214

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

CyuacHuii cman HayKogux 00CaiodiceHb ma mexHonoeitl 6 npomuciosocmi. 2026. Ne 2 (36)
Innovative technologies and scientific solutions for industries. 2026. No. 2 (36)

UDC 004.932.2 DOI: https://doi.org/10.30837/2522-9818.2026.2.214

Igor Nevliudov, Vladyslav Yevsieiev, Svitlana Maksymova, Oleksandr Pashchenko, Viktor Kosenko

DEVELOPMENT OF A MODEL FOR SYNCHRONIZING THE OPERATION
OF COLLABORATIVE ROBOTIC MANIPULATORS IN HRC SCENARIOS

This article examines the problem of synchronizing the operation of a group of collaborative robots in a shared workspace
with humans, in light of modern requirements for human-centered manufacturing and the Industry 5.0 concept. The relevance
of the research stems from the need to ensure coordinated movement of multiple robots while adhering to strict safety
constraints in HRC scenarios, where traditional centralized approaches do not guarantee sufficient reliability and scalability.
The objective of this work is to develop a mathematical model for the synchronized control of collaborative manipulators, taking
into account mutual coordination, tracking of a shared trajectory, and active avoidance of dangerous proximity to humans and
between robots. The subject of the study is decentralized synchronization laws in the problem space with projection into joint space
and the use of potential safety fields. The work uses methods of mathematical modeling of manipulator dynamics based on
Euler—Lagrange equations, consensus control methods, pseudo-inversion of the Jacobian matrix, fourth-order Runge—Kutta numerical
integration methods, and methods for analyzing safety metrics. The objectives of the study are to formalize the laws of consensus
control in the problem space, integrate safety potential fields, and perform numerical validation of the model for a group of
manipulators in a shared workspace. Modeling results for a group of three two-link planar manipulators showed the formation
of coordinated trajectories with a reduction in characteristic oscillations and stabilization of dynamics; however, the average
tracking error of the common trajectory remains at 0.38-0.40 m. An analysis of minimum robot-to-robot and robot-to-human
distances confirmed the effectiveness of potential barriers in steady-state operation, but revealed dangerous gaps in transitional
sections. It is concluded that the proposed model ensures stable synchronization and a basic level of safety, but to guarantee
compliance with safety margins throughout the entire time interval, it is advisable to switch to rigid barrier constraints such as
CBF and task-priority control schemes.

Keywords: collaborative robotic manipulators, motion synchronization, HRC
consensus algorithm, safety potential fields, Jacobian pseudoinverse, Industry 5.0.

scenarios, decentralized control,

1. Introduction scenarios [10-13]. The realities of modern manufacturing

require the simultaneous achievement of high synchronization
accuracy, disturbance resistance, and guaranteed safety
constraints. This is precisely why the development of
models for synchronized control of collaborative robots
in a shared space with humans is a timely, scientifically
sound, and practically significant task.

In the current context of Industry 5.0, a human-
centered approach is emerging as a key driver of
technological evolution, under which robotic systems
must not only increase productivity but also ensure safety,
adaptability, and flexible interaction with humans [1-3].
Collaborative robots are increasingly being integrated

into shared workspaces, where there is a need for precise
synchronization of their actions in the presence of
an operator. Under these conditions, traditional centralized
control algorithms prove insufficiently effective due to
limited scalability, data exchange delays, and difficulties
in ensuring safety [4-7]. Therefore, decentralized
synchronization models that combine coordinated motion
control, adaptive compensation laws, and integrated
mechanisms for preventing dangerous collisions are
becoming particularly relevant [8-9]. The relevance of
this research is also driven by the need to transition from
"soft" heuristic approaches to formalized mathematical
models capable of ensuring predictable system dynamics
in complex Human-Robot Collaboration (HRC)

2. Analysis of last achievements and publications

In their paper, I. Rybalskii, K. Kruusamie,
A.K. Singh, and S. Schlund propose an AR interface
to improve the safety of operator interaction with
industrial robots, where augmented reality is used to
visualize danger zones, motion trajectories, and warnings,
which statistically reduces the number of dangerous
encounters in production scenarios [14]. This solution
enables the integration of human-centered visual
feedback tools into HRC systems and can be used in our
study as a basis for overlaying dynamic AR prompts
regarding safe distances and restricted zones onto the
synchronized trajectories of manipulators.
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In their study, D. Koczi and J. Sarosi conducted
a systematic review of safety engineering methods for
humanoid robots in everyday life, developed a risk
classification, reviewed standards, approaches to
hazard assessment, and strategies for designing safe
behavior [15]. The proposed approach makes it possible
to link the mathematical synchronization model with
functional safety requirements and emergency scenarios,
so the results can be used to formalize robot-human
distance constraints and motion acceptability criteria
in our model.

