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Abstract In most of the existing literature, distur-
bance observer theory has been developed only for con-
stant disturbance, while in the present work, by defining
the disturbance as a state observer, we are able to track
and reject disturbances varying with time. This is possi-
ble with only joint position variables unlike other works
where derivative of position variables is also needed.
In the novel technique proposed by us, the standard
disturbance observer output is treated as a part of the
state variable of a nonlinear system. The disturbance
estimation error is treated as a white Gaussian noise
(WGN) independent of the WGN in the dynamics of
the robot. The extended Kalman filter (EKF) is then
applied based on noisy measurements of the position
to obtain estimates of the angular coordinate and the
disturbance. Superior estimates of the disturbance are
possible because we are first using the nonlinear distur-
bance observer to produce a new state and then we are
applying the EKF to remove the residual noise in the
disturbance estimate. Stability and convergence analy-
sis of the EKF is established using linearization of the
state equations around the estimated state. Using the
Lyapunov method, we also establish convergence of
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the disturbance estimation error to zero. Finally, robust-
ness of the EKF to uncertainty is established by lin-
earizing the dynamical equation w.r.t the parametric
uncertainty and the dynamics w.r.t the state estimation
error, thereby yielding an upper bound for the error
variance in terms of the norm square of the parametric
uncertainty. The proposed technique is applied to an
Omni®Robot Manipulator. The results are encourag-
ing and demonstrate better disturbance rejection abil-
ity of the proposed scheme as compared to other tech-
niques available in the literature.

Keywords Extended Kalman filter (EKF) - Dis-
turbance observer with EKF (DEKF) - Robotic
manipulator - White Gaussian noise (WGN)

1 Introduction

Positional accuracy and trajectory control of the sur-
gical tools at the end effector of the manipulator are
crucial for medical robot applications [1,2]. However,
this highly nonlinear system is always affected by dif-
ferent types of internal and external disturbances like
environmental forces [3,4]. Such disturbances, when
unaccounted for, result in the instability and perfor-
mance degradation of the closed loop system. There-
fore, several methods have been developed for stability
analysis and robust control design of systems with dis-
turbances over the past several years. Various effective
techniques and their applications have been proposed,
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and their properties such as stability have been rigor-
ously established. An exhaustive survey is available in
[5].

In [6], a disturbance observer has been proposed
which dynamically estimates the disturbances based
on instantaneous angular measurement of the posi-
tion and velocity [¢(7), ¢ (¢)]. However, if the measure-
ments are corrupted by noise, this procedure will fail.
Also most of the industrial robots are equipped with
position encoders only. So the available feedback sig-
nals are only the angular positions. In this case, the
EKF proposed in [7] has to be used. Further in [7], the
authors model the environment force (disturbance) as
a constant direct current (dc) signal and treating it as a
parameter, estimate it along with the state [q(¢), ¢ (¢)]
using the EKF. This method may not perform well if
the disturbance is rapidly time-varying because it takes
a finite settling time for the EKF estimate to converge
close to the true state. Further in both [6] and [7], it is
assumed that the rate of change of disturbance is neg-
ligible while we are proposing a technique applicable
to situations in which the disturbance may be rapidly
varying with time.

Hence, in the present work the shortcomings of both
the works are addressed by assuming the disturbance
estimate d () to be a state variable like ¢(¢), ¢ (¢) and
the disturbance itself to be such that d; () — t’l\l (1) can
be modeled as a WGN of known variance.

In this work, the EKF is applied to the enlarged sys-
tem consisting of the robot dynamics and disturbance
observer and therefore we produce superior disturbance
estimates when both process noise and measurement
noise are accounted for.

If the disturbance consists of a nonrandom compo-
nent (d;(t)) plus a small random component (w(t)),
then the disturbance observer will be able to estimate
the nonrandom component well and we denote this esti-
mate by t?,'(t). Then, € = d;(t) — (?i(t) will be pure
noise and it may be assumed to be WGN.

Thus, in this work the EKF estimate of t/l\, () is sub-
tracted from d; (r) + w(z), where (z (1) satisfies a state
variable equation involving the other states g (), g ()
and is driven by WGN.

‘We have assumed an appropriate power spectral den-
sity for WGN and developed an EKF with disturbance
observer as part of the state [q(¢), ¢ (¢), c’l\l M].

On the other hand, in [7] the model used is d,- (1) =
WGN or d;(t) = Brownian motion which is unre-
alistic since the variance of Brownian motion keeps
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increasing with time. In [7], the external disturbance
has been modeled as a constant force or equivalently
as an unknown parameter vector whose differential
is therefore zero+ a differential of Brownian motion.
We have considered a more general model for the dis-
turbance with unknown amplitudes, frequencies and
phases (AFP). The case of dc disturbance is a special
case of our model.

Finally, coming to the convergence aspect of the
algorithm [7], a generalized active state observer is
suggested which is based on replacing the Kalman gain
matrix by an arbitrary matrix and then computing, using
the state equation and the state observer equations, a
stochastic differential equation for the state estima-
tion error and proving boundedness of this error energy
asymptotically.

We have on the other hand considered the full non-
linear state variable equations and state observer using
EKF and have derived an approximate stochastic dif-
ferential equation for the state estimation error by lin-
earizing the nonlinear state driving force as well as the
measurement function about the state estimate. We then
derive an upper bound for the stochastic Lyapunov aver-
age energy and using some techniques of linear algebra,
obtain a Gronwall inequality for the mean square error.
As t — 00, this gives an upper bound for this error
energy in terms of the state and measurement noise
energy and an assumed lower bound on the Lyapunov
matrix.

