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The reduction in grid rotational inertia is due to the integration of photovoltaic units in place 

of synchronous generators. This rotational inertia is responsible for damping the frequency 

oscillations caused by the grid disturbance. Due to this reduction, the rate of change of 

frequency (ROCOF) has increased, limiting the time available for corrective action. 

Response speed is limited by dependency on reserves during primary frequency control 

(PFC). However, synthetic inertial response (IR) and energy storage systems (ESS) have 

improved the response speed. This thesis evaluates those strategies, individually and 

combined, in a 2.01 MW grid-connected PV plant simulated in MATLAB/Simulink. Six 

scenarios compare PFC alone, PFC+IR, and PFC+IR+ESS at initial operating points of 0.30 

pu and 0.85 pu, including a de-loaded mode. The model consists of a boost converter, a DC 

link, an inverter, a grid model, a lithium-ion battery, and a bidirectional DC/DC converter. 

The performance is evaluated through reaction time, response time, and settling time. The 

addition of IR in the PFC reduces the response time by 53.8% and the reaction time by 44.4% 

at a de-loaded 0.85 pu under under-frequency conditions. Over-frequency tests show a 37% 

to 38% reduction in response times and a 28% to 31% reduction in reaction times at both 

operating points (0.3 pu and 0.85 pu). In most cases, settling time increased due to post-
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disturbance overshoot. Rated battery capacity is limiting the ESS contribution. De-loading 

is a prerequisite for under-frequency support. The response time is improved by synthetic 

inertia. However, battery sizing limits the ESS's effectiveness. Future work should examine 

hybrid storage systems (capacitor-battery), variable irradiance, and hierarchical plant 

controllers. 
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SYMBOLS AND ABBREVIATIONS 

Roman characters 

C Capacitor F 

D Duty cycle – 

f Frequency Hz 

H Synthetic inertia constant s 

I Current A 

K Controller gain – 

L Inductor H 

P Power W, pu 

R Droop (statism) constant – 

T Time constant s 

V Voltage V 

Greek characters 

Δ Change – 

θ Phase angle rad 

ω Angular frequency rad/s 

Constants 

fn Nominal grid frequency 50 Hz 

Dimensionless quantities 

D Duty cycle (0 to 1) – 

pu Per unit – 

SOC State of charge (0–100%) – 

Subscripts 

bat Battery  

cmd Command signal  

dc DC link  

dq Direct and quadrature rotating reference frame  

i Integral (controller)  

in Input  

MPP Maximum power point  

n Nominal value  

out Output  

p Proportional (controller)  

PV Photovoltaic array  

ref Reference value  

RI Response Insensitivity  

sw Switching  
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total Combined filter and transformer  

F1 IR low-pass filter  

D IR derivative filter  

Superscripts 

* Reference / commanded value  

pu Per-unit quantity  

Abbreviations 

AC Alternating Current  

ANFIS Adaptive Neuro-Fuzzy Inference System  

BESS Battery Energy Storage System  

DC Direct Current  

DDPG Deep Deterministic Policy Gradient  

EIC Emulated Inertia Control  

ESS Energy Storage System  

FCR Frequency Containment Reserve  

FDC Frequency Damping Control  

HESS Hybrid Energy Storage System  

IR Inertial Response (Synthetic)  

MPP Maximum Power Point  

MPPT Maximum Power Point Tracking  

PFC Primary Frequency Control  

PI Proportional Integral controller  

PID Proportional, Integral, and Derivative controller  

PLL Phase Locked Loop  

PPC Power Plant Controller  

PV Photovoltaic  

PWM Pulse Width Modulation  

RES Renewable Energy Sources  

ROCOF Rate of Change of Frequency  

SAEVIC Self-Adaptive Enhanced Virtual Inertia Control  

SC Supercapacitor  

SG Synchronous Generator  

SIR Synthetic Inertial Response  

SM Synchronous Machine  

SOC State of Charge  

SPC Synchronous Power Controller  

VI Virtual Inertia  

VIC Virtual Inertia Control  

VSC Voltage Source Converter  

VSG Virtual Synchronous Generator  
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VSM Virtual Synchronous Machine  

WaOA Walrus Optimization Algorithm  
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1. Introduction 

Climate change and the depletion of fossil fuel resources are driving a transformation of the 

global energy sector. In this modern era, the world is rapidly shifting toward renewable 

energy technologies, particularly photovoltaic (PV) generation due to climate change and 

the depletion of fossil fuels. The global cumulative installed PV capacity has surpassed 760 

GW by the end of 2020 and increased in the subsequent years (Martínez-Lavín et al. 2022, 

8591). The global shift toward renewable energy has created complex challenges, 

particularly in power system stability and resilience. Moreover, the integration of renewable 

energy has replaced the conventional synchronous generators (SG) with inverter-based 

resources. This replacement changed the dynamic behavior of the power systems. 

Synchronous generators compensate for sudden power imbalances by releasing mechanical 

energy from the rotor. This is called the inertial response of synchronous generators. The 

system inertia has decreased due to the use of photovoltaic-based inverters instead of 

synchronous generators. Due to reduced inertia, the system exhibits severe frequency 

deviation, and the possibility of under-frequency load shedding can lead to generator tripping 

and grid blackouts. Maintaining frequency stability in the presence of high renewable energy 

is a challenge for power system engineers. This thesis addresses this problem by 

investigating the impact of the algorithm for inertial response and energy storage systems on 

grid-connected solar PV systems. 

Multiple studies have researched the problem of synthetic inertia in renewable energy 

systems. Earlier work examined the reduction of system inertia caused by increased 

penetration of renewable energy, which led to a high rate of change of frequency (ROCOF) 

and a lower frequency nadir during disturbance events. Subsequent studies have proposed 

enabling renewable energy systems to provide synthetic inertia during disturbances. In 

primary frequency control (PFC), the photovoltaic system works below its maximum power 

point to maintain an active power reserve for under-frequency events. In inertial response 

control, the PV power converter emulates a generator's characteristics by producing a power 

command proportional to the ROCOF. It has been shown that the restricted energy reserves 

of de-loaded PV systems represent a fundamental limitation of PV-only inertia emulation 

(Sarojini et al. 2022, 1334). Battery energy storage systems have been proposed to aid the 
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PV response. Therefore, the overall response time is reduced during frequency disturbance 

events (Sarojini et al. 2021, 1721). 

Existing studies typically evaluate the effects of PFC, IR, and ESS as independent 

mechanisms. In contrast, this study evaluates the simultaneous effect of these three control 

algorithms on a grid-connected PV system, assessed under two distinct initial power levels 

(0.30 pu and 0.85 pu). The primary contribution of this work is the combined metric-based 

quantitative evaluation of dynamic performance metrics (reaction time, response time, and 

settling time) across different combinations of active control modes. This comparison 

provides a basis for deploying synthetic inertia techniques in future renewable energy 

systems. The key finding is that adding the IR command reduces response time but increases 

settling time due to overshoot. These identified research gaps provide the motivation and 

foundation for the present study. 

The purpose of the thesis is to assess the synthetic inertial response during underfrequency 

and over-frequency disturbances at different initial power levels (0.3 pu and 0.85pu). The 

research objectives are given below: 

• Design and implementation of a two-stage grid-connected solar power system and 

bidirectional DC/DC converter model 

• Design and implementation of PFC and IR control algorithm  

• Design and implementation of the ESS algorithm 

• Evaluate the system performance during different combinations of active control 

algorithms and power levels 

• Compare the resulting settling time, reaction time, and response time for different 

cases 

The subsequent thesis is structured as follows. Chapter 2 presents a comprehensive literature 

review covering the decline of rotational inertia in modern power systems, the taxonomy and 

implementation of virtual inertia control strategies, primary frequency control and active 

power reserve management techniques, energy storage systems for stability enhancement, 

and a critical comparative analysis of control strategies. Chapter 3 describes the 

methodology, describing the system architecture, the PFC and IR control algorithms, the 

ESS control algorithm, the Grid model, frequency input, and the simulation test cases. 

Chapter 4 presents the simulation data, results, and discussions. Finally, Chapter 5 presents 

the conclusion.
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2. Literature review 

In this literature review, the latest advancements in grid frequency support from renewable 

energy resources will be explored, with particular focus on the integration of PV and ESS. 

