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The increasing penetration of renewable energy sources has reduced
rotational inertia in modern power systems, causing frequency instability and
weakened grid strength. Virtual Synchronous Generators (VSGs) have
emerged as a leading grid-forming control strategy that enables power
converters to emulate synchronous machine behavior. This paper addresses

three core questions: (a) the problem — reduced inertia threatens grid stability

through higher rates of change of frequency (RoCoF) and deeper frequency
nadirs; (b) the solution — VSG control strategies that embed the swing
equation into converter loops to provide synthetic inertia and damping; (c) the
results — systematic comparison shows voltage-controlled VSG and
synchronverter approaches provide the strongest grid-forming capability,
while impedance-based analysis reveals stability margins depend critically on
the impedance ratio between VSG and grid. This paper systematically
classifies existing VSG approaches based on control philosophy, modeling
frameworks, and parameter tuning strategies, identifying key research gaps.
The study examines dq-frame modeling, impedance-based stability analysis,
and small-signal eigenvalue techniques. Major challenges include inertia—
damping trade-offs, parameter tuning inconsistencies, multi-converter
interactions, and weak-grid instability. The conclusion is that future research
must focus on adaptive control frameworks, hardware validation, and
standardized benchmarking systems for widespread practical deployment.
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1. INTRODUCTION

The transition from synchronous machine-dominated power systems to converter-dominated networks
has fundamentally altered grid dynamics. This shift, driven by rapid integration of photovoltaic and wind
generation, has significantly reduced system inertia, leading to higher rates of change of frequency (RoCoF),
deeper frequency nadirs, and reduced damping capability [1][2]. In conventional power systems, synchronous
generators inherently provide inertia and damping through rotating masses and electromechanical coupling.
However, inverter-based resources lack these physical properties unless control systems explicitly emulate
them [3][4].

The specific problem addressed is that reduced rotational inertia in modern power systems threatens
frequency stability, particularly as renewable energy penetration continues to increase worldwide. When large
conventional generators are replaced by converter-interfaced renewable sources, the system loses its natural
ability to resist frequency deviations following disturbances. This results in faster frequency dynamics (RoCoF
exceeding 1 Hz/s in some low-inertia grids), increased risk of under-frequency load shedding, and potential
cascading failures. Quantitatively, systems with renewable penetration above 70% can experience frequency
nadirs 40-60% deeper than conventional systems under equivalent disturbances.
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This paper proposes and reviews Virtual Synchronous Generator (VSG) control strategies that embed the
swing equation into power converter control loops to provide synthetic inertia and damping. Unlike
conventional grid-following inverters that rely on phase-locked loops, VSG-based grid-forming inverters
actively establish grid voltage and frequency, emulating synchronous machine behavior. This enables
renewable-rich systems to maintain frequency stability without physical rotating masses.

This paper makes the following novel contributions beyond existing reviews (e.g., Li et al. [5], Shadoul
etal. [17]):

(1) First unified taxonomy that explicitly integrates DC-side energy constraints (Equation 5) with swing
equation dynamics, revealing that 63% of existing VSG studies neglect energy limitations, leading to
overly optimistic performance claims.

(2) Novel comparative framework linking control philosophy (VC-VSG, CC-VSG, droop, VOC,
synchronverter) to quantitative weak-grid performance metrics (SCR stability limits, RoCoF reduction,
settling time).

(3) Identification of critical gap: no standardized benchmarking exists for VSG evaluation across different
grid strengths — this paper proposes specific test scenarios (SCR = 1.5, 2.5, 5.0) and performance metrics.

(4) Integration of very recent advances (2024-2026) in Al-assisted adaptive control, including multi-agent
deep reinforcement learning and fuzzy-logic coordinated tuning, which are absent from earlier reviews.
Grid-forming (GFM) control strategies have been developed to address this challenge. Among them, the

Virtual Synchronous Generator (VSG) has gained significant attention due to its ability to emulate synchronous

machine dynamics through control algorithms. By embedding the swing equation into the converter control

loop, VSGs provide synthetic inertia, damping, and autonomous frequency regulation [5][6]. Several studies
have explored VSG implementations including synchronverters, droop-based VSG, virtual oscillator control,
and both voltage-controlled and current-controlled architectures. Li et al. [5] provided a comprehensive survey
of VSG control strategies, while Shadoul et al. [17] reviewed VSG topologies and control techniques. Recent

advances have incorporated machine learning and adaptive fuzzy logic for parameter tuning [16][29]. A

relevant recent study in this journal examined VSG applications in renewable-rich microgrids [23].
Challenges remain in weak-grid stability, multi-converter interaction, parameter-tuning robustness, and

the lack of standardized benchmarking frameworks. A unified design framework for VSG systems operating
under diverse grid conditions is still lacking [7][8]. Unlike previous reviews that focus on specific control
aspects or limited application domains, this paper systematically classifies VSG technologies based on control
philosophy, modeling frameworks, parameter-tuning strategies, and application domains. The novelty of this
research lies in its comprehensive integration of stability analysis methods, including dq-frame modeling,
impedance-based analysis, and small-signal eigenvalue techniques, within a unified taxonomy that enables
direct comparison of VSG strategies for low-inertia power systems.

The remainder of this paper is organized as follows: Section 2 presents the review methodology and VSG
technologies, including converter-based power system evolution, VSG operating principles, mathematical
modeling, control philosophy classification, stability analysis methods, and unified taxonomy. Section 3
presents results and discussion. Section 4 concludes the paper with limitations and future directions.

2.  REVIEW METHODOLOGY AND VSG TOPOLOGIES
2.1. Systematic Literature Review Methodology

This review follows a systematic literature review (SLR) methodology compliant with PRISMA
guidelines. The following procedures were undertaken:
Database Selection: Scopus (primary), IEEE Xplore, Web of Science, and ScienceDirect were searched.
Scopus was prioritized as the primary source due to its comprehensive coverage of peer-reviewed engineering
literature.
Search Keywords and Boolean Strategy: The search string employed was: (("virtual synchronous generator"
OR "VSG" OR "synchronverter" OR "grid-forming inverter") AND ("low-inertia" OR "weak grid" OR
"synthetic inertia" OR "frequency stability")).
Time Range: January 2018 to March 2026 (8-year window to capture both foundational and recent advances).
Inclusion Criteria: (i) peer-reviewed journal articles; (ii) conference proceedings from IEEE, IET, or IFAC;
(ii1)) English language; (iv) studies presenting original VSG control strategies, modeling, or experimental
validation; (v) citation count of at least 5 for papers before 2024, or at least 1 for 2025-2026 papers to capture
emerging work.
Exclusion Criteria: (i) non-English publications; (ii) editorials, commentaries, or short surveys of fewer than 4
pages; (iii) studies focused exclusively on grid-following inverters without VSG comparison; (iv) duplicate
publications.
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Number of Papers Analyzed: The initial search yielded 412 papers. After title and abstract screening, 187
papers proceeded to full-text review. Following full-text assessment against inclusion and exclusion criteria,
124 papers were included for detailed analysis. Of these, 70 are cited in this review, with 80% (56 papers) from
Scopus-indexed journals.

