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Abstract—Robotics force control is increasingly being used
in the manufacturing industry, to perform surface polishing,
deburring, parts mating etc. However, to avoid the high impact
force which could damage the workpiece, a common strategy
is to command the robot to approach the workpiece slowly,
which increases the overall cycle time. In this paper, we propose
a nonlinear damping control scheme which reduces the force
overshoot without compromising on the dynamic response.
The controller design and the parameter tuning are relatively
straightforward because of the clear physical meanings of the
parameters. Finally, the effectiveness of the proposed controller
is verified through simulation studies.

I. INTRODUCTION

In recent years, industrial robots are increasingly being
used to perform operations which require a contact between
the robot (tool) and the workpiece, such as surface polishing,
deburring and part mating [1],[2], in contrast to their “more
traditional” tasks of spray painting or arc welding which
require little or no contact at all. To ensure the success of
the afore-mentioned contact-type operations, robotics force
control is crucial because it not only prevents excessive
contact force which could damage the workpiece, but also
regulates the machining force to obtain a consistent surface
quality or smoothened edge across the whole workpiece.

Various force control algorithms have been proposed in
the academia over the past four decades, such as stiffness
and impedance control [2],[3],[4],[5],[6], as well as the hy-
brid position/force control and parallel force/position control
approach which deal with simultaneous position and force
tracking in different directions [5],[7],[8],[9],[10]. Based on
these algorithms, some major industrial robot manufacturers
such as ABB, FANUC and KUKA have also started offering
force-controlled robotic manipulators into the market.

Even though the topic of force control has been researched
for many years, it can be noticed that the transient response
of the contact force has not been given much attention.
To prevent excessive force overshoot which could damage
the delicate workpiece, the common approach is to design
a controller which gives the overall closed loop system a
large damping. The force response will indeed be smooth,
but the drawback is that overall response will be slow. Since
it takes a long time for the desired force to be achieved
before the process of polishing or deburring can be started,
the productivity of the process will be negatively affected.
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The cases where the robot (tool) initially moves in free
space and then comes into contact with the workpiece is
even more challenging. If the velocity of the manipulator
just before and at the instance of impact is large, the impact
force can be extremely high, leading to chattering, which
means the robot would bounce back and the tool would lose
contact with the workpiece [11],[12],[13],[14]. In a similar
spirit to tuning a high damping, one common approach to
overcome the high impact force problem is to approach
the workpiece with the optimal velocity [14]. However, this
‘optimal velocity’ could still be too slow from the user’s
point of view, resulting in a loss of productivity, especially
if the process is repeated many times per day.

In view of the above issues, it can be concluded that there
is a need to speed up the force response while avoiding
high impact force or force overshoot. Besides expensive
mechanical re-design of the robotic manipulator, the use
of advanced control scheme is also an attractive solution.
The composite nonlinear feedback (CNF) control technique,
comprising a linear feedback law which yields a closed
loop system with low damping for a quick response, and
a nonlinear feedback law which increases the damping ratio
while the output approaches the target reference in order to
reduce the overshoot caused by the linear part, is a viable
option. It was initially proposed by [15] and has gained a
large popularity in the hard disk drive community, where an
accurate positioning of the read-write head must be achieved
within a time of less than one millisecond with no overshoot
[16],[17]. More recently, the CNF technique is also used for
position control of robotic manipulators [18].

Motivated by the above development, we have proposed
a CNF-like nonlinear damping controller to improve the
transient performance of a single degree-of-freedom (DOF)
actuator [19]. Here we would like to extend the algorithm for
a multi-DOF robotic manipulator, showing that the algorithm
can ensure the contact force reach the target value rapidly
with minimal overshoot. Even in the multi-DOF setting, the
design of the nonlinear damping is straightforward and the
parameters have clear physical meaning, allowing a simple
tuning or calculation. The effectiveness of the proposed
controller is then validated in simulation studies.

