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The primary objective of this paper is to address the adverse effects of active power 

fluctuations on grid-connected converters. One of the challenges in integrating high levels of 

solar photovoltaic power into the utility grid is the lack of inertia from converter-based 

resources. This paper proposes a solution to this challenge by synthesizing additional inertia 

and damping properties using power electronics converters. They emulate the inertia and 

damping properties of synchronous generators. The paper discusses different approaches to 

achieving effective damping control in grid-connected converters. It proposes a genetic 

algorithm optimization tool to optimize virtual damping and inertia parameters. The goal is 

to suppress oscillations and ensure stable grid operation. The proposed method is evaluated 

in both time-domain and frequency-domain analyses. The simulation results demonstrate the 

validity of the optimization technique and implementation procedure. Using virtual inertia 

and damping properties ensures stable grid operation and improves the integration of solar 

photovoltaic power into the utility grid. The paper provides a detailed discussion of the 

approach, optimization tool, and simulation results, highlighting the effectiveness of the 

proposed method. 

I. Introduction 

 In the global energy market, renewable energy sources 

such as solar systems are increasingly considered as viable 

alternatives to conventional sources of energy for power 

generation. The growing demand for energy and the 

environmental concerns associated with fossil fuels are the 

main reason for this revolution in energy production [1]. The 

integration of PV power into the utility grid has become a 

significant area of research and has garnered substantial public 

attention [2]. This interest is fueled by the decreasing costs of 

solar PV panels and the fast growth of related technologies [3]. 

In PV systems, converters are commonly used as interfaces 

between the PV arrays and the grid. However, converter-based 

resources (CBRs) introduce zero/low inertia dynamics into the 

grid due to the absence of rotating masses, which typically 

serve as sources of inertia. As a result, the overall inertia of the 

integrated power system is reduced due to the high penetration 

of CBRs [4]. To address this challenge and enhance power 

system stability with high PV penetration, the synthesis 

additional inertia and damping properties virtually has 

emerged as a promising solution [5].  

Power electronic converters, equipped with short-term energy 

storage and appropriate control mechanisms, can be employed 

to emulate inertia and damping properties within the power 

system, thereby ensuring stable grid operation [6]. Unlike an 

actual synchronous generator (SG), the dynamic response of 

the system can be improved by manipulating the parameters of 

a virtual dynamic system. In addition to the virtual inertia 

control [7], other SG dynamics can be emulated on the 

converter control which is known as virtual synchronous 

machine (VSM) [8], [9], virtual synchronous generator (VSG) 

[10], [11], or synchronverter [12], [13]. 

 Grid-connected converters (GCCs) with dynamic 
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characteristics emulation features have gained significant 

interest on a global scale, as they offer power systems with 

desirable dynamics. GCCs possessing these properties are 

referred to as grid-forming converters [14]. It is important to 

note that the term “grid-forming” can be used to describe 

voltage and frequency control as a voltage source converter, 

and it can operate in both grid-connected and islanded 

scenarios [15]. For the sake of simplicity, the term "GCC" 

instead of “grid-forming GCC” will be used throughout the 

rest of this paper. GCCs play a crucial role in the future power 

grids due to the advancement of renewable energy generation. 

Since GCCs lack a rotating mass to provide inertia support for 

the grid, a virtual governor droop characteristic is employed to 

automatically track frequency changes, and a damping 

property is incorporated to mitigate undesirable oscillations 

[16]. Thus, the concept of VSG control, which emulates the 

swing equation of a synchronous generator to provide inertia 

and damping support for the power grid, offers a viable 

solution [17]. As a result, a new type of grid-forming control 

with an enhanced P-ω control loop is implemented. In recent 

years, various methods for emulating the swing equation with 

different damping techniques have been proposed [14], [18]. 

