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Abstract. This paper addresses the problem of high-precision trajectory tracking for a nonlinear three-
link robotic manipulator operating under parametric uncertainties and external disturbances.
Conventional PID and classical adaptive control methods often demonstrate limited robustness and
suboptimal energy efficiency when applied to dynamically coupled multi-link systems. To overcome
these limitations, a Hybrid Adaptive-Optimization Control Framework is proposed. The approach
integrates Adaptive Computed Torque Control with a Modified Particle Swarm Optimization algorithm
for systematic controller gain tuning. The manipulator dynamics are derived using the Euler — Lagrange
formulation and implemented in MATLAB through numerical time-domain integration. Controller
parameters are optimized offline using a multi-objective cost function that incorporates trajectory
tracking error, control effort, and energy consumption. The optimized gains are then applied within an
online adaptive compensation structure to enhance robustness against modeling uncertainties. The
simulation results show that the proposed approach provides a reduction in the mean square error by
approximately 26 % compared to the standard adaptive control, a reduction in the settling time, a
reduction in the normalized energy consumption and a reduction in torque pulsation, which confirms
the improvement in the accuracy, robustness and energy efficiency of the system.
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I'mOpuaHoe a1anTUBHO-ONITUMAJIbHOE YIIPABJICHHUE ¢ HACTPOMKOM
napamerpoB merogoM MPSO nis1 Tpex3BeHHOT0
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Pe3ziome. B cratbe paccMaTpuBaeTcs 3a7a4a BEICOKOTOYHOI'O CIIEKEHUS 32 TPAEKTOPUEH TPEX3BEHHOTO
HEJIMHEHHOr0  pOOOTOTEXHHYECKOr0  MAaHMITYJIATOpa,  (PYHKIMOHMPYIOLIETO B YCIIOBHAX
MapaMeTpUUYECKON HEOIIPEIEIEHHOCTH M BHEITHUX Bo3MmylleHuid. Kiaccuueckue [T J[-perynsaTops u
CTaHJApTHbIC aJalTUBHBIE METOMABl YNPAaBJICHUS AEMOHCTPUPYIOT OrpaHHMYCHHYIO pOOAcCTHOCTH M
HOHIDKCHHYIO JHEpreTHYeckyro A(pQexTHBHOCTH MNpH yNpaBICHWH AWHAMHYECKH CBSA3aHHOU
MHOT'O3BEHHOH CcHCTeMO#. JIJis MpeodoseHHs YyKa3aHHBIX OrPaHUYCHUH NpeJIoKeHa T'HMOpHaHas
aJalITUBHO-ONTUMANIbHAsL CTPYKTYpa YIpaBJICHUs, OOBEAMHSIOMAS AJalTHBHOE BBIYMCIUTEIHLHOE
yIpaBJieHHe MOMEHTOM C MOJU(HUIMPOBAHHBIM AITOPUTMOM pOSI YaCTHI[ JUIS CHCTEMAaTHUECKOH
HACTPOUKHU KOA(PGUIMEHTOB perynsropa. JIuHamMuueckas MOJIeNb MOJy4eHa Ha OCHOBE (hopMmannu3ma
Oilinepa — Jlarpamxa u peannzoBaHa B cpege MATLAB MeronoM 4HCIEHHOIO HHTETPHUPOBAHUS.
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ITapaMeTpsl  perynsaTopa ONTUMHU3HPYIOTCS 110 MHOTOKPUTEPHAIBHONW IEJeBOM  (hYHKIHH,
YUATHIBAIOIIEH OIMOKY  CIEXEHWs, YIpPaBIAIONIee BO3JACHCTBHE W 3IHEpromorpediIeHwHe.
OnTUMH3MPOBaHHBIE KOX(PQGUIIMCHTH YCHICHHS 3aTeM NPUMEHSIOTCS B paMKax aJanTHBHOM
KOMIICHCALIMOHHOM CTPYKTYphl B PEKHUME PEATbHOIO BPEMEHM [JIsl MOBBILICHUS YCTOMYMBOCTH K
HEOTIPeIETICHHOCTSIM MOJIETMPOBAHUSA. Pe3yIbTaTel MOIETUPOBAHUS MTOKA3bIBAIOT, YTO MIPEITI0KEHHBII
MOJIX0J] OOECICUNBACT CHIDKEHUE CPEAHECKBAJAPATHYHOW OIMIMOKKA MpHOIM3UTENbHO Ha 26 % 110
CpPaBHEHHUIO CO CTAaHIAPTHHIM AJaNTHUBHBIM YINPABICHUEM, YMEHBLUICHHUE BPEMEHHU YCTAHOBJICHUS,
CHIDKEHHE HOPMHUPOBAHHOTO SHEPTOMOTPEOIEHHUS M yMEHBIICHHE ITyJIbCALlMi KPYTAIIETr0 MOMEHTA, 9TO
MOJITBEPIKIAET MOBBIIIEHHE TOYHOCTH, POOACTHOCTH M 3HEPTO3(PPEKTUBHOCTH CHCTEMBI.