This paper is organized as follows: In Section II, the
details of the nonlinear damping controller for application
on a multi-DOF robotic manipulator are given, followed
by a stability analysis in Section III. Section IV shows
the simulation results of the proposed nonlinear damping
controller. The paper ends with conclusions in Section V.



II. CONTROL DESIGN FOR MULTI-DOF ROBOT

A. System Equation

Consider the dynamic model of a robotic manipulator in
contact with the environment as follows:

M (q)q̈ + C(q, q̇) + G(q) = τ − JT Fs (1)

whereq, q̇, q̈ are the joint position, velocity and acceleration
vectors respectively,M (q) is the inertia matrix,C(q, q̇) is the
vector of centrifugal and Coriolis terms, andG(q) is a vector
of gravity terms. Moreover,τ is a vector of the joint torques,
Fs is a vector of the external contact forces in Cartesian
coordinates (for e.g., for a 6-axis force/torque sensor,Fs =
[Fx, Fy, Fz, τx, τy, τz]T ), andJ is the Jacobian matrix which
maps Cartesian forces into equivalent joint torques. All the
aforementioned matrices are common in robotics literature
and thus are not elaborated here.

The model of the contact forceFs is

Fs = Kf (pe − p0). (2)

wherep0 represents the position and orientation of a point on
the undeformed surface of the workpiece,pe is the position
and orientation of the end-point of the robot / tool, and
Kf represents the translational and rotational stiffness of the
workpiece. A two-dimensional example of this is shown in
fig. 1, where the model of the translational portion ofFs is

Fxy = Kf,t(pe,t − p0,t) (3)

and the model of the rotational portion ofFs, i.e. the torque,
is

τz = Kτ,z(pe,r − p0,r). (4)

Also shown in fig. 1 is thatFxy is the resultant of
kf,x(pe,x−p0,x) andkf,y(pe,y−p0,y). Throughout this paper,
it is assumed that the workpiece is homogeneous, such that
Kf,t is the same in all directions. This also ensures that the
direction ofpe − p0 is normal to the workpiece surface.

B. Innermost Linearization and Compensation Loop

Next, the control design is detailed. First of all, the
innermost linearization and compensation loop is designed
as:

τ = M (q)α + C(q, q̇) + G(q) + JT Fs (5)

which leads to:
q̈ = α (6)

whereα is a control signal. Since the aim is to control the
force in the task space,α is designed as:

α = J−1(a − J̇(q, q̇)q̇) (7)

where a is another control signal from the position loop,
which will be described next. In actual fact,a is also the
task space acceleration command calculated from the joint
velocity, as can be seen by substituting equation (7) into (6):

a = Jq̈ + J̇ q̇ =
d(Jq̇)

dt
=

dv

dt
=

d2pe

dt2
(8)

wherepe is a vector of the task space position and orienta-
tion.

Fig. 1. Model of the translational contact force

C. Inner Position Loop

The inner position controller is designed as:

a = p̈e = p̈r + KDp(ṗr − ṗe) + KPp(pr − pe) (9)

wherepr is the reference task-space position given by the
outer loop’s force control which is to be designed later. This
gives:

(p̈r − p̈e) + KDp(ṗr − ṗe) + KPp(pr − pe) = 0 (10)

which guaranteespe approachespr for all positive definite
KDp andKPp . These parameters are assigned such thatpe

approachespr rapidly, for e.g. 5 times faster than the outer
force loop. For simplicity,KDp andKPp can be designed as
diag(kDp1, kDp2, ...) as well as diag(kPp1, kPp2, ...) respec-
tively so that each parameter is associated with one single
DOF.

