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Abstract—This article presents a visual-inertial-based control
strategy to address the task-space control problem for robot
manipulators. To achieve this, a hybrid observer is introduced for
visual-inertial odometry, enabling the control loop to be closed
directly in Cartesian space by estimating the end-effector pose.
The end-effector is equipped with an inertial measurement unit
(IMU) and a stereo camera, which provide task-space feedback
information to the proposed observer. A hybrid controller is then
designed to utilize the estimated end-effector pose for accurate
motion control. The Lyapunov stability theorem is employed to
demonstrate that the resulting closed-loop system, using the pro-
posed observer-based controller, is globally and asymptotically
stable. Besides this notable merit (global asymptotic stability),
the proposed method also reduces the impact of robot kinematics
on the controller’s performance. Real-world experiments and
computer simulations using a six-degrees-of-freedom (DoFs) long-
reach hydraulic robot manipulator are conducted to evaluate the
performance of the proposed observer-based control scheme.

Index Terms—Hybrid systems, observer-based control, robotic
manipulation, visual-inertial odometry.

I. INTRODUCTION

VER the past several decades, task-space control tech-
Oniques have garnered considerable attention, leading
to the development of highly refined and efficient control
methodologies for robotic manipulators [1]. These control
methods typically use proprioceptive sensors along with for-
ward kinematics to determine the end-effector pose, which is
then used to calculate the task-space trajectory tracking error
[2]. As a result, task-space controllers are capable of ensuring
the asymptotic convergence of tracking errors in the task-space
[3]. The concept of task-space control was first introduced in
[4], where a robot was directly controlled within its workspace.
This early work demonstrated the method’s effectiveness,
even in the presence of singularities and redundancies. In
[5], a fully dynamic controller based on feedback lineariza-
tion was introduced. Additionally, Xian et al. [6] utilized
a quaternion representation of the end-effector attitude to
design a class of task-space controllers that ensured asymptotic
pose tracking. Within this framework, a model-based output
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feedback controller was introduced, which eliminated the
need for link velocity measurements by using a model-based
observer.

More recently, the growing demand for robotic manipulators
has expanded their application across various industrial sec-
tors, including construction, forestry, and mining [7]. In these
fields, the tasks assigned to robotic manipulators are often
complex and nonrepetitive, necessitating large-scale robots
capable of handling substantial loads [8]. These outdoor sys-
tems frequently experience elastic deformations in gearboxes
and link deformations due to load-dependent variations in
mass. As a result, conventional rigid-body robotic modeling
becomes inaccurate and complicates the control process [9].
Such deformations can lead to errors in task-space trajectory
tracking, as kinematic equations may not accurately reflect
the end-effector pose. To address these challenges, the use
of exteroceptive sensors has been recommended for more
precise determination of the end-effector pose. For example,
Lauer et al. [10] utilized a robotic total station network to
accurately position the end-effector, facilitating trajectory gen-
eration through a constrained quadratic optimization problem.
Similarly, Hyyti et al. [11] employed a system that included a
2-D laser scanner, two short metal tubes magnetically attached
as reference targets, and an angle sensor. This setup pro-
vided critical measurements for a particle-filter-based observer,
designed to estimate the posture of a flexible hydraulic crane.
These advancements in sensor integration and measurement
techniques significantly enhance the accuracy and effectiveness
of robotic manipulators in challenging environments. Lundeen
et al. [12] developed the marker-based pose estimation system
for large-scale robotic manipulators (e.g., Komatsu excavator).
This system leverages optical cameras to track fiducial mark-
ers, providing precise calculations of the end-effector pose,
which is crucial for accurate manipulation and interaction with
objects.

Recent advancements in vision sensor technology have
enabled various control strategies to utilize cameras for task-
space measurements. Robots equipped with cameras can now
collect more comprehensive environmental data, making them
better suited to the challenges posed by unstructured environ-
ments [13]. Among the various vision-based control strategies,
two prominent methods for robot manipulators are position-
based visual servoing (PBVS) and image-based visual servoing
(IBVS) [14]. PBVS determines the pose of the target object
relative to the camera using detected features and a geometric
model, while IBVS designs feedback control signals directly
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on a 2-D image plane. IBVS has certain advantages over
PBVS, including greater robustness against calibration and
modeling errors [15]. The benefits of IBVS and PBVS have
made them effective for small-scale robotic manipulators,
such as the seven-degrees-of-freedom (DoFs) Franka Emika
robotic arm [16]. However, these methods face challenges
when applied to large-scale robotic manipulators, including
a wide field of view due to the expansive workspace and
variations in camera parameters during the task [17]. Addition-
ally, IBVS and PBVS are generally formulated as kinematic
control approaches, which often overlook the impact of robot
dynamics.