Despite sharing similar foundational principles, the control 

strategies employed in GCCs exhibit significant differences, 

leading to various approaches for achieving inertia and 

damping effects [19]. While the differential swing equation of 

SGs is commonly utilized to emulate inertia, alternative 

methods have been explored for virtual damping. Early studies 

in the literature focused on damping-free (DF) GCC control 

[11], [12]. Subsequent investigations introduced different 

techniques to enhance the GCC control structure, such as 

virtual damper windings (VDW) [20], [21], damping 

correction loops (DCL) [22], state feedback (SF)[23], and low-

pass filtered state feedback (LPFSF) [24]. Additional damping 

techniques have been proposed, including the use of virtual 

power system stabilizers, artificial intelligence-based methods 

[25], output reactance boosting through virtual impedance 

control [26], fuzzy control strategies[27]. These approaches 

offer a broader range of options for achieving effective 

damping control in GCCs. Parameter-based approaches with 

self-adaptation have shown promising potential in enhancing 

the dynamic responses of active power and/or frequency by 

appropriately tuning the parameters in the VSG. [28]. These 

approaches encompass various techniques, including the 

incorporation of virtual inertia [29], [30], adjustment of 

damping factor [31], and simultaneous optimization of both 

parameters [32]–[34]. In [9], an effective damping method to 

improve VSM responses is proposed, while the stability of the 

DC-link voltage is not considered. The study in [28] presents 

a simple improved virtual inertia strategy based on a 

differential compensation model, addressing the issue of 

governor removal. Meanwhile, [29] introduces an approach to 

enhance oscillation damping and increase power system 

stability, but lacks a detailed consideration of certain 

parameters like the inertia coefficient. Additionally, the 

authors of [30] propose an adaptive virtual inertia control 

strategy, acknowledging its potential to improve the frequency 

response, but highlighting the need for optimization. 

 In this paper, the primary objective is to mitigate the 

adverse active power fluctuations observed at the output of a 

typical GCC. Therefore, the contributions of this paper can be 

summarized as follows: 

The implementation of a virtual dynamic loop that 

includes damping and inertia to suppress 

oscillations and ensure proper coordination between 

virtual damping and virtual inertia.  

The use of a genetic algorithm optimization tool to 

optimize both damping and inertia parameters. This 

method offers a simple and accurate approach to 

fine-tuning the control parameters, leading to 

improved system response and performance. 

comprehensive analysis in both the time-domain 

and frequency-domain, include examining step 

response characteristics and pole locations, 

providing insights into the system's stability and 

dynamic behavior. 

Briefly, this paper contributes to the understanding of how to 

mitigate active power fluctuations in GCCs using a virtual 

dynamic loop with optimized virtual damping and virtual 

inertia parameters, and provides a method for evaluating the 

effectiveness of this approach. 

The remaining sections of the paper are organized as follows: 

Section 2 provides an overview of the grid-forming converter 

concept. The operation principles of GCCs are explained in 

detail in Section 3. In Section 4, a proper linear dynamic model 

for active power and frequency response, as well as damping 

control synthesis, is presented. Section 5 explains the proposed 

design methodology for parameter optimization. Simulation 

results and discussion are presented in Section 6. Finally, the 

paper is concluded in Section 7. 

 

II. Concept and Structure of GCCs  

 Based on their control strategies, Grid-connected 

converters can be classified into two primary topologies: grid-

following and grid-forming [35], [36]. A grid-following 

converter uses a Phase-Locked Loop (PLL) and current loop 

to achieve rapid control of the converter's output current. The 

output characteristic of a grid-following converter can be 
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visualized as an ideal AC current source connected in parallel 

with an admittance associated with the grid. Fig. 1(a) depicts a 

simplified equivalent model of this configuration. 

In contrast, grid-forming converters regulate the output active 

and reactive power by controlling the voltage magnitude and 

frequency. They can be represented as an ideal AC voltage 

source connected in series with impedance. The simplified 

equivalent model of a grid-forming converter is illustrated in 

Fig. 1(b). GCCs have the capability to adjust their output 

power to accommodate loads and maintain local voltage and 

frequency at desired levels, even in unexpected scenarios. One 

notable advantage of dynamic characteristic-based GCCs is 

their rapid response to changes in output power and frequency. 

