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Abstract

In this paper, we investigate the challenges of controlling the ARAS-Diamond robot for robotic-assisted eye surgery.
To eliminate the system’s inherent uncertainty effects on its performance, a cascade architecture control structure is
proposed in this paper. For the inner loop of this structure, two different robust controls, namely, H ., and p-synthesis,
with stability and performance analysis, are synthesized. The outer loop of the structure, on the other hand, controls the
orientation of the surgical instrument using a well-tuned PD controller. The stability of the system as a whole, consid-
ering both inner and outer loop controllers, is analyzed in detail. Furthermore, implementation results on the real robot
are presented to illustrate the effectiveness of the proposed control structure compared to that of conventional
controller designs in the presence of inherent uncertainties of the system and external disturbances, and it is observed

that using H., controller in the inner loop has superior robust performance.
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Introduction

Using minimally invasive surgeries (MIS) has become
very popular in advanced medical operations, and it
has plenty of advantages for both surgeons and
patients. This type of surgical operation is carried
out through tiny incisions, and therefore, patients
suffer reduced levels of trauma, blood loss, and
pain. In MIS, there are smaller scars and shorter
recovery time and hospital-stays.' ™ Today, minimally
invasive eye surgeries (MIES) have the same popular-
ity, specially Vitreoretinal microsurgery, which is
among the most technically challenging surgeries.’
Eye surgeons work with limitations. Their work
demands many years of training and the highest
level of hand-eye coordination in order to ensure a
safe surgery. Thus, to make full advantage of MIES
during the surgery, minimum interaction force must
be applied at the span of the sclera. Therefore, to
perform eye surgery using MIS, remote center of
motion (RCM) mechanisms are recommended.
Hence, in performing the most challenging surgical
tasks, RCM mechanisms significantly assist eye sur-
geon hand operations. There are several works that
by providing the RCM, addressed robot-assisted oph-
thalmic surgery.®'" Currently, the RCM can be

achieved by controlling redundant joints, adding pas-
sive joints, or using a mechanically constrained mech-
anism. However, for safety reasons using gravity
compensation mechanisms, such as the one presented
in EYE-RHAS manipulator'? or,* is recommended.
Most manipulators known as robotic-assisted mini-
mally invasive eye surgery, provide tilt and pan
angles about the pivoting point besides one other
degree of freedom along the tool axis.'* !’

The RCM may be achieved using various mecha-
nisms, some of them are reported in literature.'®2¢
Researchers mostly use these RCM mechanisms for
developing robotics systems for robotic-assisted sur-
gery and surgery training applications. The ARAS-
Diamond robot considered in this paper is based on
a different methodology called the spherical parallel
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mechanism to mechanically generate the RCM
point.?” This robot is designed to perform as the
slave robot in a robotic-assisted eye telesurgery
system in which the surgeon operates on a master
haptic console to send desired commands to this
slave robot.?*3° However, for the sake of brevity,
details of the robot design are omitted in this paper.
The workspace of this robot is a hemisphere, and all
joint axes intersect at the RCM point. As it is shown
in Figure 1, this parallel robot provides two degrees of
rotational motion and one degree of transmission
motion, which is totally qualified for eye surgery.
Owing to the parallel structure of the robot, higher
structural stiffness, and improved position accuracy
is obtained compared to that of other existing mech-
anisms, which makes it more appropriate for precise
motions such as in eye surgeries. To provide a back-
drivable transmission mechanism with high accuracy
and zero backlashes, the manipulator utilizes two
capstan drives for both actuators that provide rota-
tional motions. Kinematics formulation and the
structure of the robot are presented in Molaei
et al.,*! and the dynamic formulation of the manipu-
lator may be achieved similar to what reported in
Danaei et al.’? In this robot, actuators are selected
after simulating the mathematical model of the
robot using CAD parameters to calculate the required
torques of each actuator. Furthermore, encoders are
chosen so as the accuracy of about 100 x 10~ in the
workspace is easily achievable. However, to satisfy
clinical deployability and safety features, further
modification is needed to be considered on the robot.

Using robots for eye surgery necessitates very
precise motion in a small workspace. Therefore, it is
pivotal for the robot to be precise in design and con-
trol. However, there are a variety of uncertainties in
kinematic parameters and unmodeled dynamics
besides external disturbances and noise, which make
conventional controllers incapable of providing the
required performance in trajectory tracking for eye
surgery applications. Hence, designing a robust

Figure I. ARAS-Diamond robot: the novel 2RT spherical
parallel robot for eye telesurgery.

control structure is essential to lessen these uncertain-
ties effects.