In P. Pawlewski’s article on the scientific and
practical challenges of remanufacturing process
modeling, the problems of reliable simulation of complex
production flows are examined, and a set of functions,
requirements, and architectural solutions is proposed for
developing new approaches to modeling and digital twins
of remanufacturing [16]. This solution makes it possible
to align macro-level production models with the micro-
level of robot control, and from the perspective of our
research, its results can be used to justify the need to
integrate a synchronization model with the digital twin
of a conveyor or assembly line.

In the article by H. Ye, Y. Song, J. Lam, and
P.A. loannou, a decentralized control law with a specified
convergence time is developed for "hand—fingers" systems
performing grasping and manipulation tasks, where each
subsystem controller ensures the achievement of target
trajectories within a limited time using Lyapunov
stabilization methods and barrier functions [17].
This approach makes it possible to ensure predictable
convergence of multi-link robots with  minimal
communication requirements; therefore, elements of this
theory are suitable for use in our model to construct
local joint synchronization laws, however, direct
adaptation requires rethinking due to a different problem
formulation (HRC in shared space, rather than merely
object manipulation).

In the work by M. Zhang, J. Guo, and Z. Zhang
propose a distributed slack-barrier recurrent neural
network for coordinated motion of a set of redundant
manipulators in an obstacle-filled environment, where
the optimization problem with safety constraints is
implemented as a dynamic NN system that avoids
collisions and maintains coordination [18]. This solution
makes it possible to encapsulate collision constraints
and redundancy within the control dynamics themselves;
therefore, its ideas are consistent with our potential field
approach and can be used for the further development

of a neural network variant of the synchronization model,
although full integration will require simplifying the
computational complexity for real-time operation.

In a study by S. Agarwal and J. Alonso-Mora,
S. Sun developed a decentralized real-time planning
method for multi-UAV cooperative manipulation based
on imitation learning, where local "student" policies
learn to imitate a centralized planner under conditions
of partial observability and the absence of inter-agent
communication [19]. The proposed approach makes it
possible to achieve near-centralized planning quality in
a decentralized architecture, which is important for
scaling multi-robot systems, and in the context of our
work, this can be used as a conceptual basis for training
local synchronization laws for manipulators based on
reference centralized trajectories.

In the article by D. Ma, C. Zhang, and Q. Xu, and
G. Zhou, an approach to proactive control of
manipulation operations in an Industry 5.0 HRC
assembly environment is considered, based on the fusion
of large-scale models of the production system and
small-scale models of specific robots, which ensures
adaptation to the context and line load [20]. This solution
makes it possible to combine line-level planning with
local manipulator control, and thus directly supports
the idea of integrating our synchronization model into
a multi-level control architecture, where synchronized
working trajectories are coordinated with demand
forecasts and environmental changes.

In the work by P. Ding, J. Zhang, P. Zheng,
P. Zhang, B. Fei, and Z. Xu, a human motion prediction
network enriched with scenario features is proposed,
which accounts for environmental dynamics and the
diversity of operator motion patterns for proactive
collaboration in personalized assembly tasks [21].
The proposed method makes it possible to significantly
improve the accuracy of short-term predictions of human
trajectories, which in our study is critically important for
the correct construction of potential safety fields and the
adaptive modification of synchronized robot trajectories;
accordingly, the results of this work should be used as
one of the sources for operator position prediction models.

In the article by W. W. Loy, J. Donovan,
M. Rittenbruch, and M. Belek, Fialho, and Teixeira,
an AR-oriented HRC system is investigated for research
assembly tasks, where a designer can view, modify, and
execute a cobot’s actions in real time via an AR interface,
receiving spatially constrained visual feedback [22].
This solution makes it possible to coordinate human
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creative actions and robotic manipulations in "open"
environments, and in the context of our synchronization
model, the results can be used to design an interface
layer that displays the robot’s current and predicted
synchronized trajectories and safety zones to support
the operator’s situational awareness.

In the work by S.M. Mizanoor Rahman,
an approach to evaluation and benchmark metrics
for collaborative object manipulation tasks in HRC is
proposed, where a set of indicators for productivity,
ergonomics, safety, and interaction quality is considered,
along with test scenarios for comparing different
algorithms [23]. This solution enables standardized
evaluation of HRC systems and is directly relevant
to our task, since the developed synchronization
model requires quantitative quality criteria (tracking
error, minimum distances, motion smoothness); so the
proposed metrics can be adapted to validate our approach
in numerical experiments.