Unlike SGs, the transition time between such changes is 

significantly reduced in GCCs. This enhanced response 

enables GCCs to adapt to various conditions and react more 

efficiently compared to SGs. Although grid-following 

converters can regulate the output of real and reactive power 

by injecting a current with a specific phase angle, they do not 

have direct control over system voltage and frequency. In grid-

following converters, the voltage and frequency references are 

typically provided externally, either by a GCC or the 

connected power grid. 

f

I
Controller

Pref
ControllerQref

a) b)
  

Fig. 1. Simplified equivalent models of power converters: (a) 

grid-following converter, (b) grid-forming converter. 

 

 Fig. 2 depicts a simplified control system of a GCC, 

comprising two primary subsystems: a voltage controller and 

a dynamic characteristic emulator unit. These subsystems 

provide the main reference signals to the voltage controller. 

The dynamic characteristic emulator unit consists of a control 

mechanism designed to replicate the necessary dynamics, 

allowing it to fulfill various functions such as virtual damping 

control, droop control, VSG, or any other desired dynamic 

behavior [19]. 

 To accomplish dynamic characteristic emulation in GCCs, 

the control system incorporates several blocks. Fig. 3 

illustrates a representative GCC along with its detailed control 

system. The “P-droop, inertia, and damping emulator” block is 

the core of the GCC control system, responsible for emulating 

the desired droop characteristics, inertia, and damping effects. 

Another critical block is the “output impedance emulator” 

which applies a virtual impedance control loop to enable the 

GCC to exhibit an equivalent output impedance characteristic. 

DC/AC 

Converter

vDC
vgiabc

Filter

Voltage controller

Grid

PWM
Dynamic 

characteristic

emulator

Pref

Qref

Power calculator

QP

vi θi Vref fref

 

Fig. 2. Simplified GCC structure. 

 

the “Q-droop emulator” block is also crucial in the dynamic 

characteristic emulation system of GCCs. It enables the 

implementation of the droop relationship between voltage and 

reactive power, ensuring that the reactive power output of the 

GCC follows the desired droop characteristics. This block 

plays a significant role in maintaining proper voltage 

regulation and reactive power support within the power system. 

Collectively, these blocks enable the GCC to exhibit the 

desired control behaviors and characteristics [26].
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Fig. 3. Basic control structure of a grid-forming GCC.

 

 

III. Operation Principles of GCCs 

In a GCC, the swing equation of SG can be emulated using 

a power controller. This emulation enables the 

implementation of frequency droop, power-oscillation 

damping, and/or virtual inertia characteristics [37]. A 

comprehensive control scheme for a VSG that incorporates 

virtual inertia control, droop control, and damping control 

can be represented mathematically as [18] 

𝑃𝑜𝑢𝑡 − 𝑃0 = 𝐽𝜔0

𝑑𝜔𝑚

𝑑𝑡
+ 𝑘𝑝(𝜔𝑚 − 𝜔0)

+ 𝐷(𝜔𝑚 − 𝜔𝑔) 

(1) 

 

where 𝑃0  denotes the reference power determined by the 

governor, 𝑃𝑜𝑢𝑡  represents the measured output power, 𝐽 is 

the moment of inertia, 𝐷  is the damping factor, 𝜔𝑚 

represents the rotor angular frequency, 𝜔𝑔  represents the 

angular frequency of the grid where the voltage sensor is 

installed, 𝑘𝑝 is the droop coefficient, and 𝜔0 represents the 

nominal angular frequency. 

 The angular momentum (M) can be expressed as the 

product of the moment of inertia (J) and the angular 

synchronous velocity (𝜔0 ). Hence, (1) can be modified as 

follows: 

 

𝑃𝑜𝑢𝑡 − 𝑃0 = 𝑀
𝑑𝜔𝑚

𝑑𝑡
+ 𝑘𝑝(𝜔𝑚 − 𝜔0)

+ 𝐷(𝜔𝑚 − 𝜔𝑔) 

(2) 

 

Since it can be challenging to measure 𝜔𝑔 directly, it is 

commonly approximated by 𝜔̃𝑔, which represents the angular 

frequency estimated through the use of a PLL with the output 

voltage V𝑜𝑢𝑡 [18] .Fig. 4(a) illustrates this process. 