Although common linear-based controllers such as
PID and Linear Quadratic Regulator (LQR) have
simple designs, since they are based on a linearized
model, the nonlinear behavior of the system has been
neglected in these controllers structure. Thus, the
designed controller does guarantee the stability and
the performance of the real system just near the oper-
ating point, and its performance is not uniform at
different configurations, and in the presence of mea-
surement noise and external disturbances. On the
other hand, nonlinear-based controllers such as slid-
ing mode, adaptive, and Lyapunov-based controllers
consider uncertainties and constraints in the nonlin-
ear model of the actual system.** Therefore, the accu-
rate nonlinear dynamic model is required, which is
generally difficult to obtain. In addition, if a control-
ler is designed for a non-minimum phase (NMP)
system, its closed-loop internal stability becomes
prominent. Hence, in this paper, it is proposed to
use control strategies like linear robust controllers
to analyze robust stability and performance of the
closed-loop system altogether, for real-world
implementations.

Several successful linear robust controllers have
been proposed in the literature to mitigate kinematics
and dynamics uncertainties effects on linear-based
controllers.>3® A robustness study among a modi-
fied fractional order proportional plus integral and
derivative (FOPID) versus H., and p-synthesis con-
trollers is reported in Seyedtabaii.’’ In Bataleblu
et al.,*® a robust H., controller was simulated in the
presence of modeling uncertainty and actuator satu-
ration without implementation results. Decentralized
robust control for teleoperated needle insertion is
reported in Agand et al.* A parametric robust
approach PID control for a laparoscopic surgery
robot is designed in Bolea®® and robust H,, control
of a tendon—driven elastic continuum mechanism is
reported in Shu et al.*! Furthermore, H..-based con-
trol of a quadrotor attitude is presented in
Noormohammadi Asl et al.*?

The main contribution of this paper is the design
and implementation of a robust H.,-based controller
for the 2RT spherical parallel manipulator in hand in
the presence of unstructured uncertainties and exter-
nal disturbances. Hence, in the controller synthesis,
the control design objective is robust stability assur-
ance in the presence of uncertainty and disturbance in
addition to suitable trajectory tracking performance.
For this aim, using system identification based on
the experimental frequency response estimates, the
coupled and nonlinear dynamics of the robot are
encapsulated by a linear model in addition to a mul-
tiplicative uncertainty block. This system identifica-
tion is performed on the velocity loop, such that by
using the linear model and mixed sensitivity formula-
tion, two H., and p-synthesis controllers be designed
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for the inner loop of a cascade structure. Next,
these two controllers are compared in terms of their
robustness and performance and implemented on the
robot. Then, using forward kinematics to derive the
orientation of the surgery tool in spherical coordi-
nates, a PD controller is designed for the outer
loop, and the robust stability of the whole closed—
loop system is analyzed by using p-analysis.

The remainder of the paper is organized as follows.
The uncertainty block and linear model encapsulation
of the robot are described in the next section. Section
three represents H,, control design for the robot in
the presence of multiplicative uncertainty. The con-
troller design based on pu-synthesis is reported in
Section four. Section five provides the comparative
study of the two designed controllers and p—analysis
of the outer loop of the proposed cascade structure.
The experimental setup and implementation results
are described in section six, and finally, the conclud-
ing remarks are declared in the last section.

Uncertainty and linear model
encapsulation

This section of the article aims to apply H., synthesis
to the robot. For this means, a linear model encapsu-
lated with multiplicative uncertainty is obtained from
the nonlinear dynamics of the true system. For this
purpose, using practical experiments and with the
help of system identification based on the experimen-
tal frequency response estimates on the experimental
data, the linear model may be achieved in a systematic
way. In systems with dominant nonlinear behavior
such as parallel robots, nonetheless, this might not
perform efficiently. Consequently, the encapsulated
linear model will result in a high profile of uncertain-
ty. Moreover, the 2RT spherical parallel robot in
hand is an inherently unstable multi-input multi-
output (MIMO) system which necessitates closed—
loop experiments for the purpose of identification.

Accordingly, for the robot to have a more linear
and stable performance, closed-loop feedback by the
use of an Inverse Dynamics Control (IDC) with a PD
controller is proposed. The IDC attenuated the non-
linear and coupling behavior of the robot manipula-
tor. However, it requires the dynamic formulation of
the robot alongside its kinematics and dynamics
parameters to generate IDC terms. To not rely on
the dynamic formulation and all kinematics and
dynamics parameters, Partial Linearization IDC is
recommended in this paper. Therefore, just the con-
figuration dependent gravity term G of the robot is
demanded to be compensated.** Hence, it suffices to
just apply a very slow trajectory with almost zero
velocity and acceleration at any configuration in the
workspace to the robot manipulator, such that the
generated torque estimates the required gravitational
term.