To address the challenges associated with IBVS and PBVS,
Li and Cheah [18] proposed a novel vision-based controller
that divides the task-space into local regions, each with
its own feedback law. This approach involves integrating
these regional feedback laws to ensure global stability while
considering robot dynamics. In a different approach, Sandy
and Buchli [19] introduced a visual-inertial-based controller
specifically designed for controlling a hydraulically actuated
arm subjected to dynamic and unpredictable base motions.
This control scheme leverages a Kalman-type filter to estimate
the end-effector motion using data from an inertial measure-
ment unit (IMU) and a camera. While this method provides
significant advantages in dynamic environments, it does not
guarantee overall system stability, which can be a critical
limitation in some applications. In contrast, Hamed Hashemi
and Mattila [20] employed the visual simultaneous localization
and mapping (VSLAM) algorithm to estimate the end-effector
pose for a hybrid controller. It was proved that the resulting
closed-loop system is globally asymptotically stable.

Building on this discussion, this article presents a
visual-inertial-based control method that employs a stability-
guaranteed observer for visual-inertial odometry to estimate
the end-effector pose, thereby effectively closing the control
loop. This approach ensures global stability while remaining
independent of visual features, the image Jacobian matrix,
and calibration requirements. By integrating visual and inertial
data, the proposed method enhances robustness, adaptability,
and resilience to environmental variations. These advantages
make it well-suited for real-world applications in dynamic and
unstructured environments. The contributions of this article are
outlined as follows.

1) A hybrid observer is developed for visual-inertial odom-
etry, designed to estimate the end-effector pose and
provide task-space feedback information.

2) A hybrid feedback law is introduced to control the end-
effector pose in Cartesian space. Unlike existing task-
space control strategies that use forward kinematics to
obtain trajectory tracking errors, the proposed method
leverages the estimated end-effector pose provided by
the observer, which compensates for link deformations.

3) This work demonstrates that the global asymptotic sta-
bility of the resultant closed-loop system is achieved
in unknown, wide, and dynamic environments, indepen-
dently of the image Jacobian and calibration, while also
incorporating the effects of robot dynamics.
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This article is organized into six sections, starting with
the Introduction and ending with the Conclusion. Section II
covers preliminaries and notations, and provides a fundamental
overview of hybrid systems, visual-inertial kinematics and
measurements, and dynamic and kinematic models of robot
manipulators. Section III details the proposed hybrid observer
algorithm for visual-inertial odometry. The design and stability
analysis of the hybrid controller are discussed in Section IV,
while Section V validates the proposed observer-based control
strategy through real-world experiments and computer sim-
ulations. Finally, Section VI offers concluding remarks and
summarizes this article.

II. PRELIMINARIES

A. Notations

The sets of real and natural numbers are denoted by R and
N, respectively, and R” denotes the n-dimensional Euclidean
space. S" := {y € R"*! : ||y|| = 1} refers to a unit n-dimensional
sphere and |ly|| = ({, y))l/ 2 represents the Euclidean norm of
a vector y € R", where (y,y) := y'y is the inner product.
Frobenius norm of a given matrix A € R"*" is defined as
lAllF = (tr(ATA))!/2, where tr(A) is the trace of A. This article
uses SE(3) := {X = ¥(R, p) : R € SO(3), p € R?}, and SO(3) :=
(R e R¥3 : RTR = RR" = I,det(R) = 1} to denote the special
Euclidean group and the special orthogonal group of order
three, respectively. For every X = W(R, p), one has X! =
W(RT, —R” p). Moreover, se(3) represents the Lie algebra of
SE(3), which is given by

se(3):= {W: |:1;)1(:)3) (‘;i| :w,v€R3}.