Knwouesvie cnoga: poOOTOTEXHUYECKHH MaHUIIYJATOP, aAalTHBHOE YIpaBleHHWE, THOpHUIHOE
ONTHMAJIbHOE YIIPaBIIEHUE, ONITUMHU3ALIMS POS YACTHII, CIEKEHHIE 32 TPACKTOPHEN.

/s yumupoeanusn: Jla Mun Mayn Mayn, JIsan Mo Aynr. ['uOpuaHoe aganTHBHO-ONTHMAIbHOE
yIpaBJIeHHE C HAacTpOWKOH mapameTpoB MetogoM MPSO ans Tpex3BEeHHOro poOOTOTEXHHUYECKOTO
MaHUIyJsTOpa. Moodeauposanue, onmumuzayust u ungopmayuonuvie mexronozuu. 2026;14(4). (Ha

anri.). URL: https://moitvivt.ru/ru/journal/article?id=2243 DOI: 10.26102/2310-6018/2026.55.4.007

Introduction

Recent advances in intelligent manufacturing have increased the demand for high-
precision and energy-efficient robotic manipulators operating under nonlinear and dynamically
coupled conditions. Multi-link manipulators exhibit configuration-dependent inertia, Coriolis
effects, and parameter uncertainties that significantly complicate controller design.
Conventional PID controllers, although simple, lack robustness in high-speed and high-
accuracy applications [1].

Model-based strategies such as Computed Torque Control improve tracking accuracy
by compensating nonlinear dynamics, but their performance strongly depends on accurate
parameter identification [2]. Even small modeling errors degrade precision. Adaptive
Computed Torque Control (ACTC) mitigates this limitation through online parameter
estimation [3], yet adaptive performance remains highly sensitive to manually tuned gains,
often leading to suboptimal accuracy-energy trade-offs.

In recent years, metaheuristic optimization algorithms — particularly Particle Swarm
Optimization (PSO) — have gained traction as tools for systematic tuning of controller
parameters in nonlinear robotic systems [4, 5]. While PSO provides effective global search
capabilities, classical variants frequently suffer from premature convergence and reduced
efficiency in high-dimensional optimization landscapes [6]. Driven by the need to address these
challenges, our study focuses on the implementation of hybrid control strategies that merge
adaptive logic with advanced optimization methods.

Specifically, we introduce a Hybrid Adaptive-Optimization Control Framework
(HAOCF) tailored for a three-link robotic arm. The core of this system lies in its dual-nature:
it utilizes ACTC to ensure operational stability [2, 3] while employing a Modified Particle
Swarm Optimization (MPSO) algorithm — integrated with dynamic weights and constriction
factors — to fine-tune control parameters [4]. This configuration allows for simultaneous global
gain optimization and real-time adjustment to unexpected changes in system parameters.
Ultimately, our goal is to achieve a balance where tracking precision is maximized, and energy
usage is minimized without compromising system stability. Such an integrated approach offers
a practical path toward building more reliable and energy-aware industrial robots [7].