Gravitational term identification

Figure 2 depicts the structure of the 2RT spherical
parallel robot in which, rotation of the active joints
of the mechanism is about 40, and it is measured
with respect to ZX plane about Z axis that is shown
by 0, and 60, for each active joint, respectively.
Furthermore, any point of the mechanism moves on
the surface of a sphere for any input angles, and a
spherical coordinate expresses its position. The orien-
tation of the surgery instrument in spherical coordi-
nates is considered through y and ¢ in which y is
rotation of OD about the X axis, while ¢ is rotation
of AD arc about Z axis and it is measured with
respect to ZX plane.’!

The achievable workspace for eye surgery provided
by this mechanism is about 45" for ¢ and 45 for 7.
Furthermore, if we represent the circular length of
proximal and distal links of the mechanism by «
and f, the robot workspace can be shown as
Figure 3. In the design of the 2RT robot in hand,
both these circular lengths are set to 45.
Accordingly, this robot is completely singular free in
its sphere workspace, a stringent requirement for any
eye surgery operation. Therefore, it is adequate that
the identifying trajectory for the gravitational term
lies within this workspace, and furthermore, to
sweep the whole region needed for eye surgery oper-
ation. This trajectory for both y and ¢ is depicted in
Figure 4. For black-box identification of G term, this
trajectory is converted to the joint space using inverse
kinematics to be used for joint-based feedbacks on the
motors.

For the sake of gravity term identification, and by
the implementation of a closed-loop trajectory track-
ing control scheme, this desired trajectory is applied
to the robot, and time-domain data of the actual ori-
entation of motors and the torque generated by the
controller is acquired for black-box system identifica-
tion. To approximate the intricate connection
between a set of inputs and outputs, a variety of
machine learning methods such as artificial neural

Figure 2. Structure of the 2RT spherical parallel robot.?'
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Figure 3. General workspace of the mechanism.?'

Trajectory of Identification of G Term

Figure 4. Desired trajectory for the gravitational term
identification.

networks (ANNSs) have been proposed in the litera-
ture and may be used for G term identification. In this
paper, two layers ANN with fifteen neurons in the
first layer and two in the other one is used. After
training the network by wusing the Levenberg-
Marquart algorithm, its performance reached a
Mean Squared Error (MSE) value of 0.0015, using
equation (1), which is quite suitable for our purpose.
In the next step, to find if our network is well trained,
just the G term is used in the feedback loop. The
closed-loop result shows that the robot acts complete-
ly gravity-free, and it can stay at any desired config-
uration. Consequently, the ultimate Partial
Linearization IDC control scheme is implemented,
as depicted in Figure 5.

n

MSE =23 (3 — 5’ (1)

)

Linear model identification

After identifying the gravity term, we aim to identify
a MIMO black-box system based on inputs and out-
puts experimental data for the purpose of H., con-
troller  synthesis. Thus, a frequency-domain

B1a, 24

—

0].02

PD Controller

Robot

G(v,v)

Gravity Compensation

Figure 5. Partial Linearization IDC control scheme.

identification approach is performed, such that a
linear continuous-time model is obtained. In this
method, using the control strategy proposed in
Figure 5, a random signal is implemented on both
active joints of the robot as an exciting input.
During this experiment, this signal is applied in 23
different configurations of the robot workspace
needed for eye surgery. After performing these experi-
ments for our MIMO system, a linear transfer matrix
is estimated for each experiment to suitably model the
input-output behavior.

In order to identify the MIMO system, different
input-output pairs could be considered. For the pur-
pose of controller synthesis, it is essential to use tor-
ques inputs to the system as the inputs data for our
black-box system, while either position or velocity of
the robot joints as the outputs. Both cases were exam-
ined, and it is observed that the latter case where the
angular velocities are considered as the outputs of the
transfer matrix identification will provide better fit-
ness. This is due to the fact that there is an intrinsic
integrator in the position outputs of the system, which
might induce some non-vanishing bias in the output
because of unmodelled nonlinear dynamics.

Consequently, we propose to use the robust
controller in the inner loop of the cascade architecture
using this linear model of the system, while a simple
PD controller is used in the outer loop to attenuate
the nonlinear dynamics while preserving the position
trajectory tracking objective in the structure. By using
the linear model and mixed sensitivity formulation,
two H, and p-synthesis controllers are designed for
the inner loop of a cascade structure as detailed in the
next sections.

