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Introduction
Context. Converter-interfaced DGs enable flexible microgrids (MGs) but intensify power-quality (PQ) concerns—harmonics, unbalance, and volt-
age/frequency deviations—requiring compliance with international limits [1, 2, 3].
Limitations of conventional mitigation. Filters, custom power devices (D-STATCOM/UPQC), and fixed-parameter controllers can address specific
disturbances but scale poorly, need careful retuning, and incur cost/complexity [4, 5].
Control background. Primary droop control achieves decentralized power sharing but has steady-state offsets and lacks explicit harmonic suppression
[6].
Rationale for DAI. Distributed AI (multi-agent RL/learning-based secondary control) offers adaptive, cooperative compensation with no single point
of failure and reduced modeling dependence [7, 8, 9].
This work. A hierarchical scheme is proposed: droop-based primary control augmented by a distributed AI (MADDPG) secondary layer that injects
bounded vinjdq to suppress harmonics and restore V –f under operating uncertainty.

Control Architecture
Primary Droop Control.

f = f0 −mP (P − P0), V = V0 − nQ(Q−Q0).

Distributed AI (DAI) Layer.

vrefd,i = vdroopd,i + vinjd,i , vrefq,i = vdroopq,i + vinjq,i ,

where vinjdq,i minimizes PQ distortions and offsets.
Learning Model. Each agent observes oi = [V1, {Vh},THD, P,Q]i and outputs ai = [vinjd,i , v

inj
q,i ] to

maximize
Ri = −whTHDi − wv|Vi − Vnom| − wf |fi − fnom|.

Consensus Coordination.
ξ̇f,i = kif (fnom − fi)− kcf

∑
j∈Ni

(fi − fj),

ξ̇v,i = kiv(Vnom − Vd,i)− kcv
∑
j∈Ni

(Vd,i − Vd,j),

providing ∆ωi = ξf,i and ∆Vd,i = ξv,i without central
supervision.

Figure: Hierarchical droop–DAI control for PQ enhancement.

Results

Figure: PCC phase voltages (a) Droop, (b) DAI.

Results

Figure: Active/reactive power and frequency (a) Droop, (b) DAI.

Figure: dq–axis voltages of DG1 (a) Droop, (b) DAI.

Figure: Voltage spectrum and THD of DG1 (a) Droop, (b) DAI..

System and Stability Analysis

Figure: The MG Configuration.

Figure: Eigenvalue migration.

Conclusion
A distributed AI based hierarchical controller
has been developed for PQ enhancement in
inverter-dominated MGs. The structure in-
tegrates droop-based primary regulation with
multi-agent reinforcement learning driven sec-
ondary compensation.
Key findings:

• Suppresses harmonics and restores voltage
and frequency without centralized super-
vision.

• Faster steady-state recovery and lower
communication overhead than conven-
tional secondary or centralized AI control.

• Maintains stability under communication
latency and parameter variations through
consensus-based adaptation.

• Scalable and cooperative PQ control suit-
able for large renewable-integrated MGs.

Future work. Ongoing research extends this
DAI framework toward real-time experimental
validation with hardware-in-the-loop integration
in addition to considering other PQ issues.

Acknowledgements
This work was supported by the Project Increasing

the Knowledge Intensity of Ida-Viru Entrepreneurship

co-funded by the European Union under Grant 2021-

2027.6.01.23-0034.

References
[1] IEEE Recommended Practice and Requirements for Harmonic

Control in Electrical Power Systems, IEEE Std 519-2014, IEEE,
2014.

[2] IEEE Recommended Practice for Monitoring Electric Power
Quality, IEEE Std 1159-1995, IEEE, 1995.

[3] Voltage characteristics of electricity supplied by public distri-
bution systems, EN 50160, CENELEC, 2010.

[4] W. Rohouma, R. S. Balog, A. A. Peerzada, and M. M. Begovic,
“D-STATCOM for harmonic mitigation in low voltage distribu-
tion network with high penetration of nonlinear loads,” Renew-
able Energy, vol. 145, pp. 1449–1464, 2020.

[5] J. L. Afonso, M. Tanta, J. G. O. Pinto, L. F. C. Monteiro,
L. Machado, T. J. C. Sousa, and V. Monteiro, “A review on
power electronics technologies for power quality improvement,”
Energies, vol. 14, no. 24, p. 8585, 2021.

[6] A. Bidram, A. Davoudi, F. L. Lewis, and J. M. Guerrero, “Dis-
tributed Cooperative Secondary Control of Microgrids Using
Feedback Linearization,” IEEE Trans. Power Syst., vol. 28,
no. 3, pp. 3462–3470, 2013.

[7] T. A. Jumani, M. W. Mustafa, N. N. Hamadneh, S. H. Atawneh,
M. M. Rasid, N. H. Mirjat, M. A. Bhayo, and I. Khan, “Com-
putational intelligence-based optimization methods for power
quality and dynamic response enhancement of AC microgrids,”
Energies, vol. 13, no. 16, p. 4063, 2020.

[8] B. Li and Q. Xu, “A Machine Learning-Assisted Distributed Op-
timization Method for Inverter-Based Volt-VAR Control in Ac-
tive Distribution Networks,” IEEE Trans. Power Syst., vol. 39,
no. 2, pp. 2668–2681, 2024.

[9] J. Zhang, S. M. Mohiuddin, and J. Qi, “Virtual Agents-Based
Attack-Resilient Distributed Control for Islanded AC Micro-
grid,” IEEE Access, vol. 13, pp. 15825–15839, 2025.


