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Abstract

The potential areas of application for robots have gradually extended beyond the classical industrial settings in large-
scale enterprizes: nowadays, the integration of robots into daily life has become a central development in robotics.
Here, one major challenge is the physical interaction with unknown and/or changing environments. Such an interaction
requires knowledge of the exchanged contact forces and torques. To this end, robotic systems are typically equipped with
force/torque sensors at the wrist. By using force control schemes that rely on measurements from these sensors, conven-
tional manipulation tasks are successfully executed. In particular, for dynamic manipulation tasks, however, the problem
arises that the inertial forces/torques of the end effector have a non-negligible effect on the measurements of the wrist
sensor. This degrades the performance of the interaction control and constitutes a safety risk since the actual interaction
forces/torques deviate from the desired values. As a solution to this problem, the paper discusses four contact force/torque
observer designs: two approaches are based on the extended Kalman filter (EKF) and two approaches are based on the
unscented Kalman filter (UKF). For both types, EKF and UKF two different measurement vectors are considered. the
first one only uses pose and force/torque measurements, whereas the second one also uses acceleration measurements
to determine the contact forces and torques. The four observer designs are evaluated in simulation and experiment for

six-degree-of-freedom (DOF) tasks.

Keywords
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1. Introduction

The knowledge of contact forces and torques is particularly
crucial for robots that physically interact with the environ-
ment (Khatib, 1987; Lefebvre, 2005; Siciliano et al., 2008).
For dynamic manipulation tasks (Mason and Lynch, 1993),
determining these contact forces/torques is a challenging
task: Figure 1 illustrates the typical hardware setup with a
force/torque (F/T) sensor located at the wrist. In general,
the measured forces Fs and torques M are constituted by

the following components
FS o FE FI FG
L J=Lan oL oL ]

where Fg, My are the environmental contact forces and
torques, F;, M, are the inertial forces and torques, and
Fg,M¢ are the forces and torques due to gravity. Dur-
ing dynamic motions, the problem arises that inertial
forces/torques of the end effector have a significant effect
on the force and torque measurements. Hence, the mea-
surements do not correspond to the actual environmental
interaction forces/torques.

1.1. Related work

The problem of contact F/T estimation has been addressed
by various researchers: Uchiyama and Kitagaki (1989) were
the first to investigate dynamic force sensing for high-speed
robot manipulation tasks. The developed observer could
estimate both environment forces and torques and was
based on the extended Kalman filter (EKF). The observer
design, however, was restricted to pose and F/T measure-
ments only. In the presented results, the complexity of the
problem was reduced by considering only a planar scenario
with two translational and one rotational degree of freedom
(DOF).
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Fig. 1. Schematic of the hardware setup: the tool/end effector that
interacts with the environment is attached to a wrist-mounted F/T
Sensor.

Lin (1997) developed an observer based on position and
force measurements. In this work, only environment forces
and translational motions were considered which results in
linear process and measurement equations. Hence, a clas-
sical Kalman filter could be applied to estimate the contact
forces.

Garcia et al. investigated a sensor fusion approach for
dynamic F/T estimation (Garcia et al., 2004, 2005b,a, 2006,
2008). In addition to pose and F/T measurements, an iner-
tial sensor was used to measure the tool acceleration. In
the EKF-based observer design, the environment forces
and torques were not considered. The estimation error was
utilized to obtain a contact F/T estimator with low-pass
properties. Considering the nonlinear process model for the
torques, it seems problematic to use the estimation error
of such an observer to determine the environment torques.
In addition, the representation of the tool orientation with
Euler angles appears critical because of the well-known
issues with representation singularities.

Kroger et al. (2006) also discussed a fusion of F/T and
acceleration information for contact F/T estimation. In their
work, characteristic properties of F/T and acceleration sen-
sors were reported (Kubus et al., 2008). Furthermore, trans-
lational and rotational acceleration estimates based on pose
measurements were derived. However, the calculation of
contact forces and torques was performed without consid-
ering the stochastic properties of the signals, hence limiting
the effectiveness of the approach. For a contour following
task, Koch et al. (2011) compensated for inertial forces
of the tool in contact F/T measurements using accelera-
tion sensors. Again, stochastic properties of the acceleration
signals were neglected.