Despite the progress achieved in adaptive and optimization-based robotic control,
existing approaches often treat parameter tuning and adaptive compensation as separate
problems. Few studies provide a unified framework that simultaneously addresses trajectory
accuracy, energy efficiency, and robustness in strongly coupled multi-link manipulators. This
paper bridges that gap by introducing a hybrid adaptive-optimization architecture that integrates
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ACTC with MPSO. The main contributions of this work are: (i) a hybrid HAOCF structure
combining global gain optimization with real-time adaptation; (ii)) a multi-objective
performance formulation incorporating energy-aware control; and (iii) quantitative evaluation
of robustness improvements in a three-link nonlinear manipulator.

Literature review. Numerous studies have investigated control strategies for robotic
manipulators. Classical PID-based approaches are widely discussed in robotic control literature,
particularly in foundational works on robot modeling and control [1, 7]. Their limitations in
handling nonlinear and dynamically coupled systems are well documented. Adaptive control
techniques for robotic manipulators have demonstrated improved robustness under parameter
uncertainties [8, 9]. Composite and adaptive—robust control strategies further enhance stability
and tracking performance in the presence of modeling inaccuracies [10].

Optimization-based tuning methods utilizing evolutionary algorithms and swarm
intelligence techniques have also been widely reported [11]. Modified PSO variants and
convergence-improving mechanisms such as constriction factors have been proposed to
enhance optimization performance [6]. Despite these advances, many existing approaches do
not fully exploit the systematic integration of adaptive control with optimal parameter tuning
for multi-link manipulators characterized by strong dynamic coupling. This motivates the
development of a hybrid adaptive-optimization framework [12]. However, none of the above
approaches simultaneously integrates adaptive control with energy-aware optimal tuning in a
unified hybrid framework for multi-link manipulators with strong nonlinear coupling, which
motivates the methodology proposed in this study.

Materials and methods

The three-link robotic manipulator is modeled using the standard Lagrangian
formulation [1]. This formulation captures nonlinear coupling effects and parameter
uncertainties inherent in multi-link systems. The Lagrangian is defined as the difference
between the total kinetic energy T and the total potential energy V of the manipulator:

L(q,q) =T(q,q) = V(. (1)
Applying the Euler — Lagrange equations yields the dynamic model [1]:
M(q)i +C(q,q)q +G(q) =, 2)

where g € R3 —joint position vector, M (q) — inertia matrix, C(q, ¢)§ — Coriolis and centrifugal
effects, G(q) — gravity torque vector, T € R® — control torque vector.

The dynamic modeling approach follows standard formulations in robotic system
analysis [1, 2]. Similar formulations are also discussed in [12].

Adaptive Computed Torque Control. To address the challenges posed by nonlinear
dynamics and uncertain parameters, we employ an ACTC. This control strategy is specifically
designed to enhance the precision of trajectory tracking by providing real-time compensation
for the manipulator’s inherent complexities [2, 3].

Let the desired trajectory be g, (t), with derivativesq,(t) and gy (t). The tracking error
and its derivative are defined as:

e=qs—q,6=qq—4q. 3)
The nominal computed torque control law is given by [2]:
T=M(q)v+C(q,9)q + G(q), (4)
where the auxiliary control input is:
v =dg +Kqé + Kpe. (5)
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To address parameter uncertainties, the manipulator dynamics are expressed in a
linearly parameterized form [3]:

where Y (.) is the regression matrix, @ is the estimate of the unknown parameter vector.
Online parameter estimation is implemented through a Lyapunov-stability-based
adaptation mechanism [3]:

8= rvTe, (7)

where ' = T'T > 0 is the adaptation gain matrix. This ensures boundedness of tracking errors
under mild conditions [3].

Modified Particle Swarm Optimization. To improve the performance of the adaptive
controller, PSO is applied to automatically tune the feedback gainsK,, , K; and the adaptation
matrix parameters [4, 5]. Manual tuning is typically inefficient for complex nonlinear systems;
therefore, optimization is applied offline using a multi-objective performance index.