The proposed method works well even for nonlinear
state measurement in contrast to [7].

Adaptive controllers like [1-6,8—10] are subopti-
mal. The error does not converge to zero, but rather
fluctuates about zero in the limit. EKF is a direct
approximation to the optimal Kushner equation which
is the minimum mean square error (MMSE) filter. So
EKF will produce better results than adaptive methods
although computational cost will be higher. A discrete
time Lyapunov energy difference is derived between
successive error samples in [11]. The conditional
expectations of the Lyapunov energy at a given time
sample given the previous error sample is evaluated and
is shown apart from multiplicative and additive con-
stants to be smaller than the energy at the previous time
instant, thus settling the stability issue. Our analysis of
the stability of the continuous time EKF is directed
toward linearizing the dynamics of the state evolution
and using that to establish conditions under which the
expected value of the Lyapunov energy will decrease
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with time. We make use of Ito’s formulation for this
purpose unlike [11]. Since we directly work with the
continuous time dynamical system rather than its dis-
cretized version, the proposed method is less crude.

In [12], analysis of robustness is applied to the spe-
cific motor model chosen. Our stability analysis is
based on the most general EKF for the most general
nonlinear stochastic differential equation (SDE).

In [13], three new methods are discussed for lin-
earization of EKF.

In summary, the proposed approach offers the fol-
lowing contributions compared to the previous work in
the literature:

1. A new disturbance observer is proposed which
needs only measurable joint signals unlike [6]
which also needs measurable velocity signals.

2. A new disturbance observer is proposed where dis-
turbance estimation error is equal to WGN and this
error can be minimized by treating the disturbance
observer as extra state variables and applying the
EKEF to these extra state variables without any com-
putational cost.

3. If joint positions are measured with noise, direct
implementation of disturbance observer would not
work because measurement noise is not differen-
tiable so a new technique “DO with EKF” (DEKF)
is proposed with estimated disturbance as state vari-
able.

4. d(t) — cii (¢) is treated as WGN in the state model
for [q (1), ¢ (1), t/l\i(t)], and this enables us to con-
struct the estimate of the disturbance observer using
EKF. This works even for time-varying distur-
bance (d;(¢)). The analysis for the extended active
observer (EAOB) in [7] assumes a dc disturbance,
but can also be applied for time-varying disturbance
like random walks, but our method may work bet-
ter because a two-stage filter is used: first a DO and
then an EKF.

5. We choose a Lyapunov matrix V and obtain an
inequality for %E[e(t)TVe(t)], where e(t) is the
disturbance estimation error. Using this, we derive
a Gronwall inequality for E[|le(r)||*>] which con-
verges to an upper bound.

6. This justifies the construction of the disturbance
observer with disturbance estimate as a separate
state variable, and it must be estimated using EKF.

7. Robust performance for uncertainty 6(¢) is also
analyzed for the proposed technique, and it is

proved that the proposed technique is robust for
any type of uncertainty.

The remaining part of the paper is organized as fol-
lows: The dynamic model of a robotic manipulator
is proposed with disturbances in Sect. 2. In Sect. 3,
a new disturbance observer is proposed based on the
dynamic model. This will be followed by presenting
the proposed extended Kalman filter with disturbance
observer (DEKF) in Sect. 4. In Sect. 5, the stability and
convergence analysis is discussed. In Sect. 6, robust-
ness for uncertainty is analyzed. Section 7 details the
experimental setup, procedure and results. Section 8
provides observations and conclusions.

2 Problem formulation

The dynamic model of a robotic manipulator without
disturbance can be represented by

M(q)g + N(q,q) =T(0) e))

The dynamic model of a robotic manipulator with dis-
turbance can be represented by

M(q)§+ N(q,q) = (1) +d;i(t) + w(t) ()

as shown in Fig. 1. Here d;(¢) is the nonrandom com-
ponent of the disturbance and w(¢) is random compo-
nent of the disturbance present in the plant. 7(¢) is the
control signal torque. M (q) is the inertia matrix, and
N(q, q) is the vector of Coriolis, centrifugal forces and
the gravity vector.

Here 7 (¢)is generated from a desired trajectory g4 (1)
using inverse dynamics, state error feedback and dis-
turbance component, i.e.,

~

©(6) = M) (da + K plaa — @) + Ka (60— 9)
+N(¢]d, é) - ﬁt

Here ¢(t), q(t), ¢ (¢) is joint’s position, velocity and
acceleration, respectively.

Here 71(¢) is an estimate of the disturbance d; (¢). Fig-
ure 1 takes into account the EKF and DO in the torque
generation. The DEKF disturbance estimate has been
subtracted from the dynamics. However, we shall, to
start with, assume 7 (¢) to be just the torque generated by
inverse dynamics, i.e., T(t) = M(q )qga + N(q 4, 4a)
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Fig. 1 Block diagram Inverse dynamics (computation), plant
(forward dynamics) and DEKF

because we are yet to design the EKF and so (4, ¢, /)
are as yet not available to us.

If e(r) = d;(t) — d;(t)= WGN, then the extended
state model is

M(q)§ + N(g,§) = t(t) +di(t) + £(t) + (1)
(3)

Here w(?) = e(¢) +w(¢) is WGN with spectral density
2

oy = 082 + (7%. Thus, if B(t) is Brownian motion

= dB(1) 4
w(t) = awT “4)
So from (3)

M(g)§ + N(g,§) = T(t) + di (t) + w(t) (5)

R If;l\,- () is projection of d; () on its past, then d; (1) —
d;(t) is WGN by innovation process theory [14-16] .
Thus, we can model

e(t) =d;(t) — d;(t) = w(t) — W(t) = WGN.  (6)
Specifically, if

di(t +61) =E[d;(t + 81)|dv, T <1]

then as per orthogonality property of conditional expec-
tation [16]:
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EL(d;(t +8t) — di(t + 60) f(di (7). T < )] =0

which means that (d; (t + 8t) — c/l\l (t 4+ &t)) is uncorre-
lated with any Borel function [17] of the past [d7, T <
t]. So the performance of the controller 7 (¢) depends
on the accurate estimation of d; (). In the majority of
current research [6], 21 (1) is estimated as observer with
measurable ¢ and 4.