The definition of frequently used maps is given as follows:

0 —W3 w)
IFw)=| ws 0 -w| VYweR?
—W? w1 0

X =¥(R,p) = [011; ﬂ AdyW = XWX

[Ri2) — R
Raz —Ran |- )

1
¢(X)=[ P } ©(R) = -
o (R) 2 | Rey —Rap

The tangent space of SE(3) is represented by TxSE(3) :=
{(XW : X € SE3),W € se(3)}. Let m : SE3) —» R be a
differentiable smooth function, where the gradient of m is
denoted by Vxm € TxSE(3) and is computed as

dm.XW = (Vxm, XW)x = (X' Vxm, W). ()

In the above equation, dm is the differential of m and (., .)x is
the Riemannian metric of the matrix Lie group. The rotation
matrix R € SO(3) can be parametrized with respect to the
rotation angle 6 € R and the rotation axis y € S? using the
Rodrigues formula R : R x S — SO(3), defined by

R (@,y) = +sin(@T(y)+ (1 —cos(@))T*(y), or
R (6,y) = exp (I (v)). (3)
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B. Hybrid System Framework

This article considers the hybrid dynamic system # of the
form [21]
xeC

xebD

i=f),

=g, @

where x € R” is the state vector. In the above framework,
f:R" >R, g:R" > R, CcCR' and D Cc R" are
referred to as the flow map, jump map, flow set, and jump set,
respectively. In addition, f defines the continuous dynamics of
x, whereas g describes the discrete dynamics of x. The jump
set depicts where jumps may occur, and the flow set specifies
where continuous evolution is permitted.

Remark 1 (Hybrid Basic Conditions [21]) The hybrid
system 7 is formulated to satisfy the following conditions.

1) The flow map is convex, and both the flow and jump

maps are nonempty, locally bounded, and outer semi-
continuous.

2) The flow and jump sets are closed subsets of R”".
Therefore, H is well-posed and robust to sufficiently small
e-perturbations, where € : R" — R.

Lemma 1 (Barbasin-Krasovskii-LaSalle [21]) A compact
set A c R" is stable for # if there exists a continuous function
V :R" = Ry that satisfies the following conditions.

1) V is positive definite with respect to .A on C U D.

2) V is continuously differentiable in a neighborhood of C

and a neighborhood L c R” of A.
3) ac(x) <0 and ap(x) <0 for all x in a neighborhood of

A, where W@ -V, if D
4 X - s €
ap (x) _ {maxg eg(x) 8 X I X .
—00, otherwise
max e ro(VV(x), f7), ifxeC
e (X) - { f1ef(x) f i (5)
—00, otherwise.

Lemma 2 (Hybrid V Invariance Principle [21]) Consider
V defined in Lemma 1, and let ¢* represent a precompact
solution such that its range is contained in L. Suppose that
the third condition of Lemma 1 is satisfied for L. Then, for
some r € V(L), the solution ¢* converges to a nonempty set,
which is the largest weakly invariant subset of

Vi nLn[ag 0) U (ap' 0)Ng(ap (0)))].
In above equation, V~!'(r) is the set of points {x € L :
V(x) =r}.
Consequently, if the above set is empty for every r € (0, r*),

where r* € R., then the set A defined in Lemma 1 is referred
to as locally preasymptotically stable.

C. Kinematic Model and Measurements

The kinematics of the motion of a rigid body navigating
3-D space are described as follows:

R = RT (w)
p=v
v=Ra+g. (6)

In (6), v € R? and p € R? represent the linear velocity and
position of the rigid body with respect to the inertial frame,

respectively, and g € R? is the gravity vector. w € R* and
a € R? denote the angular rate and acceleration obtained from
the IMU in the body-fixed frame, respectively. The kinematics
(6) can be compactly rephrased as follows:

X = XU+ GX
I'w) a 0 0 ¢ 0
U= 0 o 1], g=10 0 -1
0 0 0 0O 0 O
R v p
X =%YRv,p=|0 1 0 @)
0O 0 1

In the above equation, X belongs to the extended special
Euclidean group of order 3, given by SE,(3) := {¥(R,v, p) :
R € SO(3),v, p € R*}. Note that X~! = P(RT,-R"v,-RTp) €
SE»(3). Besides measuring the acceleration and angular veloc-
ity, a stereo camera mounted on the robot provides landmark
measurements. Let p; € R? denote the landmark positions in
an inertial frame. It has been demonstrated that in [22], the
3-D landmark position measurements expressed in the body
frame y; = R(p; — p), can be determined by utilizing bearing
measurements produced by a stereo camera. From (7), one can
deduce

RT _RTV _RTp Di vi
Bl‘ = O 1 0 0 = 0
0 0 1 1 1
or B := X7 'r,. (8)

Assumption 1 [23]: Tt is assumed that at least four known
landmarks that are noncollinear are available for measure-
ments.