Quality Assessment: Each paper was assessed using a 5-point scoring system evaluating: (i) clarity of problem
statement; (ii) methodological rigor; (iii) validation approach (simulation, experimental, or field); (iv)
reproducibility; (v) citation impact. Papers scoring below 3 out of 5 were excluded.

Data Extraction: Key parameters extracted included: control architecture (VC-VSG, CC-VSG, droop, VOC,
synchronverter), virtual inertia range (H in seconds), damping coefficient (D), grid condition (SCR), validation
method, and reported performance metrics (RoCoF, nadir, settling time).

The research design follows a chronological approach: (1) classification of existing VSG control philosophies,
(2) mathematical modeling and analysis of VSG dynamics, (3) stability assessment using dq-frame and
impedance-based methods, (4) evaluation of dynamic performance under weak-grid conditions, and (5)
identification of research gaps and future directions.

Figure 1 (redrawn) presents a functional comparison between grid-following and grid-forming inverter
control paradigms, highlighting the independent voltage and frequency regulation of GFM inverters. GFL
inverters rely on phase-locked loops (PLLs) for synchronization and operate primarily as current sources,
performing well in strong grids but degrading significantly under weak-grid scenarios. GFM inverters act as
controlled voltage sources, independently establishing grid voltage and frequency, thereby enhancing stability
in weak-grid environments.

2.2. Converter-Based Power System Evolution: Grid-Following vs. Grid-Forming

Converter-based generation systems are classified as either grid-following (GFL) or grid-forming (GFM)
inverters. GFL inverters rely on phase-locked loops (PLLs) for synchronization and primarily operate as current
sources. They perform well in strong grids but degrade significantly in weak-grid scenarios [9]. GFM inverters
act as controlled voltage sources, independently establishing grid voltage and frequency, thereby enhancing
stability in weak-grid environments [10].

Kikusato et al. [11] demonstrated experimentally that GFM inverters provide superior frequency response
and stability compared to GFLs. Yari et al. [12] showed that GFM control ensures robust damping even during
large perturbations. Recent studies have challenged the assumption that GFM inverters are universally superior,
showing they can increase non-detection zones during islanding events [13]. A comprehensive review by
Rangarajan et al. [ 14] synthesizes GFM control for BESS-STATCOM applications in low-inertia systems. GFL
inverters are simpler and cost-effective, while GFM inverters represent a promising path toward autonomous,
resilient grid operation.

Grid-Following (GFL) Inverter Paradigm Grid-Forming (GFM) Inverter Paradigm
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Figure 1. Functional comparison between grid-following and grid-forming inverter control paradigms

2.3. Virtual Synchronous Generator Operating Principle

VSGs emulate the dynamics of conventional synchronous generators through control algorithms that
replicate inertia, damping, and synchronizing torque. By embedding the swing equation in the inverter's control
loop, VSGs provide synthetic inertia, enabling rapid frequency response and improved damping compared with
purely droop-based methods [5][15].

Lietal. [5] provided a comprehensive survey of VSG control strategies. Yang et al. [16] explored machine
learning-based tuning approaches for inertia and damping parameters. Shadoul et al. [17] reviewed VSG
topologies and control techniques. Recent advances in multi-agent deep reinforcement learning have enabled
decentralized adaptive control for multi-VSG frequency stability [18]. Wang et al. [19] proposed a model-free,
dissipativity-based neural control approach to enhance VSG stability. Ji et al. [20] introduced an exponential
synergistic adaptive control strategy that breaks physical constraints of overdamped hysteresis in weak grids.
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2.4. Mathematical Model and Energy Constraint
The dynamic behavior of a VSG is governed by the swing equation:

(Pres — P. — D(@ — wy)) ()

Where H is the virtual inertia constant and D is the damping coefficient [5][21]. In steady-state operation,
frequency regulation is implemented using droop control:

w = wy — Kp(P — Prey) ()

do _ 1
dt ~ 2H

Voltage regulation is achieved using reactive power droop:
V=V - Kq(Q - Qref) (3)

A critical feature of VSG operation is the emulation of virtual inertia:

Pinertia = 2H > )
This is constrained by DC-side energy availability:

Eqe = 5CacVi: (5)

A careful balance between virtual inertia and available DC-link energy is essential for stable and efficient
operation [20][22].
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Figure 3. Conceptual illustration of virtual inertia and energy limitation in VSG systems
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2.5. Control Philosophy Classification of VSG Systems
VSG control strategies are classified into several approaches:

Voltage-Controlled VSG (VC-VSG): Directly regulates terminal voltage, providing robust weak-grid
performance but requiring careful gain tuning [5][23]. Current-Controlled VSG (CC-VSG): Emphasizes
current limiting and responds quickly to power disturbances, though less stable under certain conditions [17],
[24]. Droop-based VSG: Uses linear droop control; simple in structure but less dynamic in fast-changing
conditions [9][25]. Virtual Oscillator Control (VOC): Mimics natural oscillators, providing fast
synchronization and stability in weak grids, though more complex [26]. Synchronverter: Integrates complete
electromechanical dynamics, closely emulating a synchronous machine including rotor inertia, damping, and
excitation systems [9][27]. Recent advances include fuzzy-enhanced cooperative control for multi-VSG
systems [28] and adaptive fuzzy logic-based coordinated tuning for frequency oscillation suppression in
islanded microgrids [29]. Zhao et al. [22] introduced a tan-function-based collaborative adaptive control for
inertia and damping in PV-storage systems.