1.2. Contribution

The paper evaluates four observer designs that reconstruct
the contact forces/torques during dynamic motions and are
thus crucial to improve the performance of robot interac-
tion control schemes. To this end, the paper first presents
the continuous and discrete-time model for the system
(Section 2). The orientation of the tool is described with
quaternion notation. Then, the design of a six-DOF F/T
observer is detailed: in addition to an EKF-based design,

Fig. 2. Forces and moments applied at the end effector.

the paper also discusses an observer based on the unscented
Kalman filter (UKF). For both filter types, two different
measurement vectors are considered: one using only pose
and F/T measurements and one using additional accel-
eration and velocity measurements (Section 3). The per-
formance of the resulting four different filter designs is
evaluated for six-DOF tasks in simulation and experiment
(Sections 4 and 5). The evaluation also considers the robust-
ness of the filter towards changing operating conditions,
since this aspect is of particular importance for hardware
applications.

2. System model

Let C denote the center of mass of the end effector and X
the body-fixed coordinate frame with origin in C and which
axes coincide with the principal axes of inertia of the end
effector. Similarly, as shown in Figure 2 the world frame is
denoted by Xy, the frame of the end effector contact point
by X, and the F/T sensor frame as Xg. Using the center of
mass C as the reference point, the Newton—Euler equations
for the end effector with respect to frame X (illustrated by
the superscript C) are given by (Wittenburg, 2007)

F§ — F§ + mg© = ma

S(rig) FS + M§—S(rép) F§ — M

=Joa" + 8 (0°) Jew©.

2

Here, the tool mass is given by m, J g is the moment of
inertia with respect to C, a& denotes the translational end
effector acceleration, @/a€ the angular end effector veloc-
ity/acceleration, and g© the vector of gravitational accel-
eration. Here S (b) = S is the skew-symmetry operator
applied to vector b. The matrix R} is the rotation matrix of
frame X; with respect to frame X%;.

It should be noted that most quantities in (2) are mea-
sured (calculated) in their own frame. Thus, an extended
formulation of the Newton—Euler equations for the actual
implementation is

R§F§ — RCFE + ngVgW = mR,CaIC
S (res) RSFS + RGM = S (ry) R Fg

—REML = JiR{ o' + S (RS ') JERS . (3)
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In matrix notation, one obtains the relation

] ()-8 ][9]
M?AC MI?»C 0 Jg RIC O([
—mR¢, 0 g”
*[ 0 s(waf)Jst} M

where the expressions F/C_> o Mjc_)c with j € {S, E} corre-
spond to
c R¢ 0 i
|: ;;‘JE)C :| = S Cj RC RC ;;']j . (5)
j=c o)t 1 J

2.1. Continuous-time system model

In the following, all quantities are expressed in frame X¢
and in order to facilitate the notation, the superscript C is
omitted. However, velocities and acceleration are absolute
quantities calculated with respect to the inertial frame (and
only expressed in frame C). Let x € R? with

“4)

x=[p" o' vV " FI FL MY ML] (6

denote the state vector of the system. Here, p € R? and o
€ R* are the position and orientation (in quaternion) of the
tools center of mass with respect to the inertial frame and v
is the (absolute) translational tool velocity. In the following,
two different measurement vectors

Pri+1
Olk+1]
Vik+1]
O[k+1]
FS[k+1]
Frpin
Mgpiq 1y
Mgty |

(N

o |' e R?

n=[p" o Fi M{] eRr"

yzz[pT o’ Fg M§ a' of

will be considered. While y, relies solely on position and
F/T measurements, y, also includes acceleration and (rota-
tional) velocity measurements. Based on (4) the nonlinear,
continuous-time system model

x = f(x,w)

yi= hc,i(xs I)) P (8)

ie{l1,2)

can be derived. Here, the variables w and v represent the
process and measurement noise. They are assumed to be

2
P + Ty + 0.5 (Fpg — Frpg + mg) + wyh

vii + o (Fsig — Frpg + mg) +wy g
o + TJ ¢! (SrcsF stk] — SrepF e + Mispg — Megg — SayyJ cw[k]) + Wo,k

white, independent of each other, and with normal proba-
bility distributions

p(w)~ N(0,0)

9
p(v)~N(O,R), ©

where the process and measurement noise covariances Q,
R can vary with each measurement or time step. As pro-
posed by Uchiyama and Kitagaki (1989), we assume that
the process model for the sensor and environment forces
and torques can be approximated by a white and Gaussian
process.