In order to identify a continuous-time transfer
matrix, MATLAB identification toolbox is used,
while selecting a proper set of poles and zeros is essen-
tial. Nonetheless, note that transfer functions to be
identified are considered low order to have a less com-
plicated H..-based controller derived. The simplest
structure for the linear model of the system would
be a first-order system for velocity outputs.
Therefore, one zero and one pole for each identifica-
tion subsystem is considered, and as a result, 23 dif-
ferent two-input two-output first-order models have
been identified, whose singular values are shown in
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max singular values for extracting Nominal Model
T . T : : : T T T

max singular values of T1 .
5

*** Nominal model
| | | | | | | | |
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Frequency (rad/s)

Figure 6. Singular values plot of 23 first order uncertain
models of the experiments.

Figure 6. It is observed that all these uncertain models
are stable but non-minimum phase.

From Figure 6, one may conclude that the behav-
iors of all 23 transfer matrices in different configura-
tions of the robot operating points are quite close. This
is the result of the proper choice of feedback lineariza-
tion and input-output selection in the identification
process. Among all these uncertain models, one
which is operated in the middle of the robot work-
space, and is nearly the median of all responses, is
selected as the system nominal model. This nominal
model is depicted in green star-line in Figure 6, and
its transfer matrix is given as follows:

—1.0114(s — 86.14)  —0.4705(s — 18.46)

G — (s +16.67) (s +2.202)
0= | —0.29947(s — 34.66) —1.2048(s — 74.47)
(s +3.186) (s +12.29)

()

Uncertainty encapsulation

Having the nominal model identified through experi-
ments, the next step is to encapsulate the system
uncertainty using a full block of multiplicative uncer-
tainty. For this type of uncertainty encapsulation, the
uncertain system denoted by G,, is related to the
nominal model G, by

Gun - (l + AI/Vun)GO (3)

in which, A denotes a permissible and normalized
uncertainty block, where (||All, < 1), and W,
denotes the uncertainty weighting function. By this
representation, the uncertainty profile may be easily
derived by:

Gun(jo)
Go(jo)

—1‘ < [ Wu(jo)|, Yo €))

Bode Diagram

Magnitude (dB)

25 | . . .
107 10° 10’ 102
Frequency (rad/s)

Figure 7. Multiplicative uncertainty profiles.

The uncertainty profiles are derived for all the
experiments and shown in Figure 7 through equation
(4). The uncertainty weighting matrix W,,, may be
determined by the least upper bound of these uncer-
tainty profiles, which is depicted by the dashed green
line in Figure 7. A numeric estimate of such uncer-
tainty profile may be given as:

0.7(s + 3) 0
_ | (5 +2625)
Wan = | * 0.7(s + 3) ©)
(s +2.625)

Robust H., controller design

In the presence of uncertainties in the robot manipu-
lator and external disturbances, the designed control-
ler should guarantee robust stability while inducing
suitable tracking performance. Using mixed-
sensitivity problem as depicted in Figure 8, these
objectives can be well reduced to equation (6), in
which S is the sensitivity function, 7 denotes the com-
plementary sensitivity function, and U is the control
effort transfer function. Furthermore, for a multipli-
cative uncertainty representation, W is the perfor-
mance weighting matrix, while suitable tracking
performance may achieve by enforcing
IWS|,, < L. Furthermore, W,, is the uncertainty
weighting matrix, and ||W,,T]|,, < 1 is the result of
the small gain theorem to enforce robust stability.
Moreover, ||[W,Ul|,, < | requires bounded control
effort through proper assignment of W, the control
effort weighting matrix.

W,S
1 Teyall oo = H w.U
W T

<1 (6)

o0
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Zy
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Figure 8. Block diagram representation of a generalized reg-
ulator problem in H,, framework.

While the performance weighting matrix can be
selected using the desired input-output behavior of
the robot angular velocity, W, may be assumed as a
constant function W,(s) =« to bound the control
inputs at all frequencies. In order to properly set the
performance weighting matrix W, it is assumed the
desired system response is as a standard second-order
transfer function with a settling time less than
0.6 seconds and a desired overshoot less than %10.

