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Abstract— Flexible endoscopes are used in many surgical
procedures and diagnostic exams. They have also been used
recently for new surgical procedures using natural orifices
called NOTES. While these procedures are really promising
for the patients, they are really awkward for the surgeons. In
order to assist the surgeon, physiological motion cancellation
has been successfully applied on a robotized endoscope in [8] by
using a Prototype Repetitive Controller (PRC) and a Repetitive
Generalized Predictive Controller (R-GPC). Both controllers
showed to be powerful tools to cancel periodic disturbances
but with poor transient response to non-periodic disturbances.
Contrary to the R-GPC, the PRC is unsuitable for handling
non-periodic reference changes. We propose in this paper, as
a first improvement, a model-based control scheme using the
PRC which allows to decouple the reference tracking from the
periodic output disturbance rejection. The response to non-
periodic disturbance is also improved by this technique but
a repetition appears caused by the repetitive controller. As a
second improvement, a switching control scheme is proposed
to avoid the repetition.

I. INTRODUCTION

A new surgical technique called NOTES (Natural Orifice
Transluminal Endoscopic Surgery) [1] is currently under
development on the animal model, and at the stage of the
first trials on human beings. It consists in accessing the
peritoneal cavity by passing through a natural orifice to
accomplish treatments. The instrumentation currently used
to perform these procedures is conventional instrumentation
from gastroenterology. The first trials that have been done
in transluminal surgery have been made possible by using
conventional flexible endoscopes and endoscopic tools that
were initially used to make diagnoses and treatment of
pathologies located in the gastric canal.

Conventional flexible endoscopes used in gastro-
enterology generally consist of three parts : A control
handle with two navigation wheels, a flexible shaft usually
more than one meter long with a circular cross section,
and a distal bending tip about 10cm long. In order to
navigate inside the human body, the surgeon uses the
images transmitted by an optical system (CCD camera),
embedded at the tip of the endoscope.

As shown in Fig. 1, once on the operating site, the surgeon
has to combine various actions to perform the desired move-
ments. The possible actions are the rotation of the wheels
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Fig. 1. Flexible endoscope manipulation

(3,4), the forward/backward motion of the endoscope (1)
and the rotation of the endoscope (2). The surgeon faces
numerous challenges when handling flexible endoscopes
since he has to combine various actions to perform the
desired movements. Moreover, physiological motions of the
organs (breathing) generate important disturbances on the
flexible endoscope and in the image, and operating with these
systems requires an expert hand-eye coordination.

A. Background

Physiological motion compensation using robots is a pos-
sible approach for assisting surgeons in difficult operations
[2]. This has been used in laparoscopic surgery for breathing
compensation [4] as well as in cardiac surgery [3]. In a
previous paper [8] we have proposed to partly robotize the
movement of the endoscope so as to automatically follow
the motions of the organs of interest by visual servoing.
Two DOFs are automatically controlled which allow the
bending section to compensate the occurring disturbances.
A stabilized endoscopic view of the area to treat can then be
given to the surgeon despite the physiological motion so that
the surgeon can focus on the manipulation of the endoscopic
tools. Repetitive control techniques such as Prototype Repet-
itive Controller (PRC) and Repetitive Generalized Predictive
Controller (R-GPC) showed to be powerful tools to cancel
periodic disturbances.

The classical endoscopic tools are not articulated. The sur-
geon can only push or pull them inside the endoscope, which
results in a translation along the direction of the endoscope’s



tip. Thus, it is not possible with the existing multi-channel
endoscopes to give independent off-axis motion to each tool.
In order to allow the surgeon to perform the surgical task,
the servo loop has to handle efficiently the reference changes
that can be provided by a master interface device such as a
joystick. Contrary to the R-GPC, the PRC is unsuitable for
handling non-periodic reference changes.

As the backward/forward motion of the endoscope is
manually controlled by the surgeon, the relative position
between the target and the camera frame can drastically
change during the intervention. Thus the model of the visual
loop and the apparent amplitude of the periodic disturbance
will also change and a non-periodic disturbance will appear.
The PRC and R-GPC do not allow to take into account
changes of the model of the system. In [9], a new control law
has been proposed which is able to provide a stable controller
despite the model changes. The transient response of the
periodic disturbance rejection is also improved by taking into
account the depth changes and updating the control action
history of the controller. This strategy has been applied on
the R-GPC but is also valid on the PRC. However, the non-
periodic disturbance resulting from the manual displacement
of the endoscope remains badly canceled.