D. Dynamic and Kinematic Models of a Robot Manipulator
The Euler-Lagrange equations of motion for n-link robotic

manipulators are expressed as follows:

M@i+Cg.9qg+G@+F@ =1 (€))

where ¢ = [q1,42,...,g,]7 € R" denotes the joint position
vector and (¢,§) € R" denote its velocity and acceleration,
respectively. M(q) € R"*" represents the inertia matrix, which
is a symmetric, positive-definite matrix. In addition, C(q, ¢) €
R"™" and G(gq) € R" represent the Coriolis and centrifugal
matrix and the vector of gravitational forces, respectively.
F(g) € R" is the friction vector and 7 € R" is the control
torques applied to the joints. The relation between joint space
and Cartesian space can be described by so-called forward
kinematics, given as

Xend (1) = k(g (1)) (10)

where x.nq contains the end-effector position and attitude in the
task-space. The relation between Cartesian space velocity and

joint space velocity are defined through the Jacobian matrix J,
which is obtained by differentiating forward kinematics with
respect to time

0
Send (1) = %qm = J4(), or, Z:= m = J4@. (1D
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Here, w and v denote the end-effector angular and linear
velocities, respectively. Previous studies on task-space con-
trollers have highlighted several limitations associated with
control laws that involve the time derivative, inverse, or
transpose of the Jacobian matrix. In particular, the Jacobian
inverse becomes ill-defined or singular when the manipulator
operates near kinematic singularities. To address this problem,
two primary strategies are commonly employed as follows.

1) Numerical Optimization Methods: Techniques such as
quadratic programming (QP) or damped least squares
(DLS) are utilized to compute a generalized inverse of
the Jacobian. While these methods improve numerical
stability and mitigate singularity issues, they introduce
additional computational overhead, which can be critical
for real-time applications [24].

2) Assumption-Based Methods: An alternative approach is
to impose simplifying assumptions on the robot con-
figuration or motion to avoid singular regions. These
assumptions, however, often restrict the generality and
adaptability of the control scheme [25].

Consequently, this article adopts the second approach and
considers the following assumption.

Assumption 2: This article assumes that for all joint con-
figurations, J possesses a dynamic manipulability index that
is not zero, that is, the inverse of J is available or J is a full
rank matrix.

III. VISUAL-INERTIAL ALGORITHM

This section introduces the proposed hybrid observer for
visual-inertial odometry. The observer task is to estimate
the tip pose using IMU and stereo camera measurements.
With the remarkable advancements in computer vision tech-
nology over the last decade, estimation algorithms that
leverage vision measurements have attracted significant inter-
est. Notable examples include VSLAM [26], visual-inertial
odometry [27], and vision-aided inertial navigation systems
[28]. However, topological obstructions associated with matrix
Lie groups such as SO(3) and SE,(3) prevent the global
convergence of continuous observers [29]. This is because
the state space of attitude, that is, SO(3), is a noncontractible
manifold [30]. To address this challenge, a hybrid observer was
introduced in [31] for visual-inertial odometry, which guaran-
tees global exponential convergence. By improving upon the
algorithm described in [31], this article introduces a novel
observer designed to address the aforementioned challenges.
The dynamics of the proposed observer are described as
follows:

%fczﬁ?z/wg)?—mé, Xec

h=0
.XA‘+ = A, .XA‘ eD
AT = argmin & (Xy)

heQ

C:= {5 (X) - min & (%) < 5}

D= {5 (X) - /{}:i‘ég(’(h) > 5%
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X =¥ (R (1,0),0,0) X
A=k, (r-Xb)r", or, A=k, X (I-X)T

ny

EX) =) llri— XBiIP.

i=1

12)

The observer gain k, € R.( significantly influences estima-
tion performance. A high k, ensures fast convergence but
increases sensitivity to noise, while a low k, enhances noise
robustness at the cost of slower convergence. The parameter
0 € R, affects switching behavior, where a high § prevents
switching, and a low ¢ leads to frequent switching, potentially
causing chattering. In addition, r := [r; r2,.. 1] € R3*m