46 —n
Hence, from 7t < 1 and exp( \/1——5) < 0.1, we can
obtain { =0.85 and w, = 10/,rad/s. Therefore, W;
can be achieved from the inverse of the desired sensi-

tivity function as follows:

100

T = 5 175 1100

()

1 I &4+ 1754100

w. —_— = =
S Sw 1-Tw se+17)

®)

In order to make W, a stable weighting function
and strictly proper, we add a far and non-dominant
pole to it and slightly transfer the pole at the origin.
Moreover, to tune the performance in the design pro-
cedure of the controller, a coefficient « is considered
for the final form of the Wg:

s+ 175+ 100
(s +0.001)(s 4+ 17)(0.001s + 1)

Wv:a

©)

The design procedure for adjusting the control
effort design parameter o, and the performance
parameter « is iterative. In order to solve the mixed
sensitivity problem, the robust toolbox of matlab® is
used. Consequently, after some iterations, the final
obtained value for W, and W are as following:

0.94(s*> + 175 + 100))
(s+0.01)(s + 17)(0.001s + 1)

0

W, =

1 P - T ——
09 i T max
: AR T ] — w_s
! - - 4
0.8 S 4 wu
N e wr
0.7 »,
PSR
- \
06 _ _ e e - .“
\
051 \
'
0.3 4 1
’.‘"s \
.. " r
0.2 3 £
o N, &
f, e, L
01 e Lol
e
0 . . .
102 107 10° 10' 102 108
Frequency (rad/s)

Figure 9. The closed loop system singular values and fre-
quency response.

o
Wu: (11)

Optimal performance index of the H. designed
controller reached 7y,, =0.9895 to optimally solve
the mixed sensitivity problem. Figure 9 depicts the sin-
gular value plot of the system. As it is shown in this
figure, the solid blue line is the maximum singular
value of the final closed-loop system which its maxi-
mum value is less than one, and it is quite flat for a
large frequency range. The bode diagram of the WT
transfer function is depicted by the dotted purple
curve, whose maximum value is smaller than 0.4. As
a result, the closed-loop system is robustly stabilized.
Furthermore, the dashed green curve depicts the con-
trol effort frequency content, which is small at low
frequencies, while, as expected, it is increasing at
higher frequencies, while its infinity norm is less than
one. Finally, WS is plotted by the dash-dotted red
line. This curve shows the performance transfer func-
tion, which is close to one at low frequency and the
controller bandwidth. This frequency analysis indicates
that the designed controller preserves robust stability
in the presence of actuator limitations while providing
satisfactory trajectory tracking performance.

p- synthesis controller design

As it is elaborated in the previous section, the robust H.
controller designed has an iterative nature, and to reach

0.94(s> + 17s + 100)) (10)

(s40.01)(s+ 17)(0.001s + 1)
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the suitable controller, special skills in the frequency
domain for the experienced designer is needed. In
order to automate these iterations, p-synthesis control-
lers are proposed in the literature. In this controller
design framework, linear fractional transformations rep-
resentation is used to define the optimization problem.
As it is depicted in Figure 10, while a lower Linear
Fractional Transformation (LFT) represents the con-
troller, the uncertainty block shall be extracted as an
upper LFT. In this figure, M introduces the generalized
plant transfer matrix. Therefore, alongside the robust

0.6(s> + 175 + 100))
(s +0.001)(s + 17)(0.00Ls + 1)

W, =

0.6(s* + 175 + 100))

For solving this optimization problem iteratively,
usually, the robust toolbox of matlab® is used.
Obtaining high order controllers is the only drawback
of this method, which is due to the nature of solving
this optimization problem. In order to design the con-
troller for our problem in hand, the same weighting
function as what given in H,, design procedure is
considered for the performance. However, the adjust-
ing coefficients « and a 1is set differently.
Consequently, after some correction steps, the final
value obtained for W, and W, are as following:

(15)

0

(s +0.01)(s + 17)(0.00s + 1)

stability in the optimization problem, the demand for
performance is also considered as the upper LFT. Such
a problem may be written as follows in terms of LFT’s:

{Fu(M, ) : A € A,max|A(jo)] < 1} (12)

(0]

In which, A denotes all stable and permissible
uncertainties that their infinity norm is smaller than
one. In p-synthesis, the target of designing the con-
troller is to find a stabilizing controller K such that
for all A € A, the infinity norm of the closed-loop
system transfer matrix is minimized. This can be
interpreted as minimizing the following lower LFT:
<1 (13)

o0

1’1’1}1’1 ||FI[FH(M7 A)va
/

This objective may be achieved by calculating the
structural singular value of the system as follows:*®

max up (Fi(M, K)(jo)) < 1 (14)
A(s)
P q
=3 M) —"
u y
K(s) €

Figure 10. Standard representation of A — M — K.