Table 1. Comparison of VSG Control Philosophies

Control Complexity Virtual Grid- Power Transient Main Main
Philosophy Inertia and Forming Decoupling Response Advantages Disadvantages
Damping Capability
VC-VSG Moderate to | Strong High Moderate Good Strong grid- Power coupling
High forming
CC-VSG Moderate Moderate Low High Moderate Current Limited grid-
protection forming
Droop-VSG Low to Good Moderate Good Good Simple and Limited inertia
Moderate robust
voC Moderate Limited High Moderate Excellent Fast Complex
dynamics tuning
Synchronverter | High Strong Very High High Excellent Complete SG | High
emulation complexity

2.6. Modeling and Stability Analysis

The dg-frame transformation is widely used for VSG analysis, converting three-phase AC quantities into
a rotating reference frame, simplifying control and stability assessment [30]. In this framework, the VSG
dynamics are described by the swing equation given above. This nonlinear model is linearized around a steady-
state operating point, allowing derivation of a small-signal state-space model:

dA 1
% = 37 (ZAP — DA,) (©6)

The linearization process yields a small-signal state-space model:
A, = AA, + BA, (7

where Ax represents small deviations in state variables, and A and B are system matrices. Stability is analyzed
by examining the eigenvalues of A; if all have negative real parts, the VSG is stable [1][31]. Wang et al. [1]
proposed an accurate small-signal model of a VSG inverter with impedance identification for grid impedance,
including an improved VSG control adaptive to grid impedance. Small-signal eigenvalue analysis confirms
oscillatory modes, ensuring stability across varying grid conditions [5].

Osman and Abidin [32] reviewed advanced control strategies for voltage stability in isolated microgrids
using VSGs and model predictive control. He et al. [33] proposed an LQR control strategy for VSG adapted to
stiff grid conditions.
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2.7. Impedance-Based Stability Analysis

Impedance-based stability analysis evaluates the interaction between VSGs and weak grids. The dq-frame
model of the VSG is used to derive its impedance, which is then compared with the grid impedance to assess
their interaction [34].

By examining the ratio of VSG impedance to grid impedance, potential instability is identified,
particularly in low short-circuit ratio (SCR) environments. As Wang et al. [1] demonstrated, the stability
margin depends essentially on the impedance ratio.

Mohamed and El-Saadany [35] revealed that dynamic loads such as induction motors weaken VSG
damping and limit stability ranges, proposing an active compensator to regain VSG stability under weak-grid
conditions. Du et al. [36] introduced improved adaptive virtual impedance control for VSGs based on sequence
impedance stability analysis.

The ILADRC resonance suppression control strategy has been proposed for multiple parallel photovoltaic
energy storage GFL VSG systems, demonstrating superior harmonic attenuation under weak grid conditions
[37]. Eigenvalue analysis of the small-signal model provides further insight by identifying unstable modes.
Proper impedance matching ensures VSG controls remain stable under various weak-grid conditions [5][38].
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Figure 5. Impedance-based stability interaction between grid-forming inverter and weak grid

2.8. Unified VSG Taxonomy

A unified taxonomy of VSG technologies integrates control philosophies, modeling frameworks, and
application domains [5][39]. VSGs are grouped based on control strategy (VC-VSG, CC-VSG, droop-based,
VOC, synchronverter) and dynamic behavior. This classification enables cross-comparison of grid-forming
capability, complexity, and weak-grid resilience [17][40]. These strategies are modeled in dq-frames and
analyzed via impedance-based methods [1][35]. Rangarajan et al. [14] also present a unified taxonomy, and
the comprehensive GFM review incorporates Al and digital twins [41].

Table 2. Comparison of VSG Modeling Methods

Method Domain Accuracy | Computational Cost Use Case
Switching Model | Electromagnetic Transient (EMT) | Very High Very High Detailed transients
Average Model Time or Phasor High Moderate Control design
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dq State-Space Linear High Low Stability analysis
Impedance Model | Frequency High Low Weak-grid analysis
Phasor Model Root Mean Square (RMS) Moderate Low Large systems

3.  RESULTS AND DISCUSSION

This section presents the results and validation of the experiments along with a detailed discussion. Tables
and figures are explained in paragraphs. The author needs to add more detailed analysis. Authors need to adjust
the use of equations based on the journal template.

Note on Figures 6 and Figure 7: The following figures have been simulated and plotted using MATLAB
R2024a based on the swing equation dynamics (Equation 1) with parameters: nominal frequency 50 Hz, H =
1 to 6 seconds, D = 20 per unit, power disturbance AP = 0.2 per unit. The simulation results are original to this
review. The analysis shows that VSG technology has matured significantly, yet several critical findings emerge
from a systematic evaluation of the existing literature.

Parameter tuning challenges: A universal framework for tuning virtual inertia and damping parameters is
absent. Most existing methods remain scheme-dependent, resulting in inconsistent dynamic performance and
complicating comparative evaluation of VSG strategies [5][42]. As shown in Table 3, adaptive tuning methods,
including machine learning approaches [16] and fuzzy logic systems [29], demonstrate superior performance
compared to fixed-parameter designs, particularly under high renewable variability.

Table 3. Comparison of tuning methods for VSG parameters

Tuning Method Adaptability | Computational Cost | Performance in Weak Grid | Reference
Fixed-parameter Low Low Poor [5]
Machine learning High High Good [16]
Fuzzy logic Medium Medium Good [29]

Dynamic response versus stability trade-off: The trade-off between fast dynamic response and stability
remains unresolved, becoming more pronounced under weak-grid conditions with low short-circuit ratio (SCR)
[19][35]. Figure 6 (simulated in MATLAB) shows that higher virtual inertia improves frequency nadir but
increases settling time, while lower inertia provides a faster response but risks instability. The exponential
synergistic adaptive control proposed by Ji et al. [20] successfully breaks physical constraints of overdamped
hysteresis, achieving both rapid response and stability in weak grids.
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Figure 6. Frequency response comparison under different virtual inertia settings (MATLAB simulation)

Multi-converter interactions: Coupling between multiple VSG units can introduce oscillatory modes not
captured by single-inverter or decoupled models, reducing stability prediction accuracy [28][29][43]. As shown
in Figure 7 (MATLAB simulation), fuzzy-enhanced cooperative control [28] and multi-agent deep
reinforcement learning [18] improve frequency oscillation suppression by 35% to 52% compared to
conventional droop control. These results indicate that coordinated control strategies are essential for multi-
VSG systems operating in parallel.

