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Abstract  

The accelerating displacement of synchronous generation by inverter-based renewable resources is eroding the 

rotational inertia and frequency-regulating capability that have historically maintained power-system stability. 

Conventional grid-following inverters behave as controlled current sources and depend on a stiff external grid for 

synchronization, rendering them inadequate as the dominant resource. Grid-forming (GFM) inverters, which 

regulate their own voltage magnitude and frequency and can operate without a pre-existing grid reference, are 

widely regarded as the enabling technology for very high renewable penetration. This paper reviews and 

comparatively evaluates the principal grid-forming control strategies droop control, the virtual synchronous 

machine, dispatchable virtual oscillator control, and the synchronverter within a unified small-signal and 

electromagnetic-transient simulation framework. Using a modified IEEE benchmark network, the study quantifies 

frequency nadir, rate of change of frequency (RoCoF), and transient settling time under load and generation 

disturbances. Results show that a network with 30% grid-forming capacity limits the maximum RoCoF to 0.58 

Hz/s at 100% inverter penetration, compared with 2.9 Hz/s for an all-grid-following system, keeping the frequency 

excursion within statutory limits. The findings provide system planners with practical guidance on the selection 

of grid-forming control and the minimum grid-forming share required for secure operation of low-inertia 

networks. 
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I. INTRODUCTION  

Electric power systems worldwide are undergoing a structural transformation as wind, solar photovoltaic, 

and battery-storage resources, all interfaced through power-electronic converters, replace conventional 

synchronous generation [1]. While this transition is essential for decarbonization, it removes the large rotating 

masses whose kinetic energy has traditionally arrested frequency deviations during the critical seconds following 

a disturbance. The result is a low-inertia system in which frequency excursions are faster and deeper, threatening 

the security of supply [2]. The rate of change of frequency (RoCoF) following the loss of a large generator has 

emerged as a binding operational constraint in several grids with high shares of inverter-based resources [3]. 

The control philosophy of the interfacing converter is decisive in this context. The prevailing grid-

following (GFL) architecture employs a phase-locked loop to synchronize an internal current reference to the 

measured grid voltage, behaving as a current source that injects power into an assumed-stiff grid [4]. Such 

converters cannot establish voltage or frequency on their own and become unstable as the proportion of 

synchronous machines declines. Grid-forming (GFM) converters, by contrast, regulate their terminal voltage 
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magnitude and phase angle directly, presenting themselves to the network as controllable voltage sources behind 

an impedance, much like a synchronous machine [5]. They can black-start a network, share load through droop 

characteristics, and emulate inertia, making them the cornerstone of converter-dominated grids [6]. 

A range of grid-forming control laws has been proposed, each embodying a different trade-off between 

inertia emulation, transient robustness, and implementation complexity. This paper provides a structured 

comparison of the four most influential strategies and evaluates them in a common simulation environment. The 

contributions are:  

 A unified presentation of droop control, the virtual synchronous machine, dispatchable virtual oscillator 

control, and the synchronverter;  

 A quantitative electromagnetic-transient comparison of their frequency-support performance on a modified 

IEEE benchmark; and 

 An analysis of the minimum grid-forming share required to maintain RoCoF within protection limits as 

inverter penetration approaches 100%. 

Figure 1: Structural contrast between grid-following control, which tracks the grid through a phase-locked loop, and grid-

forming control, which establishes voltage and frequency. 

 

II. GRID-FORMING CONTROL STRATEGIES 

A. Droop Control 

Droop control is the classical decentralized strategy for parallel voltage-source converters, originally 

developed for autonomous microgrids [4]. The active-power–frequency (P–f) and reactive-power–voltage (Q–V) 

droop characteristics emulate the steady-state behavior of synchronous generators, enabling proportional load 

sharing without communication. Its principal limitation is the absence of inherent inertia: because the frequency 

responds instantaneously to power imbalance, droop control alone does not arrest fast transients, and a low-pass 

power-measurement filter must be tuned to introduce an effective time constant [7]. 

B. Virtual Synchronous Machine 

The virtual synchronous machine (VSM), also termed virtual synchronous generator, augments droop 

control by explicitly emulating the swing equation of a synchronous machine, thereby providing a tunable virtual 

inertia and damping [8]. By assigning a virtual moment of inertia, the VSM constrains the RoCoF during the first 

instants after a disturbance, closely reproducing the dynamic behavior to which existing protection and control 

schemes are calibrated. The virtual inertia can, moreover, be adapted online decoupled from any physical mass 

offering a flexibility unavailable to real machines [9]. 

C. Dispatchable Virtual Oscillator Control 

Dispatchable virtual oscillator control (dVOC) is a time-domain technique in which each converter is 

governed by the dynamics of a nonlinear oscillator that synchronizes with its neighbors through the network itself, 

without explicit power measurement or angle estimation [10]. dVOC offers provable almost-global 

synchronization guarantees and exhibits superior large-signal transient performance, but its tuning and its 

interaction with conventional droop-based units remain active research questions [11]. 
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D. Synchronverter 

The synchronverter embeds a full electromechanical model of a synchronous generator within the 

converter controller, so that the inverter mimics not only the swing dynamics but also the field-excitation and 

stator-flux behavior of a real machine [12]. This high-fidelity emulation maximizes compatibility with legacy 

synchronous infrastructure but increases controller complexity and sensitivity to parameter estimation. 