0.56 0 ]

”9:{ 0 o0l (16)

The procedure to design the controller has used
five iterations, while the structured singular value is
reduced from 1.139 to 0.998. The order of the final
designed controller is 16, and in order to reduce the
controller, its Hankel norm is plotted in Figure 11. It
is seen in this figure that only the five first singular
values are significant, and therefore, the controller
truncation is based on the fifth-order controller.

Controllers comparison and overall
system L analysis

After designing two robust controllers in the velocity
loop as it is illustrated in Figure 12, the performance

Hankel Singular Values
1200 [r : : : :

1000

800 -

400

200

Figure | 1. Hankel norm plot of the yu-synthesis controller.
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Figure 12. Robust controller in the angular velocity loop
feedback.

Robust stability u plot for the System
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Figure 13. Robust stability analysis of designed controllers.

of them is compared quantitatively in terms of robust
stability and performance in this section. For this pur-
pose, the structured singular values for both control-
lers are determined, and their robust stability and
performance are depicted in Figures 13 and 14 respec-
tively. As it is shown in Figure 13, all three controllers
meet the robust stability criterion for all frequencies,
and their structural singular values are smaller than 1.
Furthermore, from Figure 14, one may conclude that
both p and H., controllers perform robustly at all
frequencies. Nonetheless, the reduced form of the
u-synthesis controller’s structured singular value is
more than one in mid-range frequencies, and it does
not meet the robust performance criterion at all fre-
quencies. In addition, the frequency response of the
resulting controllers plotted in Figure 15 shows that
all three controllers have a similar frequency pattern.
However, the magnitude of H., controller is less than
that of p-synthesis controller at low and mid frequen-
cies. Therefore, the required control effort is lower,
and it contains less oscillation. If the control effort is
not of restriction, p-synthesis would have less steady-
state errors. However, since this controller is of a high
order and its implementation and tuning on the real
robot is more challenging, we propose implementing
‘Hoo controller in practice.

Robust Performance p plot for the System

-~ 0

— — —Reduced p

Mu upper/lower bounds
o o
(] (o]

1N
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T

02

0 |
10° 10°
Frequency (rad/s)

Figure 14. Robust performance analysis of designed
controllers.

As we mentioned before, developed robust control-
lers are designed to be utilized in the inner loop of a
cascade control structure. In order to have position
tracking, an outer loop with at least a PD controller
may be used in a cascade structure illustrated in
Figure 16. It is proved that the inner loop of this
structure is designed to be stable. Nevertheless, the
overall system shall be robustly stable. In order to
perform this analysis, the H., controller, which
shows superior performance in the presence of actu-
ator saturation is only analyzed.

For this purpose, since the controller in the inner
loop is well defined and the system is encapsulated
with a linear model and multiplicative uncertainty,
it is possible to form the whole uncertain closed-
loop system for the known PD controller. Through
an iterative way, the PD controller gains are tuned as
following to ensure robust stability is preserved.

35 0 4 0
P:{o 90]”):{0 10] (a7

The structured singular values for the whole
system is calculated for the augmented uncertain
system, and the robust stability plot is depicted in
Figure 17. As it is seen for the above tuned PD
gains, the robust stability criterion of the whole
system is satisfied for all frequencies, and its structur-
al singular value is less than one.

Physical implementation

Experimental setup

In this section, we present the experimental setup. The
robot itself is designed and implemented in the
Advanced Robotic and Autonomous Systems
(ARAS). The robot actuators are driven by a
capstan-drive system shown in Figure 18. This system
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bode diagram of two controllers of the System
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Figure 15. Frequency response of resulting controllers.
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Figure 16. Cascade control structure used for controlling robot manipulator.
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Figure 17. Robust stability analysis of the system as a whole.

works with a 0.5mm diameter steel wire rope. The elec-
tronically commutated (EC) DC motors utilized in this
system are MAXON EC-max 40 motors, which have
the capacity to produce 120 watts of power.
Furthermore, encoders used here to measure the angu-
lar position of the motors are HEDL 5540 with 500
pulses. In addition, to drive the motors, the Maxon
EPOS2 50/5 controller has been used in this system.
The low-level control of the motors are handled by
the specialized drivers set into their current control
mode. In this mode, the drivers are responsible for
performing the commutation and maintaining the
required current which is linearly proportional
to the required torque on the motor’s shaft. For set-
ting the reference current, we enabled the analog
inputs of the drive. Through this interface, we can
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command the system at the maximum possible fre-
quency and with the lowest possible latency.
Actuators installed on the robot alongside with their
drivers are illustrated in Figure 19.