The article by P. Lin, N. Zeng, Q. Li, and K. Niibel
provides an overview of HRC safety in construction,
systematically outlining typical hazards, regulatory
requirements, technical risk control measures, and
promising directions for the development of standards
and safety sensor systems [24]. This review allows us to
generalize the requirements for safe human-robot
interaction in complex, loosely structured environments,
and from the perspective of our research, it supports
the justification for the need for embedded safety
modules (potential fields, barrier conditions) within
the synchronization model, although the specifics of
construction sites differ from laboratory HRC scenarios
involving manipulators.

Taken together, the analyzed publications demonstrate
a steady trend toward a transition from isolated robotic
systems to human-centric HRC architectures with
decentralized control, human behavior prediction,
AR support, and formalized safety and productivity
metrics, confirming both the scientific and practical
relevance of developing a synchronization model for
collaborative robot manipulators in HRC scenarios
capable of integrating these areas into a single
mathematically sound approach.

The aim of this article is to develop a mathematical
model for the synchronized control of collaborative
manipulators, taking into account mutual coordination,
tracking of a common trajectory, and active avoidance
of dangerous proximity to humans and between robots.

3. Brief Explanation of Parameters and Variables

In this section, a brief explanation of parameters and
variables is presented before the mathematical model to
ensure unambiguous interpretation of the introduced
notation and to simplify the understanding of subsequent
derivations. This approach allows the reader to focus on
the logic of the synchronization model’s construction
without being overwhelmed by formulas, and also
enhances the reproducibility and correctness of the
numerical implementation of the proposed method.

Indices and dimensions: i, je{1,...,N} — robot
indices; N €{2,3,4} — number of robots in the group;

n, — number of robot i joints; d — dimension of the

workspace (3 for position, 6 for position+orientation).
State variables: g, (t) e R™ —angular coordinates of

the joints; ¢, (t)eR"™ — angular velocities of the joints;

G (t) e R™ — angular accelerations

Kinematics and Geometry: x = f,(q)eR? -
current position/orientation of the robot’s i end-effector

in global coordinates; x =J;(q;)g, — velocity of the

end-effector in global coordinates; J;(qg;)eR*"

Jacobian matrix;  J(q;)e R

pseudo-inverse

Jacobian, for finding the desired joint accelerations that
realize the desired acceleration in the workspace.

Dynamics: M, (q,) e R™" — mass-inertia matrix;
C,(0;,,6;)d; € R" — Coriolis and centrifugal moments;
g;(0)eR" — gravitational moments; r, e R" — local

control moment (the specific robot’s i task); 7Y™ e R" —

synchronization moment (cooperation with others);

™ eR"—~ safety moment (avoiding dangerous
proximity to humans and other robots).
Goals and errors: X (t)eR® — the group’s

common desired trajectory (team task); X' (t)eR"-
the desired acceleration of this trajectory; e =x, —x" —
the robot’s i deviation from the group goal; e; = x, —x; —
the deviation between robots i and j, characterizing

how far apart they have "drifted".
Group ties: a; >0 — the weight of the tie between

robots i and j. If robots i and j must maintain nearly
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identical positions, we set a; large; . a; (% ;) -

the consensus term, which pulls the robots into a "flock™

Control parameters: K — proportional alignment
coefficient to the global goal; K. — group consensus
coefficient; K, — damping coefficient (dampener)
to prevent  the  system from oscillating;
K, =k, I,K, =k I,K; =k, I, — a matrix of positive
scalars to simplify numerical implementation.

Safety: p, e R® robot i reference point
(e.g., current position of the gripper or arm segment that
could touch a person); p,eR® — estimated human

di,h :" P — ph" -

di; =[p—p;| - distance between robots;

position; robot-human distance;

d(h) _

min

minimum permissible distance to a person (human safety
zone); d") — minimum permissible distance between
robots; «,,a, >0 — coefficients for "how aggressively
to flee" from danger; V,,,V,; — potential energy of

danger; R =-V V** repulsive force in the

workspace; 7% = J."F*"* — repulsive torque at the joints,
which is actually applied to the actuator.

4. A mathematical model of the synchronization
of collaborative robots-manipulators
in a shared workspace with humans

Let there be an i-th robot (manipulator) in the
group i=1...,N. Let us denote the generalized
coordinates by:

g (t) e R" @

The coordinate vector of the robot’s i joints
(e.g., the angles of the servo motors). Each
element q;, (t) represents the angle or linear

displacement of the robot i
n. is the number of degrees of freedom of the

k -th joint. The dimension

manipulator i. The first and second derivatives then
represent the velocities and accelerations at the joints:
. dg, . d’q,
6(t)=—5" G(t)="0" @
We will present the dynamic model of the
manipulator in the form of the standard Euler-Lagrange
model for a robotic manipulator:

M; (qi )G +C(0.6,)a +9(a)=7+7"" +7% . (3)

Model (3) serves as the basis for numerical
modeling: by integrating ¢, over time using the
Euler/Runge—Kutta method, we can simulate the motion
of each robot in Python.