The expansion of solar power (2.95 TW by the end of 2025) forces the world to update 

technical requirements and aggregated simulation models for grid-code compliance (Jager-

Waldau, A. 2026, 1). The following sections explain how decreased system inertia impacts 

grid stability (Section 2.1), classify terms related to emulated inertial control (Section 2.2), 

and examine strategies for primary frequency regulation and active power management 

(Section 2.3). Subsequently, the review assesses the performance of energy storage 

technologies (Section 2.4), offers a comprehensive comparative analysis of existing control 

methodologies (Section 2.5), and delineates current research gaps in hierarchical power plant 

control (Section 2.6). 

2.1. Grid frequency stability and the decline of rotational inertia 

The stability of grid frequency relies on the continuous equilibrium between total power 

generation and load demand (Kundur 2007, 12). In traditional power systems, the occurrence 

of an emergency (loss of a substantial generating unit) causes the grid frequency to decline 

at a rate inversely proportional to the total system inertia (Ramos and Araújo 2020, 1). This 

inherent reliability is being compromised as variable generation sources replace 

conventional plants (Denholm et al. 2020, 1). Inverter-based resources are transforming the 

grid into a more complex, fast-dynamic system, and their dynamic behaviors must therefore 

be incorporated into stability analysis (Vittal et al. 2019, 1). As noted by Denholm et al. 

(2020, 4), the decoupling of Renewable Energy Sources (RES) from the grid via power-

electronic converters effectively reduces the available inertia. Unlike synchronous 

generators, photovoltaic systems and supercapacitors (SC) are static units devoid of 

rotational kinetic energy, rendering the grid a "fast-dynamic system" (Yap et al. 2019, 2) with 

increased sensitivity to disturbances (Tamrakar et al. 2017, 654). Quantitative measurements 

show that replacing traditional power plants with solar farms can reduce the frequency nadir 

from 49.34 Hz to 48.69 Hz with the addition of 60 MW of capacity.  This highlights the 

urgent need to improve frequency properties to safe levels using Battery Energy Storage 

Systems (BESS)(Hasan et al. 2024, 97). Moreover, the high penetration of inverter-based 
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resources modifies the system's electromechanical modes. It causes eigenvalues to move to 

the right-half plane, (Bueno, Hernández & Ruiz-Rodriguez, 2016). 

The consequences of this decline have been observed on a global scale. During 

contingencies, the Australian National Electricity Market has faced major challenges in 

frequency regulation (Sarasua et al. 2022, 1). In addition, the United Kingdom's power grid 

recorded a frequency low of 49.1 Hz. This caused a 350 MW loss of distributed generation 

and affected over one million consumers (Karpana et al., 2021). The technical requirements 

in the Spanish grid code help reduce these risks by directing renewable energy sources (RES) 

to provide support services. These include primary frequency control and synthetic inertial 

response (SIR) (Villena-Ruiz et al. 2024, 2).An extensive review of frequency and inertia 

control strategies is required to address this global challenge. Because PV is replacing the 

conventional generator, advanced emulated techniques are required (Fernández-Guillamón 

et al. 2019, 1). 

2.2. Terminology, taxonomy and virtual inertia implementation 

The literature classifies control strategies for static converters into broad categories and 

specific topologies. Virtual Inertia (VI) and Emulated Inertia Control (EIC) are overarching 

categories that encompass any control algorithm enabling an inverter to mathematically 

emulate the inertial response of a traditional synchronous machine (SM) via pulse width 

modulation (Tamrakar et al. 2017, 654) (Yap et al. 2019, 2). Within this taxonomy, the 

Synchronous Power Controller (SPC) has emerged as a flexible alternative that utilizes a 

virtual admittance loop to enhance the electromechanical interaction between the inverter 

and the grid (Zhang et al., 2016, 1572). Virtual Synchronous Machine (VSM/VISMA) 

topology, which calculates stator currents from measured grid voltages to replicate SM 

dynamics (Beck and Hesse 2007; Tamrakar et al. 2017, 655). The Virtual Synchronous 

Generator (VSG) is an interchangeable term, though it often refers to current-controlled 

implementations (Bevrani, Ise & Miura, 2014; Yap, Sarimuthu & Lim, 2019). Finally, the 

synchronverter is a specific topology developed by Zhong that uses fundamental machine 

equations to make an inverter behave as an SG from the grid’s perspective (Zhong and Weiss 

2011, 1259) 

Synchronverters offer unique "technological maturity" by allowing traditional grid 

operations to continue without major structural changes (Zhong and Weiss 2011, 1259). 

Inverter architectures are additionally divided into central, string, and multi-string designs. 
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These designs have different control and hardware requirements for grid synchronization  

(Hassaine et al. 2014, 797; Cabrera-Tobar et al. 2016, 311). There has also been a 

progression towards intelligent implementations, including the self-adaptive enhanced 

virtual inertia control (SAEVIC), a system that coordinates with electric cars to stabilize 

frequency and state-of-charge (SOC) (Mishra et al. 2025, 65). They work as adjustable 

current sources, changing their output based on local frequency (Tamrakar et al. 2017, 658). 

Recent developments include self-synchronized synchronverters that eliminate the need for 

a Phase-Locked Loop (PLL), thereby reducing tuning complexity and computational 

requirements (Zhong et al. 2014, 617). A key limitation shared by these topologies is PLL-

based noise sensitivity and tuning complexity in weak-grid conditions (Tamrakar et al. 2017, 

658). 

2.3. Primary frequency control (PFC) and active power reserve management 

While primary frequency control is necessary to halt the deviation, synthetic inertia 

addresses the initial rate of change of frequency. In photovoltaic installations, the provision 

of PFC depends on the availability of a regulated active power reserve (Nanou et al. 2015, 

186). PFC generally functions within the first 10 to 30 seconds following a frequency 

disturbance (Tamrakar et al. 2017, 654). Deep frequency dips at high penetration levels can 

be addressed by coordinated control of utility-scale photovoltaic units with conventional 

generators (Hernández et al. 2017, 362). Two principal methods govern these reserves: "de-

loading" (curtailment) and energy storage integration. De-loading entails operating the PV 

plant at a sub-optimal point on the power-voltage characteristic, i.e., typically on the left side 

of the Maximum Power Point (MPP) to create "headroom" for frequency support (Nanou et 

al. 2015, 187). To achieve the best response, virtual inertia control (VIC) and frequency 

damping control (FDC) should be coordinated such that the output power is proportional to 

the ROCOF and the frequency deviation (Peng et al., 2020, 305). It has also been suggested 

that adaptive synthetic inertia control frameworks be applied to distributed energy resources 

to provide substantial support for low-inertia microgrids (Nema et al. 2022, 54769). It also 

requires coordination with the secondary control layers, in which an adaptive centralized 

secondary control recovers the nominal setpoints of all units to counter steady-state errors 

(Salama et al. 2025, 675). Alternatively, adding energy storage systems allows the PV array 

to keep maximum power point tracking (MPPT). The storage device is responsible for 

providing power injection (Sarojini et al. 2021, 3). The existing model accounts for the 

interaction between the DC/DC converter (MPPT control system) and the DC/AC converter 
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(frequency-response controller). Nevertheless, no unified model that considers both active 

power control and inertia simulation exists in the literature. The fundamental weakness of 

PFC-only approaches is dependence on pre-curtailed reserves, which reduces PV revenue 

and cannot address the initial ROCOF since PFC has no derivative component (Nanou et al. 

2015, 187). 

2.4. Energy storage systems for stability enhancement 

The integration of ESS is essential for providing frequency services in zero-inertia 

photovoltaic (PV) systems (Sarojini et al. 2022, 1333). Supercapacitors are a good choice 

for inertia response because of their high-power density and cycle lifetimes that exceed 1 

million charge/discharge cycles (Sarojini et al. 2022, 6). The virtual inertia is modified by 

controlling the SOC of supercapacitors, whose dynamic characteristics are adjusted based 

on the available energy buffer (Yang et al., 2019, 71). To improve system performance, 

researchers suggest using Hybrid Energy Storage Systems (HESS). The supercapacitors 

regulate the dynamic fluctuations due to ROCOF, while batteries regulate the slow-varying 

components of the power necessary for primary frequency control (Sarojini et al. 2021, 

1721). These systems have a supercapacitor that reduces high-frequency variations and 

stabilizes the DC bus voltage. Battery controls low-frequency load variations (Yang et al. 

2025, 538). Neuro-fuzzy networks dynamically share power as another way of improving 

this coordination to ensure that batteries do not operate in areas of critical SOC to reduce 

degradation (Inga et al. 2025, 487). The DC link and bidirectional converters have to be 

modeled in detail to connect battery storage to the main PV bus and ensure the stability of 

power conversion (Xiao et al.  2017, 130). Now, integrated inertia control schemes can use 

the energy equivalence between batteries and generators to extract adaptive coefficients 

(Alam et al. 2021, 695). There are control mechanisms, such as fuzzy logic-based energy 

interaction control (EIC), that have been employed to shorten the response time in the case 

of low-inertia power grids (Sarojini et al. 2022, 1). Moreover, tuning of the virtual inertia 

and damping has been achieved through Particle Swarm Optimization (Yap et al. 2019, 11). 