The Non-PLL method has emerged as the preferred choice for 

damping control over the PLL-based method. Among the 

various techniques, the Non-PLL method has gained 

popularity and is illustrated in the block diagram shown in Fig. 

4(b). The primary difference between the PLL-based and Non-

PLL damping techniques lies in the way damping power is 

generated. In the Non-PLL approach, damping power is 

derived using the nominal frequency rather than the grid 

frequency [38]. Consequently, equation (2) can be modified as 

follows: 

 

𝑃𝑜𝑢𝑡 − 𝑃0 = 𝑀
𝑑𝜔𝑚

𝑑𝑡
+ 𝑘𝑝(𝜔𝑚 − 𝜔0)

+ 𝐷(𝜔𝑚 − 𝜔0) 

(3) 

 

As per the given information, the mathematical expressions for 

droop control and damping power, as described in equation (3), 

are identical. This suggests that the droop coefficient and 

damping factor are equivalent and serve the same purpose 

within the control loop. The damping factor is intended to 

mitigate oscillation modes within the control system, while the 

droop coefficient is responsible for maintaining the required 

frequency levels in power systems and ensuring the proper 

distribution of power among converters in a proportional 

manner [28]. 
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Fig. 4. Swing Equation emulation of GCC using traditional 

damping control. (a) PLL-based damping control. (b) Non-PLL 

damping control. 

 

IV. Dynamic expressions 

This section outlines a basic dynamic model that describes the 

active power-frequency response of the GCC. This model is 

essential for designing damping control strategies. Fig. 5 

depicts a simplified diagram of the GCC system. 

The synchronizing power coefficient 𝐾𝑠  of the GCC is 

commonly represented as follows [24]: 

 

𝐾𝑠 =
𝜕𝑃𝑜𝑢𝑡

𝜕𝛿
≈

𝐸𝑉𝑔𝑐𝑜𝑠𝛿0

𝑋𝑇

≈
𝑉𝑏𝑎𝑠𝑒

2 √1 − 𝑋𝑇
∗2

𝑋𝑇

 (4) 

 

where, 𝐸 represents the electromotive force, 𝑉𝑔 denotes the 

grid voltage, 𝑉𝑏𝑎𝑠𝑒  represents the rated voltage,  𝑆𝑏𝑎𝑠𝑒 is the 

rated power, and 𝑋𝑇
∗  denotes the per unit value of total 

reactance as depicted in Fig. 5. 

The derivative of the power angle 𝛿 can be expressed as 

𝑑𝛿

𝑑𝑡
= (𝜔𝑚 − 𝜔𝑔) (5) 
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vDC
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Fig. 5. Simplified diagram of a grid-connected GCC. 

The GCC closed-loop transfer functions of the active power, 

and frequency related to the input active power (∆𝑃0 ) and 

disturbance input grid frequency (∆𝜔𝑔) can be obtained by 

deriving (3) to (5). The resulting expressions are given by (6) 

to (9). It should be noted that the dynamics of the PLL are 

disregarded. Consequently, the GCC system will be a typical 

second-order system, and both the PLL-based and Non-PLL 

systems exhibit identical characteristics. 

 

∆𝑃𝑜𝑢𝑡

∆𝑃0

=
𝐾𝑠

𝑀𝑠2 + (𝑘𝑝 + 𝐷)𝑠 + 𝐾𝑠

 (6) 

 

∆𝜔𝑚

∆𝑃0

=
𝑠

𝑀𝑠2 + (𝑘𝑝 + 𝐷)𝑠 + 𝐾𝑠

 (7) 

 

∆𝑃𝑜𝑢𝑡

∆𝜔𝑔

=
𝐾𝑠𝑘𝑝 + 𝐾𝑠𝑀𝑠

𝑀𝑠2 + (𝑘𝑝 + 𝐷)𝑠 + 𝐾𝑠

 (8) 

 

∆𝜔𝑚

∆𝜔𝑔

=
𝐾𝑠 + 𝑑𝑠

𝑀𝑠2 + (𝑘𝑝 + 𝐷)𝑠 + 𝐾𝑠

 (9) 