2.2. Discrete-time system model

The nonlinear process and measurement model are given by
the stochastic difference equation

Xpp1) =S (xXpep, W) »

Vi) = Hi(Xp11, Vi)

ie{l,2}, (19)

where the subscripts [k + 1], [k] denote the discrete time
steps and wk and vy represent the discrete process and
measurement noise with covariance matrices Q= Q(1(x)
and Ry = R(ty). The detailed process equation is given
by

O[] * Oy * O

(1)
Fspig + wrg k)
Frug +wrgn
Mgii) + Wit i

Mg + Wi i)

where * represents the quaternion multiplication. Here,
0,, = W, i) is the quaternion reflecting process noise and

(12)
@i

o sin (% || @] | T)}

denotes the differential rotation during the time interval 7
(Kraft, 2003; Natale, 2003). As the measurement equations
for y, are linear, they can be written in the following matrix
notation

op =1{na,€a)

0756
066

0756
Igye

0756
066

I7><7

X +v
057 :| [k+1] [k+1]

(13)

Yie+11 = |:

= H X117 + Vi rt1]-
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Owing to the incorporation of the angular acceleration, the
measurement equations for y, are nonlinear:

H Xx[j1] + Vit

1

- (Fsti1) — Fepesn + mg) + Vi) (14)

Yo lk+1] =

@[k+1] + Vo [k+1]

3. Filter design

As shown in (11), the system is characterized by a nonlinear
process model. In addition, the measurement model for y,
is also nonlinear, cf. (14). Hence, a nonlinear filter design is
needed for the six-DOF dynamic F/T observer. In the fol-
lowing, two different approaches for nonlinear systems will
be evaluated: the EKF and the UKF. For both approaches,
one filter design with y;, and one design with y, will be
considered.

3.1. Extended Kalman filter

The EKF extends the Kalman filter for nonlinear systems by
linearizing about the current mean and covariance and can,
hence, be applied to the given nonlinear estimation problem
(Welch and Bishop, 2006). Notating the partial derivatives
as

_ f (X[5—17,0) _ f (Xp5—17,0)

A s /4
[£] ax [£] I (15)
Hooo — dhi( X1, 0) Voo ohi(Xp;-1,0)
=T = T

the EKF time update equations are given by

-’"\:[_k] :f(-’%[_kfl], 0)

- T T (16)
Py = AwPr-nApg + WinQu—n W -

The equations in (16) predict the state xj;; and the error
covariance P at time step & based on the results from the
previous time step £ — 1.

Then, the EKF measurement update equations are used to
correct these predictions based on the actual measurements
at time step k:

- gT — gT T
Ky = PyoH g (H Py + VisaRi Vi,[k])

X = X + Ky Wi — hi( Xy 0)) (17)

P[k] =(1I25x25 — K[k]Hi,[k])Pﬁc]-
The first equation computes the Kalman gain K, the sec-

ond updates the estimate X[z with the current measurement
i) and the third equation updates the error covariance Py.

3.2. Unscented Kalman filter

As detailed in the previous paragraph, the EKF approxi-
mates the state distribution by a Gaussian random variable,

J;! (SrCSFS[k+1] =8, o F e + Mispir1] — MEg — Sw[k+1]JCw[k+l]> + Vo [k+1]

which is then propagated through the first-order lineariza-
tion of the nonlinear system. This can introduce large errors
in the mean and covariance, particularly if the system is
highly nonlinear on the considered time scale.

The UKEF is based on the intuition that, when having a
fixed number of parameters, it is easier to approximate a
Gaussian distribution than it is to approximate an arbitrary
nonlinear function (Julier et al., 1995). Hence, instead of
a linearization, the UKF uses a set of deterministic sam-
ple points (sigma points) to parameterize the mean and the
covariance. The state distribution is still approximated by a
Gaussian random variable, but is now represented through
the set of sigma points. The sample points capture the
true mean and covariance of the Gaussian random variable.
The sigma points are then propagated through the actual
nonlinear system (and not through a linearization).

In the following, the basic algorithm of the UKF is sum-
marized: for the detailed idea and implementation notes of
the filter, see Julier and Uhlmann (1997, 2004). For a state
vector x of dimension L, the 2L + 1 sigma points (vectors)
X; and their corresponding weights for the covariance GEC)
(m)
1

and the mean G are created according to the following

procedure

xp + ( (L+)")P[k])i fori=1,...,L
x[k]_( (L+M)Py),, fori=L+1,...,2L

x
Il
rm——

Gy =——+(1-0a G =—— (8
o = T (metHh) Gl = a9
" 1
G'=6"=—+ fori=1,...,2L
2(L+A)
with A = a*(L + k) —L and L = dim (x).
Here, Ppy is the covariance matrix of xp; and

(V(L+ M) Py), the ith column of the matrix square
root. The parameters o and « define the distribution of

the sigma points around the mean and are typically set to
small positive values. The parameter 8 is used to include
prior knowledge on the distribution of x[z;. For Gaussian
distributions, the optimal choice is 8 = 2 (Wan and Van
Der Merwe, 2000). For the UKF-based observers in this
work, the parameters are set to o« = 1073, «x = 0, and

B =2.
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4. Simulation

The purpose of the following simulation study is the evalu-
ation of the four observer designs (EKF with y,, EKF with
¥, UKF with y,, UKF with y,). In particular, the simulation
of the system facilitates the investigation of the observer
performance for changing environment conditions. In the
following, this will be denoted as scenario 1.