3 Nonlinear disturbance observer (NDO)

The basic idea is the design of a new observer assuming
only joint position (g (#)) measurements are available
instead of ¢(z) and ¢ (¢) as reported in [1-3,6]. Since
(2) can be written as

di(t) =M(q)§ +N(g.q) —T(t) — W) (7

so that Zl\i(t) incg\eases when c’l\,'(t) < d;(t) and d; (1)
decreases when d; (t) > d;(t), a NDO is proposed as:

;.l\i(t) = —L(g)(d;(1) — d;(t) — H(1)) ®)

From (7)

d:(t) = — L@@ (1) + L@)(M(@)i)
+ L@ NG, §) — 7(0) ©)

Here L(q) is the observer gain matrix and § signal is not
available. So we have to propose a modified disturbance
observer. For this purpose, the auxiliary variable d; (¢)
is proposed as the solution to the following differential
equation:

20) = —L(q)(d (1)) + 0+ L(@)(N (g, §) — (1))

(10)

= —L(q)(d:(t) + p(@) + L(9)(N(q, §) — T(t))
(1

Here

p =M@ (12)

From (10) and (11),
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di(1) = d,(t) + p(§) (13)
= di(t) =d(1) + P'()§ (14)

Here the construction of DO depends only on measure-
ment of ¢ (z) and ¢ (¢) and not on ¢ (¢).
Eqgs. (9)-(10)

di(0) — d.(t) = LM (@)i (15)

From (14) and (15),

L@QM(@)§ = (p'(§)§ (16)
= L@ =p @M g (17)
= p'(§) =L@M(q) (18)

where the function p(q) in the observer (11) and (13)
is chosen as

p(q) =cxq 19)

Here c is a constant matrix and then

p(§)=c and L(g) =cM(q)™" (20)
Also from (8) and (6),
di(t) = L(g(6) x w(r) @1

Expression (21) is a new finding not reported in the

literature so far. Also we are able to calculate c/l\, (¢) in
measurable signal g (¢) only.

Remark 1 The common method of constructing the
disturbance observer is:-

d;(1) = L(t)(—t(t) + N(q, §) — di (1)) (22)
d; (1) = d(t) + p(§(1)) (23)

(see (20)) where p’(¢ (1)) = C is a constant matrix so
that L(t) = C(M(q))~". It follows that

d ~ . L
—di () = do(1) + g0 (1) (24)
= L) (—7(t) + N (g, §) — d: (1) + C§(t)
(25)
= L(t)(—t(t) + N (g, §) — di(t) + M(q)§)
(26)
and since
Mg+ N(q,§) =t(t) +di (1) + w(t) 7)

(according to 2), we see Zl\i(t) =Ld(t) — t/l\,-(t) + w).

The extra term w appears in our work because we
have decomposed the whole disturbance into a purely
random component w and a predictable component
d;(1).

The fundamental assumption of this work is that
the disturbance prediction error d(t) — Zl\i(t) = €(1)
behaves like white noise that is independent of w(z)
the purely random component of the disturbance.

Although we cannot directly prove that € (¢) is white,
we can heuristically make this postulate based on the
well-known fact that if [d, ]2 | is a random sequence,

then with ;I\,, = Eld,, |d,—1,dp—2, ...... 1, it follows
that E[(dy — dy) f (du—1, dp—3, ...)] = O for any Borel
function f. Hence, d,, — 3,, is uncorrelated with any
function of {dy — d, |k < n — 1}. Thus, {d, — d,} is
white noise. Our heuristic assumption is based on this
fact, and this is confirmed by our simulation success.

Remark 2 The disturbance observer differential equa-
tion d; (1) = L(t)(d;(t) — d;(t) + w(t)) defines a
time-varying system, and hence, it is difficult to talk
of a frequency domain analysis. However, we can give
an argument as follows, which justifies somewhat that
d; (1) — Zl: (t) behaves like white noise in the sense that
it contains almost all the frequencies in its spectrum.
Since &w2 is very small, we have approximately

3i(1) = L) (0) — & (1)

and with €(t) = d; (1) — d; (1), we get é(t) = d; (1) —
L()e(t).
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The solution to this differential equation is the infi-
nite series (Dyson series)

o0
€ =d + » (—1)"
n=1

X / L(g(t)) ... L(q(tx))d;(t1)
O<t,<--t<t
L.di(ty)dty ... dty, 28)

If L(¢) consists of a discrete set of frequencies (or

is periodic with a Fourier series), i, ..., w; and

d; (1) also consist of a discrete set of frequencies, say
/ then the integral

Wy . m’

/ L(g(t1))
O<ty<--ty<t

S L(gty)di (1)) ... di(ty)dty ... dt, (29)
will contain the frequencies ) +6, +- - - - - - 6>, where
each O;e{dwi,...... , Fog, *ol, ..., £w,}; hence,

the Dyson series (28) shows that €(z) will contain
almost all the frequencies obtained as infinite inte-
ger linear combination of w1, ..., @k, @}, ..., w, and
hence €(¢) can be justified as being white noise.