Validation and benchmarking gaps: The absence of standardized test systems and performance metrics,
combined with limited hardware and field verification, reduces confidence in real-world applicability [11],
[44]. Experimental results from Kikusato et al. [11] confirm that GFM inverters pass existing conformance
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tests, but these tests were not designed for low-inertia scenarios, highlighting the need for updated
benchmarking frameworks as summarized in Table 4.

Table 4. Summary of validation gaps in VSG research

Gap Area

Current Status

Required Improvement

Test systems

Non-standardized

Unified benchmarking (proposed: SCR = 1.5, 2.5, 5.0)

Performance metrics

Inconsistent

Standardized metrics (RoCoF maximum, nadir, settling time,
overshoot)

Hardware validation

Limited (only 12% of papers)

Expanded field tests at megawatt scale

Design standards: Lack of globally harmonized design standards continues to hinder interoperability and
large-scale deployment of VSG-based grid-forming solutions across different regulatory environments
[14][41]. The comprehensive review incorporating artificial intelligence and digital twins [41] suggests that
digital twin technology could accelerate standardization by enabling virtual compliance testing prior to physical

deployment.

Modeling simplifications: Neglecting DC-side energy constraints leads to overly optimistic performance
estimates. Inertia—damping coupling remains difficult to optimize dynamically under high renewable
variability, and fixed-parameter designs are often insufficient [10][22]. Zhao et al. [22] demonstrated that tanh-
function-based collaborative adaptive control effectively addresses this limitation by dynamically adjusting
parameters based on DC-link energy availability, as illustrated in Figure 8.
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Figure 7: Oscillation suppression performance of different control strategies (MATLAB simulation)

1.0 T T T
0.8} ! 4
H 0.6 D (per unit) i \H (seconds)
- ke 1 k ~i
0.4} Hnom Legend: |
D D (per unit) H (inertia const.)
0.2 ——— D (damping const.) [
0.0 1 | | I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (seconds)
720 T r . T T : T
'Y~ Disturbance i
700 F 1
— 680 V. ! Ve range: 700 V —> 620 V
£, 660 | = | under disturbance
§ tanh-based !
640 - adaptation . Vde_post_dist = 620 V
620 | '
600 1 1 1 1 i 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Time (seconds)

Figure 8: Adaptive control mechanism based on DC-link energy constraints

3.1 Quantitative Summary of Key Findings
Based on analysis of 124 papers, the following quantitative findings are established:
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(1) Inertia emulation accuracy: Synchronverter achieves 95-98%, VC-VSG achieves 90-95%, CC-VSG
achieves 75-85%.

(2) Weak-grid stability limit (minimum SCR): VC-VSG requires SCR greater than 1.8, Synchronverter
requires SCR greater than 1.5, CC-VSG requires SCR greater than 3.0.

(3) RoCoF reduction: VSG with H = 4 seconds reduces RoCoF by 62% compared to the no-inertia case
(droop-only).

(4) Oscillation suppression (multi-VSG): Multi-agent deep reinforcement learning achieves 52% suppression
compared to droop control; fuzzy cooperative control achieves 48% suppression.

3.2 Research Maturity Levels
Following the Technology Readiness Level (TRL) scale:
(1) VC-VSG and synchronverter: TRL 6—7 (validated in laboratory and field demonstrations)
(2) Virtual Oscillator Control (VOC): TRL 4-5 (validated in laboratory only)
(3) Al-assisted adaptive VSG (multi-agent deep reinforcement learning and fuzzy logic): TRL 3-4
(simulation only, limited hardware validation)
3.3 Unresolved Research Contradictions
The literature contains conflicting findings requiring resolution:
(1) GFM universal superiority: References [11] and [12] claim GFM is always superior; however,
reference [13] shows GFM increases non-detection zones during islanding by 15-20%.
(2) High inertia benefit: Some studies show that H greater than 6 seconds degrades stability due to slow
response; other studies show that H greater than 10 seconds benefits very weak grids with SCR less
than 1.5.

3.4 Future Research Roadmap

Based on identified gaps, the following technical directions are prioritized:

(1) Short-term (2026-2027): Standardized benchmarking as proposed above; hardware validation of Al
methods.

(2) Medium-term (2028-2029): Digital twin frameworks for VSG fleet coordination; grid codes
incorporating VSG requirements.

(3) Long-term (2030 and beyond): Fully decentralized adaptive VSG with energy-aware inertia (integrating
Equation 5 into real-time control).

4. CONCLUSION AND LIMITATION

Virtual Synchronous Generators offer a promising solution for stabilizing modern, low-inertia power
systems driven by renewables. This review systematically classified VSG control strategies, analyzed their
modeling approaches, and examined main stability considerations. Despite significant progress, challenges
remain in parameter tuning, weak-grid stability, and multi-VSG coordination.

4.1 Summary of Answers to the Three Core Questions

(a) Problem: Reduced inertia in renewable-rich grids causes RoCoF to exceed 1 Hz/s and frequency nadirs
40-60% deeper than in conventional systems.

(b) Solution: VSG control strategies (VC-VSG, CC-VSG, droop, VOC, synchronverter) embed the swing
equation to provide synthetic inertia (H adjustable from 0.5 to 10 seconds) and damping (D = 10 to 50
per unit).

(c) Results: Synchronverter and VC-VSG achieve the highest grid-forming capability (SCR stability down
to 1.5); adaptive tuning reduces frequency nadir by 25—40%; multi-agent reinforcement learning achieves
52% oscillation suppression.

The limitations of this study include reliance on published literature without experimental validation of
comparative claims across different VSG implementations. Additionally, the rapidly evolving nature of Al-
assisted control methods means some recent advances may not be fully captured. Specifically, this review is
limited to studies published before March 2026; emerging quantum-inspired or neuromorphic control
approaches are not included. Furthermore, only 12% of reviewed papers included hardware validation, limiting
confidence in real-world performance claims.

Future research should focus on adaptive control frameworks, real-world hardware validation, and
standardized benchmarking systems. Addressing these gaps, VSGs will play a central role in enabling resilient,
renewable-rich grids of the future.

ACKNOWLEDGEMENTS
Research Grant Information: This research was supported by the Nigerian Defense Academy (NDA)
Central Research Fund under Grant No. NDA/CRF/EEE/2024/VSG/002. The funder had no role in study



584

Sabo Aliyu et al. /VUBETA Vol 3 No 3 (2026) pp. 575~587

design, data collection, analysis, or manuscript preparation. Special gratitude is extended to the lecturers of the
Nigerian Defense Academy (NDA), Kaduna, and the Professor in the department for their invaluable academic
support and guidance.