While gravity has a significant effect on the measured
forces and torques, the compensation is relatively easy as its
influence is only configuration-dependent. In contrast, the
compensation of inertial effects is more challenging since
these forces/torques also depend on acceleration and (rota-
tional) velocity. Hence, to facilitate the presentation and
discussion of the results, zero gravity was assumed in the
simulation.

4.1. Scenario

The sampling time of the filter is 7 = 1 ms. The tool mass is
m = 2 kg and the inertia tensor J& = diag ([3,2, 1]) kg m?.
The vector from the center of gravity to the force sensor
coordinate frame is r&; = [0.1 m,0.1m,0.1 m]". In the
simulation, the contact point of the tool with the environ-
ment coincides with the center of gravity. The process noise
covariance is set to

Q = dlag ([Qpa Qaa Qv,t’ Qv,ra QFS’ QFE’ QMS’ QME])
with @, = 0.5T*/m’I3,5 @, = 0.5T*J ' I I35

e (19)
Qv,t = Tz/m213><3 Qv,r = TZJCIJCII3><3
QFS = QMS = QFE = QME = 100T213x3'
The actual measurement noise covariances are
Ry = diag ([Ry, Ro, Rr, Ry ) 20)

R, = diag ([R,, R, Ry, Ry, Ro, Ro, R, |)

with R, = 107 m? R, = 1075, Ry, = 107> N%, Ry, =
1073 N?m?, R, = 1072 m?/s*, R, = 1072 rad®/s*, and
R, = 1073 rad%/s%. In the simulation, it is assumed that
process and measurement covariances are constant. Then,
the performance of the filter can be optimized by taking
sensor measurements and determining the values of R; off-
line. In reality, however, it is likely that the measurement
noise varies over time. To take that effect into account, three
different cases are considered in the filter evaluation:

(A) Ri=R;
(B) R; = 10°R, (21)
(C) R, = 1072R;

with i € {1,2}. While case A reflects a perfect knowledge
of the actual measurement noise level, the cases B and C
simulate an over- and an underestimation of the actual mea-
surement noise level. Hence, the filter performance in the
latter two cases is a measure for the robustness of the filter
towards changing operating conditions.

In the simulation scenario I, the tool executes a sinu-
soidal motion in x-direction combined with a rotation of —m
around the x-axis, see Figure 3. The shown quaternions are

01=cos<%), 02=sin(%>, 03=04=0 (22)

with the rotation angle ¢, € [—m,0]. The measured trans-
lational and rotational tool accelerations are depicted in
Figure 4. During this motion, the following contact forces
and torques occur:

ifls<t<4ds

[ON, ON, ON]T, otherwise,

{[20 N, ON, 0N,
=
(23)

if2s<t<3s

_ J[0ONm, 0Nm, 5 Nm]",
E otherwise.

[0 Nm, 0 Nm, 0 Nm]",

To evaluate the performance of the four filter designs
(EKF with y,, EKF with y,, UKF with y,, UKF with y,), the
force and torque estimation errors at time step k are defined
as

eri) = Frpg — Feg 24)

evrg = Mepg — Mepg.

For the evaluation, the performance of the filter with respect
to both continuous and discrete changes of the environment
forces and/or torques is of interest. Hence, the simulation
is separated into different segments and each time step &
is associated either with phase ¢ (continuous) or phase d
(discrete) according to

1, if 1k € e
ke = ;

0, otherwise (25)
ki =1 — ke -

Discrete changes of the environment forces and torques
occuratf = 1s,t=2s,t=3s,and t = 4 s, cf. Equation
(23). Hence, the continuous phase is defined as

t. = {[0,1)V[1.5,2) v[2.5,3) V[3.5,4) v[4.5,5]}. (26)

With (24)—(26), the scalar error measures

N
era =y Thagn ||erw]|

N
ere =) Thegy |[erpn]|
k=1 k=1

N N
ere =Y Theps ||| eva =Y Tkapy ||esrn|

k=1 k=1

(27)

are defined, where ||-|| represents the Euclidean norm. In
addition, the error measures

ery =erc.+ery and eys =ey.+eyaq (28)

are used to evaluate the combined performance in phases ¢
and d for force and torque estimation.
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positions p [m]
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Fig. 3.

Scenario I: Measured tool position (left) and orientation (right).