To discuss the synchronization of a "group",
we need to move from the common joint space to the
common task space — usually the Cartesian space of the
workspace. Let’s introduce the direct transformation
(kinematics) of the robot i :

X (t) =f (Qi (t)) eR®, @)
where x; (t) — state vector of the robot’s i tool point
in the global (common) coordinate system. Usually,
d =3 for a position (x,y,z), or (x,y,z) if we also
consider orientation (for example, an Euler vector —,
in which case we can partially linearize); f,(+) — the
direct kinematics of the robot. Let’s take the derivative:

X =J, (qi)qi . (5)
Where J;(g,)e R™™ — links the joint velocities

to the tool velocity in Cartesian coordinates. This is
necessary because it relates the motion within the robot’s
joint space (i.e., the angles and their velocities) to the
motion in the workspace (i.e., the position and velocity of
the manipulator tip — the effector). Model (5) is the
fundamental link between the robot’s kinematics in the
joint space and in the workspace, that is, between the
robot control space and the space of interaction with
humans and other robots. Without it, it is impossible to
properly establish synchronization, because we do not
know how changes in the joints affect the coordinates
that need to be coordinated.

Let us assume that the coordinated group task for
all robots is as follows:

— they follow a common group plan (for example,
they carry a single part together);

— they do not interfere with one another and do not
come dangerously close to a person.

Then we introduce a reference (target) group
trajectory in the workspace:

X (t)eR . (6)

This could be the position of a shared object (part)
that the robot team needs to hold, or the trajectory
of the point where the tool is handed over to a human.

Now let’s determine the positioning error for
each robot:

e (t)=x(t)-x"(t) . @)
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Let’s interpret (7), e, =0 means that the robot’s i

tool is located where the command expects it to be
(the coordinated trajectory). Next, we will describe
the coordination error between the robots:

e (1) =x(t)—x(t), i=]. (8)

This is the "discrepancy" between robots i and j.
If all e; — 0, then all robots are spatially synchronized
(for example, they hold the same component node or
move as a rigidly connected structure).

To specify who should synchronize with whom
directly, we introduce an undirected weighted interaction
graph with the following parameters:

— the vertices of the graph are the robots 1,...,N ;

— an edge (i,j) exists if robots i and i must
be coordinated;

— the weight of the connection is a; >0 if there
is no direct informational/physical contact, then a; =0.

Let us formulate a synchronization law (cooperative
control): suppose we want to generate z* such that
the robots converge to a common group trajectory x”(t)
and coordinate with each other (minimize e; ). One of the

basic and numerically convenient options is a law
in the task space, which is then projected via the Jacobian
onto the joint moments.

Let us introduce a virtual control "accelerating
influence" for the robot in the problem space:

U, :_eri_KCZN:aij(Xi_Xj)_KdXi+X* O
j=1

where: K, e R’ — gain matrix based on positional

error relative to the global target x"; K, e R%“ — the
consensus gain matrix, which reduces the differences
between works; the larger it is, the more the works
"converge” toward one another; K, eR™ — it is
desirable to accelerate the joint group trajectory;
if the trajectory is slow or quasi-static, it is acceptable
touse X' ~0.

To implement this acceleration via the actuators,
it is necessary to invert the dynamics in joint space,
i.e., the mapping u; at time > . The following
approach is proposed:

1. Desired joint acceleration:

4 =3/ (a,)u; . (10)

Objective (10): Find such ¢™ that it gives us the
desired X ~u, .

2. Determine the synchronizing point:

Tisync = Mi (Qi )qidec +Ci (qi’qi )q| +0; (Qi) . (11)

In other words, using (11), we apply a torque to the
robot that causes its current dynamic model to “accelerate”
toward the desired behavior within the task space. But if
the robot already has a base task 7, (for example,
maintaining grip force, stabilizing tool orientation),
we cannot simply replace everything with z>* . In that
case, composition is performed via task priorities:

7'_itotal — 7'_itask + NiTisync , (12)
here N.=1-37 (33T )3 t
where N; =1- task,i( task i task,i) wsk,i — Operator

in the null space of the problem, but to simplify
numerical modeling, we can assume that z; =0 and z,>™

are fully controllable.