We propose in this paper a new model-based controller
based on the PRC. The controller has the ability to follow
non-periodic references, to cancel periodic output distur-
bances, and deal efficiently with non-periodic disturbances.

B. Overview of the article

In section II, the model of the visual loop is described.
This model consists of the robot Jacobian Jq giving the
instantaneous velocity of the camera frame and of the in-
teraction matrix Ld relating the camera frame velocity to
the velocity of the target projection in the image plane. The
proposed control algorithms are described in section III. In
vitro experiments results are finally presented and discussed
in section IV.

II. MODEL OF THE VISUAL LOOP

The model of the visual loop is given in Fig. 2. The joint
velocity vector q̇∗ is sent as reference to the built-in velocity
loops of the joints power amplifiers. The bandwidth of the
joints velocity loops being largely higher than the sampling
frequency of the visual loop, the dynamic of the actuators
can be neglected and we have q̇ ∼ q̇∗. The velocity of the
image feature Ḟ is related to the joint velocity q̇ by

Ḟ =
∂F

∂r

∂r

∂q
q̇ = LdJq q̇

where Jq is the robot Jacobian relating the camera frame
velocity ṙ to the joint velocity q̇ and Ld is the interaction
matrix of the considered image feature. Jq(q) can be obtained
from the kinematic model of the system as presented in [9].
It depends on the joint positions which can be measured by
encoders. The form of Ld depends on the kind of image
feature which is tracked. For controlling the 2 DOFs of the
endoscope tip, a sufficient and well-adapted feature is a point.
For a point of position (X, Y )T in the image plane and of

3D position (x, y, ζ)T with respect to the camera frame one
has

Ld =
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Fig. 2. Block diagram of the visual servoing loop

The discrete time transfer function between the velocity
reference and the position of the features in the image is
then given by

P (z) =
Y (z)

U(z)
= z−3(1− z−1)Z


J

s2

ff
= J

Ts · z−4

1 − z−1

where J = LdJq, Ts = 0.04s is the sampling period and
Z represents the z-transform. The delay z−3 in the feedback
loop is used to take into account the image acquisition and
processing time.

III. CONTROL LAW

A. Prototype Repetitive Controller

P (z−1)Cr(z−1)
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−

Fig. 3. Prototype repetitive controller

The concept of repetitive control has been initiated by
Inoue et al. [5] for high accuracy tracking of a periodic
reference with a known period. The repetitive control is
based on the internal model principle which states that the
inclusion of the model of a signal in a stable closed-loop
system can assure perfect tracking or complete rejection
of the signal. Here we use the repetitive controller known
as Prototype Repetitive Controller (PRC) [6]. This method
features a controller consisting of a periodic signal generator

z−N

1−z−N and an approximate inverse of the system. For a
stable minimum phase system

P (z−1) = z−d B(z−1)
A(z−1)

(1)

the prototype controller is given by

Cr(z−1) = Kr
z−N+dA(z−1)

B(z−1)
· 1
1− z−N

(2)



where Kr ∈]0, 2[ is the repetitive control gain, and N
is the number of sampling periods in one period of the
disturbance. In particular, when Kr = 1, null tracking error
can theoretically be obtained after one perturbation period.
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Fig. 4. System decoupling by Jacobian inversion

Repetitive control has been formalized for SISO system.
As shown in [9], we can decouple the system by inverting
the estimate of the Jacobian matrix Ĵ at each step (see Fig.
4). Thus, a separate servo loop can be implemented for each
image feature coordinate. As shown in section II, J depends
on the depth ζ. We consider in this paper that the target
moves in a plane parallel to the image plane and remains
at constant distance. The distance can be estimated in a
preliminary phase before starting the servoing.

The SISO model for each axis is given by

P̂ (z−1) =
Y (z)
Ud(z)

=
Ts · z−4

1− z−1
(3)

This system is not stable, but it is possible to use the same
formalism as in Eq.(2) because the signal generator contains
a pole in 1. The associated repetitive controller is then

Cr(z−1) = Kr
P̂−1(z−1) ·Q(z, z−1) · z−N

1−Q(z, z−1) · z−N
(4)

where Q(z, z−1) is a zero phase shift unity gain low-pass
filter, for instance Q(z, z−1) = 0.1 · z2 + 0.15 · z1 + 0.5 +
0.15 · z−1 + 0.1 · z−2 . It limits the gain of the controller
for high frequencies and hence increases the robustness of
the control loop with respect to high frequencies modeling
errors [7].