= [B1 Bas..sBn] € R T = pT, and ny is the
number of landmarks. Furthermore, the sw1tch1ng variable 7
belongs to a nonempty finite set Q := {£n/6,0}, and £ € S?
is chosen arbitrarily. To defeat the topological obstructions
and to decrease the estimation error, 7 selects the next value
for X. This selection is based on the smallest estimation
error resulting from rotating X. It is worth noting that the
system (7) and observer dynamlcs (12), defined on SE>(3),
are noninvariant. Let X = X X~! with R = RRT, v = v — Rp,
and p=p-— Rp be the right-invariant estimation error, and
using X=X XX the dynamics of X are calculated
as follows:

X=X+ XX ' X =¢F-RG+TA (13

Theorem 1: Consider the visual-inertial kinematics (7)
evolving on the matrix Lie group SE,(3). The observer pro-
vided in (12) guarantees the global asymptotic convergence of
X to I545.

Proof: The candidate Lyapunov function is given by

Vo= s ((1-®)T(1-2)")

1 0 0
T=r{0 1 -1 (14)
0 -1 1

Taking the derivative of V,, with respect to time and substi-
tuting (A, X) from (12) and (13), one obtains

Vo=t (X7 (1-%)")
=V, =-u((G2- %G +k (1-X)T) T (1- 2)")
=V, = = (ke (1= ®) 1T (1- )")

(6% - XG) T (1-2)")). (15)

The first term in V, can be simplified as follows:

o (P +1) (|1 R) pi = ]
+ ((I=R) pi - p, 7)) (16)
and the second term is simplified as follows:

(1 =R) pi = p.v) + Il (17)

By summing the first and second terms, one has
ko (Il + 1) (| (1 = B) pi = 5 + 7))’ (18)
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As a result, one obtains V, < 0, which indicates that ¢ <
0. From (12), it then follows that ap < 0. Consequently, by
Lemma 1, one can conclude that the set A, := {X € SE»(3) :

X = I} is stable. Moreover, by Lemma 2, every solution to
(12) converges to A,. This completes the proof. O

IV. PROPOSED CONTROL LAW

This section presents the proposed hybrid controller.
Conventional controllers cannot globally stabilize systems
evolving on SO(3) due to the presence of a set with a
Lebesgue measure of zero on the tangent bundle of these
systems [32]. To address this limitation, hybrid feedback laws
have been developed to control systems on matrix Lie groups
such as SO(3) [33], [34], quaternion [35], and SE(3) [36].
Therefore, Hamed Hashemi and Mattila [20] developed a
hybrid controller for robot manipulators operating in task-
space. However, a drawback of this control technique is the
potential for inducing severe rotations. This article introduces
a hybrid feedback law that leverages the advantages of the
controller described in [20] while addressing its shortcoming.

It has been proven that 1/2tr(I — RIR) is locally positive-
definite when the angle between the actual attitude R and the
desired attitude R, is less than 180° [37]. Based on this, the
potential function U : SE(3) x R — R is defined as follows:

1
U, h) = 5tr (T-XKT-X)T)
Ke=ke(I-%Xp), Xp=Y¥(R("0,0)
where k. = diag([k,; € Ry]) for i = 1,...,4. In addition,
h is the switching variable which belongs to the compact set

Z := {£n/6,0}. The gradient of U(X, &) is computed as follows
utilizing (2):

19)

P(X'VxU) =@ ((I-XK.).

As a result, the proposed control law for robot manipulators
tracking task-space paths is designed as follows:

(20)

™ =N-M(@J " (Jg+ @ (Adx,X,'Vx, U + K, Y - W,))
N=C(g.9q¢+G@+F(). (21)

Here, K; € Ry represents the controller gain, while
W, € se(3) denotes the desired velocities, including both
the linear velocity v; and the angular velocity wy. In the
proposed feedback law, the switching variable is included in
the gain only once, unlike in [20], where it appears multiple
times in control law. This reduces its impact on controller
behavior, mitigating abrupt changes and severe rotations. As
a result, the proposed method ensures a more controlled and
stable response. Furthermore, (X,,Y) will be given later. In
the above equation, /% is the switching variable, determined by
the following hybrid mechanism:

{h —0, (X.h)eC
{h+ = argmin U (Xe,h’) , X, heD

heE

C = {(U (Xe, h) —gligU(Xe,h’) < 5)}

D = {(U (Xe, h) = min U (Xe,h') > 5)} ) (22)

In above hybrid mechanism, & selects the feedback law
resulting from the smallest potential function. This switching
mechanism, besides decreasing the convergence time, over-
comes the topological obstructions.