The battery exhibits a slow current response that cannot fully compensate for the inertia 

deficit during the first few hundred milliseconds. Furthermore, most models neglect the 

interface between the DC link voltage dynamics and the ESS control loop (Yang et al. 2025, 

538). 
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2.5. Critical comparative analysis of control strategies 

A critical comparison of findings reveals significant trade-offs between topology complexity 

and stability. While Beck and Hesse (2007) argue that higher-order VSM models provide the 

most accurate representation of generator dynamics, Tamrakar et al. (2017, 660) argue to the 

contrary, noting that such models are numerically unstable compared with simplified second-

order models. Comparative analysis shows that ANFIS-based cascaded controllers and 

fractional-order PID (FOPI-FOPTI) strategies are better than traditional single-loop PID 

controllers in terms of settling time and overshoot in multi-area power systems (Roy & Oo, 

2025). Furthermore, while the synchronverter is praised for its ability to operate without a 

PLL  (Zhong et al., 2014) . In contrast, Tamrakar et al., (2017) found that PLL-based systems 

can offer better estimation accuracy for ROCOF-driven VI loops in specific weak-grid 

conditions. Complexities in stochastic design (including Walrus Optimization Algorithm, 

WaOA) achieve up to 87 percent frequency nadir improvement over traditional IMC-tuned 

controllers (Akinwola et al. 2025, 447). In addition, smart R-ANFIS controllers have 

demonstrated a high resistance to irradiance variations compared to the traditional 

optimization methods (Alipour et al., 2024, 659). 

Conflicting evidence also exists regarding the effectiveness of PV-based PFC. While some 

researchers claim that a 10 to 20% PV reserve is enough for frequency regulation (Nanou et 

al. 2015, 186). According to simulations that compare ideal DC source models with real PV 

source characteristic models, the failure to incorporate weather changes leads to excessively 

positive stability predictions in a simulation (Saadati et al. 2024, 462). Furthermore, the 

household prosumers offer technical and economic capacity for frequency containment 

services, but they are the least involved, given the procurement schemes and market barriers 

(Lopez et al., 2020). Additionally, Nanou et al. (2015, 190) state that activating both droop 

and inertial modes is crucial for a "PD-type" response. The combined damping effect of these 

control strategies is not addressed in the other studies (Villena-Ruiz et al. 2024, 2). A 

consistent gap across all reviewed strategies is the lack of simultaneous evaluation of PFC, 

IR, and ESS across multiple initial power conditions, making direct comparisons of reaction 

time, response time and settling time impossible. 
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Table 2.1: Summary of key studies on frequency support control strategies for grid-

connected PV systems 

Study Method Used Key Finding Key Limitation 

Nanou et al. 

(2015) 
PFC with de-loading 

10–20% reserve is 

sufficient for droop 

response; a generic 

two-stage PV model 

is proposed 

Ignores the economic cost of 

curtailment, no IR component, fixed 

irradiance assumption 

Tamrakar et al. 

(2017) 

VSM / VSG 

taxonomy review 

Simplified 2nd-order 

models are more 

numerically stable 

than higher-order 

VSM. 

Higher-order models are more 

accurate but prone to instability and 

lack ESS integration. 

Sarojini et al. 

(2021) 

PFC + IR + HESS 

(SC-based) 

HESS reduces 

response time vs PV-

only inertia emulation 

Supercapacitor only; no battery 

bidirectional converter; single 

operating point 

Sarojini et al. 

(2022) 

Fuzzy logic ESS 

inertia control 

Reduces response 

time in a low-inertia 

grid with a 

supercapacitor 

No quantitative 

reaction/response/settling time 

comparison; single operating 

condition 

Peng et al. 

(2020) 

VIC + FDC 

coordinated control 

Combined PD-type 

response improves 

frequency nadir 

Fixed inertia constant; no ESS 

integration; single disturbance 

scenario 

Villena-Ruiz et 

al. (2024) 

PFC + IR at plant 

level (PPC included) 

Quantified reaction, 

response, settling 

time; PPC interaction 

causes 7% response 

penalty 

No ESS; PPC interaction not 

resolved; single power level 

Yang et al. 

(2025) 

PV + HESS 

coordinated control 

DC bus stability 

improved; 

supercapacitor 

handles fast transients 

No simultaneous PFC + IR + ESS 

metric comparison; no multi-level 

power evaluation 

Fernández-

Guillamón et al. 

(2019) 

Review of inertia 

emulation for PV 

systems 

Advanced emulated-

inertia techniques are 

essential as PV 

replaces conventional 

generators; a 

taxonomy of control 

methods. 

Experimental validation is limited. 

No unified model combining PFC 

and IR in a single framework 

Zhong & Weiss 

(2011) 

Synchronverter 

topology 

The inverter behaves 

as a synchronous 

generator using 

fundamental machine 

equations and enables 

grid operation without 

major code changes. 

PLL dependency in early designs 

increases complexity. ESS 

integration is not considered 

Hasan et al. 

(2024) 

BESS-based 

frequency nadir 

improvement 

Replacing the thermal 

plant with a 60 MW 

solar plant reduces the 

nadir from 49.34 Hz 

to 48.69 Hz; the 

BESS restores safe 

levels. 

Specific to the Australian NEM 

topology, BESS sizing optimization 

is not generalized. 
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Mishra et al. 

(2025) 

Self-Adaptive 

Enhanced VIC 

(SAEVIC) with EV 

coordination 

EV fleet and SOC-

aware adaptive inertia 

stabilizes frequency 

under high PV 

penetration 

Requires high EV participation; SOC 

coupling increases computational 

overhead; not tested on transmission-

scale network 

Inga et al. 

(2025) 

Neuro-fuzzy HESS 

power-sharing 

control 

Dynamic neuro-fuzzy 

power sharing 

prevents battery 

critical-SOC 

operation and reduces 

degradation. 

The published model lacks 

simultaneous PFC + IR evaluation; it 

is limited to the microgrid scale. 

Akinwola et al. 

(2025) 

Walrus Optimization 

Algorithm (WaOA) 

stochastic design 

Achieves up to 87% 

frequency nadir 

improvement over 

traditional IMC-tuned 

controllers 

Stochastic tuning is computationally 

intensive, and validation is limited to 

simulation only 

Salama et al. 

(2025) 

Adaptive centralized 

secondary control 

Recovers nominal 

frequency setpoints 

for all units and 

eliminates steady-

state errors following 

disturbances 

Interaction with primary/inertia 

layers is not fully modeled, and the 

centralized structure is vulnerable to 

communication delay. 

Hernández et al. 

(2017) 

Coordinated PV + 

conventional 

generator control 

Utility-scale PV 

coordinated with 

synchronous 

generators addresses 

deep frequency dips at 

high penetration. 

Assumes availability of conventional 

units, de-loading cost not quantified, 

and fixed irradiance profile used 

Martínez-Lavín 

et al. (2022) 

Aggregated PV 

simulation model for 

grid-code 

compliance 

Proposes updated 

aggregated model for 

>760 GW PV 

capacity; improves 

grid-code compliance 

assessment 

Real operational data is scarce under 

the current European network codes, 

and the model is not validated at the 

transmission system level 

Present Study 

Simultaneous PFC, 

synthetic IR, and 

ESS on a 2.01 MW 

grid-connected PV 

system in 

MATLAB/Simulink.  

IR addition reduced 

response time and 

reaction time by 

53.8% and 44.4%, 

respectively, at 0.85 

pu de-loading in 

under-frequency 

conditions. ESS 

contribution was 

marginal, and de-

loading was 

confirmed as a 

prerequisite for 

synthetic inertia 

provision. 

No PPC, no HESS, and constant 

irradiance at 1000 W/m². H* and 

droop R determined by iterative 

waveform matching. Settling time 

increased in several cases due to 

post-disturbance overshoot. 