—a,(t) - --a,(t) a(t)

Translational acceleration a [m/s?]

w

(S}
T

411 Mo B il
0 "@\&«,ﬁ?«yﬁmw
'

nal acceleration o [rad/s?]

Fig. 4. Scenario I: Measured translational (left) and rotational tool acceleration (right).

4.2. Results

For case A, the measured sensor force, the true environment
force, and the estimated environment force (UKF with y,)
in the x-direction are depicted in Figure 5(a). The force esti-
mation errors for the four different filter designs are illus-
trated in Figure 5(c). The forces along y- and z-axes are not
displayed since no environment forces were applied in this
direction. But they are, of course, considered in the calcula-
tion of the error measures. The measured sensor torques, the
true environment torques, and the estimated environment
torques (UKF with y,) around the three axes are depicted
in Figure 5(d), (g), and (h). The corresponding estimation
errors for the four filters are shown in Figure 5(b), (e), and
(f). It should be noted that all three measured torques show
significant deviations from zero, despite the fact that an
environment torque is only applied around the z-axis (from
t = 2stot = 3s). These torques are created by two sources:
the environment force Fz, and the inertial force F;, due
to the translational acceleration along the x-axis. The latter
force also leads to measured torques since the tools cen-
ter of mass and the force sensor coordinate system do not
coincide.

4.3. Discussion

The quantitative results of the simulation for the cases A
to C are summarized in Table 1 using the six error mea-
sures stated in (27) and (28). As will be detailed in the
following, these results provide interesting information on
the performance on the different filter designs. The first line
of the table shows the values of the error measures when the

measured forces Fg and torques M s are assumed to be iden-
tical with the environment forces and torques. This can be
considered as the worst-case scenario. As Fs and My are
unfiltered data, the results are in this case independent of
the assumed measurement noise. Hence, the error measures
are identical for the cases A to C.

In case A, when using an observer design based on y,
(pose and F/T measurements), the combined error mea-
sures erx (ey,x) can be reduced by approximately 82%
(90%) compared with the worst-case scenario. Here, EKF
and UKF design are performing almost equally well. By
adding an acceleration sensor and using measurements y,
fused from the three sensor types, the performance can
be further improved: the combined error measure ery is
reduced by 63.9% for the EKF and by 65.2% for the UKF
(compared with the filter with y,). It should be noted that
the additional acceleration measurements mainly improve
the error measure ery which evaluates discrete changes,
whereas the improvements of er, are of minor influence.
The same holds for the combined error measure e),, > when
a filter design with y, instead of y, is used: the measure
is reduced by 71.4% for the EKF and by 72.8% for the
UKF. Again, the improvements are mainly associated with
eum.q- This is not surprising since the acceleration measure-
ments are especially beneficial when sudden changes in the
measurements occur.

In case B, the performance of all four filter designs
degrades compared with case A. This is not surprising since
the actual measurement noise is overestimated by a factor
of 10?. However, all filters still show a significant improve-
ment compared to the raw measurements: the error measure
er.y 1s improved between 60.0% (EKF with y;) and 65.9%
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Estimation Error ep, [N]

Torque M, [Nm]

Estimation Error e/, [Nm]

[—FsuV) = -Fpa() - true — Fy (1) - UKF with g

8 —
‘st,T(t) ---Mp,(t) - true -~ - Mp ,(t) - UKF with

6F

Torque M, [Nm)]
Lo

i - i
05 1 15 2 25 3 35 4 45 5 % o5 1 15 2 25 3 35 4 45 3
ts) ts]
(a) Fz - measured,true and best estimate (b) M4 - measured,true and best estimate
25 04
[---UKF with g, UKF with y, EKF with y; EKF with y, | [---UKF with y; UKF with ys EKF with y; EKF with ys, |
20F . 1
;
15F i 1
: E
101 : § 2
'
st : 4 &
! 8
v J |
opp | . 5
—5F { 8 8
f E
=10f ! 1 £ 06
15k ! , = |
' I
! -0.8F .
201 i ]
s i i i i i i i i i 2 i i i i i i i i i
05 1 15 2 25 3 35 4 45 5 o o5 1 15 2 25 3 35 4 45 5
Ll t[s
(c) Estimation errorep, (d) Estimation error ez,
L5 : : : ‘ ‘ : : 10 : : : ‘ ‘ : ‘
[—Msy(V) -~ -Mp, (1) - true — Mg, (t) - UKF with g, [—Ms:(t) ---Mp,.(t) - true — M. (t) - UKF with y,
| §
sl |
05
o
7 6
-05F 1 Z
—1F — =y
2
-Lsp - g
2b - T2
250 1
ok-
af §
35 i i i i i i i i i 2 i i i i i i i i i
o 05 1 15 2 25 3 35 4 45 5 0 o5 1 15 2 25 3 35 4 45 5
t[s] t s
(e) My - measured,true and best estimate (f) M. - measured,true and best estimate
0.8 - - - - 6 - - 3 -
[- - -UKF with y, UKF with yo EKF with y; — EKF with 5] = - -UKF with y; UKF with yo EKF with y; — EKF with 5]
ar ! -
El B
Z .
. 2r § 8
5 1, %,
50 ;
= ‘/'
£ .
“ /
o ; f
& /
|
4t H 4
[/ Ml
: 05 1 15 2 25 3 35 4 45 5 0 o5 1 15 2 25 3 35 4 45 5
t[s] t s
(g) Estimation error €M, (h) Estimation error ey,