Remark 3 1If
q0)=¢2 +q4V 0 +4%0

where ¢(© is a dc vector (constant), ¢V (¢) is a linear
time-varying vector, and g (r) consists of sinusoidal
oscillating term.

Then by Taylor’s series,
L)=L@q9 +qV 0 +q¢?0) +¢V 0 +¢? @)
=Lo+Li(t)

where Ly = L(q(o), q(l)) is a constant matrix, and
Li(t) comes from Taylor expansion of L around

q©.qM).
L (t) consists of harmonic terms. Then

(1) = di(t) — (Lo + L1 (1) (e(t) + W (1)) = d; (1)
—(Lo + L1(1))e(t) — Low (1)

If we further neglect w(t), we geté(r) = d; (1) — (Lo +

Li(1)(e(®).

Which has the Dyson series solution
o
e= di(t)+ D (=DH" f(Lo + Li(t1))......
n=1

(Lo+ Li(ty)d(ty) ...d(t,)(dty ... ... dt,)
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This expression contains terms

di(t) + ZLS(—l)”/d(tl)...d(t,,)O <t

n=1

<---<dty...dt,

which contains not only the frequency of d;(¢), but
also linear combination of the frequencies of d;(¢).
The frequencies of d;(¢) appear in €(¢) however, with
a suppressed amplitude. This can be seen by tak-
ing the Fourier transform of the approximate equation
é(1) = d; (t) — Loe(t) which gives

(Fe)(w) = (joI + Lo)~' joF(di)(w)

where F denotes the Fourier transform operator.
Thus, if L is chosen so that for w falling in the band
of

d;(t)(i.e., (Fds(w)))

|w| << ||Lol|, then |(F(.)(w)) will be small and hence
then frequencies of d; (¢) will be suppressed in €(¢).

w(t) is white processes noise independent of d(z).
Suppose we include its effects in this linear analy-
sis. Then we get €(f) = d;(1) — Lo(e(r) + w(t))
which gives on taking Fourier transforms (Fe)(w) =
LiwF )(aa)))l LLOJ):{"’}(“)) so if w falls in a range of F{d}
such that lw| << ||Loll|, then in this range, (Fe¢)(w) =
—F{w}(w) which means that again €(¢) will behave
like white noise.

4 The proposed disturbance extended Kalman
filter (DEKF)

We begin by defining the state vector:
=lg() 0(0) n()]"

Here 5(t) = d; (), i(t) = d;(¢) as shown in (21), and
(1) =q(1).

The robot system model in (5) will be extended as
follows:

§=w (30
w=F(q,0,t)+G@)(n+w) (€29)
= L(qQw (32)
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Here H =1]I:0] sothat HX =gq . 45)
0y = covariance(Ny) (46)
F(qswat)zG(q)(T_N(qu)) (33) 00 0
G(q) =M(g)™! B4 ou=|0cov.(w)o0 (47)
00 cov.(w)
Introduction of disturbance observer as a state variable P, P, P,
is the one of the major contributions of this work. P= j,"g Pog=|Pugy Pa)‘ pw:n (48)
So Pyg Ppo Py
0
. _d | ®=e@=| 6@ (49)
X=—1|ow g =84) = ?
dt L(g)
n
w 0
=| F(qg.o.) +G@n | +| Gg) |w (35) 5 Stability and convergence analysis of DEKF
0 L(g) _
. In the previous section, we have written down the non-
= X=ftX)+gl@uw (36)

For nonlinear system,

z2=hX)+ny 37

Here ny = oy dg(t[) is Gaussian measurement noise.

From Kushner filter theory [18], extended nonlinear
disturbance observer is constructed along with plant
dynamics as below:

A A~ ~T 2. -~
X=ft,X)+Ph o,°(z—h) (38)
and

. -~ ~T AT ~T 1%y
P=fP+Pf +o,88 —Ph o, WP (39

So for a linear measurement system:

v 5% T _—2,; v
X=f,X)+PH 6,2~ HX) (40)
—ft,X)+ PH 02 -] (41)
. -~ ~T
P=fP+Pf
+0,88 —PH"o;'HP (42)
h(t,X) = HX 43)
= z=HX 41y (44)

Here z is the measurable output of the plant. H is
the state observation matrix. For a robot with optical
encoder:

linear state equation in SDE form and the nonlinear
noisy measurement equations with additional WGN.
We then write down the EKF for the state estimate
and its error covariance matrix with driving force pro-
vided by the difference between the actual measure-
ments and the estimated measurements. The EKF can
in some sense be looked upon as a nonlinear version
of the active observer with gain dependent on the error
covariance and the measurement Jacobian evaluated at
the current state estimates. In this section, we shall form
using the difference of the state and EKF equation an
approximate linear SDE for the state estimation error
and calculate its mean square error w.r.t a Lyapunov
matrix. Conditions on the noise coefficients (both state
and measurements) for this mean square error to remain
bounded with time are then derived. Here we derive a
generalized form of sensitivity analysis which may be
applied using Gronwall’s inequality [19] not addressed
so far in the literature.