2.6. Research gaps and motivation 

A major gap exists in understanding the control layers in large power plants. According to 

Villena-Ruiz et al. (2024, 14), when PPC operates alongside the inertia module, the two 

systems struggle to produce compatible signals. In the worst-case scenarios, there might be 
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"a 7% increase in response time". Published approaches still lack integration of PV MPPT, 

frequency primary control, virtual inertia generation, and hybrid energy storage system 

control (Inga et al. 2025, 487). Another area that needs further development is the 

coordination of DC-link voltage stability control and frequency regulation. Uncontrolled 

DC-bus vibrations due to virtual inertia can cause instability throughout the entire power 

conversion system (Yang et al. 2025, 538). The adaptive control of inertia based on state of 

charge is also underdeveloped. Current models typically rely on fixed inertia values, but their 

effectiveness is severely limited when the storage level reaches zero during a long-duration 

frequency disturbance (Assogna et al. 2025). Real-life data on the aggregated behavior of 

PV installations is quite limited under current European network codes (Martínez-Lavín et 

al. 2022, 8589). Most of the recent studies have examined the issue solely at the PGU level 

(Villena-Ruiz et al. 2024, 15). Moreover, there are a few models that combine PFC, IR, and 

HESS within a realistic transmission network in MATLAB/Simulink. This thesis tackles 

these issues by evaluating an integrated PFC, IR, and HESS framework without a complete 

PPC. This will help set a baseline for future studies on hierarchical control. 

2.7. Summary 

This literature review shows that integrating inverter-based renewable energy sources 

reduces system inertia, increases frequency deviation rates, and increases the risk of 

instability. Control strategies such as Virtual Inertia (VI), Emulated Inertia Control (EIC), 

and Hybrid Energy Storage System have been suggested as countermeasures. However, 

critical gaps persist. Higher-order VSM models cause numerical instability. Simplified 

second-order models are more stable but less representative. Fixed PV power reserves 

neglect the economic cost of curtailment and variations in solar irradiance. Hierarchical 

control interactions between the power plant controller and the inertia module can increase 

response time by up to 7% (Villena-Ruiz et al., 2024, 14). Most published studies evaluate 

the effect of PFC, IR, and ESS separately rather than simultaneously. This research directly 

assesses these gaps by evaluating an integrated PFC, IR, and ESS framework under multiple 

operating conditions and measuring performance using quantitative time-domain metrics.  
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3. Methodology 

The objective of this chapter is to outline the approach to deploying synthetic inertia in grid-

connected solar power systems that incorporate an energy storage system. This chapter 

presents the system architecture, primary frequency control and inertial response control 

algorithms, the ESS control algorithm, the grid model, and the frequency inputs, as well as 

the simulation configuration and testing scenarios. 

3.1. System configuration 

This section describes the System Overview, each component, and its parameters.  

3.1.1. System architecture overview 

A standard two-stage grid-connected PV topology is employed in the system. The system 

consists of seven interconnected subsystems:  

1. PV array 

2. Boost DC/DC converter 

3. DC link capacitor 

4. Three-phase voltage source converter (VSC) 

5. Lithium-ion battery 

6. Bidirectional DC/DC converter 

7. Ideal infinite-bus utility grid  
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The system block diagram and simulink model are shown in Figure 1 and 2 respectively. 

 

Figure 1:  Two-stage grid-connected PV system architecture illustrating the PV array, DC 

boost converter, DC link capacitor, VSC, bidirectional DC/DC converter, battery, and all 

control signal paths 
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Figure 2: Two-stage grid-connected PV system Simulink model illustrating the PV array, 

DC boost converter, DC link capacitor, VSC, bidirectional DC/DC converter, battery, and 

all control signal paths.
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The PV array produces DC power at a specific voltage (273 V at the maximum power point). 

A boost DC/DC converter steps up this voltage to 500 V and maintains it at the DC link. The 

battery connects to the same 500 V DC link through a bidirectional DC/DC converter, which 

can either charge the battery (absorbing DC power from the DC link) or discharge it 

(injecting power into the DC link), depending on whether the event frequency increases or 

decreases. A voltage source converter (VSC) converts 500 V DC into 260 V three-phase AC 

(line-to-line) and synchronizes the generated AC power with the utility grid. Controlled 

three-phase voltage sources, along with the MATLAB function, are used to generate the 

dedicated frequency profiles. The key voltage levels at different nodes of the Simulink model 

are tabulated below: 

Table 3.1: Top-level system parameters (Sarojini et al. 2022, 10)   

Parameter Value 

PV array rated power (PMPP) 2.01 MW 

PV array voltage at MPP (𝑉MPP) 273 V 

DC link voltage (𝑉dc) 500 V 

Battery nominal voltage (𝑉bat) 300 V 

AC grid voltage (line-to-line) 25 kV 

Nominal grid frequency (𝑓n) 50 Hz 

Simulation time step 5 × 10⁻⁵ s 

Solver type Fixed-step discrete 

3.1.2. PV array model 

The PV array is modeled using the standard Simscape single-diode equivalent circuit. It 

depicts nonlinear current-voltage (I-V) and power-voltage (P-V) characteristics. The array 

can produce a maximum power of 2.01 MW with a terminal voltage of 273 V and a current 

of 7365 A (Sarojini et al. 2022, 10).  The PV array parameters are tabulated below: 

Table 3.2: PV array parameters 

Parameter Symbol Value 

Power @ maximum power point 𝑃MPP 2.01 MW 

Voltage @ maximum power point 𝑉MPP 273 V 

Current @ maximum power point 𝐼MPP 7365 A 
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3.1.3. Boost DC/DC converter 

A boost converter steps up the PV array output voltage to the 500 V DC link. The boost 

topology is selected because the PV terminal voltage at the MPP is lower than the required 

DC link voltage, as stated by Xiao (2017, sec. 5.1.4). The converter is modeled using a 

switching-function model controlled directly by the duty-cycle signal. Therefore, a PWM 

generator is not required. The component values are derived from the design constraints and 

equations given in Xiao (2017, sec. 5.3.1): 

Design constraints: 

• Inductor current ripple ∆𝐼Lb = 5 

• Input capacitor voltage ripple ∆𝑉PV = 2% 𝑜𝑓 𝑉MPP 

• DC link voltage ripple ∆𝑉dc = 2% 𝑜𝑓 𝑉dc 

• Switching frequency 𝐹sw = 10 kHz 

𝐶in =
∆𝐼L

8 ∗ ∆𝑉PV ∗ 𝐹sw
 (1) 

𝐿 =
𝑉MPP ∗ 𝐷o
∆𝐼L ∗ 𝐹sw

 
(2) 

𝐶dc =
𝑃MPP

∆𝑉dc ∗ 2 ∗ 6 ∗ 𝜋 ∗ 𝑓n ∗ 𝑉dc
 

(3) 

Table 3.3: Boost converter component values. 

Component Symbol Value 

Input capacitor 𝐶in 0.8 mF 

Boost inductor 𝐿 33.59 μH 

DC link capacitor 𝐶dc 231 mF 

3.1.4. Battery 

A lithium-ion (Li-ion) battery with a nominal voltage of 300 V and a capacity of 111 Ah is 

being used in the simulation. Fast dynamic response and suitability for transient power 

support make the lithium-ion battery an ideal candidate for synthetic inertia applications 

(Sarojini et al. 2022, 1334). A battery block in MATLAB/Simulink is used to emulate the 

lithium-ion battery. This Simulink block exhibits nonlinear discharge characteristics and 

calculates those characteristics from the specified nominal voltage and capacity.  
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A battery with a nominal voltage of 300 V is selected to reduce stress on the bidirectional 

converter, thereby maintaining a safe duty cycle during boost (D = 0.4) and buck (D = 0.6) 

operation. The 33.33kWh battery capacity is sufficient to validate battery behaviors during 

a frequency event. The battery operates between 20% and 80% state of charge for safe and 

reliable operation. The battery specifications are tabulated below: 

Table 3.4: Battery specifications (Sarojini et al. 2022, 10) 

Parameter Symbol Value 

Nominal voltage 𝑉bat 300 V 

Capacity — 111 Ah 

Internal resistance 𝑅int 0.027 Ω 

Maximum C-rate — 5 C 

State of Charge Operating Range SOC 20% – 80% 

Battery chemistry — Lithium-ion (Li-ion) 

3.1.5. Bidirectional DC/DC converter 

A bidirectional DC/DC converter interfaces the DC link with the battery. During battery 

discharging, it operates in buck mode, during battery charging, and in boost mode. Design 

constraints and formulas for calculating bidirectional converter components are provided 

below. The following design equations follow standard DC–DC converter analysis (Xiao, 

2017, 115~116) 

Design constraints: 

• Converter Switching Frequency fsw = 5kHz 

• DC link Voltage Vc = 500 

• Battery Voltage Vbat = 300 

𝐶in =
𝐼out ⋅ 𝐷

𝛥𝑉bat ⋅ 𝑓sw
 (4) 

𝐿 =
𝑉bat ⋅ 𝐷

𝛥𝐼L ⋅ 𝑓sw
 (5) 

𝐶out =
𝛥𝐼L

8 ⋅ 𝑓sw ⋅ 𝛥𝑉out
 

(6) 
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Table 3.5: Bidirectional DC/DC converter component values. 