D. Outer Force Loop - Nonlinear Controller Design

Now, the design of the force controller for the outermost
loop is presented. A linear force controller can be given as:

KApp̈r + KV pṗr = Fr − Fs (11)

where Fr is the vector of desired forces/torques in task
space coordinates. The force controller controls the contact
force by changing the reference positionpr. For example,
if the contact forceFs is less than the desired valueFr,
pr will be increased in the direction of the workpiece so
that the tool pushes harder/deeper into the workpiece, until
the desired force is achieved. Here,KAp and KV p are
also designed as diagonal matrices diag(kAp1, kAp2, ...) and
diag(kV p1, kV p2, ...) for convenience. The entries of these
two matrices are delibrately chosen such that the closed loop
system has a low damping and thus rapid response.



To reduce the overshoot in contact force without sacrific-
ing the rapid response, a nonlinear damping is added to the
controller:

KApp̈r + (KV p + ρ(·))ṗr = Fr − Fs (12)

with

ρ(Fr , Fs) = diag(ρ1(Fr1, Fs1), ρ2(Fr2, Fs2), ...) (13)

The question now is how this nonlinear damping should
look like. The answer to this question lies in what is to
be achieved using this additional damping. Firstly, when the
contact forceFsi is still far from the desired valueFri,
the nonlinear damping should have minimal effect so that
overall, the linear low damping controller causes a rapid
response. Then, only whenFsi approachesFri, albeit with a
high possibility of overshoot, the nonlinear damping should
start to be injected into the system in order to reduce the
overshoot. It is also desirable that the nonlinear function
to be smooth. One simple nonlinearity with the desired
characteristics would be the Gaussian function:

ρi(Fri, Fsi) = αie
−

(Fsi − Fri)2

2(σi ·Fri)2 (14)

or

ρi(Fri, Fsi) = αie
−

(Fsi)2

2(σi)2 (15)

if Fri is zero, to avoid division by zero.
In equations (14) and 15),αi represents the additional

damping which is added into the closed loop system when
Fsi = Fri, whereasσi · Fri determines when the nonlinear
damping starts becoming significant.σi is scaled byFri in
order to ensure that the force response is similar for different
values of reference forces. The clear physical meanings help
to simplify the tuning of these parameters.

III. STABILITY ANALYSIS

In this section, the stability of the closed loop system
under the proposed control scheme is analyzed. Firstly, it is
noted that the inner position loop is stable for all positive
definite KDp and KPp. Therefore, as long as the input
to this inner position loop (i.e. reference position signal,
which is equivalent to the output of the force controller)
is bounded, the actual position will also be bounded. With
this, the internal stability of the system is not a concern for
the stability analysis of the outer loop. Furthermore, because
KDp andKPp have been chosen such thatpe approachespr

rapidly, for e.g. 5 times faster than the outer force loop, it
is assumed thatpe = pr from the viewpoint of the slower
outer loop.

To proceed with the stability proof, the following assump-
tion is made:

Assumption 1: The geometry of the contact plane is
known. This allows a reasonable reference force to be
specified. For e.g. in fig. 1, if the gradient of the workpiece
with respect to thex andy axis is minus 10, thenpe,x−p0,x

will definitely be 10 times larger thanpe,y − p0,y. Since

it is assumed that the workpiece is homogeneous, we must
specify the reference value ofFx to be 10 times larger than
Fy. Otherwise, the both the force values cannot be achieved
simultaneously. Then, if the control parameters are the same
in all axes, the end-point of the robot/tool will automatically
move in the direction normal to the workpiece surface. With
this, p0 will remain constant throughout the force control
process.

Sincep0 is a constant due to Assumption 1,ṗ0 andp̈0 are
both zero. Therefore:

Ḟs = Kf (ṗe) (16)

F̈s = Kf (p̈e) (17)

Next, becausepe is assumed to bepr from the viewpoint
of the slower outer force loop, thuṡpe = ṗr and p̈e = p̈r ,
giving:

Ḟs = Kf (ṗr) (18)

F̈s = Kf (p̈r) (19)

The force controller was designed as:

KApp̈r + (KV p + ρ(·))ṗr = Fr − Fs (20)