As shown in Fig. 7 (a), the periodic disturbance is not
modified during the first period, but it is perfectly canceled
from the next period. The reference step is taken into account
after one period of the disturbance only. It is then tracked in
a few sampling period depending on the order of the filter
Q(z, z−1). In the same way, the step disturbance is rejected
in a few sampling period after one period of the disturbance.

B. Model-based decoupling of reference tracking and peri-
odic disturbance rejection

In order to improve the transient response of the reference
tracking, we propose to decouple output disturbance rejection
from reference tracking. For this purpose, a separate standard

controller is added which is in charge of the reference
tracking. The control action computed for the reference
tracking is fed into the process and into a simulated model
of the process. The error between the model and the process
should then contain the periodic output disturbance only. The
PRC is then used to cancel this periodic output disturbance.
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Fig. 5. Model-based control scheme

In Fig. 5, P (z−1) is the process to control with disturbed
output Yd[k] and P̂ (z−1) is a simulated model of the process
with output Ŷ [k]. The control action Ud[k] used to drive the
process is the sum of two contributions Uc[k] and Ur[k].
Uc[k] is the control action computed by a standard controller
C(z−1) which is tuned to stabilize the plant. Ur[k] is the con-
trol action resulting from the prototype repetitive controller
Cr(z−1). The process output is fed back to the controller
C(z−1). By this way, the standard controller is able to act
on the output disturbance rejection and compensate for model
mismatch.

From Fig. 5, one obtains

Ŷ (z) = P̂C(R(z)− Yd(z)) (5)

Yd(z) = D(z) + PC(R(z)− Yd(z))
+ PCr(Ŷ (z)− Yd(z)) (6)

The closed-loop transfer function is then given by

Yd(z) =
PC + PCrP̂C

1 + PC + PCr + PCrP̂C
R(z)

+
1

1 + PC + PCr + PCrP̂C
D(z) (7)

When P̂ (z) = P (z), Eq.(7) simplifies to

Yd(z) =
PC

1 + PC
R(z) +

1
(1 + PC)(1 + PCr)

D(z). (8)

From Eq.(8), one can see that the reference tracking only
depends on the controller C(z−1), and the dynamics of
the disturbance rejection is driven by both controllers. As
C(z−1) is chosen to stabilize P (z−1) and Cr(z−1) is leads
to a stable closed loop for Kr ∈]0, 2[, the characteristic
equation (1 + PC)(1 + PCr) has all zeros inside the unit
circle if Kr ∈]0, 2[.



Fig. 7 (b) shows simulation results with the model-based
control scheme. The reference is immediately tracked with a
behaviour given by C(z−1). The amplitude of the periodic
disturbance is reduced by C(z−1) during the first period
of the disturbance and is perfectly canceled by Cr(z−1)
on the next period. The non-periodic output disturbance is
well canceled in a first time, but a repetition appears on the
next period. It is due to the fact that the repetitive controller
Cr(z−1) does not see the effect of the control action Uc[k] as
it is send to both the process and the model. This means that
the signal Er[k] still contains the effect of the non-periodic
disturbance. The repetitive controller then try to cancel this
non-periodic disturbance after one period in order to bring
Er[k] to zero.

C. Switching control to avoid repetition
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Fig. 6. Switching control law

The idea to solve this problem is to detect when a non-
periodic disturbance occurs and then to counteract the action
performed by the PRC at the next period to cancel it. This
control action computed by the PRC to cancel the non-
periodic disturbance is given by Url(z−1) = P̂−1(z−1) ·
Q(z, z−1) · z−NEr(z−1).

Assuming that the periodic disturbance is time invariant,
E[k] will theoretically converge to zero once the PRC
has learned the periodic disturbance. Once the convergence
is reached, a value of E[k] different from zero indicates
that a non-periodic disturbance has appeared. It would be
straightforward to directly use the signal E[k] to detect the
presence of a non-periodic disturbance. In practice, it is better
to use the integral of the absolute value of E[k] on a finite
window to minimize the sensitivity to noises. The integration
can be written as

S(z−1) =
(

zd +
s∑

i=1

(z−i+d + zi+d)
)
· z−N (9)

where d is the process pure delay, and 2s+1 is the integration
window size with s+d ≤ N . The switch is then closed when
the integral is above a threshold σ. Fig. 6 shows the scheme
of the switching control law.