Component Symbol Value 

Input capacitor 𝐶in 22 mF 

Inductor L 324 μH 

Output capacitor 𝐶out 0.560 mF 

3.1.6. Voltage source converter and grid synchronization 

A current-controlled voltage-source converter converts DC voltage into AC voltage. The 

DC/AC stage is implemented as a three-phase current-controlled Voltage Source Converter 

(VSC). The controllable current source converter injects the specified current into the grid 

rather than imposing a voltage. This mode is standard for grid-connected PV systems 

because it provides inherent overcurrent protection and stable grid-parallel operation 

(Tamrakar et al., 2017, 658). 

The converter synchronizes with the grid via a Phase-Locked Loop (PLL). The PLL 

continuously monitors the grid phase angle and frequency. This information is essential for 

two reasons: first, to perform the Park transformation (abc to dq) that converts three-phase 

quantities into a rotating reference frame where DC control is straightforward; and second, 

to supply the measured frequency to the PFC and IR control loops. The converter cannot 

synchronize its injected current with the grid without a PLL. The VSC control structure has 

four layers: 

(1) PLL and measurement: Measures grid frequency f, phase angle θ, and converts grid 

voltage and current from the abc frame to the dq rotating reference frame. 

(2) DC link voltage regulator: The PI controller maintains the DC link voltage to its 500 V 

reference. The per-unit error between reference and measured voltages drives the controller, 

whose output is the d-axis current reference Id_ref. Gains Kp = 1, Ki = 40 were selected by 

manual tuning and verified using Bode plot analysis. 

(3) Current regulator: PI controller minimizes the error between reference and measured dq 

currents. The following control equation is derived from the standard dq-frame model of a 

control of a grid converter under grid faults (Ibrahim, Dessouky, 2021, 45~47). By applying 

the Park transformation and rearranging the converter-side equations, the compact matrix 

form used in this study is obtained. The converter voltage reference is computed as: 
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𝑉dqconv = 𝑉dqmeasured + 𝐼dqref𝑅totalpu − 𝐿totalpu[0 − 1 1 0 ]𝐼dqref  
(7) 

where Vdqconv
 is the converter d–q voltage reference, 𝑉dqmeasured is the measured grid d–q 

voltage, 𝐼dqref is the d–q current reference, 𝑅totalpu is the total per-unit resistance of the filter 

and transformer, and 𝐿totalpu is the total per-unit inductance. The angular frequency ω is 

embedded within Ltotal_pu. The current regulator gains, Kp = 2 and Ki = 7, were selected 

through manual iterative tuning.  

(4) Modulation reference generation: The converter voltage vector is converted to magnitude 

and phase angle to compute the modulation index, which synchronizes the inverter output 

with the phase angle and grid frequency. 

3.2. PFC and inertial response (IR) control algorithm 

The PV system's active power output is controlled by the PV converter control algorithm 

during frequency change events. The PV converter control algorithm comprises two 

components: primary frequency control and synthetic inertial response. 

3.2.1. Primary frequency control (PFC) 

The PFC algorithm adjusts the real power reference of the power generation unit (PV array) 

in response to changes in frequency. This is equivalent to the droop control used in 

conventional generator governors (Villena-Ruiz et al. 2024, 5). The mathematical 

formulation is: 

∆𝑃PFC−cmd = −
|∆𝑓|−|∆𝑓RI|

𝑅∗𝑓n
 * 𝑃ref 

(8) 

where Δf is the measured frequency deviation, ∆𝑓RI is the full-response dead band threshold 

(±0.01 Hz), R is the droop (statism) constant, 𝑓n is the nominal frequency (50 Hz), and 𝑃ref 

is the nominal PV power (2.01 MW). The PFC loop remains inactive when the frequency 

remains within 49.99–50.01 Hz, which is the dead band threshold defined by the full-

response dead band parameter 𝛥𝑓RI= ±0.01 Hz. 

The frequency deviation signal passes sequentially through the following blocks: 

1. Full-response dead band block 

2. Saturation block limiting the deviation to the maximum value 

3. Low-pass filter with time constant Tp = 0.006 s to remove measurement ripple 
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4. Rate-of-change limiter before the power command is computed. 

3.2.2. Synthetic inertial response (IR) 

The IR loop mirrors the inertial response of a synchronous generator by producing a power 

command in proportion to the rate of change of frequency. When the grid frequency changes 

rapidly, a synchronous generator naturally resists the change by releasing or absorbing 

mechanical energy from its rotor. The IR loop replicates this behavior mathematically using 

the per-unit swing equation (Tamrakar et al. 2017, 657). 

∆𝑃IR−cmd = −2𝐻∗ ∗ 𝑓∗ ∗
𝑑𝑓∗

𝑑𝑡

𝑃ref

𝑓n
2   

(9) 

where H* is the synthetic inertia constant (units: seconds), f* is the measured frequency, and 

df*/dt is the filtered frequency derivative. After the dead band block, the frequency deviation 

signal passes through a derivative block followed by a low-pass filter (time constant TF1 = 

0.02 s, corner frequency 50 Hz) to suppress measurement noise before the inertia 

computation. A rate-of-change limiter is applied to the output. 

3.2.3. FCR command generation 

The PFC and IR outputs are summed to produce the Frequency Containment Reserve (FCR) 

command.  

𝑃FCR−cmd = ∆𝑃PFC−cmd +  ∆𝑃IR−cmd 
(10) 

The PFC output acts proportionally to the frequency deviation Δf. However, the IR output is 

proportional to the rate of change of frequency, df/dt. The FCR command is limited to a 

maximum of 2.01 MW by a saturation block. It is then converted to a voltage change by 

dividing by the constant 7366 (= 𝑃MPP / 𝑉MPP = 2.01 MW / 273 V), and this voltage change 

is added to the initial solar panel reference voltage to obtain the required reference for the 

boost converter PI controller.  

Table 3.6: PFC and IR control parameters 

Parameter Symbol Value Tuning method 

Full response dead band ∆𝑓RI ±0.010 Hz Grid code1 

Full activation frequency 

deviation 
Δfss-max 1 Hz Test Profile Max 

Droop (statism) constant R 0.125 (12.5%) Waveform Matching2 

Synthetic inertia constant H* 5 s 
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Frequency measurement filter Tp 0.006 s Reference paper 

specification2 

IR low-pass filter time constant TF1 0.020 s Corner frequency: 50 Hz 

IR frequency derivative filter TD 0.002 s Settles frequency: 10 ms 

PFC rate-of-change limiter LRCFSM 4 pu/s Waveform Matching2 

IR rate-of-change limiter (upper) LRCIR 253 kW/s 

IR rate-of-change limiter (lower) LRCIR −128 kW/s 
1
Spanish grid code (MO TED/749/2020) 

2Parameter tuned by iterative waveform matching to Villena-Ruiz et al. (2024) Fig. 5–6 
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The block diagram is shown below: 

 
Figure 3: Block diagram of the PFC and IR control algorithm, illustrating the dead band, 

droop (statism) branch, derivative-based inertia branch, rate-of-change limiters, and FCR 

power command summation block 
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3.3. ESS control algorithm 

The ESS control block diagram is shown below: 
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Figure 4: Block diagram of the ESS control algorithm, showing FCR command conversion 

to battery current reference, PI current controller, and PWM generation for buck and boost 

modes of the DC bidirectional converter 
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The FCR power command (𝑃FCR−cmd) produced by the PFC + IR algorithm serves as the 

input to the ESS control algorithm. The battery current reference is generated by dividing 

the 𝑃𝐹𝐶𝑅−𝑐𝑚𝑑 by the measured battery voltage: 

𝐼ref = 
𝑃FCR−cmd

𝑉bat
  (11) 

The equations derivation implemented for the control of the bidirectional converter is given 

below: 

Standard duty cycle for buck 

𝑉bat = 𝐷 × 𝑉dc (12) 

𝐷buck =
𝑉bat

𝑉𝑑𝑐
 (13) 

Standard duty cycle for boost 

𝑉𝑑𝑐 =
𝑉bat

1 − 𝐷
 (14) 

𝐷boost = 1 −
𝑉bat

𝑉dc
 (15) 