For implementing our control system, we utilize
the Matlab Simulink Real-Time target. This system
is built upon the Matlab Real-Time kernel, which is a
lightweight and custom made Real-Time Operating
System (RTOS) that can be generated within the
Matlab software. This RTOS can booted on a con-
ventional X86 PC, which is called the Target in
Matlab terminology. It has support for many Data
Acquisition (DAQ) Cards alongside standard interfa-
ces such as UART and Ethernet. In this work, we
have exploited the Real-Time UDP capability of
this system for the exchange of data. The software
for this system is generated on an independent host

Figure 18. Capstan-drive system.

computer within the Simulink development environ-
ment of the MATLAB softeware. In this design, some
individual blocks are responsible for reading sensors
and setting control commands at a rate of one KHz.
When the process of designing the controller is
accomplished, it is automatically translated into C
code, and after compilation, the executable binary is
sent to the target PC through an independent
Ethernet connection.

As we mentioned, the data exchange with the
target system is achieved through the Ethernet con-
nection and using UDP protocol. For this reason, we
designed and built a custom DAQ system using an
ARM Cortex-M4 STM32F4 discovery evaluation
board with an Ethernet PHY. Our deployed control-
lers to the Simulink Real-Time target provide the cur-
rent commands for the driver at a rate of one KHz.
These commands are transferred to the microctorller
through the UDP interface with a latency of less than
0.25ms. The development board is connected to four
DACs through SPI interfaces. After proper signal
conditioning using simple op-amp circuits, the
analog outputs of these DACs are connected to the
analog interfaces of the motor drivers. This microcon-
troller is connected to the Target PC through its
Ethernet PHY, and on the other hand, it is connected
to the motor encoders for reading their angle and a
set of DAC chips for providing analog outputs. It is
important to note that this microcontroller-based
DAQ system can provide deterministic timings due
to its single thread software architecture dedicated
to the task at hand. This DAQ system is illustrated
in Figure 20. Furthermore, the overall system archi-
tecture is represented in Figure 21.

Figure 19. The experimental setup.
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Figure 20. The custom DAQ system with its constituent parts.

Experimental results

In this part, the performance and effectiveness of
designed controllers in the preceding sections are ver-
ified by implementing them on the real robot. The
control structure is the same as Figure 16 for both
‘H~ and p controllers.

In the first scenario, the tracking performance of a
circular trajectory of the closed-loop system is evalu-
ated. Figure 22 illustrates this desired circular trajec-
tory in the robot workspace and the tracking
performance of the system using the H,, controller
in the inner loop of the cascade control architecture.
This path is a complete circular rotation, all of which
takes about 13seconds. In this path, the y variable
rotates about +20° around its initial angle in 60°.
Also, rotation of the ¢ variable is about +43°
around its initial angle in 90° in spherical coordinates.
These angles are shown in Figure 23 in order to
clarify how the trajectory depicted in Figure 22 is
made. The tracking error by using the designed H.,
controller in the inner loop is depicted in Figure 24.
Furthermore, this figure shows the tracking error by
using the designed p controller in the inner loop of the
cascade control law besides a well-tuned PD control-
ler in the outer loop, which guarantees its stability.
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|
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Figure 21. The overall system connections.
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Figure 22. Tracking performance of the desired circular tra-
jectory using H, controller in the inner loop.

Desired Circular Trajectory
T T

As seen in this figure, although, tracking errors are
small, obviously H, controller has a superior perfor-
mance with smaller tracking errors in practice.

On the other hand, Figure 25 shows the tracking
performance of the same desired circular trajectory
for a conventional well-tuned PD controller with
feed-forward gravity compensation. It is clear that
errors in some orientations far from the mid work-
space, where PD gains are tuned, are drastically
increasing. Accordingly, using the spherical to
Cartesian coordinates formulation and considering
that the surgery tool is in the middle of the eye,
Figure 26 shows the accuracy in z-direction of the
desired circular trajectory using both controllers in
the inner loop in comparison with the explained PD
controller. Consequently, as it can be seen, employing
the cascade control structure, using robust H.,-based
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Figure 23. Desired circular trajectory shown in spherical
coordinates.

Figure 25. Tracking performance of the desired circular tra-
jectory using PD controller.
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Figure 24. Tracking error of the desired circular trajectory using H., and u controllers in the inner loop.
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Figure 26. Accuracy in z-direction of the desired circular
trajectory using H., and p controllers in the inner loop, and PD
controller.

Table |. Tracking errors of the desired circular trajectory for
all three controllers.