Fig. 5. Scenario I, Case A. (a) Measured force Fg , true environment force Fg , and best estimate of the environment force Fg x- (©)
Estimation error eg, for the two UKF designs. The figure pairs (b) and (d), (e) and (g), and (f) and (h) show the corresponding results
for the torques around the x-, y-, and z-axes.
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Error measure improvement [%)]

(a) Case A

€r.d €M% €M,c €M,d - €Fx €F.c €r.d

(b) Case B

o % 1)
S S S

IS
=)

Error measure improvement [%)]

€M% €M,c €M,d €r.d €M% €EM,c €M,d -

(c) Case C

Fig. 6. Error measures: improvements of the four filter designs compared with the measurements Fg, M.

Table 1. Scenario I: Error measures ey s, ef.c, €F 4, eM,s, eM,c, and eys 4 for the different filter designs and cases A-C. In each

column, the filters with the best performance are highlighted.

Case A Case B Case C

eFY  €Fc  CFd eMY ®Mc eMd CFX €Fc €Fd M eMc eMd CF,Y €Fc CFd eMY  °Mc  °Md
meas. FS,MS 28.37 17.37 11.00 23.57 12.60 10.97 28.37 17.37 11.00 23.57 12.60 10.97 28.37 17.37 11.00 23.57 12.60 10.97
EKF with 1 5.02 0.86 4.16 227 0.32 1.94 11.33 2.31 9.03 4.55 1.10 3.46 10.01 4.83 518 4.08 1.81 227
UKF with 1 4.95 0.87 4.08 228 0.38 1.90 10.41 1.48 8.93 3.72 0.56 3.17 10.22 5.11 5.11 333 1.30 2.03
EKF with » 1.81 0.73 1.08 0.65 0.25 0.40 10.20 3.09 7.11 2.59 0.42 217 2.67 1.57 1.10 1.30 0.77 0.54
UKF with » 1.72 0.68 1.04 0.62 0.25 0.37 9.68 2.79 6.89 247 0.37 2.10 2.66 1.56 1.09 1.29 0.76 0.53

(UKF with y,), the error measure ey x between 80.7%
(EKF with y,) and 89.5% (UKF with y,). Remarkably, in
case B, the error measure er . of the observer designs with
»; is smaller than that of their counterparts with y,. How-
ever, considering the combined measure er 5, the designs
with y, are still superior.

In case C, the underestimation of the measurement noise
by a factor of 1072 results for all four filters in a perfor-
mance which is between their respective performance in
cases A and B. However, the results of the filter designs
with y, are only slightly better than in case B: for the EKF
(UKF), the measure ey 5 is improved by 11.7% (1.8%) and
the measure e,z by 10.3% (10.5%). In contrast, the results
of the filter designs with y, are significantly better in case
C than in case B: for the EKF (UKF), the measure er s
is improved by 73.8% (72.5%) and the measure ey s by
49.8% (47.8%). Also, for the filter designs with y,, it is
interesting to see that the decline in performance compared
with case A is mainly caused by a worse performance in the
continuous phases (error measures er . and ey ). The error
measures ep4 and ey for discrete changes, however, are
hardly affected by the underestimation of the measurement
noise. This result corresponds with the intuitive idea of the
functional principles of the filters.

Overall, the UKF-based design with y, showed the best
performance although in most cases, there is only a small
improvement when compared to the EKF with y,. As an
additional advantage of the design with the UKF, the cal-
culation of the partial derivatives of process and measure-
ment equation is not necessary, compare (15). While there
is a significant performance difference between the designs
with y, and y,, the observers based on the latter measure-
ment vector still show a fundamental improvement com-
pared to the raw measurements. For the designs with y;, the

performance of EKF and UKF is comparable with each of
them giving better results in some cases.