State model In what follows, we consider the gen-
eral model for the state vector defined by a general
multivariate stochastic differential equation driven by
a multivariate standard Brownian motion with time-
dependent drift and diffusion coefficients and we have
also considered the measurement model as general
as possible, i.e., given by a nonlinear time-dependent
function of the state plus white Gaussian noise. We
then develop a theory for calculating the EKF-based
estimation error and upper bounds for this. The state
model is:

dX; = f(t,X,)dt +g(t, X,)dB; (50)
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and the measurement model is:
dzt = h(t, Xt)dt + O'Vth
EKF

dX, = f(t, X)dt + o, 2P’ (1, X)"
(dz; — h(t, X,)d1)

dP —_ -~
d—; =6, X)P, + P.f' (1, X7
— PR, X)TH (t, X)P, + (gg") (1, X))
Let
T _
gg (t,x)=a(t,x)
e — Xt - i[
de; = dX, — dX,

After linearization around X,

de; = f'(t, X,)edt + g(1, X,)d B,

— o, 2P (1, X)) (W (1, X )e,dt +ovd V)
=[f'(t, X)) — 0y P (t, X) I (1, X))eydt

+g(t.X)dB, — o, P (1, X)"dV,
Let

Fi=ft,X)—PHht,X) 't X))

and
G, =g, Xt),
H =—0,'Ph 1, X))’

Then (58) can be expressed as:,
de[ - F;e,dt + G[dBt + H[dV[

with solution
T
e = /O b5t T)(GrdB, + HedV-)

@ Springer

(5D

(52)

(53)

(54)
(55)
(56)

(57)

(58)

(39)

(60)
(61)

(62)

(63)

where ¢ 1 (¢, 7) is the state transition matrix satisfying:

AP p (1, 7)

E)t = FI¢F(I5 T)a t 2 T, (64)

with the initial condition:
Dr(t,t)=1 (65)

Theorem 1 Assuming that

max E[Tr(G,G!') + Tr(H,H!)] = K' < 0
>

We have that E||¢;||? is a bounded function of time.

Proof We have from (63)
T
Eflle,?] = E/ Tr(® (. 1)G.GI @ (1. 1))d1
0
T
+IE/ Tr(®r(t, T)H H ®1(z, 1))dr (66)
0

More generally, let the Lyapunov energy matrix V >
0. Then

d (Ele! Ve,)) = E(d(e! Ve,)) = E(e! Vde,)

+ Tr[V E(de,de!)] (67)

=Ele/ (FTV + VF])e,dt
+E[Tr(G,GT) + Tr(H,H!)ldt (68)
O

The rate of change of the mean square state esti-
mation error energy is obtained for the EKF using the
stochastic Lyapunov method, and using this expression,
we derive an inequality for the mean square error which
resembles the Gronwall inequality. This inequality is
used to show that as + — oo under sufficiently gen-
eral conditions on the noise coefficients G, and H,,
the mean square error remains bounded.

If rate of change of error energy:

FI'v+VFI <1 <ovt (69)
Then

d

EIE[e,T Ve, <Elel Ie,1+ 1, (70)



Disturbance estimator as a state observer

2817

where
nm=E [Tr(G,G,T) - Tr(HthT)] (71)
So,

t

t
Elefvel] < - / E[e/ Te;]dr + / ndr’ (72)
0 0

Suppose V > K I. Then

t

E[||e,||2] < k! /OIE[eXTI‘es]ds—i—K]/O nsds
(73)

LetI' > Kol.
Then we get

2 Ko [! 2 -1 !
Ellle7] < —7/ llesll“ds + K / nsds (74
0 0

Put

t
/O les|2ds = & (75)

and then Gronwall’s inequality can be applied to (74),
which is then same as

d
g < ot 4B, (76)

where o = Ko/K and g, = K~! fé nyds.

Thus,
t
§ < e g+ / e~0=9p,ds 77
0
Hence, if
t
e_“’/ e Bsds — 0, t — o0, (78)
0
then
Ele|*> — 0;1 — oo, (79)

Since it is assumed that

max E[Tr(G,GI) + Tr(H,H)] = K' < o0, (80)
[

ie., max(n) =K < oo (81)
t>0

It follows that

t
/ e_“(t_s)ﬂsds = K_l/ e =)y dsdu
0 O<u<s<t

(82)
1] — —a(t—u)
=K_1/ eTr}udu
0
K/ 1 _ eott
= Ko r— (83)
o o
K't K't
= — = — (84)
Ko Ko

This implies that E|le; ||> ~ I’g—(; fort — oo.

That is, the mean square error remains bounded as t
— 00.

So the bound is decided by the parameters K and
K. K’ is ameasure of the state noise plus measurement
noise energy, while Ky is a lower bound for the Lya-
punov matrix. The upper bound for the limiting mean
square error estimation error is Kﬁo

Higher K’ = higher noise power — larger
mean square error. Higher Ky = larger Lyapunov
matrix V. = lower mean square error energy.

6 Robustness of DEKF to uncertainty

We further elaborate on the same theme but with an
unknown parameter vector f like parameter uncer-
tainty entering into the state equation and designing
the DEKF based on a guess parameter vector 6. The
true state vector is X; (50). We derive using the Ito’s
calculus an upper bound for E|| X, (0g) — 5(\,(0)”2 in
terms of ||@ — 0 ||> assuming that 50 = 6 — @ and the
uncertainty is small and thereby establish conditions
for robustness of the DEKF.