Buck inductor volt-second balance 

𝑉L × 𝐷 × 𝑇sw = 𝑉bat × (1 − 𝐷) × 𝑇sw (16) 

𝑉L = 𝑉dc − 𝑉bat (17) 

(𝑉dc − 𝑉bat) × 𝐷 = 𝑉bat(1 − 𝐷) (18) 

Buck PI controller as inductor voltage 

𝑉L = 𝑃𝐼O (19) 

𝑃𝐼O = (𝑉𝑑𝑐 − 𝑉bat) × 𝐷 (20) 

𝐷buck = |
𝑃𝐼O

𝑉𝑑𝑐 − 𝑉bat
| (21) 

Boost inductor volt-second balance 

𝑉bat × 𝐷 × 𝑇sw = (𝑉dc − 𝑉bat) × (1 − 𝐷) × 𝑇sw (22) 

𝑉bat × 𝐷 = (𝑉dc − 𝑉bat)(1 − 𝐷) (23) 

Boost PI controller  

(𝑉bat + 𝑃𝐼O) × 𝐷 = (𝑉dc − 𝑉bat)(1 − 𝐷) (24) 

𝐷 × 𝑉dc = 𝑃𝐼O + 𝑉bat (25) 
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𝐷boost = |
𝑃𝐼O + 𝑉bat

𝑉dc
| (26) 

Error = 𝐼ref − 𝐼bat (27) 

A PI controller minimizes the error between the measured and reference battery current. The 

controller output (PIO) is used to compute the converter duty cycle via equations 21 and 26. 

Table 3.7 lists the ESS controller gains, which were determined through manual iterative 

tuning until the battery current response was stable and free of overshoot. 

Table 3.7: ESS PI controller parameters. 

Parameter Symbol Value 

Proportional gain Kp 0.904 

Integral gain Ki 6 

3.4. Grid model and frequency input 

The grid model and frequency profile are described in the following sections 

3.4.1. Grid model 

The utility grid is modeled as an ideal infinite bus and represented in Simulink using three 

controlled three-phase voltage sources. An infinite bus is a bus that maintains its voltage 

amplitude and frequency regardless of the power injected or absorbed by the connected 

system. An infinite bus is required to assess the control algorithm behavior of the PV system, 

not the dynamic response of the grid itself (Tamrakar et al., 2017, 654). 

The grid generates a voltage having an amplitude of 25 kV (line-to-line). The MATLAB 

function generates the frequency profile. The phase angle θ(t) is computed by multiplying 

the instantaneous frequency by 2π and integrating over time. This angle drives three sine 

function blocks to produce the three-phase grid voltage waveforms. 

   Table 3.8: Grid model parameters 

Parameter Value 

Grid model type Ideal infinite bus (controlled voltage sources) 

Grid voltage (line-to-line) 25 kV 

Nominal frequency 50 Hz 

Frequency profile generation Custom MATLAB function 
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It is noted that standard programmable voltage sources in Simulink can execute only a single 

ramp transition and cannot reproduce the ramp-hold-ramp profile required by the test 

specifications. 

3.4.2. Frequency profiles 

Two frequency profiles are tested in the simulation, and a description of this profile is given 

below: 

1. Frequency increase profile: The frequency ramps up from 50 Hz to 51 Hz at +0.50 

Hz/s, holds at 51 Hz, then returns to 50 Hz at −0.16 Hz/sec. The labeled frequency 

profile is shown below: 

 

Figure 5: Over-frequency test profile used in cases 1–3, ramping from 50 Hz to 51 Hz at 

+0.50 Hz/s, holding at 51 Hz, and recovering to 50 Hz at −0.16 Hz/s 

2. Frequency decrease profile: Frequency ramps from 50 Hz to 49 Hz at −0.50 Hz/s, 

holds at 49 Hz, then ramps back to 50 Hz at +0.16 Hz/s.  

3.5. Simulation setup and test cases 

3.5.1. Simulation setup 

The MATLAB Simulink environment is used to conduct all simulations. A fixed-step 

discrete solver is used with a time step of 5𝑥10−5s. All simulations run for 20 seconds, with 

the disturbance beginning at t = 5 s. 
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3.5.2. Test cases 

Six simulation test cases are defined, i.e., 3x each for over-frequency and under-frequency 

events at different initial PV power levels and algorithm combinations. All test cases are 

tabulated below: 

Table 3.9: Simulation test cases 

Case Frequency event Initial PV power Subcase Active algorithms 

1 Increase (50→51→50 Hz) 0.30 pu (0.6 MW) 1a: PFC  

1b: PFC+IR 

1c: PFC+IR+ESS 

2 Increase (50→51→50 Hz) 0.85 pu (1.7 MW) 2a: PFC  

2b: PFC+IR 

2c: PFC+IR+ESS 

3 Increase (50→51→50 Hz) 0.85 pu + nominal available 3a: PFC  

3b: PFC+IR 

3c: PFC+IR+ESS 

4 Decrease (50→49→50 Hz) 0.30 pu (0.6 MW) 4a: PFC  

4b: PFC+IR 

4c: PFC+IR+ESS 

5 Decrease (50→49→50 Hz) 0.85 pu (1.7 MW) 5a: PFC  

5b: PFC+IR 

5c: PFC+IR+ESS 

6 Decrease (50→49→50 Hz) 0.85 pu + nominal available 6a: PFC  

6b: PFC+IR 

6c: PFC+IR+ESS 

3.5.3. Performance metrics 

System performance is evaluated using three time-domain step response metrics, computed 

by the MATLAB post-processing script. All metrics are measured from the disturbance 

onset at t   5 s over the window 5 s ≤ t ≤ 10 s. The sample power response curve from 

Villena-Ruiz et al. (2024) is given below: 
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Figure 6: Definition of reaction time, response time, and settling time on the active power 

response curve (Villena-Ruiz et al. 2024, 6) 

Reaction time: Time from disturbance onset until the output power first crosses 10% of the 

total step change. This measures how quickly the control system begins to respond. 

Response time: Time from disturbance onset until the output power first enters the ±5% 

tolerance band around the final settled value. This measures how quickly the output 

approaches its new steady state. 

Settling time: Time from disturbance onset until the output power permanently remains 

within the ±5% tolerance band. This measures control stability and absence of sustained 

oscillations. 

These three metrics are directly comparable to the performance indicators reported by 

(Villena-Ruiz et al. 2024, 10) and are used to evaluate the incremental effect of adding IR 

then ESS on top of the baseline PFC response. Battery SOC and current profiles are also 

recorded for all ESS-enabled cases to verify that the 20–80% SOC operating range is 

maintained and that the 5C maximum C-rate is not exceeded. 
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3.6. Assumptions 

The synthetic inertia constant H* or the droop (statism) constant R value is not explicitly 

stated in the reference paper (Villena-Ruiz et al. 2024). These parameter values were 

determined through iterative waveform matching. Each parameter is adjusted, and the 

simulation is re-run until the simulated active power command profiles visually match 

figures 5 and 6 of the reference paper. The said approach is standard in replication studies 

because the input parameters are not fully disclosed (Villena-Ruiz et al. 2024, 12) 

Grid frequency is treated as an external input signal and is unaffected by the power injected 

from the photovoltaic system due to the infinite-bus representation of the utility grid. 

Therefore, this study evaluates the frequency-support response capability of the PV system 

by analyzing its active power response to predefined frequency disturbances rather than its 

impact on the overall system frequency dynamics. This assumption is consistent with the 

methodology adopted by Villena-Ruiz et al. (2024). 
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4. Results and discussion 

4.1. Introduction 

This chapter discusses and analyzes the MATLAB/Simulink simulation results for the grid-

connected solar PV system with primary frequency control, synthetic inertial response, and 

an energy storage system. 

The chapter explains the simulation data (Section 4.2) and discusses each case in terms of 

comparison, cause, and engineering significance (Section 4.3).  

4.2. Simulation data 

This section exhibits the simulation data used in the Simulink model. 

