

Fig. 9. Reference procedure, trajectory of the end effector
coordinate xo. The Soft-Land routine starts at time
tsr.. The end effector impacts the wafer at time timp.
The impact position is labeled as xjmp, = 0.
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Fig. 10. Proposed dual-stage soft landing procedure, tra-
jectory of the end effector coordinate x5.

7. CONCLUSION

In this paper we described a practical control design
problem of soft landing for a dual-stage configuration. We
proposed a systematic solution based on the concept of
reaction force observer (RFOB). We compared it with
an intuitive extension of a documented simple method
implemented in commercial drivers. The comparison was
done using both simulations and laboratory experiments.
The experiments were also documented with a video.
Although the motivation for solving this problem was
very concrete and practical—pick-and-place manipulators
in the semiconductor industry—we kept the exposition
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Fig. 11. Reference procedure, contact force Fyuen. Time
axis is zoomed to the contact phase and corresponds
to the figure 9.
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Fig. 12. Proposed procedure, contact force Fpusn. Time
axis is zoomed to the contact phase and corresponds
to the figure 10.

general enough so that both practitioners who need to
solve a similar problem and researchers who want to
find a benchmark could benefit from the paper. We even
strengthened the reproducibility of the presented research
by sharing the Simulink model and Matlab codes through
a public repository.
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