Actual model

dX, = ft, X, 00) + g, X;,00)d B, (85)
dY, = h(t, X,)dt + odV, (86)

@ Springer
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Assumed model

dX; = f(t,X,,0) +g(t, X,,0)dB, (87)
dY, = h(t, X,)dt + odV, (88)

EKEF is based on assumed state model and original out-
put mass moments.

dX, = ft, X,,0)dt

+ PHT (1, X,)(@dY; — h(t, X,)dt) (89)
dP —_ o~
df —F(t,X,,0)P, + P, FT(t,X,,0)
+a(t.X,.0)—P.H ¢, X)H(t, X)P,  (90)
e =X, — X; = X, (60) — X,(6) 1)

de, = (f(t, X, 00) — f(1,X,,0))dr
+g(t,X,,00)dB, — PH (1, X))
((h(t, X;) — h(t, )A(,))dt +odVy) 92)

Let L, = P,HT (¢, X,). Then

~ ~ 3 ~
de; ~ F(t, X;,00)(X; — X;)dt — %(r, X;)80dt

+g(t,X,,00)dB; — L H(t, X;)(X; — X,)dt
—oL,dV, (93)

or
det ~ (F,)e,dt + thBl‘ — Lthe,dt
— UL[dV[ — F9130dl‘ = (F[ — Lth)etdt

+ thBt — UL[dV[ - F9,80dl‘ (94)

where H(t, X,) = H, = h'(t, X(t)). Let

0D (1, 1)
“ar =F —LiH)P(t, 1), t>7 (95)
D(r,1)=1 (96)

t
Then, e; %/ D(t,1)(GrdB; —oL.:dV;)
0

t
—/ D(t, T)Fy.60dt 7)
0

@ Springer

Eflle: 1’1 = E[|X;(80) — X;(8)]|] (98)

t
~ IE/ Tri®(t, 1) (GG v+ o’LtL'v)¢" (1, T)}d7
0

t t T
+60TE[</ d(s, f)Fg,dr) (/ D, t)Fg,dr) ]ao
0 0

(99)
Let
Ellle: 1*1s0=0 = &0(t), (100)
Ellle; 121 = &o(t) + 8& (1) (101)
Then
t t T
SE(1) = S0TE [ (A D(t, r)FgTdt) (/0 D(t, t)Fg,dr) ] 560
(102)
where
of  ~
Fo; = —=(t, X;,00).
0 20 (t, Xy, 6p)
05(1)] < K, |80 (103)
where
ot t T
K, = E{(/ (1, I)Fgfdr) (/ (1, r)Fg,dr) ]
0 0 s
(104)

| - ||s denoting spectral norm, such that largest eigen-
value.

This discussion is summarized in the form of
Theorem 2.

Theorem 2 [fthe actual system model is given by (85),
(86) and the assumed model by (87),(88), then with X ¢
obtained from the EKF applied to the assumed model,
and the estimated state error e; = X;(6p) — 5(\,(90), we
have |E[|e;]1*] — Elle||*[so=o| < 86T K;36 where K,
is given by (104).

Typically, the eigenvalue of the “forcing function
with estimation error feedback (F; — L, H;)” for the
state estimation error with parametric uncertainty will
have negative real part which means that @ (¢, t) will
asymptotically behave as sum of terms of the form
e =1 \where Real(A) > 0. Thus, if sensitivity of
forcing drift function Fp, with respect to parameter is
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bounded with time, the error response fé D(t,t)Fy.dt
to the sensitivity of the drift function will converge as
t — oo and K, will be bounded as t — oo.

7 Application of proposed DEKF to a Phantom
Omni Robot™

In this section, the performance of the proposed algo-
rithm is illustrated by applying it to a Phantom Omni
Robot™available in the laboratory and the perfor-
mance of DEKF is also compared against the method
proposed in [6] (Table 1).

7.1 Dynamics of Phantom Omni Robot™

The dynamic model of the robot defined as in (2) and
physical parameters as per [6] is given as below: The
inertia matrix of the Phantom robot, assuming ¢, = 0,
is

M(q) = |:gl +a2C23 + 23823 + 24C3 + 553 26i|
(105)

and

N(q,§) =1, Val" (106)

where

Vi = = 224143 sin(2g3) + 234143 cos(2q3)
+ 04q1g3 cos(g3) — a54143 sin(q3), (107)
V3 =247 cos(gs) sin(g3) — @3¢} cos(2q3)

1 .2 l e .
— %] cos(q3) + 5954 sin(g3)
+ a7 sin(g3) + ag cos(q3) (108)

Note that

C; = cos(g;), S; =sin(g;), Ca,;
= co0s(2g;), S2,; = sin(2g;) (109)

As per [6], ¢ = 0.021.

2819
Table 1 [6]

Parameter Value

a)= 6.11 x 10734+ 0.9 x 1073
ar= —2.89 x 1073 £0.43 x 103
3= —4.24 x 1073 £1.01 x 1073
oy= 3.01 x 1073 £ 0.52 x 1073
as= 2.05x 1073 £0.15 x 1073
6= 1.92 x 1073 £0.23 x 1073
ar= 1.60 x 1071 +£0.05 x 107!
ag= —832x 1073 £2.78 x 1073

Jacobian of the robot when g = 0 is as below: :

J= [lz +135(¢)3 0 (110)

0 LS(@)s |

Herel; and /3 are the lengths of 2nd and 3rd link, respec-
tively.

As there is no force sensor attached with the Phan-
tom robot available in the laboratory, a reference dis-
turbance signal d; (¢) is generated. The equivalent joint
disturbance torque on joint 1 and joint 3 if the supposed
external task force F = 1 N on end effector is as below:

dit(t) =JT x [F Ol =1 + 15 x sin(q2)

=0.135+0.135 x sin(g>) (111)
diz(t) = JT x [0 F] =1 x sin(q3)
= 0.135 x sin(g3) (112)

Here d;3 may be considered as the disturbance due to
the external payload ((1/g)kg) or uncertainty in the
mass (0 = (1/g)kg).