Theorem 2: The proposed hybrid feedback law (21) renders
the compact set A. := {X, € SEQ3),Y € se(3), X € SE,(3) :
X, = 1,Y = 0,X = I} globally preasymptotically stable for
the closed-loop system with the proposed observer (12).

Proof: By considering the manipulator end-effector as a
rigid body, its kinematic equation of motion can be expressed

as
% = |:R p] |:l"(w) v] — XV

0 1/ 0 o0 @3)

The trajectory-tracking error is described by X, = XX;'.
Thus, one can obtain the dynamics of X, as
X, = X% + X%
= X, = X, Adg, (W -W,) = X,Adx, Y (24)
where X! is replaced with X! = —=X7!X,X7!. The candidate
Lyapunov function is defined by

V (X, X,Y) = UK, h) + V, + %@T M @Y). (25

One can easily find the derivative of V with respect to time
along the trajectories of (24), as

V= (VU X Adg, Y), +Vo+@" (De(Y). (26)
From (2), one finds
V=V, +(X;'Vx, U Adg, Y)+ &' (e (Y). @7
In view of (11), one finds that (W) = Z, and
Z=1Jj+Jq. (28)
By substituting (9) into (28), one has
Z=IM"'(¢)(r-N)+ Jg. (29)

One can obtain the following equation because of applying
the proposed hybrid controller (21):

Z = —p(Adg,X,'Vx, U + K, Y = W,), or

¢ (Y) = -¢ (Adx, X' V%, U + K, Y). (30)
Therefore, one can rewrite (27) as follows:
V=V, + (X,'Vx, U, Ady,Y) - Ksp" (Y) @ (Y)
- 9" (1) @ (Ady, X, ' V%, U)
SV=V,-K; " (V)@(Y). (1)

It has been established that V, < 0; hence, it can be
deduced that V < 0. This implies a¢c < 0, and from (22),
it follows that ap < 0. Consequently, by Lemma 1, the set
A, is stable. Furthermore, Y = 0 when Y = 0. Thus, from
(30), one concludes that @(Adx,X;!'VX,U) = 0 when Y = 0.
By Lemma 2, it follows that the solution to the closed-loop
systems converges to .A.. This completes the proof. m}
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Hybrid Controller
Eq. (21)

(R, p, ) \——|

Visual-Inertial
Algorithm Eq. (12)

Fig. 1. Sketch of the proposed visual-inertial-based controller.

It is important to mention that utilizing the estimated pose
P(R, p) to close the control loop still provides proof of
stability, as with lim,_, 1o X — X.

The proposed feedback law consists of two components:
a feedforward term and a feedback term. The feedforward
term cancels out the nonlinearities in the system dynamics,
effectively linearizing the system, while the feedback term
ensures accurate trajectory tracking and compensates for mod-
eling uncertainties and external disturbances. Notably, the
trajectory tracking error is computed based on the estimated
pose, rather than relying on forward kinematics. As a result,
link deformation and variations in the dynamic model do not
affect the computation of the tracking error, since it is derived
independently of the deformed kinematic model. Fig. 1 shows
the block diagram of the visual-inertial-based control scheme,
and the salient features of this structure include: 1) global
asymptotic stability and 2) a low computational time (CT).

V. RESULTS AND DISCUSSION

This section presents the simulation and experimental
results to evaluate the performance of the visual-inertial-based
controller. The experiment was conducted on a commercial
heavy-duty long-reach hydraulic manipulator in a real-world
setting. To better illustrate the effectiveness of the proposed
method, a comparative analysis was performed against the
approach introduced in [31], as both methods fall under the
geometric-type classification. Their performance was assessed
based on key metrics such as accuracy and computational
efficiency.

The manipulator is also simulated in Simscape Multibody'
for the simulation tests and the further supplementary material
and dynamic model can be found in [38]. Besides the real-time
experiment, two simulation studies are performed to verify
further the performance of the proposed control technique. The
observer is randomly initialized to depict the robustness of
the algorithm to the initialization. In addition, to demonstrate
the robustness of the proposed controller to model uncertainty,
unknown friction is considered in all joints of the Simscape
Multibody manipulator model.