Since we are working "in the same workspace as
a human", we must ensure minimum distances.
We therefore define the following:

— "robot-human" distance:

d (t) = " P (t)_ Py (t)" ; (13)
— minimum permissible distance:
d" >0 ; (14)

—avoiding clashes between robots:
d; () =[p()-p; ()], >0 (@5)
Let’s introduce safety penalty potentials that increase

sharply as the distance approaches a dangerous level.
Robot-human safety pseudo-potential:

2
1

— |, d, (t)>d®

Vi (t)= ah[di’h (t)—dﬁqh.ﬂj 'vh() min

+ o0, di'h (t)<d(h)

(16)

where ¢, >0 — human safety weighting factor; gradient

V,Vix (t) indicates the direction in which the robot i

should be pushed to increase the distance from the person.
Robot-to-robot safety pseudopotential:

1
Vi (t)=a,| ———
: [di,j(t)_dr(nti)n

where: «, >0 — collision avoidance coefficient between

J, i=zj, (17)

robots. Total safety potential for the robot i :

N
VEE =V YV (18)

j=Lj#i
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Conversion of security forces into 7, repulsive
force in the workspace:
Fe =V pivfaf" . (19)
Let’s make a projection (19) into the joint space:
=07 () R (20)

Let us interpret Model (20) as follows: if the robot
gets too close to a human or another robot, |[VV|| grows,

it generates a large pushing moment 7 that corrects

its motion to a safe trajectory. That is, Model 3 will be
the full dynamic control.

As a result, for each robot i, we have a system of
classical second-order differential equations for g ;
to perform numerical modeling, the following steps
are proposed:

1. Let’s calculate x, = f;(q,) and J;(q;).

2. Calculate errors €, = x, — X", €; =% —X; .

3. Calculate the virtual control in the problem space

u =-Ke —KCZN:a”. (xi —X; )= Ky % + X
=

4. Find the desired joint acceleration ¢ =J(q; )u; .
5. Get the synchronizing moment
" =M, (Qi )q'idec +C (qilqi )q| +0; (qi )

6. Count z** = JTF**, where

safe
R =-v, (vi,h +Zv”}.

ji
7. Substitute into the dynamic model
g = Mi_l(qi )(TisynC +5% +7,-C, (qi’qi )_ g (qi ))

5. Development of a program
for modeling the fusion of data from sensors
of a collaborative robot
and analysis of the results obtained

Purpose of the modeling:

1. To investigate the synchronization of a group
N =3 of collaborative planar manipulators (2 DOF each)
in a shared workspace with a human.

2. Analyze how a consensus control law in the task
space (effector position) with damping and backward
projection via the Jacobian matrix ensures: tracking

of a common desired coordination trajectory X" (t)

among robots; maintenance of safe robot<srobot and
robot—>human distances based on potential safety fields.

Modeling parameters:

— total modeling duration T =20s; integration step
dt =0.002 s; RK4 integrator;

— number of robots N =3;

— manipulator geometry (all identical): link lengths
L,=06m, I,=04m;

— inertial parameters: m =2.0kg; m, =1.0kg;
I, =0.05kg/m?; 1, =0.02kg/m?; g =9.81m/s*;

— parameters of the spatial synchronization law:
K, =18, K, =10, K, =3.5;

— projection into joint space J' (regularized
pseudo-inverse) with damping 10-4;

— safety (potential fields): robot«>human threshold
gm

g
distances — saturation of the repulsive force.

Modeling input data:

— initial states in the joint space (for generating
initial configurations):

robot 1: q=[0.0,0.5], 4=[0,0],
robot 2: q=[0.6,-0.3], 4=[0,0];
robot 3: q=[-0.6,0.3] ¢=[-0.6,0.3], ¢=[0,0].

— desired group trajectory in the problem space
x"(t): acircle of radius R = 0.5 m with angular velocity

=0.5m, coefficient ¢, =20 ; robotesrobot threshold

=0.35m, coefficient o, =0.12; for critically small

w=0.25rad/s and center (0.4, 0.1);

— human trajectory p,(t): smooth motion along
a line with slight oscillations in y (amplitude 0.2m,
frequency 0.15 rad/s with a fixed x=0.6 m);

— model matrices/functions: f(q), J(qa), M(q),
C(9,9), g(q), safety settings, and interaction graph A.

Constraints imposed on the model during the
modeling process:

— spatial simplicity, i.e.,, a planar 2D model
(we consider only the effector’s (x,y) position; we do

not model the tool’s orientation);
— simplified dynamic terms, i.e., the model M, C,
g is canonical for a 2-link manipulator; friction,

backlash, transmission elasticity, and drive saturation
are not taken into account;

— measurements are ideal; this is a modeling
without noise, delays, or calibration errors; feedback
uses "true" values Q,q ;
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— collision/safety takes into account repulsion
calculated at the end-effector (or a single control point);
self-intersections of links and contacts across the entire
manipulator geometry are not modeled,;

— joint limits and torque/velocity constraints are not
accounted for (no saturation/anti-windup);

— using a pseudo-inverse J' with low damping can
lead to errors near singular positions (singularities);

— potential safety fields may cause local minima
(although consensus and damping reduce the risk
of "getting stuck");

— the connection graph is static and fully connected;
data transmission and communication delays are not
accounted for.