5. Experiment

In order to verify the simulation, the filter designs were also
evaluated using real experimental data. In the following,
this will be denoted as scenario II. As in simulation scenario
I, the main focus is on the compensation of inertial effects
and the rejection of measurement noise. While gravitational
forces and torques occurred during the experiments, their
effects have been eliminated from the measured forces and
torques that are shown in the results and the discussion.

5.1. Scenario

The experimental setup and the parameters of the exper-
iment are depicted in Figure 8: an extension spring with
spring constant ¢ = 0.303 N/mm is attached to the end
effector in order to generate a known environment force
when the robot is moving. The dynamic parameters of the
end effector were determined based on its CAD model. The
forces, torques, and accelerations are measured with a 12-
DOF sensor from JR3, see Figure 8. The sensor outputs
force, torque, and acceleration data at 8 kHz, where linear
accelerations can be measured up to 5g with a resolution
of 0.01g and angular accelerations can be measured up to
100 rad/s?> with a resolution of 0.1 rad/s>. The measurement
noise covariances R; were determined with the robot control
running and the robot commanded to remain in a stationary
pose. The following values were obtained:

R1 = dlag ([RpaRmRFS;RMS])

29
R, = diag ([R,, R, Rry, Rug, Ro, Ry, R, ) (29)
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Fig. 7. Scenario II: (a) measured position p and (b) measured translational acceleration a of the end effector. (c) The measured forces

Fg/torques Mg and (d) the true environment forces Fg/torques M.

with R, = 107° m?, R, = 107, Rpy = 3 x 107 N2,
Ry = 1073 N°m?, R, = 107° m%*/s*, R, = 1 rad*/s*, and
R,, = 1073 rad?®/s?. The process noise covariance Q is set
to the same values as in the simulation.

From time 7 = 0 to 1 s, the end effector moves to a speci-
fied position p, to attach the spring. Starting at #; = 1 s, the
end effector executes a sinusoidal motion in y-direction

(D)= poy +0.03 (1 — e *2"M)sin (15(¢ — #1)), (30)

while p.(7) and p.(f) remain constant. After 23 cycles
(t = 10.7 s), the spring is detached from the end effector
while the sinusoidal motion is continued until the end of
the experiment at # = 14 s.

The measured end effector position and acceleration are
depicted in Figure 7(a) and (b). The forces Fs measured
with the F/T sensor and the true environment forces Fg
are illustrated in Figure 7(c). The true environment forces
caused by the spring are calculated based on the actual
end effector position during the task execution. As the
spring is aligned with the y-axis, a perfect trajectory exe-
cution would cause only forces in y-direction. However,
the error between desired and actual position also results
in small forces in z-direction. Owing to inertial effects
and noise, the measured sensor forces deviate strongly
from the actual forces exchanged with the environment,
cf. Figure 7(c).

Similarly, Figure 7(d) shows the measured torques Mg
and the true environment torques Mg. As interaction with
the environment occurs only via the extension spring, the
true environment torques are zero. Again, there are signifi-
cant deviations between the measured and the true environ-
ment torques. In addition to inertial effects and measure-
ment noise, these deviations are also caused by the spring:
the off-center contact point creates torques around the x-
and z-axes.

For the evaluation, the force and torque estimation errors
as defined in (24) are used. In contrast to the simulation,
there is no differentiation between continuous and discrete
phases. Hence, only the combined error measures ey and
ey.y are utilized for the evaluation of the performance,
cf. (28).

5.2. Results

The measured sensor force, the true environment force, and
the estimated environment force (UKF with y,) in the y-
direction are depicted in Figure 10(a). The force estimation
errors for the four different filter designs are illustrated in
Figure 10(b). For the two observers based on measurement
vector y,, the estimation error shows very similar behav-
ior: during contact with the environment, the estimates lag
behind the actual forces leading to errors of up to 7 N. The
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tool/end effector

5 _,F<7]l& acc. sensor

Parameters Units

m =098 [ke]
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JE=10"3 0161 187  —0436| [kgm?]
0414 0436  2.82

1&g = [0.0001,0.00001, —0.0446] [m]

1S =10.0549,-0.015,0.0096] 7 [m]

Ty = 0.001 [s]

¢ =0.303 [N/mm]

Fig. 8. Scenario II: Experimental setup with a spring attached to one end effector of the dual-arm robot and dynamic parameters of the
tool, relative positions of the F/T sensor and the contact point of the environment interaction, and the sampling time.

eF.x  eM.x
Measure Fg,Mg  55.38 2.95
EKF with y; 23.70 0.59
UKF with y; 23.60 0.53
EKF with y, 5.99 0.23
UKF with y, 5.99 0.21