The real-world implementation is intended to evaluate the
performance of the proposed observer, while the simulation is

ITrademarked.
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Inertial Measurement Unit (IMU |
OptiTrack Markcr /]

Fig. 2. Experimental setup for the proposed scheme tests demonstrating IMU
and ZED2 camera mounted on the end-effector and OptiTrack Prime 17 W
for recording ground truth.

designed to assess the performance of the proposed observer-
based controller. This is due to the fact that cameras are prone
to robustness and reliability issues, and the manipulator is a
heavy robot, making safety a significant concern.

A. Experimental Evaluation

Fig. 2 depicts the experimental setup, comprising the fol-
lowing components and systems.

1) Commercial heavy-duty hydraulic manipulator arm
(HIABO33), equipped with an in-house-built 3-DOF
spherical wrist featuring absolute encoders at each joint.

2) Beckhoft and TwinCat three interface.

3) A low-cost ZED2 stereo camera.

4) OptiTrack? Prime 17 W position motion capture system.

5) 16-bit IMU sensor.

A ZED?2 stereo camera and IMU were attached to the tip
of the manipulator. The stereo camera captures images at a
frame rate of 30 Hz, providing bearings to landmarks for
determining their 3-D positions. The IMU sampling rate is
1000 Hz and provides measurements of both acceleration and
angular velocity. The OptiTrack Prime 17 W motion capture
system provides ground truth measurements using a setup that
includes three cameras, a passive marker, and a base frame.
The cameras were strategically positioned around the end-
effector, while the marker was mounted near the tip of the
manipulator. This system then precisely tracked the marker’s
position relative to the base frame.

The virtual decomposition control (VDC) described in [39]
commands the manipulator to follow a Lemniscate trajectory.
The Stereo Camera Calibrator app in MATLAB is used to
calibrate camera parameters for undistorting the images. The
Kanade-Lucas—-Tomasi (KLT) feature tracking algorithm [40]
is used to track features, and an example of the tracked features
are illustrated in Fig. 3.

Registered trademark.
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» /
L © Matched points left
+ Matched points right|

Fig. 3. Example of feature detection and tracking in the right and left
images captured by a stereo camera using MATLAB’s computer vision system
Toolbox.

TABLE I
CONTINUOUS-DISCRETE ALGORITHM OF THE PROPOSED OBSERVER

Initialization: X' (0) € SE2(3)
Time update between measurements:
X =XU+GX - AX
State update triggered by camera measurements:
A = —ko(r — Xb)rT
Xi = exp(=A) X1

|—Actual trajectory
0 I—Proposed Method|
08 —Reference [31]
-0.9

Fig. 4. Actual (ground truth) and estimated trajectories.

TABLE 1T
ROOT-MEAN-SQUARE ERROR (RMSE) AND CT

Proposed Method
0.05
108.65

Reference [31]
0.13
146.57

RMSE (m)
CT (sec)

Since IMU measurements are typically received at a higher
rate than landmark measurements, the proposed algorithm
operates in a two-phase structure. In the first phase, the
states are continuously updated using the IMU data when
landmark observations are not available, allowing the system
to maintain a real-time estimate of the state by leveraging the
higher frequency IMU updates. In the second phase, when a
new landmark measurement is received, the state is updated
by fusing the IMU data with the landmark data. To ensure
accurate synchronization, both IMU and stereo camera data
are reordered and aligned according to their corresponding
timestamps before fusion. This process ensures temporal con-
sistency between the sensor measurements, improving the
reliability of the state estimation. This continuous-discrete
observation technique for inertial navigation, as mentioned in
Table I, has also been examined in [41].

w
S

—Proposed Method
—Reference [31]

o~ 8lm/s)

o
I

T

0 10 20 30 40 50 60 70 80 %0
Time (sec)

Fig. 5. Estimation errors of velocity, position, and rotation versus time.

—VDC

—Proposed Controller
—Desire:

— Estimated

“
Y (m) ' s
o 2 X (m)

Fig. 6. 3-D view of the desired, estimated, and actual trajectories in the first
simulation.

Fig. 4 illustrates that the estimates produced by both the pro-
posed observer and the observer introduced in [31], utilizing
measurements from the IMU and stereo camera, converge to
the ground truth within a few seconds. Notably, the ground
truth is used not only to validate the performance of the
proposed algorithms but also to generate virtual landmarks for
the experiments, as no physical landmarks are available. Fig. 5
presents the norms of errors in attitude, position, and velocity
estimates, demonstrating that the estimated path closely aligns
with the actual path after a few seconds. The results indicate
that the proposed method outperforms the approach in [31],
particularly in terms of accuracy and computational efficiency.
This improvement is substantiated through a detailed analysis
of experimental outcomes, highlighting the effectiveness of
the proposed approach in achieving more precise results while
maintaining lower computational costs. A summary of these
findings is provided in Table II.