4.2.1. Initial operating conditions and frequency profiles 

All simulations run for 20 seconds using a fixed-step discrete solver of (5𝑥10−5s). The 

disturbance begins at t   5 s, and the analysis window is 5 s ≤ t ≤ 10 s. Across the six cases, 

two initial PV power levels and two frequency profiles are applied: 

Table 4.1: Test case summary (Initial conditions and algorithms tested) 

 

Case Frequency event 
Initial PV 

power 
Operating Mode 

Subcase Active 

algorithms 

1 
Increase 

(50→51→50 Hz) 

0.30 pu (0.6 

MW) 

Fixed reference  

(77.5 V) 

1a: PFC  

1b: PFC+IR 

1c: 

PFC+IR+ESS 

2 
Increase 

(50→51→50 Hz) 

0.85 pu (1.7 

MW) 

Fixed reference 

(220.8 V) 

2a: PFC  

2b: PFC+IR 

2c: 

PFC+IR+ESS 

3 
Increase 

(50→51→50 Hz) 

0.85 pu (1.7 

MW) 

De-loaded  

(reserve 

available) 

3a: PFC  

3b: PFC+IR 

3c: 

PFC+IR+ESS 

4 
Decrease 

(50→49→50 Hz) 

0.30 pu (0.6 

MW) 

Fixed reference  

(77.5 V) 

4a: PFC  

4b: PFC+IR 

4c: 

PFC+IR+ESS 

5 
Decrease 

(50→49→50 Hz) 

0.85 pu (1.7 

MW) 

Fixed reference 

(220.8 V) 

5a: PFC  

5b: PFC+IR 
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5c: 

PFC+IR+ESS 

6 
Decrease 

(50→49→50 Hz) 

0.85 pu (1.7 

MW) 

De-loaded 

(reserve 

available) 

6a: PFC  

6b: PFC+IR 

6c: 

PFC+IR+ESS 

The simulation evaluates two primary frequency events. The frequency profiles for increases 

and decreases are given below: 

 

Figure 7: Grid frequency profile for the over-frequency test scenario (Cases 1–3) 

The over-frequency profile begins at 50 Hz and ramps up at +0.50 Hz/s to reach 51 Hz by 

t=7s; this value is maintained until t=10s, after which it recovers at -0.16 Hz/s.  

 

Figure 8: Grid frequency profile for the under-frequency test scenario (Cases 4–6) 
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The under-frequency profile ramps down at -0.50 Hz/s to 49 Hz, holds at 49 Hz until t=10s, 

and recovers at +0.16 Hz/s.  

It is highlighted that the grid is treated as an infinite bus, meaning the frequency is an 

independent external input that is not influenced by the solar system's power injections. 

4.2.2. Observed PV active power response and battery response 

The impact of different algorithms (PFC, IR, and ESS) on PV power and the battery is 

explained below for each case and sub-case: 

Over-frequency events (Cases 1, 2, and 3): Before t = 5 s, PV power is constant at the 

starting reference level. All PFC-enabled sub-cases exhibit a drop in active power as a 

proportion of the frequency deviation (droop response) at t = 5 s. In PFC+IR sub-cases, there 

is an extra transient power undershoot in the ramp step (5-7 s) because of the results of the 

IR contribution; power returns to the PFC-only steady-state level in the hold step (7-10 s). 

Sub-cases with PFC+IR+ESS exhibit the same PV power curve as PFC+IR, and the ESS 

contribution is evident only in the battery charging current curve. In an over-frequency 

event, the battery starts charging. 

Under-frequency events (Cases 4 and 5): The PV power is fixed in these cases. In all sub-

cases of cases 4 and 5, PV active power remains fixed at the initial reference value (0.30 pu 

and 0.85 pu, respectively) for 20 sec. No change in PV output is recorded for any algorithm 

configuration. The battery begins to supply power to the DC link and therefore starts 

discharging. 

Under-frequency event (Case 6): PV operates in de-loaded mode. The PV active power 

increases from the de-loaded 0.85 pu due to the frequency drop at t = 5 s. In sub-case 6a 

(PFC only), power rises progressively toward 0.99 pu during the ramp phase. In sub-case 6b 

(PFC+IR), a faster, more aggressive power increase is observed from t = 5 s, reaching 0.99 

pu sooner. In sub-case 6c (PFC+IR+ESS), PV power behavior mirrors that of 6b, while the 

battery provides power to the DC link and discharges itself starting at t = 5 s. 

4.2.3. Performance metrics 

Reaction time, response time, and settling time were computed using the MATLAB post-

processing script. The reaction time, response time, and settling time for all the cases are 

tabulated below: 
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Table 4.2: Complete performance metrics for all cases and sub-cases.  DL = de-loaded. 

Case Event 
Initial 

power 
Algorithm 

Reaction 

time (s) 

Response 

time (s) 

Settling 

time (s) 

1 Increase 0.30 pu PFC 0.214 1.953 1.953 

1 Increase 0.30 pu PFC + IR 0.153 1.218 2.969 

1 Increase 0.30 pu 
PFC + IR + 

ESS 
0.152 1.218 2.969 

2 Increase 0.85 pu PFC 0.274 1.956 1.956 

2 Increase 0.85 pu PFC + IR 0.190 1.220 2.971 

2 Increase 0.85 pu 
PFC + IR + 

ESS 
0.182 1.220 2.971 

3 Increase 
0.85 pu 

(DL) 
PFC 0.274 1.956 1.956 

3 Increase 
0.85 pu 

(DL) 
PFC + IR 0.190 1.220 2.971 

3 Increase 
0.85 pu 

(DL) 

PFC + IR + 

ESS 
0.182 1.220 2.971 

4 Decrease 
0.30 pu 

(fixed) 
All sub-cases 0 0 0 

5 Decrease 
0.85 pu 

(fixed) 
All sub-cases 0 0 0 

6 Decrease 
0.85 pu 

(DL) 
PFC 0.248 1.912 1.912 

6 Decrease 
0.85 pu 

(DL) 
PFC + IR 0.138 0.884 3.664 

6 Decrease 
0.85 pu 

(DL) 

PFC + IR + 

ESS 
0.151 0.884 3.664 

4.3. Simulation results and discussion 

The simulation results, along with a discussion of all cases, are presented below: 

4.3.1. Case 1 (Over-frequency event and initial power reference is set at 0.30 pu) 

The reaction time and response time were reduced by 28.5% (from 0.214 s to 0.153 s) and 

37.6% (from 1.953 s to 1.218 s), respectively, when the IR algorithm was added (case 1b). 

However, the settling time increases by 52% (1.953 s to 2.969 s). Moreover, adding the ESS 
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algorithm (case 1c) yields a negligible further reduction in reaction time (0.153s to 0.152 s). 

However, response and settling times remain the same. This is due to the battery's lower 

rated capacity. During a frequency increase event, the battery starts charging, but the 

charging power it requires is insufficient to affect PV power. The PV power curves for PFC, 

PFC+IR, and PFC+IR+ESS are shown below: 

 

 

Figure 9: PV active power output under only PFC control, over-frequency event, and initial 

power 0.30 pu 

 

Figure 10: PV active power output under PFC+IR control (identical to PFC+IR+ESS), over-

frequency event, initial power 0.30 pu 

The IR loop responds immediately to df/dt at the beginning of the ramp, at t = 5 s, even 

before any frequency change builds up. The temporary decline to 0.05 pu during the 5-7 s 
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ramp indicates the highest IR contribution at the peak ROCOF of +0.50 Hz/s. Once the 

frequency stabilizes at 51 Hz and df/dt approaches 0, the IR component diminishes, and the 

power increases to 0.15 pu. This decrease results in a longer settling time. The limited effect 

of the ESS underscores the configuration: the battery shares the DC link with the PV 

converter and does not independently alter the PV system's operating point. The system has 

significant downward headroom at the 0.3 pu operating point. Therefore, PFC can provide 

the change in power command to the PV converter. By adding IR, the system delivers power 

quickly, resulting in a low response time and an increased settling time.  

The battery response curve for PFC+IR+ESS is shown below: 

 

Figure 11: Battery state of charge (SOC), current, and terminal voltage under PFC+IR+ESS 

control, over-frequency event, initial power 0.30 pu 

4.3.2. Case 2 (Over-frequency event and initial power reference is set at 0.85 pu) 

The reaction time and response time are reduced by 30.7% (from 0.274 s to 0.190 s) and 

37.6% (from 1.956 s to 1.220 s) due to the addition of the IR algorithm (case 2b). However, 

settling time increased by 51.9% (from 1.956 s to 2.971 s). Adding the ESS algorithm (case 

2c) marginally reduced the reaction time by 4.2% (from 0.190 s to 0.182 s), while the 

response and settling times remained unchanged. The limited ESS contribution is consistent 

with case 1 and is attributable to the battery’s rated capacity being small relative to the total 

system power. In an over-frequency event, the battery absorbs charging current, but this 

absorbed power is insufficient to produce any measurable change in the PV real power 

output.  
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The PV power curves for PFC, PFC+IR, and PFC+IR+ESS are shown below: 

 

Figure 12: PV active power output under PFC-only control, over-frequency event, initial 

power 0.85 pu 

 

Figure 13: PV active power output under PFC+IR control (identical to PFC+IR+ESS), over-

frequency event, initial power 0.85 pu 
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The battery response curve for PFC+IR+ESS is shown below: 

 

Figure 14: Battery state of charge (SOC), current, and terminal voltage under PFC+IR+ESS 

control, over-frequency event, initial power 0.85 pu 

The performance matrices and waveforms of cases 1 and 2 are roughly the same. The small 

measurable ESS benefit in case 2, compared to the negligible benefit in case 1, may indicate 

the larger absolute power step of 0.17 pu versus 0.15 pu. The battery's quick current response 

allows for a slightly earlier increase in DC-link power. 