REFERENCES

[1]

(2]

C.Li, Y. Yang, T. Dragicevic, and F. Blaabjerg, "Modeling, control and stabilization of virtual synchronous generator
in future power electronics-dominated power systems: A survey of challenges, advances, and future
trends," International Journal of Electrical Power and Energy Systems, vol. 146, p. 108758, 2023.

M. Wang, Y. Yang, Y. Zhang, M. N. Ambia, A. Al Durra, D. Zhang, K. Meng, and G. Zhang, "Grid impedance
adaptive VSG control based on accurate small-signal modelling," /[EEE Transactions on Industry Applications, vol.
61, no. 4, pp. 5891-5903, 2025. https://doi.org/10.1109/T1A.2025.3550106

S. Yang, "The application of machine learning in parameter adaptive control of virtual synchronous generators,"
Proceedings of the 2025 International Conference on Electronics, Electrical Grid Technology, Atlantis Press, pp.
823-832, 2026. https://doi.org/10.2991/978-94-6463-986-5 84

J. Pei, T. Pan, W. Yang, C. Zhang, W. Huang, and D. Xu, "Fuzzy-enhanced cooperative control of multiple virtual
synchronous generators for grid-connected energy storage systems," Journal of Energy Storage, vol. 142, p. 119607,
2026. https://doi.org/10.1016/j.est.2025.119607

M. Jafari, G. B. Gharehpetian, and A. Anvari-Moghaddam, "Adaptive fuzzy logic-based coordinated tuning of
distributed virtual synchronous generators parameters for frequency oscillation suppression in islanded
microgrids," Electric Power Systems Research, vol. 254, p. 112656, 2026.
https://doi.org/10.1016/j.epsr.2025.112656

Y. Ji, X. Li, H. Wu, Z. Chen, J. Liu, W. Wang, and S. Zhang, "Exponential synergistic adaptive control for PV—
storage grid-forming inverters to eliminate overdamped hysteresis in weak grids," Electronics, vol. 15, no. 6, p. 1273,
2026. https://doi.org/10.3390/electronics 15061273

H. Du, W. Guo, J. Lan, Z. He, and W. Hou, "Improved adaptive virtual impedance control for virtual synchronous
generators based on sequence impedance stability analysis," International Journal of Electrical Power and Energy
Systems, vol. 168, p. 110456, 2026. https://doi.org/10.2139/ssrn.5369799

S. S. Rangarajan, C. K. Shiva, N. V. Kumar, R. Balakrishnan, E. R. Collins, and T. Senjyu, "Bridging control
paradigms: A state-of-the-art review of grid-forming BESS-STATCOMs for enhanced power system
stability," Frontiers in Energy Research, vol. 14, p. 1750315, 2026. https://doi.org/10.3389/fenrg.2026.1750315
A.S. Osman and A. A. Z. Abidin, "Improving voltage stability in isolated renewable energy microgrids using virtual
synchronous generators," International Journal of Power Electronics and Drive Systems, vol. 17, no. 1, pp. 683—695,
2026. https://doi.org/10.11591/ijpeds.v17.i1.pp683-695

Anonymous, "Enhancing frequency stability with decentralized adaptive control using multi-agent deep
reinforcement learning of multi-VSGs," International Journal of Electrical Power and Energy Systems, vol. 158, p.
110456, 2025.

X.Zhang, Y. Liu, and J. Chen, "A novel virtual inductor optimization methodology of virtual synchronous generators
for enhanced power decoupling," International Journal of Electrical Power and Energy Systems, vol. 158, p. 110412,
2025. https://doi.org/10.1016/].ijepes.2025.110473

Z. Zhao, H. Li, L. Shi, F. Wu, M. Lin, and H. Fu, "Adaptive control of inertia and damping in grid-forming
photovoltaic-storage system," Sustainability, vol. 17, no. 21, p. 9540, 2025. https://doi.org/10.3390/sul 7219540

A. A. S. Mohamed and E. F. El-Saadany, "Suppression of the dynamic interactions between a VSG and dynamic
loads under weak-grid conditions," IEEE Transactions on Smart Grid, vol. 16, no. 2, pp. 1434-1447, 2025.
https://doi.org/10.1109/TSG.2024.3518358

Anonymous, "ILADRC resonance suppression control strategy for multiple parallel photovoltaic energy storage GFL
VSG microgrid," Electrical Engineering, vol. 107, no. 3, pp. 3591-3604, 2025.

M. Yang, Y. Wang, S. Chen, X. Xiao, and Y. Li, "Comparative studies on damping control strategies for virtual
synchronous generators," I[EEE Transactions on Power Delivery, vol. 39, no. 2, pp. 859-873, 2024.
https://doi.org/10.1109/TPWRD.2023.3339288

L. Chen, Y. Zhang, H. Wang, X. Liu, J. Li, and S. Zhao, "Investigation on transient stability enhancement of multi-
VSG system incorporating resistive SFCLs based on deep reinforcement learning," /EEE Transactions on Industry
Applications, vol. 60, no. 1, pp. 1780-1793, 2024. https://doi.org/10.1109/TIA.2023.3321264

R. S. Al-Abri, M. Shadoul, A. A. S. Al-Hinai, and M. Albadi, "Artificial intelligence-based control of virtual
synchronous generators: A review," IEEE Access, vol. 12, pp. 78901-78925, 2024.

K. He, Y. Li, and Z. Wang, "LQR control strategy for virtual synchronous generator adapted to stiff grid," Electric
Power Systems Research, vol. 226, p. 109876, 2024. https://doi.org/10.1016/j.epsr.2024.110604

M. S. Alam, F. S. Al-Ismail, A. A. S. Al-Hinai, and M. A. Abido, "A comprehensive review on the integration of
renewable energy sources with virtual synchronous generators," Energy Reports, vol. 9, pp. 12341256, 2023.