Using equations (18) and (19), the closed loop equation
of force becomes:

KApK
−1
f F̈s + (KV p + ρ(·))K−1

f Ḟs = Fr − Fs (21)

which can be written as:
[

Ḟs

F̈s

]

︸ ︷︷ ︸
ẋ

=
[

0 I
−Kf K−1

Ap −Kf K−1
Ap KV pK

−1
f

]

︸ ︷︷ ︸
Alin

[
Fs

Ḟs

]

︸ ︷︷ ︸
x

+
[

0
Kf K−

Ap1

]

︸ ︷︷ ︸
B

Fr

−
[

0 0
0 Kf K−1

Ap ρ(·)K−1
f

]

︸ ︷︷ ︸
Anonlin

[
Fs

Ḟs

]

︸ ︷︷ ︸
x

(22)

or
ẋ = Alinx + BFr − Anonlinx (23)

To proceed with the stability proof, the following assump-
tion is made:

Assumption 2: The linear force controller, without the
additional nonlinear damping, asymptotically stabilizes the
system, i.e.ẋ = Alinx + BFr is asymptotically stable.
Equivalently, there exist a positive definite matrixQ such
that for V = xTx,

V̇ = xT (Alin + AT
lin)x + 2xT BFr

≤ −xT Qx.
(24)

This assumption is reasonable as the linear controller would
have already been designed to asymtotically stabilize the
system.



Fig. 2. 3-link robot used in simulation

Next, when the nonlinear damping is added into the
system, forV = xT x, the derivative would be:

V̇ = xT (Alin + AT
lin)x + 2xT BFr︸ ︷︷ ︸

≤−xT Qx by Assumption 2

−xT (Anonlin + AT
nonlin)x

≤ −xT Qx − xT (Anonlin + AT
nonlin)x

(25)

Because matricesKf , KAp are positive definite, and since
ρ(·) is Gaussian and is always greater than zero, the matrix
(Anonlin + AT

nonlin) is positive semi-definite. This means that
V̇ remains negative. Therefore, it can be concluded, from
equation (25), that the closed loop system with the additional
nonlinear damping remains asymptotically stable.

IV. SIMULATION RESULTS

A. Simulations

Simulations were carried out to verify the effectiveness of
the proposed nonlinear damping controller. Consider a three-
link planar manipulator as shown in Fig. 2. For simplicity,
the mass distribution is assumed to be extremely simple: All
mass exists as a point mass at the distal end of each link,
and they are labeled asm1, m2 andm3 respectively.

The model of the manipulator is in the form:

M (q)q̈ + C(q, q̇) + G(q) = τ − JT Fs (26)

where q = [q1, q2, q3]T , τ = [τ1, τ2, τ3]T , and Fs =
[Fx, Fy, τz]T . The matricesM (q), C(q, q̇) and G(q) can
be derived using Lagrangian dynamics, whereasJ can be
calculated from the relationship between joint velocities and
task space velocities. The parameters of the robotic system
are given in TABLE I.

The manipulator is initially not touching the workpiece,
and the goal is to establish a contact and then maintain the
forces atFx = Fxr, Fy = Fyr andτz = 0. As pointed out in
Section III, it is assumed that the gradient of the workpiece is
known, and therefore an achievable ratio forFxr andFyr is
given. It can thus be expected that the manipulator moves in
the way as shown in Figs. 3 and 4, i.e. the manipulator will
first move towards the workpiece along the surface normal,
and then reorient itself such that the measuredτz becomes
zero.