 

 

The characteristic equations of (6)-(9) is  

𝑀𝑠2 + (𝑘𝑝 + 𝐷)𝑠 + 𝐾𝑠 = 0 (10) 

  

Thus, the undamped natural frequency (𝜔𝑛) and the damping 

ratio (𝜁) can be found as  

 

𝜔𝑛 = √
𝐾𝑠

𝑀
 (11) 

𝜁 =
𝑘𝑝 + 𝐷

2√𝑀𝐾𝑠

 (12) 

 

The transient response performance of a control system can 

be assessed by parameters such as overshoot, rise time, delay 

time, and settling time. The natural frequency, 𝜔𝑛, directly 

influences the rise time, delay time, and settling time, but it 

does not affect the overshoot. On the other hand, the 

maximum overshoot is solely dependent on the damping 

ratio, 𝜁, and can be controlled independently. Consequently, 

in practice, the settling time can be reduced by increasing 𝜔𝑛 

while keeping 𝜁 constant. For 0.7< 𝜁 <1, the step response 

is oscillatory, but the oscillations are well-damped and are 

hardly perceptible [39], [40]. 
 

V. Proposed Method for Parameters 

Optimization 

Parameter-based techniques with self-adaptation possess the 

capability to enhance the dynamic responses of active power 

and/or frequency by effectively adjusting the parameters 

within the VSG. By appropriately tuning these parameters, the 

dynamic behavior of the VSG can be optimized, leading to 

improved performance in terms of active power and frequency 

control. 
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There are numerous techniques available for finding optimal 

solutions that can work efficiently, including artificial 

intelligence, neural networks, fuzzy systems, and soft 

computing. Among these techniques, the Genetic Algorithm 

(GA) stands out as a robust method that consistently produces 

the best possible solutions for optimization [41]. The GA is 

well-suited for solving numerous practical optimum design 

problems that are characterized by a combination of 

continuous and discrete variables, as well as discontinuous and 

nonconvex design spaces, which cannot be effectively 

addressed using standard nonlinear programming techniques 

[42]. Consequently, the GA is considered an optimal choice 

for optimization. 

 In this study, the optimal values of M and D (M* and D*) 

are obtained for different scenarios through the 

implementation of the GA using MATLAB codes. 

Subsequently, the performance and stability of the system are 

analyzed. The proposed method of using the GA optimization 

tool to optimize virtual damping and virtual inertia parameters 

in GCCs has moderate computational complexity. 

The important key points of the GA process of obtaining M* 

and D*, include; the cost-function (or objective function), M 

and D variation bounds, and the desired prescribed 

performance. 

The cost-function (cf) is defined based on the settling time (ts) 

and Maximum overshoot (Mp) tolerances as 

 

𝑐𝑓 = (𝑡𝑠𝐷𝑒𝑠𝑖𝑟𝑒𝑑
− 𝑡𝑠𝐴𝑐𝑡𝑢𝑎𝑙

)
2

+ (𝑀𝑝𝐷𝑒𝑠𝑖𝑟𝑒𝑑
− 𝑀𝑝𝐴𝑐𝑡𝑢𝑎𝑙

)
2

 
(13) 

 

where, 𝑡𝑠𝐷𝑒𝑠𝑖𝑟𝑒𝑑
 is the desired settling time that can be 

calculated as, 

 

𝑡𝑠𝐷𝑒𝑠𝑖𝑟𝑒𝑑
=

4

𝜁𝜔𝑛

  (14) 

 

𝑡𝑠𝐴𝑐𝑡𝑢𝑎𝑙
 is the actual settling time measured from the step 

response of the system, 

𝑀𝑝𝐷𝑒𝑠𝑖𝑟𝑒𝑑
 is the desired overshoot indicated based on the 

desired 𝜁, as 

𝑀𝑝𝐷𝑒𝑠𝑖𝑟𝑒𝑑
= 𝑒

−(
𝜁

√1−𝜁2
)𝜋

 
(15) 

 

and 𝑀𝑝𝐴𝑐𝑡𝑢𝑎𝑙
 is the actual overshoot measured from the step 

response of the system. 