The simulation in Fig. 7 (c) shows that with this switching
control scheme the repetition of the non-periodic disturbance
does not appear anymore. However, the drawback is that
the periodic disturbance is only cancelled after two periods
instead of one period for the classical repetitive controller.
This phenomenon can be explained by the fact that during
the learning process of the PRC, the periodic disturbance
is processed as a non periodic disturbance since E[k] is
different from zero. But this problem only occurs once at
the initialization of the servoing.

IV. RESULTS

A. Simulation

A model of the motorized flexible endoscope has been
build on Matlab/Simulink based on the kinematic model. The
target is a 3D point moving periodically with period T =
5s. The 3D point is also shifted at t = 50s to observe the
behavior of a non-periodic disturbance. Simulation results
for the PRC alone are presented in Fig. 7 (a), for the model-
based control scheme in Fig. 7 (b) and for the switching
control law in Fig. 7 (c). The PRC used in each control
algorithm is tuned with Kr = 1 and N = T

Ts
= 125. As the

process is an integrator, a proportional controller is sufficient
to obtain a null steady-state error. We have chosen C(z−1) =
3. The integration window size parameter is set to s = 7
sampling periods. The switching condition threshold is set
to σ = 10 (pixels × sampling periods).

B. Laboratory Test Bed

Fig. 9. Laboratory test bed experiments

We have developed a test bed to validate the control
strategy in our laboratory. A model of the abdominal cavity
organs is fixed to a motorized device (Fig. 9) which creates
a periodic displacement of the target with period T =
5s in front of the motorized endoscope. In the presented
experiments, two reference steps are requested and a non-
periodic disturbance is performed by manually moving the
target. Fig. 8 shows the behavior of the different controllers.
The controllers are tuned with Kr = 1, N = T

Ts
= 125 and

C(z−1) = 3. The integration window size parameter is set to
s = 11 sampling periods. The switching condition threshold
is set at σ = 300 (pixels × sampling periods).
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Fig. 7. Simulation results : the controller is activated at t = 10s. A reference step of 50 pixels is requested at t = 30s and disturbance step occurs at t =
50s. (a)Simulation results with the PRC, (b) with the model-based control scheme and (c) with the switching control scheme.

The visual tracking is achieved using the Efficient Second-
Order Minimization (ESM) algorithm proposed by Malis et
al. [12]. This algorithm allows to estimate the homography
between a selected planar reference template and the corre-
sponding area in the current image. The template is initially
defined as a rectangle on the area of interest and the visual
feature is the center of the template.

Fig. 8 (a), (b) and (c) respectively show the behavior of
the PRC, the model-based control law, and the switching
control law. The responses are similar to those obtained in
simulation. The PRC acts for all type of stimulation only
after one period of the periodic disturbance. The reference
step is tracked after several periods because the actuators
reach saturation. The model-based control law improves the
transient response of the reference tracking. The transient
response of the non-periodic disturbance rejection is also
improved but a repetition occurs on the next period. Finally,
as expected, the switching control law is able to detect
the occurring non-periodic disturbance and to avoid the
repetition. These experimental results are very promising
because they are really similar to the theoretical behaviour
despite important modeling errors.

V. CONCLUSION

We have shown in this article that it is possible to improve
repetitive control algorithms for flexible endoscopes control
so as to simultaneously reject periodic disturbances while
the surgeon requires the tracking of non-periodic reference
trajectories.

Moreover, the manual handling of the flexible endoscope
which results in critical non-periodic disturbances poorly
canceled by repetitive control is handled by a model-based
control scheme with switching. It shows to be able to
improve the rejection of non-periodic disturbances.

Stability and performance analyses of the proposed con-
trollers in the case of models errors are currently under
investigation. Automatic tuning of threshold and window
width for the switch activation are also of interest. But
experimental results are already very promising and in vivo
experiments on a pig are planned in a near future. The final
objective of this work is to develop an hybrid manual /
automatic control of the endoscope for NOTES.
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