BEKFE with y;

EREKF with s |
ERUKF with y ||
[UKF with y,

Error measure improvement [%)]

Fig. 9. Scenario II. Error measures: improvements of the four filter designs compared with the measurements Fg, M g. In each column,

the filters with the best performance are highlighted.

estimation errors of the y,-based designs are also almost
identical. However, the maximum estimation error for these
designs is only 1.8 N. From Figure 10(a), it is evident that
measured sensor forces cannot be directly used in a force
control scheme: in both phases, there is a significant devia-
tion between the measurements and the actual environment
forces. During the contact phase (from 1 to 10.8 s), the envi-
ronment/spring force F partially compensates the inertial
forces F;. During the free space motion (10.8 to 14 s), the
measured forces reflect the inertial forces caused by the
sinusoidal motion with increasing amplitude.

The measured sensor torques, the true environment
torques, and the estimated environment torques (UKF with
»,) around the x- and z-axes are depicted in Figure 11(a)
and (¢). The corresponding estimation errors for the four fil-
ters are shown in Figure 11(a) and (d). As for the forces, the
estimation errors for UKF and EKF with the same measure-
ment vector are very similar. Furthermore, the maximum
errors of the y,-based designs (0.04 Nm) are considerably
lower than those of the filters with y; (0.1 Nm). In anal-
ogy to the forces, the deviations between measured torques
M and actual environment torques My depicted in Fig-
ure 11(a) and (c) illustrate the importance of the observer
for a reliable force control performance.

5.3. Discussion

The quantitative results are summarized in Figure 9 using
the two error measures er x> and ey, x. Again, the first row
of the table shows the values of the error measures when
the measured forces Fg and torques Mg are assumed to be
identical with the environment forces and torques. This can
be considered as the worst-case scenario.

When using an observer design based on y; (pose and
F/T measurements), the combined cumulative error mea-
sures erx (ey,x) can be reduced by approximately 57%
(80%) compared with the worst-case scenario. Here, EKF
and UKF design are performing almost equally well. By
adding an acceleration sensor and using measurements y,
fused from the three sensor types, the performance can
be further improved: the combined error measure ery is
reduced by 74.7 % for the EKF and by 74.6 % for the UKF
(compared with the filter with y,). The same holds for the
combined error measure ey, y when a filter design with y,
instead of y; is used: the measure is reduced by 61.3% for
the EKF and by 60.5% for the UKF.

Overall, the experimental results are in accordance
with those of the simulation: first, EKF- and UKF-based
observer designs perform almost equally well; second, the
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Fig. 11. Scenario II:

(a) measured torque My, true environment torque Mg, and best estimate of the environment torque Mg x (©)

estimation error ey, for the two UKF and the two EKF designs; (b),(d) the corresponding results for the torque around the z-axis.

designs with the extended measurement vector y, show
a significant performance improvement compared with
designs based on y,. The observers with y,, in turn, still
show significant improvements compared to the measured
values.

6. Conclusion

This paper presented a sensor fusion approach to improve
the performance of interaction control schemes by esti-
mating the actual environmental forces and torques. The

continuous- and discrete-time system model was derived
using quaternion notation for the description of the tool
orientation. Based on the system model, the design of six-
DOF F/T observers was discussed. Here, designs based on
the EKF and on the UKF were presented. For both designs,
two different measurement vectors have been considered:
the first one uses pose and F/T measurements while the
second one also uses acceleration and (rotational) velocity
measurements.

The four filter designs were first evaluated in a six-
DOF simulation scenario. Particular interest was paid to the
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robustness of the filter designs towards changing environ-
ment conditions. To this end, the simulation was performed
in three different conditions: a perfectly known, an overesti-
mated, and an underestimated measurement noise. Six error
measures were introduced to evaluate the performance for
force and torque estimation during continuous and discrete
phases. Despite the decline in performance, the variation of
the measurement noise showed that the filters can signif-
icantly improve the contact F/T estimation even for inac-
curate estimates of the measurement noise levels. For the
observer designs with extended measurement vector, the
underestimation of the measurement noise was less criti-
cal than the overestimation. For the designs with pose and
F/T measurements, the effects of over- and underestimation
were comparable.

In addition to the simulation, a six-DOF experiment was
conducted to verify the results. For both, simulation and
experiment, the UKF with the extended measurement vec-
tor performed best. Although it showed in most of cases
only small improvements compared with the EKF with
extended measurements, it offers the additional benefit that
the calculation of process and measurement Jacobians is not
needed which makes the UKF easier to implement.
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