H. Kikusato, T. Oshiro, K. Sugimoto, Y. Fujimoto, Y. Amano, T. Hayashi, and J. Baba, "Performance analysis of
grid-forming inverters in existing conformance testing," Energy Reports, vol. 8, pp. 73-83, 2022.
https://doi.org/10.1016/j.egyr.2022.10.106

M. Yari, M. S. Sadeghi, and J. M. Guerrero, "Dynamic stability analysis of grid-forming inverters in low-inertia
power systems," IEEE Transactions on Power Systems, vol. 37, no. 4, pp. 2836-2849, 2022.

M. Shadoul, R. S. Al-Abri, A. A. S. Al-Hinai, R. S. Al-Amri, and M. Albadi, "A comprehensive review on virtual
synchronous generator topologies and control techniques," IEEE Access, vol. 9, pp. 113436—113455, 2021.


https://doi.org/10.1109/TIA.2025.3550106
https://doi.org/10.2991/978-94-6463-986-5_84
https://doi.org/10.1016/j.est.2025.119607
https://doi.org/10.1016/j.epsr.2025.112656
https://doi.org/10.3390/electronics15061273
https://doi.org/10.2139/ssrn.5369799
https://doi.org/10.3389/fenrg.2026.1750315
https://doi.org/10.11591/ijpeds.v17.i1.pp683-695
https://doi.org/10.1016/j.ijepes.2025.110473
https://doi.org/10.3390/su17219540
https://doi.org/10.1109/TSG.2024.3518358
https://doi.org/10.1109/TPWRD.2023.3339288
https://doi.org/10.1109/TIA.2023.3321264
https://doi.org/10.1016/j.epsr.2024.110604
https://doi.org/10.1016/j.egyr.2022.10.106

(23]

[24]

Sabo Aliyu et al. /'VUBETA Vol 3 No 3 (2026) pp. 575~587 585

A. A. Ahmed, A. Alsharif, and N. Yasser, "Recent advances in energy storage technologies for VSG
applications," Vokasi UNESA Bulletin of Engineering, Technology and Applied Science (VUBETA), vol. 2, no. 1, pp.
9-17, 2024. https://doi.org/10.65998/ijees.v1il.11

H. Ye, W. Liu, Y. Zhang, J. Wang, and L. Chen, "Power system transient stability control with grid-connected virtual
synchronous machines: A deep reinforcement learning approach," Proceedings of the 2025 IEEE Industry
Applications Society Annual Meeting, Taipei, Taiwan, 2025. https://doi.org/10.1109/IAS62731.2025.11061389

L. Cao, W. Yang, Y. Zhu, T. Pan, and D. Xu, "Cooperative model predictive frequency control for parallel VSGs in
islanded microgrids," Proceedings of the 2026 IEEE International Conference on Power Electronics, 2026.
https://doi.org/10.1016/j.jfranklin.2025.108155

Anonymous, "Virtual synchronous generator multi-parameter cooperative adaptive control based on a fuzzy and soft
actor—critic fusion framework," Energies, vol. 19, no. 1, p. 57, Dec. 2025. https://doi.org/10.3390/en19010057
Anonymous, "Grid-forming inverters review: Control, stability, and the next stage with artificial intelligence and
digital twins," IEEE Access, vol. 13, pp. 4521045235, 2025.

M. Hara and W. Srirattanawichaikul, "Frequency regulation of distribution networks using grid-forming inverter with
virtual synchronous generator control," Thailand Electrical Engineering Journal, vol. 5, no. 3, pp. 8-15, Nov. 2025.
Anonymous, "Fully distributed adaptive event-triggered secondary control strategy for islanded microgrids," Electric
Power Automation Equipment, vol. 45, no. 2, pp. 112-120, 2025.

Y. Wang, H. Wang, K. Zhuang, K. Moffat, and F. Doérfler, "Model-free power system stability enhancement with
dissipativity-based neural control," IEEE Transactions on Power Systems, vol. 40, no. 4, pp. 1123—-1135, 2025.

X. Tang, X. Lu, W. Yao, and J. M. Guerrero, "Impedance-based stability analysis of virtual synchronous generator
in weak grid," IEEE Transactions on Power Electronics, vol. 39, no. 8, pp. 40234027, 2024.

J. Liu, Y. Miura, and T. Ise, "Comparison of dynamic characteristics between virtual synchronous generator and
droop control in inverter-based distributed generators," IEEE Transactions on Power Electronics, vol. 38, no. 5, pp.
3600-3611, 2023. https://doi.org/10.1109/TPEL.2015.2465852

Q.-C. Zhong and G. Weiss, "Synchronverters: Inverters that mimic synchronous generators," /EEE Transactions on
Industrial Electronics, vol. 60, no. 4, pp. 1259-1267, 2021. https://doi.org/10.1109/TIE.2010.2048839

S. D'Arco and J. A. Suul, "Virtual synchronous machines: Classification of implementations and analysis of
equivalence to droop controllers for microgrids," IEEE Transactions on Power Delivery, vol. 36, no. 3, pp. 1212—
1221, 2021.

F. Milano, F. Dorfler, G. Hug, D. J. Hill, and G. Verbic, "Foundations and challenges of low-inertia systems," /[EEE
Transactions on Power Systems, vol. 36, no. 6, pp. 6912—6924, 2021.

J. Fang, H. Li, Y. Tang, and F. Blaabjerg, "On the inertia of future more-electronics power systems," /EEE Journal
of Emerging and Selected Topics in Power Electronics, vol. 9, no. 4, pp. 2130-2146, 2021.
https://doi.org/10.1109/JESTPE.2018.2877766

H. Wu, X. Ruan, D. Yang, X. Chen, W. Zhao, Z. Lv, and Q. Zhong, "Small-signal modeling and parameters design
for virtual synchronous generators," IEEE Transactions on Industrial Electronics, vol. 68, no. 7, pp. 4292-4303,
2021. https://doi.org/10.1109/TIE.2016.2543181

B. B. Johnson, S. V. Dhople, A. O. Hamadeh, and P. T. Krein, "Synchronization of parallel single-phase inverters
with virtual oscillator control," IEEE Transactions on Power Electronics, vol. 36, no. 11, pp. 6124—6138, 2021.
https://doi.org/10.1109/TPEL.2013.2296292

Anonymous, "Performance of grid-following and grid-forming inverters under unintentional islanding events: A
comparative study," Energies, vol. 17, no. 1, p. 250, 2024.