Here the system state vector X is as below:

X =q1, 43, o1, w3, 1, 1317 (113)

Thus, the system model in state space form can be writ-
ten as:

X = o1, 03, &1, @3, 71, 1317 (114)
=ft, X)+glQw (115)

@ Springer
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w1
w3

_ S | 7 d;
= jwort (v [ ]+ [ 2]+ %))
0
0

0
0

(M (q)7"]
[M @]
L (q1)

L L (g3)

w (116)

7.2 DEKF
According to Sect. 4, by defining
X =[G1,3 @1, @3, 71, 731" (117)

the extended active observe is given by (41) and (42)
as below:

X=ft.X)+PH ¢;'G- (118)
. -~ ~T AT T _—1
P=fP+Pf +0,88 —PH ¢;'HP

(119)

04,0, P and g are defined as (46), (47), (48) and (49),
respectively, and for the present measurement linear
system

z=HX +1nx =g, 31" +[m, 1" (120)
Here

100000
H‘[omooo} (20

CAn Af dfi dfi At Bfi T
g1 9¢3 dwy dw3 N 013
A 3fr 3fr 3fa 3fr 3f2
9g1 9g3  dwy 3 N )3
af 3 93 Afs Afs 33 B3

-~ ~ ~ e A
_ _ | 9g1 9g3 Ay dw3 9N N3

f =55 T | 0k dh 0k 0f 0h o (122)
g1 043 dw; w3 dn N3
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Fig. 2 Omni bundle robot

02X2 12X2 02><2
_ %_15 + 3?6(}11) (12><2 Q ﬁ) g_g é(q) (123)
OgXZ 02><2 02><2

7.3 Controller

An acceleration controller as shown in Fig. 1 is
designed by computed torque method where the dis-
turbances are not taken into account. It means that con-
troller is designed for nominal model of manipulator
without considering payload and friction (Fig. 2). The
controller is designed as

fo=M@ Ga+Kalga — ) + Kplga — )
+N@.D (124)

Here K, and K are positive definite gain matrices.

7.3.1 Initial conditions

The measurement of forces requires additional sensors
as the Phantom Omni™ is not equipped with the ability
to measure applied loads. Instead of affixing a sensor to
measure the input on the robot, an artificial input force
was generated. All the initial positions and velocities

of the joints are set to zero. The sample period T is
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set equal to 0.01. The controller gain K, and K, for
both approaches are chosen as K, = 100/ or Ky =
201. The specific observe gain and initial conditions
for DEKF are chosen as follows:

cov.(w) = cov.(w) = 1077 (125)
Po = diag [10*5, 1075,1075,1075, 107", 10*1]
(126)
1070
oy = [0 10_7] (127

7.3.2 Experimental results

The following tests have been performed to investigate
the performance of the proposed method.

Test signal I: Signal with white Gaussian measurement
noise of standard deviation 107 7.

Test signal II: Signal with white Gaussian measure-
ment noise of standard deviation 1075.

The results of desired, estimated and actual trajec-
tory tracking and disturbance tracking for proposed
DEKEF under different noise conditions are shown in
Figs.3,4,5,6,7,8,9,10, 11 and 12.

Figures 3 and 4 show the experimental results for
desired trajectory (g ), actual trajectory with noise (g +
noise) and estimated trajectory (¢) for joint 1 and joint
3, respectively, and demonstrate the good performance
of the proposed technique.

Figure 5 shows that the actual tracking errors (¢ —
(q,+noise)) and estimated tracking errors (¢ —¢q) are
converging after 1s in the presence of noises.

Table 2 demonstrates that the performance of the
proposed DEKF is better as compared to [6] and [20] in
the presence of measurement noises (covariance 1077).

Figures 6 and 7 show the experimental results for ref-
erence disturbance trajectory (d; (t)) and estimated dis-
turbance trajectory (;i; (1)) for both joints and demon-
strate the good performance of the proposed technique
in the presence of measurement noises (covariance
1077).

Figure 8 shows that the disturbance tracking errors
are converging. Corresponding Table 3 demonstrates
that the performance of the proposed DEKF is better
compared to [6] and [20] in the presence of measure-
ment noises (covariance 10~7).

Trajectory of angular position

03

02

0.1+

— Desired
-0.1 +  Actual+noise

- =~ Estimated

02}

Joint1-g1(rad)

-03

04}

_05 1 1 Il 1 1 1 1
0
time (sec)

Fig. 3 Tool tracking with cov. of measurement noise 10~

i Trajectory of angular position

37

36r

350 — Desired

+  Actual+noises
341

-~ - Estimated

33

o

Joint3-g3(rad)

280 1 1 1 1 Il 1 |
time (sec)

Fig. 4 Tool tracking with cov. of measurement noise 10’

Experiments were repeated with increased measure-
ment noise (covariance 107>), and the results are shown
in Figs. 9, 10, 11 and 12.

Results are mentioned in the last column of Tables 2
and 3. It is demonstrated that now error is more due to
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03 Time Histories of errors w.r.t desired 008 Disturbance Torque Estimation
Actual Joint-1
------ Actual Joint-3 -0.09 .
o — Estimated Joint-1 ’E‘ .
= . ) 01 i
oAl Estimated Joint-3 Z i\
5 g -
B o Reference |
) . a*‘-"—‘——v— ©
£ v 2 0pl Estimated by DEKF ]
3
2 o
.g Q 013 .
2 £
) 5 014 .
(o} )
c
[0) 045} _
0.16 1 1 1 1 1 L I

time (sec)

Fig. 5 Tracking error with cov. of measurement noise 10~

o Disturbance Torque Estimation

0.04

0.06

008

0.1

012

014+

( Joint1-Disturbance(N.m )

— Reference

------- Estimated by DEKF
1 2 3 4 5 6 7 8
(time (sec))