Each particle in the swarm encodes a candidate gain vector:

x; = [Kp, K, T1. (8)

The cost function includes three performance criteria:
Tracking Error

T
]1 = fo ez (t)dt (9)
Control Effort
T
Jo = [ " () ©(®) dt. (10)
Energy Consumption
T .
Js = [, It@®.q@®)| dt. (11)
These criteria are aggregated into a scalar performance index:
J =wiJ1 + wyJ; +wajs, (12)

where wy ,w,, w3 = 0 are weighting coefficients.

The optimization procedure follows established swarm intelligence methodologies
[6, 11]. The modified PSO used in this study incorporates: dynamic inertia weights, constriction
factors, 30 particles, 50 iterations.

These modifications improve convergence speed and reduce the risk of premature
stagnation. The controller gains were constrained within physically meaningful bounds to
guarantee stability and actuator feasibility during optimization. The search space limits were
selected based on preliminary stability analysis and empirical tuning experience. Initial
particles were uniformly distributed within these bounds to ensure sufficient exploration of the
parameter space while avoiding unstable controller configurations.

Hybrid Adaptive-Optimization Control Framework. The proposed HAOCF operates in
two coordinated layers:

1. Optimization Layer (Offline/Supervisory):

— The MPSO algorithm evaluates candidate controller parameters on a simulation
model.

— Particles are scored using cost function J.

2. Adaptive Control Layer (Online):
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— Gains obtained from MPSO are used as initial controller settings.

— The ACTC computes control torques in real time.

— Parameter estimates 8 evolve according to the adaptation law to compensate for
modeling uncertainties

This dual-layer structure unites global gain optimization with real-time adaptive
robustness, providing improved tracking accuracy and lower actuator energy demand.

Simulation setup. All numerical experiments were performed in MATLAB using
custom-developed scripts implementing the nonlinear manipulator dynamics and control
algorithms.

— Link lengths: [; = 0.5m,l, =0.4m,l3 =03m

— Masses: my =3 kg, m, =25kg, my; =2kg

— sinusoidal reference trajectories:

q14(t) = 0.55in(0.5t) , g24(t) = 0.3 sin(0.5¢ + 7T/4) ,q3q = 0.2sin (0.5t +7/;) (13)

Performance evaluation metrics included: Root Mean Square Error (RMSE) of
trajectory tracking, settling time, cumulative energy index, torque ripple percentage.

The dynamic equations were solved using time-domain numerical integration with
fixed-step discretization, ensuring consistent comparison across all controller configurations.

Results

Simulation studies were conducted to evaluate the performance of the proposed HAOCF
for a three-link robotic manipulator. The results obtained using the proposed method were
compared with those of a conventional PID controller and a standard ACTC. Performance was
assessed using four quantitative metrics: RMSE, settling time, normalized energy index, and
torque ripple percentage.

4 Figure 1 - (s] x
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Figure 1 — Desired and actual joint trajectories under HAOCF
Pucynok 1 — Xenaemble u pakTHUECKHE TPACKTOPUH IBUKCHHS CyCTaBOB IIPU THOPUIHON
aJaNTHBHO-ONTHMH3AIIMOHHON CHCTEME YTIPaBICHUS

The trajectory tracking performance of the three controllers is illustrated in Figure 1.
The desired joint trajectories were defined as smooth sinusoidal reference signals, while the
actual joint responses were obtained from the closed-loop simulations. The HAOCF

509



MopenupoBanue, ONTUMU3ANKUS U HHPOPMAIIMOHHBIE TEXHOJIOTUH / I 2026514(4)

Modeling, Optimization and Information Technology https://moitvivt.ru

demonstrated the most accurate trajectory tracking among the three controllers. The RMSE
achieved by the proposed method was 0.018 rad, compared with 0.034 rad for the ACTC and
0.056 rad for the PID controller. This corresponds to an improvement of approximately 26 %

relative to the pure adaptive controller, indicating superior compensation of nonlinear dynamics
and parameter uncertainties.
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Figure 2 — Control torque responses of the three joints
Pucynoxk 2 — Peaknuu yIipaBIIsiFoIliero MOMEHTA Ha TPH MIapHHpa