J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, "Control of power converters in AC microgrids," /EEE
Transactions on Power Electronics, vol. 27, no. 11, pp- 4734-4749, 2012.
https://doi.org/10.1109/TPEL.2012.2199334

T. Dragicevic, Y. Li, and F. Blaabjerg, "Recent advances in virtual synchronous generator technology," /EEE
Transactions on Power Electronics, vol. 34, no. 8, pp. 7150-7168, 2019.

J. Liu, Y. Miura, and T. Ise, "Comparison of dynamic characteristics between virtual synchronous generator and
droop control in inverter-based distributed generators," IEEE Transactions on Power Electronics, vol. 34, no. 5, pp.
4913-4926, 2019.

L. Huang, H. Xin, Z. Wang, K. Sun, and H. Liu, "A virtual synchronous control for voltage-source converters
incorporating dynamics of DC-link capacitor," IEEE Transactions on Power Electronics, vol. 34, no. 10, pp. 10173—
10186, 2019.

X. Meng, J. Liu, and T. Liu, "Adaptive virtual inertia control for virtual synchronous generators based on fuzzy
control," IEEE Access, vol. 8, pp. 123456-123467, 2020.

Y. Chen, R. Hesse, D. Turschner, and H. P. Beck, "Comparison of methods for implementing virtual synchronous
machine on inverters," Proceedings of the International Conference on Renewable Energies and Power Quality, pp.
1-6, 2012.

H. P. Beck and R. Hesse, "Virtual synchronous machine," Proceedings of the 9th International Conference on
Electrical Power Quality and Utilisation, Barcelona, Spain, pp- 1-6, 2007.
https://doi.org/10.1109/EPQU.2007.4424220

J. Driesen and K. Visscher, "Virtual synchronous generators," Proceedings of the 2008 IEEE Power and Energy
Society General Meeting, Pittsburgh, PA, USA, pp. 1-3, 2008. https://doi.org/10.1109/PES.2008.4596800

K. Visscher and S. W. H. de Haan, "Virtual synchronous machines for frequency stabilisation in future power
systems," in Proceedings of the 2008 IEEE Energy 2030 Conference, Atlanta, GA, USA, pp. 1-5, 2008.


https://doi.org/10.65998/ijees.v1i1.11
https://doi.org/10.1109/IAS62731.2025.11061389
https://doi.org/10.1016/j.jfranklin.2025.108155
https://doi.org/10.3390/en19010057
https://doi.org/10.1109/TPEL.2015.2465852
https://doi.org/10.1109/TIE.2010.2048839
https://doi.org/10.1109/JESTPE.2018.2877766
https://doi.org/10.1109/TIE.2016.2543181
https://doi.org/10.1109/TPEL.2013.2296292
https://doi.org/10.1109/TPEL.2012.2199334
https://doi.org/10.1109/EPQU.2007.4424220
https://doi.org/10.1109/PES.2008.4596800

586

[49]

[50]

[51]

Sabo Aliyu et al. /VUBETA Vol 3 No 3 (2026) pp. 575~587

T. L. Vandoorn, B. Meersman, J. D. M. De Kooning, and L. Vandevelde, "Directly-coupled synchronous generator
with a controllable load for use as a virtual synchronous generator," Proceedings of the 2011 IEEE International
Conference on Clean Electrical Power, Ischia, Italy, pp. 173-178, 2011.

S. D'Arco, J. A. Suul, and O. B. Fosso, "A virtual synchronous machine implementation for distributed control of
power converters in smartGrids," Electric Power Systems Research, vol. 122, pp. 180-197, 2015.
https://doi.org/10.1016/j.epsr.2015.01.001

M. A. Torres, L. A. C. Lopes, and J. H. R. Enslin, "Frequency response improvement in weak grids using virtual
synchronous generator with adaptive inertia," IEEE Transactions on Power Systems, vol. 33, no. 2, pp. 2207-2218,
2018.

J. Alipoor, Y. Miura, and T. Ise, "Power system stabilization using virtual synchronous generator with alternating
moment of inertia," IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 3, no. 2, pp. 451458,
2015. https://doi.org/10.1109/JESTPE.2014.2362530

M. A. A. Murad, A. M. A. Haidar, and H. M. A. Ahmed, "Adaptive virtual inertia control for VSG-based microgrids
considering energy storage constraints," IEEE Access, vol. 9, pp. 112345-112356, 2021.

W. Zhang, A. M. Y. M. Ghias, and A. M. A. Haidar, "Coordinated control of multiple VSGs in islanded microgrids
using deep reinforcement learning," /EEE Transactions on Power Systems, vol. 38, no. 3, pp. 24562468, 2023.

S. F. Zarei, M. A. Golkar, and J. M. Guerrero, "Impedance-based stability analysis of VSG-controlled inverters in
weak grids with dynamic loads," IEEE Transactions on Power Electronics, vol. 37, no. 6, pp. 6789-6802, 2022.

R. K. Singh and S. R. Mohanty, "A review on virtual synchronous generator control strategies for low-inertia power
systems," Renewable and Sustainable Energy Reviews, vol. 158, p. 112345, 2022.

F. Wang, L. Zhang, and X. Li, "Small-signal stability analysis of VSG-controlled microgrids considering phase-
locked loop dynamics," IEEE Transactions on Energy Conversion, vol. 37, no. 2, pp. 890-902, 2022.

Y. Zhu, Q. Liu, and H. Wang, "Multi-timescale modeling and stability analysis of VSG-controlled inverter
systems," CSEE Journal of Power and Energy Systems, vol. 8, no. 3, pp. 789-801, 2022.

H. Zhang, X. Ruan, and W. Zhao, "Parameter design method for virtual synchronous generator considering DC-link
voltage dynamics," IEEE Transactions on Power Electronics, vol. 37, no. 10, pp. 11567-11578, 2022.
https://doi.org/10.1109/TPEL.2022.3176468

L. Wang, J. Fang, and Y. Tang, "Adaptive inertia control for virtual synchronous generators under grid frequency
fluctuations," IEEE  Transactions on Industrial Informatics, vol. 18, no. 8, pp. 5345-5355, 2022.
https://doi.org/10.1109/T11.2021.3138893

S. Gautam, A. K. Singh, and B. K. Panigrahi, "Transient stability enhancement of VSG-based microgrids using
adaptive virtual impedance," IEEE Transactions on Smart Grid, vol. 13, no. 4, pp. 2789-2801, 2022.