Comprehensive reviews of grid-forming modeling and control [16] and the revisited classification of power-

system stability [18] frame these dynamics, while alternative formulations such as power-synchronization control 

[19] and analyses of converter harmonic stability [20] address complementary aspects of converter-dominated 

operation. 

Figure 2: Qualitative comparison of grid-forming control strategies across inertia emulation, transient stability, and 

implementation simplicity. 

 

III. SIMULATION FRAMEWORK 

A. Test Network and Modeling 

The strategies were evaluated on a modified IEEE 9-bus benchmark in which synchronous generators were 

progressively replaced by inverter-based resources to sweep penetration from 20% to 100% [13]. Each converter 

was represented by an averaged electromagnetic-transient model including the LCL output filter, inner voltage 

and current loops, and the respective outer grid-forming law. The aggregate system inertia constant was reduced 

in proportion to the displaced synchronous capacity. Two canonical disturbances were applied: a step increase of 

0.1 per-unit load and the sudden disconnection of the largest in-feed. 

B. Performance Metrics 

Three metrics quantified frequency security: the frequency nadir (the lowest instantaneous frequency 

reached), the maximum RoCoF computed over a 500-millisecond sliding window, and the settling time to return 

within a 0.05 Hz band. These metrics are directly tied to the operation of under-frequency load-shedding relays 

and RoCoF-based protection, whose maloperation is a primary concern in low-inertia systems [3], [14]. 

IV. RESULTS AND DISCUSSION 

A. Transient Frequency Response 

Figure 3 contrasts the system frequency response of an all-grid-following configuration with one in which 

30% of converter capacity is grid-forming, following a load step at 100% inverter penetration. The grid-forming 

mix reduces the frequency nadir from 49.15 Hz to 49.58 Hz and shortens the settling time by more than half, 

because the virtual inertia of the grid-forming units injects power instantaneously in proportion to the frequency 

derivative. The all-grid-following case breaches the statutory 49.5 Hz limit, which would trigger the first stage of 

under-frequency load shedding [2]. 
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Figure 3: System frequency response to a sudden load increase, comparing an all-grid-following network with one 

containing 30% grid-forming capacity. 

 

Table 1 reports the quantitative metrics for each control strategy at 100% inverter penetration with a 30% 

grid-forming share. The VSM and synchronverter, which explicitly emulate inertia, deliver the smallest RoCoF 

and the shallowest nadir. dVOC achieves the fastest settling owing to its strong large-signal synchronization, 

while droop control, lacking intrinsic inertia, exhibits the largest RoCoF among the grid-forming options yet still 

vastly outperforms the grid-following baseline [8], [10]. 

Table 1. Frequency-Support Performance at 100% Inverter Penetration (30% Grid-Forming Share) 

Control Strategy Freq. Nadir 

(Hz) 

Max RoCoF (Hz/s) Settling 

Time (s) 

Grid-Following 

(baseline) 

49.15 2.90 6.8 

Droop 49.44 0.94 3.1 

dVOC 49.55 0.61 1.9 

Synchronverter 49.57 0.60 2.4 

Virtual 

Synchronous 

Machine 

49.58 0.58 2.2 

\B. Effect of Renewable Penetration 

Figure 4 traces the maximum RoCoF as inverter-based-resource penetration rises from 20% to 100%. In 

the all-grid-following case, RoCoF grows super-linearly and breaches the 1.0 Hz/s protection threshold beyond 

roughly 55% penetration. Introducing a 30% grid-forming share flattens this curve dramatically, holding RoCoF 

below 0.6 Hz/s even at full inverter penetration. This demonstrates that frequency security in a converter-

dominated grid is governed less by the total share of renewables than by the share of converters operating in grid-

forming mode [6], [14]. 

Figure 4: Maximum rate of change of frequency versus inverter-based-resource penetration for all-grid-following and 

mixed grid-forming configurations. 
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C. Practical Considerations 

Beyond dynamic performance, grid-forming converters impose stricter requirements on the energy source 

and hardware. Because they must supply or absorb power instantaneously to emulate inertia, an adequate energy 

buffer typically a battery or a curtailed renewable headroom and sufficient converter current overload capability 

are prerequisites [15]. Evolving interconnection standards are beginning to mandate grid-forming capability for 

new storage and renewable plants in line with evolving interconnection requirements [17], and the comparative 

results presented here support the case for specifying a minimum grid-forming share at the system-planning stage 

rather than retrofitting it after stability problems emerge. 

V. CONCLUSION 

This paper compared the principal grid-forming inverter control strategies and quantified their contribution 

to frequency security in renewable-dominated power systems. Electromagnetic-transient simulation on a modified 

IEEE benchmark showed that inertia-emulating strategies the virtual synchronous machine and synchronverter 

achieve the smallest RoCoF and frequency nadir, while dispatchable virtual oscillator control offers the fastest 

recovery. A grid-forming share of approximately 30% was sufficient to hold the maximum RoCoF below 0.6 Hz/s 

even at 100% inverter penetration, against 2.9 Hz/s for an all-grid-following system. 

Future work will address the coordinated operation of heterogeneous grid-forming and grid-following 

fleets, the stability of large numbers of interacting converters, and the optimal siting and sizing of grid-forming 

resources to minimize the energy-buffer cost of secure low-inertia operation [11], [15]. 
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