Hardware specifications for the study: Microsoft
Surface Pro 9 with the following specifications: CPU:
10-core Intel Core i7-1255U (1.7-4.7 GHz), GPU: Iris Xe
Graphics, RAM: 16 GB, SSD: 512 GB.

Software: Windows 11 Pro (version 24H2), 64-bit
operating system, x64-based processor.

PyCharm 2025.1.1.1 numerical modeling software
development environment, Python 3.13.7 programming
language [25-33].

Trajectory: Robot 1 vs Desired x* and Human path

The modeling results are presented in Figures 1-4.

The resulting trajectories (Fig. 1) confirm the
effectiveness of the improved synchronization law;
however, the accuracy of tracking the common target
remains limited: the mean error e, is approximately

0.59 m, the 95th percentile is approximately 0.91m,
and the final error remains at ~0.58 m; that is, steady-
state conditions with an accuracy of 0.1m are not
achieved. Unlike the previous "filled circles", the
trajectories have taken on a spiral-crescent shape with
a smaller amplitude and a distinct tendency to move
toward the area x"(t) which indicates an effect of

enhanced damping in the problem space and at the joints,
as well as a reduction in mutual "pulling” following the
thinning of the interaction graph. At the same time,
although safety metrics have improved on average,
they remain critical during peak conditions: the
minimum robot—human distance drops to ~0.085m
when the 5th percentile is ~0.232 m, the minimum
~0.006 m with
a 5th percentile of ~0.178 m, which implies periodic
breaches of the 0.50 m and 0.35 m safety barriers.

robote>robot  distance  drops  to

Trajectory: Robot 3 vs Desired x* and Human path

104 Trajectory: Robot 2 vs Desired x* and Human path
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Fig. 1. Trajectoty: Robot n vs Desired X" and Human path: a) Robot 1; b) Robot 2; ¢) Robot 3

Qualitatively, this is explained by the fact that the
safety modulation coefficient y, effectively "stifles”

consensus and accountability x”(t), in hazardous zones,

causing phase shifts and local bypasses of the human
body and adjacent effectors, but the single-point
interaction model and the barrier potential, combined
with the projection J' still lag behind during rapid
approaches and near singular configurations. Adaptively
damped pseudo-inversion reduces disturbances on
degenerate configurations; however, during moments
of abrupt reprioritization between safety and
synchronization, curvilinear loops arise, increasing the
integral error. Strengthened dampers and saturation of

velocities and accelerations prevented the "spinning up"
of amplitudes, but limited maneuverability for precise
trajectory entry, which again shifts the balance toward
avoidance rather than tracking. Taken together, the
results demonstrate that the introduced improvements
stabilized the dynamics and reduced the characteristic
orbits, but to achieve centimeter-level accuracy while
simultaneously maintaining clearances, rigid geometric
constraints are lacking in the control law itself. From the
perspective of the synchronization model, this indicates
the need to replace soft potentials with a goal-priority
scheme using null-space or QP/CLF-CBF control,
where safety is encoded as non-negative barrier

conditions, and tracking x"(t) is performed within
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the permissible range. Further improvements are expected
from a multi-point contact model for safety and
adaptation y, based on the rate of convergence, as well

as subsequent filtering X° and fine-tuning the ratio
K, K, :K,. Thus, the study confirms the effectiveness

of the proposed coordination approach, but at the
same time highlights the limitations of soft constraints
in HRC scenarios and calls for the introduction of
hard constraints to ensure safety while maintaining
synchronization quality.

The resulting curve (Fig. 2) of the average tracking
error demonstrates transient dynamics characteristic of
synchronized collaborative manipulators, with a noticeable
oscillatory mode. The initial increase to ~0.85m in the
first 3—4 s indicates a phase mismatch between the
robots and a delay in the formation of a coordinated
potential field. After 5s, a gradual decrease in the error
is observed, with amplitude oscillations of approximately
+0.15 m around the mean value of 0.55 m. At the end

of the modeling (t~20s), the average error is

~0.38—0.40 m, meaning the system is gradually
approaching equilibrium, but the specified accuracy
threshold of 0.05 m is not achieved. This means that the
consensus law in the problem space effectively stabilizes
the relative positions of the robots; however, due to the
significant damping effect of the safety forces and the low
weight of the component (K_) Convergence slows down

and residual phase desynchronization occurs. From the
perspective of the synchronization model, this indicates
partial coordination — the group coordinates without
chaotic disturbances, but without fully adhering to
a common trajectory, which requires a stronger prioritization
of tracking over consensus and further strengthening of
the adaptive components in the control law.