B. Simulation 1: Noiseless Measurements

In this simulation, measurements are noiseless and the simu-
lation results presented in Figs. 6-9 are obtained by applying
the visual-inertial-based control strategy and the VDC [39]
to the 6-DOF long-reach heavy hydraulic manipulator. Fig. 6
shows a 3-D view of the estimated path and trajectory
drawn by the end-effector pose under the proposed controller
and the VDC tracking the desired path. This figure implies
that the proposed visual-inertial-based control approach can
track the desired trajectory within an acceptable error range.
The evolution of estimation and tracking errors versus time
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Fig. 7. Time evolution of position and attitude estimation errors in the first
simulation.

—vbC
0o [—Proposed Controller|
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Fig. 8. Task-space position tracking error in the first simulation.

—vbC
|—Proposed Controller]
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Fig. 9. Time response of control torque in the first simulation.

is depicted in Figs. 7 and 8, respectively, revealing that a
satisfactory tracking performance is achieved in the presence
of a 1% error in the estimation. Fig. 9 depicts applied torques
generated by the proposed control algorithm and the VDC.

C. Simulation 2: Noisy Measurements

In this simulation, measurements are corrupted by a noise
signal that includes both a uniformly distributed component
and a Gaussian distributed component with a mean of zero
and a variance of one. The simulation results are illustrated
in Figs. 10-13. Fig. 10 presents a 3-D visualization of the
estimated path and the trajectory of the end-effector controlled
by the proposed controller and the VDC. This figure illus-
trates that the proposed observer-based control method can
accurately track the desired trajectory. Figs. 11 and 12 depict
the progression of estimation and tracking errors over time,
respectively, highlighting satisfactory tracking performance.
Fig. 13 displays the torques applied by the proposed control
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Z (m)
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—Proposed Controller
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Fig. 10. 3-D view of the desired, estimated, and actual trajectories in the
second simulation.

I I I I
o s 10 15 0 25 m s w0

Time (sec)

Fig. 11. Time evolution of position and attitude estimation errors in the
second simulation.
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Fig. 12. Task-space position tracking error in the second simulation.
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Fig. 13. Time response of control torque in the second simulation.

algorithm and the VDC. Both Figs. 9 and 13 reveal that
the control signals produced by the proposed controller are
realizable and applicable, because the proposed controller is
compared to the VDC described in [39], which was experi-
mentally validated using a commercial hydraulic manipulator.
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Proposition 1 [21]: Let the closed loop hybrid system
satisfy Remark. If € : R* — R is continuous, then the perturbed
closed loop hybrid system satisfies Remark.

Consequently, it follows from the proposition that the
proposed controller is robust. That is, it can effectively com-
pensate for sufficiently small perturbations. As demonstrated
in the simulation section, the controller successfully stabilizes
and regulates the manipulator even though friction on the joints
of the manipulator is not considered in the proposed control
law. This confirms the robustness of the proposed controller
against model uncertainty.

VI. CONCLUSION

This article proposed a novel vision-based control structure
for robotic manipulators. It is well-known that task-space
control laws relying solely on proprioceptive sensors are
highly sensitive to robot kinematics. Consequently, implement-
ing these controllers for large-scale robotic manipulators is
particularly challenging, as disturbances and link deformations
can introduce inaccuracies in their kinematic equations. To
address this issue, this article suggested utilizing exteroceptive
vision sensors and introduced a visual-inertial-based control
framework. In this approach, a hybrid observer was developed
for visual-inertial odometry to estimate the end-effector pose,
providing accurate task-space feedback. Additionally, a hybrid
controller was designed to control the robot manipulator in
task-space, leveraging the end-effector pose estimated by the
proposed hybrid observer. By applying the Lyapunov stability
theorem, it was demonstrated that the proposed visual-inertial-
based control structure is globally asymptotically stable.
Finally, to verify its accuracy and efficiency, the proposed
observer-based control strategy was tested on a 6-DOF long-
reach hydraulic manipulator.

Future work will further develop this control structure
for floating-based robots, including mobile manipulators.
Floating-based robots pose additional challenges due to their
mobility and the need to consider the dynamics of both the
manipulator and the mobile base.
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