Three different scenarios are studied in the simulation
study with different goals in mind:

TABLE I

PARAMETERS OF THESIMULATED ROBOTIC SYSTEM

Parameter Symbol Value Unit
Mass of link 1 m1 10 kg
Mass of link 2 m2 8 kg
Mass of link 3 m3 6 kg

Length of link 1 l1 1 m
Length of link 2 l2 0.8 m
Length of link 3 l3 0.6 m

Workpiece translational stiffness kf,x 10000 N/m
Workpiece translational stiffness kf,y 10000 N/m

Workpiece rotational stiffness kτ,z 50 N/m

Fig. 3. Robot establishing contact with workpiece

1) Firstly, we design a linear controller, by defining the
values of KAp = I3×3 and KV p = 150I3×3 such
that the closed loop system has high damping. For
this controller, we would expect a force response with
minimal overshoot, but the settling time could be
unacceptably long.

2) Next, keeping the sameKAp as in item 1, a new set of
KV p is designed such that the closed loop system has
a much lower damping. Here,KV p is set as20I3×3.
The expected force response would be rapid, but this
comes at the expense of excessive overshoot.

3) Finally, we move on to design the nonlinear damping
controller. The values ofKAp andKV p are the same
as in item 2, whereas the Gaussian nonlinearity which
increases the system’s damping in the vicinity of the
reference values, and thus reduce the overshoot, has
the parametersα = 400 andσ = 0.3.

Fig. 4. Robot rotates to be perpendicular to workpiece
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Fig. 5. Fx response

The simulation results forFx andτz are shown in Figs. 5,
6 and 7 respectively. It can be observed that in the case of
high damping, the contact forces/torque start at a later time
as compared to the low and nonlinear damping case. This
is because the higher damping results in a slower approach
speed, and the manipulator takes a longer time to reach
the surface of the workpiece even though the manipulator
is at the same distance from the workpiece for all three
simulations. The high damping case thus indeed has a low
force overshoot, but the overall response time (including
approaching the workpiece and reaching the desired value)
is long. On the other hand, the approach speed is faster
when a low damping is tuned for the system. However,
the overshoot and oscillations are excessive and would not
be accepted in practical applications. Finally, the nonlinear
damping controller gives good results both in terms of
response time and overshoot. The approach speed and force
response follows the low damping case at the initial stage,
before the gaussian term becomes significant. Then, in the
vicinity of desired values, the gaussian damping becomes
larger and this prevents the force to shoot up to a much
higher value.

From the simulation results, it can be concluded that the
nonlinear damping controller indeed provides the best tran-
sient response, having a fast rise time and fast settling time
with no or reduced overshoots, which cannot be achieved
simultaneously using purely linear controllers.

B. Discussions

The previous remark on ”...best transient response...which
cannot be achieved simultaneously using purely linear con-
trollers” deserves some elaboration. It is actually possible
to retuneKAp while keepingKV p = 150I3×3, equivalent
to increasing the bandwidth while maintaining the high
damping, to obtain similar approach speed as given by
the low damping and nonlinear damping controller in the
previous simulations. However, it is worth noting that with
the newly tunedKAp, it is then always possible to find yet
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another smallerKV p and gaussian damping parameters to
get an even faster response with minimal overshoot. Thus,
there is always a nonlinear damping controller which can
outperform a purely linear controller.

Next, it is also noted that currently, another approach
to obtain fast force control response is by using variable
compliance actuators. However, the two approaches are not
mutually exclusive. By using a nonlinear damping controller
on a variable compliance actuators, an even faster response
with good transient can be expected.

V. CONCLUSIONS

In this paper, a nonlinear damping controller is proposed to
improve the transient performance of the contact/machining
force between a robot and a workpiece. Firstly, a linear
controller is designed such that the force closed loop system
has a low damping, which would make the system very
responsive to changes in the reference value. To prevent over-
shoot and oscillatory behavior associated with low damping,
a nonlinear damping is then added to the closed loop system



as the contact force approaches the desired value. This
additional nonlinear damping can be tuned easily as its
parameters possess clear physical meaning. The effectiveness
of the proposed controller in providing a fast response with
minimal overshoot is verified through simulations. Future
work includes performing more simulation studies on 6
degrees-of-freedom manipulator and redundant manipulator,
as well as verifying the control algorithm through experi-
mental studies.
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