Figure 2 presents the control torque responses produced by the proposed HAOCF for
all three joints. In terms of transient performance, settling time analysis shows that HAOCF
reached steady-state conditions in 0.74 s, whereas ACTC and PID required 1.12 s and 1.48 s,
respectively. The reduced response time suggests that the MPSO-based gain initialization
provides more suitable initial conditions for adaptive regulation.
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Figure 3 — Cumulative energy consumption
Pucynok 3 — CymmapHoe noTpeOiaeHe SHepTHH
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Figure 3 illustrates the cumulative energy index recorded for the HAOCF. To gauge
energy efficiency, we employed a normalized index calculated from the total power drawn by
the actuators throughout the simulation period. The HAOCEF registered the lowest value at 0.63,
in contrast to 0.83 for the ACTC and 1.00 for the PID controller. These outcomes underscore
how the hybrid method manages to curtail control input demands while preserving strong
trajectory adherence.

We also investigated torque ripple as an indicator of actuator steadiness. Under the
HAOCEF, the ripple stood at a modest 6.3 %, markedly below the 10.5 % seen with ACTC and
the 14.2 % with PID. Such diminished ripple points to more consistent torque delivery, which
in turn could alleviate wear on mechanical components over time.

Table 1 — Performance comparison of controllers
Tabmuia 1 — CpaBHEHHE XapaKTEPUCTHK KOHTPOJICPOB

Controller RMSE (rad) Settling Time (s) Energy Index | Torque Ripple (%)
PID 0.056 1.48 1.00 14.2
Adaptive CTC 0.034 1.12 0.83 10.5
HAOCF 0.018 0.74 0.63 6.3

Table 1 summarizes the quantitative comparison of the evaluated controllers. Across all
considered metrics — tracking accuracy, settling time, energy index, and torque ripple — the
HAOCEF consistently produced improved performance relative to the conventional approaches.

Discussion

The simulation study indicates that the proposed HAOCF yields improved performance
across the considered evaluation criteria. By combining MPSO with adaptive control, the
controller gains are initialized in a manner that promotes faster convergence and mitigates
transient oscillations. This initialization appears to place the adaptive estimation mechanism
within a more suitable parameter range, thereby contributing to improved trajectory tracking
accuracy.

Improvements in energy efficiency can be associated with smoother torque evolution
and a reduction in superfluous control effort. The adopted multi-objective formulation
maintains a compromise between tracking precision and actuator energy consumption, avoiding
performance gains that rely on excessive control input. Such a balance is particularly relevant
for robotic applications where energy constraints influence operational sustainability.

At the same time, the framework entails additional computational effort during the
offline optimization stage. Although this remains offline and does not hinder runtime
operations, it does elevate the overall design workload relative to simpler regulators. Future
investigations may consider alternative metaheuristic strategies or parallelized optimization
approaches in order to limit computational cost.

Notwithstanding this consideration, the hybrid configuration offers a structured
approach to nonlinear manipulator control. The integration of global gain optimization with
adaptive compensation provides a coherent methodology for addressing parameter uncertainties
in multi-link robotic systems.

Conclusion

This study presented a HAOCF for a three-link robotic manipulator characterized by
nonlinear and dynamically coupled behavior. The framework combines ACTC with a MPSO
algorithm in order to improve trajectory tracking and overall control efficiency.
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Based on the simulation analysis, the HAOCF exhibited improved tracking accuracy
and faster transient response when compared with conventional PID and standard adaptive
control approaches. In addition, the proposed configuration demonstrated more favorable
energy utilization characteristics, indicating its potential suitability for nonlinear multi-link
robotic applications. The reduction in RMSE and settling time confirms the effectiveness of
optimized gain initialization, while the decrease in energy index and torque ripple highlights
improved actuator smoothness and reduced control effort.

The proposed hybrid framework successfully combines global parameter optimization
with real-time adaptive robustness and provides a practical and efficient solution for nonlinear
robotic systems. It establishes a scalable foundation for hybrid adaptive-optimal robotic control
architectures and may serve as a reference model for future energy-aware intelligent
manipulation systems. Future work will focus on experimental validation using a physical
robotic platform and extension of the method to more complex multi-link manipulators and
real-time implementation scenarios.
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