RMS error ller..l llewl llero |
7 (rad) 0.0033 0.0074 0.087
¢ (rad) 0.0049 0.0088 0.024

controllers, has significantly increased the tracking
accuracy with a suitable stability margin in all config-
urations. This method is effective since the inner-loop
robust controller handles complex uncertainties. The
norm of tracking errors are separately shown in
Table 1 for all three control strategies.

In the next experiment, we have applied some peri-
odic pulses to the real system in different configura-
tions. To create this trajectory, the y variable moves
from about 60° to 78°, while, the rotation of the ¢
variable is about +30° around its initial angle 90° in
every 6° movement of the y angle in spherical coor-
dinates. These angles are shown in Figure 27.
Figure 28 illustrates this desired trajectory and the
tracking performance of the system using the H
controller in the inner loop of the cascade control
architecture, while, that using the u controller is
depicted in Figure 29. From these figures, one may
easily conclude that the H, controller’s performance
is much better than that of the other controller. Still,
for better comparison, tracking errors using each con-
troller in the inner loop is shown in Figure 30. As
expected before, the H, controller has less oscillatory
control effort that is inferred from the tracking error
figure as before.

Finally, in the last experiment, we evaluate the per-
formance of each controller in the presence of
the external disturbance. For this purpose, we have
added a 0.5kg mass to the robot end-effector, where
the surgical instrument shall be placed. Then, the set-
point of y variable is set at 70° and ¢ is set at 60°.
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. . . .
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Figure 27. Desired pulses shown in spherical coordinates.
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Figure 28. Tracking performance of desired pulses using H
controller in the inner loop.
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Figure 29. Tracking performance of desired pulses using
controller in the inner loop.
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Figure 31. Regulation error in the presence of external disturbance using H, and u controllers in the inner loop.

After a few seconds, we have removed this payload
suddenly to observe the controller behavior in distur-
bance rejection. Figure 31 shows the regulation error
in the presence of the aforementioned external distur-
bance for the designed H., and u controllers used in
the inner loop. As can be seen, the effect of distur-
bance in the amplitude of the H,, controller regula-
tion error is much less than that of the u controller.
However, the u controller has removed the distur-
bance effect much faster than that in the H., control-
ler. This is also expected since the controller gains in u
controller are higher than that in H,, one. Note that,

in all figures in this section, orientations in spherical
coordinates are obtained from a forward kinematics
solution taking measurements stemmed from motors’
encoders as inputs.

Conclusions and future works

In this paper, we showed how much inherent uncer-
tainties in kinematic structure and unmodeled
dynamics besides external disturbances and measure-
ment noise may influence repercussions for robot-
assisted eye surgery. We then showed that applying
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a cascade structure with a robust controller in the
inner loop besides a stabilized well-tuned PD control-
ler in the outer loop can reduce the effects of these
uncertainties on the robot performance. For this
means, the nonlinear model of the robot is encapsu-
lated with a linear model and multiplicative uncer-
tainty block to design robust H. and p-synthesis
controllers for the inner loop of the cascade control
structure. Then, the stability of the system as a whole
was analyzed to achieve proper gains for the PD con-
troller. Finally, we implemented three different
experiments to verify the stability and performance
criteria for such controllers. Results showed that the
designed controllers met the stability criteria and
achieved a suitable tracking performance. Although
using the robust H., controller in the velocity loop
feedback was more preferable in practice. This con-
troller shows superior performance in the presence of
external noise, and periodic pulse trajectory, and in
terms  of  repeatability and  configuration
independence.

Since the ARAS-Diamond robot is built to act as
the slave robot in the robotic-assisted eye telesurgery
system, the proposed control approach is very prom-
ising to be used for the teleoperation system. Future
researches include applying the designed robust con-
troller to a Model Mediated Teleoperation (MMT)
framework, which is a very beneficial method in tele-
surgery applications. Besides, the whole procedure of
designing controllers can be repeated by using IMU
sensors in the end effector. Thus, angular feedback
signals would be sensed directly from the surgical
instrument movements. Hence, using designed
robust controllers, one can perform real eye surgery
on a phantom eye using a haptic interface to apply
commands to this slave robot.

In addition, for clinical application, the robot is
required to be optimized. The electrical system, for
instance, will be redesigned with the controllers
natively running on the ARM microcontrollers with
hypervisor and fault fallback state machienes imple-
mented. The robot’s interface will modified to be user
friendly, which requires advanced GUI development
tools and embedded Linux systems. Finally, the
robot’s base will be changed ergonomically such
that its setup in relation to the patient’s head would
be easy and safe while compatible with the required
sterilizing procedures in hospitals.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

Notes

a. The hinfsyn command is used.
b. Function musyn will perform this task.
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