Fig. 6 Disturbance tracking with cov. of measurement noise
1077

an increase in noise, but even then it is better compared
to [6] and [20]. The reason is that the conventional
disturbance does not filter out all the noise. Moreover,
it does not give an accurate estimate of the disturbance
unless d,' ) — 0.
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time (sec)

Fig. 7 Disturbance tracking with cov. of measurement noise
1077

Disturbances Estimation Errors

006 T T T T T T T
Joint-1
004 N Joint-3 | ]
i
]
002 ' .
i
F.
]
TR L A —_—
!
|

Errors-disturbances(N.m )
o

time (sec)

Fig. 8 Disturbance tracking error with cov. of measurement
noise 1077

This is because the equation Zi\, (t) = L(q)x(d;(t)—
di(t)) = d;(t)—d;(t)) — 0, if and only if
t?,- (t) — 0, assuming L(g) is bounded and with posi-
tive real part for all its eigenvalues and
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Time Histories of errors w.r.t desired

03 T . . T . T .
| Actual Joint-1

02 { ------- Actual Joint-3 H
‘*.\ —— Estimated Joint-1

04 i ------ Estimated Joint-3 |

errors-Joints Positions(rad)

time (sec)

Fig. 9 Tracking error with cov. of measurement noise 10~

Disturbance Torque Estimation

-0.02 T

-0.04F

-0.06 -

-0.08

0.1

-0.12

-0.14

( Joint1-Disturbance(N.m )

-0.16
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|
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|
|
1
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1
|
)
]
1
)
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I
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1
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}
|
1
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Yy

T Estimated by DEKF
Mo s s s 1
(time (sec))

Fig. 10 Disturbance tracking with cov. of measurement noise
1073

d;(t) —{?,-(t) — O,Z(z) -0 — Z(z) — 0.

Itis also noted that if the eigenvalues of L(q) all have
(positive) real part, then boundedness of (d; () — Zl: (1))
implies boundedness of EI: (1) and hence boundedness
of d; (1).

Disturbance Torque Estimation

S
o
=3

o

(=3

o
===

IS
=

=4

-

=
T

— Reference
------- Estimated by DEKF 1

f. m |

o
—
w

Joint3-Disturbance(N.m )

0.15¢ .

_0‘1 6 1 1 1 Il Il 1 1

time (sec)

Fig. 11 Disturbance tracking with cov. of measurement noise
1073

Disturbances Estimation Errors

008 T T T
Joint-1

~ 006 e Joint-3 1
£
z 0.04+ ; . l E
1)) i i 1 §
o i 1 ! i
2 002} i h : '
g i i i i
= \.' i t i i
=] 0F \ W'J' W"q
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N 18 I/ 17 i | -
5 002 /| ! |
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004 - g
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Fig. 12 Disturbance tracking error with cov. of measurement
noise 1077

For d,- (t) — 0, we require zero noise in d; (1), i.e.,
d;(t) be asymptotically differentiable with zero deriv-
ative. However, Brownian motion is not differentiable.
Hence, its distributional derivative which is white noise
is not differentiable. So in order to get rid of extra noise
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Table 2 Experimental study: position tracking RMS
error (x 1073)

[20] [6] [Proposed] [Proposed]
Noise= 0 0 cov.(1077) cov.(1077)
Jointl1 11.9 9.98 2.54 2.906
Joint3 76.9 33.1 2.54 4.722

Table 3 Experimental study: disturbance tracking RMS
error (x 1073)

[20] [6] [Proposed] [Proposed]
Noise= 0 0 cov.(1077) cov.(1072)
Joint1 14.4 5.52 0.0935 2.055
Joint3 20.2 10.0 0.004 0.022

in the disturbance estimate, we once again pass d; (t)
through the EKF, thereby removing the extra noise in
it.

Remark 4 Comparison with [7]

In [7], Eq. (92) shows that the rate of change of the
external force/disturbance f, equals zero plus a small
noisy term G.£& s, having known covariance. The EKF
has then been applied to estimate this external force
whose rate of change is white Gaussian noise. On the
other hand, in the present work, we have not assumed
such a specific model for the disturbance. In the present
work , it is assumed that the disturbance consists of a
nonrandom component plus a purely random compo-
nent and applied the disturbance observer plus an EKF
to obtain estimates of the nonrandom component. If
we try to apply the method of [7] to our disturbance
model, then we would require to know exactly what
the nonrandom component is. The DO gets rid of this
need. Further, the graph (1c) of [7] shows that when-
ever there is a sudden change even though slow change
in the actual disturbance, the EKF is not instantly able
to track this change. It takes a certain settling time for
the disturbance estimate to converge to the actual dis-
turbance. On the other hand, the presented work in
graph Fig. 6 shows that good disturbance tracking is
achieved even for quiet rapidly varying disturbances.
The settling time appears in our graph to be smaller.
We should, however, acknowledge that the complexity
of our algorithm is much more than that of [7] since
both EKF and disturbance observer are used.
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8 Conclusion

The conventional disturbance observer dynamics has
been included in the dynamical state model of the robot
by introducing an additional white noise term as the
difference between the true disturbance and its first
estimate provided by the disturbance observer. Thus,
the entire set of state variables is passed through an
EKEF, resulting in real-time state-cum-disturbance esti-
mate based on noisy measurements. Results are supe-
rior as shown in our experimental studies. Using Ito’s
formula for Brownian motion, and Gronwall inequality,
we have derived an upper bound for the mean square
state estimation error. This upper bound depends on the
strength of the Lyapunov matrix as well as on the state
and measurement noise mean square strength. The pro-
posed technique is applicable to any type of nonlinear
dynamical system and for different types of disturbance
rejection algorithms.
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