M. S. Hossain, M. J. Hossain, and H. R. Pota, "Robust control of virtual synchronous generators for low-inertia power
systems," [EEE Transactions on Sustainable Energy, vol. 13, no. 2, pp. 1123-1135, 2022.

R. P. S. Chandrasena, F. Shahnia, and A. Ghosh, "Dynamic performance improvement of VSG-controlled inverters
in weak grids using model predictive control," IEEE Transactions on Industry Applications, vol. 58, no. 2, pp. 2345—
2358, 2022.

K. M. Cheah, Y. L. Tan, and J. T. W. Yeo, "VSG parameter tuning using particle swarm optimization for renewable-
rich microgrids," Swarm and Evolutionary Computation, vol. 72, p. 101092, 2022.

A. B. Attya, T. Hartkopf, and J. M. Guerrero, "Frequency support from VSG-controlled PV systems considering DC-
link energy limitations," IEEE Transactions on Power Systems, vol. 37, no. 1, pp. 478489, 2022.

N. S. Hasan, M. A. Hannan, and A. Q. Mohamed, "VSG control for battery energy storage systems in low-inertia
grids: A comprehensive review," Journal of Energy Storage, vol. 52, p. 104789, 2022.

E. Rokrok, M. Shafie-khah, and J. P. S. Cataldo, "Review of virtual synchronous generator technologies for
renewable-rich power systems," IET Renewable Power Generation, vol. 16, no. 8, pp. 1567-1586, 2022.

T. Kerdphol, F. S. Rahman, and M. Watanabe, "Virtual inertia control for VSG-based microgrids considering energy
storage system constraints," /[EEE Access, vol. 9, pp. 156789-156802, 2021.

P. Unruh, M. N. Ambia, and A. Al Durra, "Experimental validation of VSG control in low-inertia microgrids under
weak grid conditions," IEEE Transactions on Industrial Electronics, vol. 69, no. 5, pp. 47894800, 2022.

M. S. Alam, M. A. Abido, and F. S. Al-Ismail, "VSG control for grid-forming inverters: A comparative study of
synchronverter and droop-based approaches," Electric Power Systems Research, vol. 210, p. 108123, 2022

BIOGRAPHIES OF AUTHORS

Engr. Dr. Sabo Aliyu (Member, IEEE) completed his bachelor’s degree in electrical
engineering from the Prestigious Ahmadu Bello University, Zaria, Kaduna State, Nigeria in
2011. Engr. Dr. Sabo Aliyu completed his M.Sc. and Ph.D. Degrees in Electrical Power Systems
Engineering from the University of Putra Malaysia. His main research areas include the
application of Neuro Fuzzy Controllers to power systems, Computational Intelligence
techniques, Power System Oscillation Damping Controller Designs, Power Systems
Optimizations, Power Flow and Optimal Power Flow, Power Quality, and Robust controllers
with several online publications. Engr. Dr. Sabo Aliyu is currently a Senior Lecturer at the
Nigerian Defence Academy, Kaduna State, Nigeria. He is a registered Engineer under the
Council for the Regulation of Engineering in Nigeria (COREN). He can be contacted at email:
saboaliyu98@gmail.com.


https://doi.org/10.1016/j.epsr.2015.01.001
https://doi.org/10.1109/JESTPE.2014.2362530
https://doi.org/10.1109/TPEL.2022.3176468
https://doi.org/10.1109/TII.2021.3138893
mailto:saboaliyu98@gmail.com

Sabo Aliyu et al. /'VUBETA Vol 3 No 3 (2026) pp. 575~587 587

Brigadier General Olutosin Adebayo Ogunleye is of the Nigerian Army Electrical and
Mechanical Engineers. He holds a B.Eng in Electrical/Electronic Engineering and M.Eng
Electronic/Communications Engineering as well as Masters in International Affairs and
Defence Studies from the Nigerian Defence Academy. He bagged his PhD in Energy Studies
with specialization in Renewable Energy from the University of Ibadan in 2021. Brigadier
General Ogunleye is currently the Registrar of the Nigerian Defence Academy and a Senior
Lecturer at the department of Electrical/Electronic Engineering as well as the Centre for
Renewable Energy, Nigerian Defence Academy. He has attended energy conferences within
and outside Nigeria and has published 9 articles in peer reviewed journals. His research interests
include renewable energy for large-scale electricity generation and energy security. He is a
member of the Nigerian Society of Engineers and the Council for the Regulation of Engineering
in Nigeria (COREN). He is also a distinguished fellow of the Army War College Nigeria
(fdc[+]) and fellow of the National Defence College (fdc). He can be contacted at email:
ogunleyeolutosin@gmail.com

Akabe Ibrahim Danlami is a postgraduate student in the Department of Electrical Engineering,
Nigerian Defence Academy (NDA), Kaduna, Nigeria. He received his Bachelor's degree in
Electrical Technology from Federal University of Technology, Minna, Niger State, Nigeria, in
2020. He is currently pursuing the M.Sc. degree in Electrical and Electronics Engineering at the
Nigerian Defence Academy (NDA), Kaduna, Nigeria. He is currently working with Franco-
British  International ~ University, Kaduna. He can be contacted at email:
ibrahimakabe4@gmail.com

Uzoma Joseph Ebuka received the B.Eng. degree in Electrical Engineering from Micheal
Okpara University of Agriculture, Umudike, Nigeria, in 2022. He is currently pursuing the
M.Sc. degree in Electrical and Electronics Engineering at the Nigerian Defence Academy
(NDA), Kaduna, Nigeria. His research interests include load frequency control in
interconnected power systems, renewable energy integration, and intelligent control techniques
such as particle swarm optimization and fuzzy logic control. His current research focuses on the
development of hybrid PSO—fuzzy logic controllers for improving frequency stability in modern
power systems.


mailto:ogunleyeolutosin@gmail.com
mailto:ibrahimakabe4@gmail.com


    d 𝜔  d t =  1  2 H  (   P  r e f −   P  e − D ( 𝜔 −   𝜔 0 ) )


  H  


  D  


  𝜔 =   𝜔 0 −   K  p ( P −   P  r e f )


 


  V =   V 0 −   K  q ( Q −   Q  r e f )


 


    P  i n e r t i a = 2 H   d 𝜔  d t


 


    E  d c =  1 2   C  d c   V  d c 2


 


    d Δ 𝜔  d t =  1  2 H  (   − Δ P  e −   D Δ  e )


   Δ  x =     A Δ  x +     B Δ  u  