Mean tracking/consensus error over time

--- 0.05 m target

mean |le_i||

0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0
time [s]

Fig. 2. Mean tracking/consensus error over time

The curve showing the minimum distance between
agents (Fig. 3) reveals a brief transitional "dip" to
approximately 0.13-0.15m at the start, after which
the repulsive forces and the modulating safety
factor quickly push the agents apart, and already
from approximately t~0.7s the distance consistently

threshold
Subsequently, fluctuations are observed in the range
of 0.55-0.70 m, with occasional local drops to

approximately 0.40—0.45m during periods of active
formation reconfiguration, and after t ~10s. The metric

exceeds the specified d) —035m.

stabilizes around 0.63—0.67 m, with peaks reaching
approximately 0.80 m. Qualitatively, this means that
the sparse "ring" graph and enhanced damping have
eliminated mutual "overlap”, while adaptively damped
pseudo-inversion has reduced risks near singularities,
so the system maintains a safe margin in the quasi-
stationary state. The initial non-compliance interval and
rare close approaches are explained by competition

between attraction to x"(t) and by mutual agreement,

which are temporarily suspended y,

barrier  fields. From the perspective of the
synchronization model, this confirms the effectiveness
of safety prioritization: the method ensures compliance

in response to

with d' in steady state, but to ensure stability

throughout the transition process, it is advisable to
increase the barrier (higher CBF conditions) and
introduce multi-point repulsion along the links.
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Fig. 3. Robot-robot minimum distance

The graph of the minimum "robot-human™ distance
(Fig. 4) shows a brief dangerous transition phase: in the
first = 2.3 seconds , the metric drops to ~0.30—0.32 m,

which is below the threshold d") =0.50m . After the

min

activation of the barrier forces and the reduction of ;.
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The curve rises sharply above the threshold and
subsequently remains within the safe zone, with typical
fluctuations ranging from 0.70 to 0.95m and
occasional peaks reaching approximately 1.1m. The
average quasi-stationary value is approximately 0.80 m,
indicating

a stable "social distance" around a person and an effective
reorientation of priorities in favor of safety.
The oscillatory profile is explained by a compromise

between pull to x*(t) by consensus and barrier

repulsion: when a human trajectory passes closer
to the working contour, y; suppresses tracking by
causing the robots to bypass the human with phase
shifts. From the perspective of the synchronization
model, this indicates that soft potentials remain
functional after the transition; however, the initial failure
highlights the need for stronger guarantees at the moment
of launch (reinforcement of ¢, initial safety buffer

(or CBF/predictive component) to ensure compliance
d\" over the entire time interval.

min

Robot-human minimum distance

min distance robot-human [m]

T T T v v v T T r
0.0 25 5.0 7.5 10.0 125 15.0 17.5 20.0
time [s]