4.3.3. Case 3 (Over-frequency event and initial power reference is set at de-loaded 

0.85 pu) 

The PV power curves, battery response curve, and performance metrics are the same as in 

case 2. 

Operating the PV in de-loaded mode shifts the PV operating point to the left of MPP. PFC 

shifts the operating point further to the left when frequency increases. The de-loaded reserve 

margin is irrelevant to downward power commands. The results for Case 2 and Case 3 are 

identical. This is because the PV system operates under the same conditions in both cases. 

Case 3 runs in de-loaded mode, which keeps extra power in reserve. However, this scenario 

demands a reduction in power output to restore frequency. As a result, both cases lead to the 

same outcome. 
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4.3.4. Case 4 (Under-frequency event and initial power reference is fixed at 0.30 

pu) 

The PV power curves for PFC, PFC+IR, and PFC+IR+ESS is shown below: 

 

Figure 15: PV active power output (identical for PFC, PFC+IR, and PFC+IR+ESS), under-

frequency event, fixed initial power 0.30 pu 

The battery response curve for PFC+IR+ESS is shown below. 

 

Figure 16: Battery state of charge (SOC), current, and terminal voltage under PFC+IR+ESS 

control, under-frequency event, fixed initial power 0.30 pu 

All three sub-cases (PFC, PFC+IR, PFC+IR+ESS) produce zero response. There is no 

performance differentiation to compare. 

In this case, PV converter power is kept constant by applying a fixed power (0.3 pu) 

reference (77.5 V) to the converter PI controller. PFC and IR terms cannot move the 
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operating point of the PV converter because the reference is externally held. The change in 

power due to the ESS algorithm is negligible; therefore, converter power remains constant. 

No measurable PV active-power response occurs because the reference is externally fixed. 

This behavior is consistent with Figure 6a in Villena-Ruiz et al. (2024). 

4.3.5. Case 5 (Under-frequency event and initial power reference is fixed at 0.85 

pu) 

The PV power curves for PFC, PFC+IR, and PFC+IR+ESS is shown below: 

 

Figure 17: PV active power output (identical for PFC, PFC+IR, and PFC+IR+ESS) under-

frequency event, fixed initial power 0.85 pu 

The battery response curve for PFC+IR+ESS is shown below: 

 

Figure 18: Battery state of charge (SOC), current, and terminal voltage under PFC+IR+ESS 

control, under-frequency event, fixed initial power 0.85 pu 
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All three sub-cases (PFC, PFC+IR, PFC+IR+ESS) produce zero response. There is no 

performance differentiation to compare. 

4.3.6. Case 6 (Under-frequency event and Initial power reference is set at de-loaded 

0.85 pu) 

The PV power curves for PFC, PFC+IR, and PFC+IR+ESS are shown below: 

 

Figure 19: PV active power output under PFC-only control, under-frequency event, de-

loaded initial power 0.85 pu 

 

Figure 20: PV active power output under PFC+IR control (identical to PFC+IR+ESS), 

under-frequency event, de-loaded initial power 0.85 pu 
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Figure 21: Battery state of charge (SOC), current, and terminal voltage under PFC+IR+ESS 

control, under-frequency event, de-loaded initial power 0.85 pu 

The reaction time and response time were reduced by 44.4% (from 0.248 s to 0.138 s) and 

53.8% (from 1.912 s to 0.884 s), respectively, when the IR algorithm was added (case 6b). 

However, the settling time increases by 91.6% (1.912 s to 3.664 s). Moreover, adding the 

ESS algorithm (case 6c) yields an increase in reaction time (0.138s to 0.151 s). However, 

response and settling times remain the same. This increase in reaction time is due to a PI 

start-up transient in the bidirectional converter control loop. The current controller briefly 

draws power from the DC link as the ESS activates, delaying the crossing of the 10% 

threshold until the battery fully discharges. 

During an underfrequency event, PFC and IR force PV and the battery to inject additional 

power into the system. Because the PV operates in de-loaded mode, reserves are available 

to meet additional demand. The simultaneous effort of PFC and IR reduces the response 

time. However, the combined command increases the settling time due to output 

overshooting or oscillation before it permanently settles within the ±5% band. 

Analysis indicates that the response time of 0.884s is the fastest among all six cases. It is 

recommended that PV systems integrated with synthetic inertia be operated in de-loaded 

mode to support the grid system during under-frequency events. 
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5. Conclusion 

The purpose of this thesis is to evaluate the synthetic inertial response of a grid-connected 

solar PV system. The system is evaluated under the influence of primary frequency control, 

inertial response, and energy storage system algorithms across six simulation cases. All five 

research objectives mentioned in the introduction section were successfully achieved. A two-

stage grid-connected PV system was designed. In this system, a boost converter and a DC 

bidirectional converter were designed and implemented in MATLAB/Simulink. The power 

converter (PFC and IR) and the ESS control algorithm were designed. System performance 

was evaluated for all defined test cases using a dedicated MATLAB post-processing script. 

Consequently, reaction time, response time, and settling time were compared.         

During the operation of the PV system in de-loaded mode (case 6), adding IR after PFC 

reduces the reaction time by 44.4% (from 0.248 s to 0.138 s) and the response time by 53.8% 

(from 1.912 s to 0.884 s) during an underfrequency event. This is the fastest response among 

the six PV system cases. It implies that de-loading is a precondition for providing synthetic 

inertia during underfrequency events because, in this way, upward headroom is available. In 

cases 4 and 5, PV is operating at a fixed reference. Therefore, no response is observed under 

any algorithm.  In over-frequency cases (1, 2, and 3), adding IR after the PFC reduces the 

reaction and response times by approximately 28–31% and 37–38%, respectively, at both 

power levels (0.3 pu and 0.85 pu).In all active cases, adding ESS produced only marginal 

further changes to the metrics, attributable to the relatively modest rated capacity of the 

single lithium-ion battery. 

These findings are consistent with the results reported in Tables 3 and 4 of Villena-Ruiz et 

al. (2024). The addition of IR after PFC reduces the response time and increases the settling 

time, except in case 6. In case 6 of Table 4 of Villena-Ruiz et al. (2024), the settling time 

decreases after IR is added. This study provides a quantitative comparison of performance 

metrics among three algorithms, evaluated simultaneously during both under-frequency and 

over-frequency events. Such a metric-based comparison of PFC, IR, and ESS operating 

concurrently under different initial power conditions is rarely reported in existing literature. 

Moreover, the addition of the battery had only a small impact on response time, attributable 

to the single lithium-ion battery's relatively modest capacity compared with the system 

rating. This research establishes a metric-based evaluation framework for synthetic inertia 
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in PV systems, a contribution that is absent from the existing literature. More broadly, a PV 

system equipped with synthetic inertia capability should operate in de-loaded mode, as this 

configuration yields the lowest response time during under-frequency disturbances. Also, 

incorporating synthetic inertia capability into PV systems increases the power system's 

effective inertia, thereby improving grid stability and reliability during disturbances. 

5.1. Recommendations for future work 

Several avenues for future research are identified based on the findings of this thesis. First, 

the Energy Storage System should be extended to include a supercapacitor in parallel with 

the lithium-ion battery, forming a hybrid energy storage system. This configuration 

significantly reduces reaction and response times during frequency disturbances owing to 

the capacitors' high power density. Second, Future work should incorporate variable 

irradiance profiles, as in the current model, solar irradiance is held constant at 1000 W/m². 

Third, the power plant controller (PPC) was excluded from the current simulation to isolate 

the control algorithm's behavior. Future studies should integrate a hierarchical PPC layer to 

assess interactions and potential conflicts between the inertia module and the plant-level 

control signals, as identified by Villena-Ruiz et al. (2024, 14). Fourth, a larger battery 

capacity should be modeled to determine whether the ESS contribution to response time 

improvement becomes significant at higher battery ratings. 
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