Fig. 4. Robot-human minimum distance

6. Conclusions

coordination among the robots. The minimum distances
between the robots, following a brief initial deviation,
stabilize in the range of 0.60—0.70 m, which exceeds the
specified safety threshold of 0.35 m, while the "robot—
human" distance in quasi-steady-state mode is maintained
at approximately 0.80 m against a standard of 0.50 m,
which qualitatively confirms the effectiveness of
potential barriers in steady-state mode. At the same time,
recorded dangerous drops in the initial sections
of the trajectory to 0.30-0.32m for human-robot
interaction and to 0.13-0.15m for robot-robot
interaction indicate the limitations of "soft" potential
fields in transient modes and during rapid approaches.
A qualitative analysis of the trajectory shapes revealed
a decrease in the amplitude of oscillations and a transition
from chaotic orbits to spiral-smoothed contours,
indicating the stabilization of group dynamics; however,
phase shifts caused by the trade-off between tracking
and safety remain a source of integral error. The results
obtained demonstrate the effectiveness of the proposed
model for synchronization tasks in shared space with
a human, but simultaneously reveal the need to implement
strict barrier constraints such as Control Barrier Functions
or CLF-CBF/QP control to ensure compliance with safe
distances throughout the entire time interval. Further
research should focus on integrating human motion
prediction, a multi-point contact model along the
manipulator links, and experimental validation of the
model on a physical test bench, which will allow for
increasing synchronization accuracy to the centimeter
level while simultaneously ensuring formal safety
guarantees in real-world HRC scenarios.
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po60oYOMy IMPOCTOpPI 3 JIIOAMHOI B YMOBaX CYYaCHHX BHMOT JIFOJAMHOLGHTPUYHOTO BHUpPOOHMITBA Ta KoHuenuii IHmyctpii 5.0.
AKTYAJIBHICTh JOCTIIZKeHHSI 3yMOBIICHa HEOOXiTHICTIO 3a0e3MeueHHsT Y3TO/DKEHOTO PYXy HEKITBKOX POOOTIB 32 OJHOYACHOTO
OTPUMAHHS KOPCTKUX Oe3mekoBux oOmexeHs y HRC-cnenapisx, ne TpagumiiiHi IEHTpani3oBaHi MiAXOAW HE TapaHTYIOTh
JIOCTaTHBOI HaJiifHOCTI Ta MacmTaboBaHOCTi. MeT00 podoTH € pPO3pOOICHHS MaTeMAaTHYHOI MOJIETI CHHXPOHI30BAHOTO KEPyBaHHS
KOJabOpaTHBHUMH MAaHIMYJIAITOPAMH 3 ypaxyBaHHSIM B3a€EMHOI Y3rODKEHOCTI, BIACTEKEHHs CIIIBHOI TPAEKTOpil Ta aKTHBHOTO
YHUKHEHHsS HeOe3neyHux 3O0JIKeHb i3 JIIOAMHOI0 Ta MK pobortamu. IIpemMeroM JociilKeHHsl € JCLEHTpai30BaHi
3aKOHM CHHXPOHI3awii y MpocTopi 3a4adi 3 MPOEKI[€I0 B CYrJI000BUi MPOCTIp Ta BUKOPHCTAHHSAM MOTEHLIAIBHUX MOJIB OE3MeKH.
Y poGoti 3acTocoBaHO MeTOAM MAaTeMaTHYHOTO MOJEJIIOBAaHHS IMHAMIKM  MAaHINYJIATOPiB HAa OCHOBI  DiBHSHB
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Eiinepa—Jlarpamka, MeTOAM KOHCEHCYCHOTO KepyBaHHsS, IceBoiHBepcii Matpumi SIko0i, YHCeNbHI METOAW IHTErpyBaHHS
Pynre-KyTTn yerBepToro mopsigKy Ta METOJM aHaii3y O€3NMeKOBHUX METpUK. 3aBIAaHHSAMH HOCTiMKeHHs € (dopmaiizamis
3aKOHIB KOHCEHCYCHOTO KepyBaHHS y IPOCTOpi 3ajadi, iHTerpamis MOTECHI[iabHUX IOJIB Oe3NeKH Ta YHCeJbHa Bajlijamis MoAeni
UL TPYNU MaHIMyJSATOPIiB y CHUIBHOMY po0GodoMy mpocTtopi. Pe3yabpTaTH MogedioBaHHSl JUI1 TPYIH 3 TPHOX JBOJIAHKOBHX
IUITAaHAPHUX MAaHIMYJSATOPIB TIOKa3ann (OPMYBaHHS y3TOKEHUX TPAEeKTOPIH 31 3MEHIICHHSIM XapaKTepPHHX KOJIMBaHb
Ta cTa0lmizali€lo MUHAMIKH, OJHAK CepelHs MOXHOKa BIJCTEXKEHHS CHUIBHOI Tpaektopii 3amumaerbes Ha piBHI 0.38-0.40 m.
AHariz MiHIMaJIBHUX OHUCTAHLIH poOOT—poOOT i poOOT—JFOAMHA MiATBEpAUB e€()EeKTHBHICTh MOTCHIIANBHUX Oap’€piB y cTaloMy
peXuMi, MpOTe BHUSBUB HeOE3MeuHI NpOBaNM HA MEPEXiTHUX MiIHKaX. 3po0JieHO BHCHOBOK, IIO 3alpOIIOHOBaHA MOJEIh
3a0e3nedye cTabiIbHy CHHXPOHI3ALII0 Ta 0a30Buil piBeHb Oe3neku, aje Ui FapaHTOBAHOT'O JOTPUMAHHS 3a30piB Y BCbOMY YacOBOMY
IHTepBaJIi TOUTBHO NEPEHTH 10 )KOPCTKHUX Oap’epHuX oOMexkeHb Thiry CBF Ta 3amauHo-piopuTeTHHX cXeM KepyBaHHS.

KmrouoBi cioBa: komaGopaTwBHI pOOOTH30BaHI MaHINMyJSATOPH, CHHXpOHI3aWis pyXy, CLeHapii B3aeMOfil JIIOAWUHU
i pobora (HRC), pmeneHtpanizoBaHe KepyBaHHs, AQJITOPHUTM KOHCEHCYCy, HOTEHUialbHI 1o Oe3meKkH, ICceBIoo0epHEHa
Matpuns Sko6i, [amgycrpis 5.0.
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