 The optimal values can be obtained based on the 

minimization of the objective function. The flow chat of the 

GA based optimization algorithm is illustrated in Fig. 6. 
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Max. No. of 
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(Convergence)?

Start
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No
End

 
Fig. 6. Flowchart of the GA optimization algorithm. 

 

VI. Simulation Results and Discussion 

 In Table 1, the control parameters of the GCC are 

considered and designed. Notably, the per unit values of the 

parameters are defined such as ratios relative to a specified 

base value as. 

 

𝑘𝑝
∗ = 𝑘𝑝

𝜔0

𝑆𝑏𝑎𝑠𝑒

, 𝑎𝑛𝑑 𝑋𝑇
∗ = 𝑋𝑇

𝑆𝑏𝑎𝑠𝑒

𝑉𝑏𝑎𝑠𝑒
2  

 

TABLE 1 

GCC’s PARAMETERS 

Parameter Value Parameter Value 

Vbase 200 V P0
* 1 pu 

Sbase 5 kVA XT
* 0.3 pu 

𝜔0 377 rad/s kp
* 20 pu 

 

The primary objective of this design is to enhance damping. 

Therefore, an overshoot value of 0.0015, which corresponds to 

a damping ratio of 𝜁 =0.9, is selected. Different settling times 

and, consequently, different pole locations are considered. The 

obtained optimized results are presented in Table 2. 

TABLE 2 

SYSTEM BEHAVIOR WITH OPTIMAL VALUES OF D AND M 

Case 
Desired 

ts(s) 

Desired 

Mp 

Desired 

𝜁 
D* M* 

1 0.2 0.0015 0.9 1.19 0.041 

2 0.3 0.0015 0.9 1.7 0.075 

3 0.4 0.0015 0.9 2 0.1 

4 0.5 0.0015 0.9 2.42 0.14 
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 The corresponding step response and pole locations of the 

system depicted by (6) can be observed in Figs. 7 and 8 

respectively. 

 
Fig. 7. Step responses of the GCC with damping. 

 

 
Fig. 8. Pole locations of the GCC with damping. 

 

When the damping coefficient D is disregarded (D = 0), the 

system depicted by (6) become oscillatory and the system 

parameters are changed accordingly to the new values given in 

Table 3, with the same previous values of M*. 

The corresponding step response and pole locations of the 

system can be found in Figs. 9 and 10 respectively. The 

comparative pole locations of the system with and without 

damping is illustrated in Fig. 11. 

 

TABLE 3 

THE SYSTEM’S BEHAVIOR WITH D=0. 

Case Actual ts(s) Actual Mp D M* 

1 1.1678 0.5895 0 0.041 

2 2.1981 0.6806 0 0.075 

3 2.8111 0.7171 0 0.1 

4 3.9136 0.7554 0 0.14 

 

 

Fig. 9. Step response of the GCC without damping. 

  

 
Fig. 10. Pole locations of the GCC without damping. 

 

 
Fig. 11. Pole locations of the GCC with and without damping. 

 

 To further highlight the effect of the damping term on the 

system, the comparative step response and pole locations of 

the GCC system depicted by (6) to (9) are provided in Figs. 12, 

13 and 14, respectively, when D*=1.19 and M*=0.041 with 

damping, and D=0 and M*=0.041 without damping. 
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Fig. 12. Step response of the GCC with and without damping 

related to the set input active power (∆𝑃0). 

 

Fig. 13. Step response of the GCC with and without damping 

related to disturbance input grid frequency (∆𝜔𝑔). 

 

Fig. 14. Pole locations of the GCC with and without damping. 

 

 The system is tested again with the optimal values of M* 

and D*, when 𝜁  changing from 0.7 to 1 and ts =0.4 s. the 

obtained results are given in table 4. The corresponding system 

responses are shown in Figs.15 and 16 respectively.  

 

 

TABLE 4 

THE SYSTEM’S BEHAVIOR WHEN 𝜁 CHANGING FROM 

0.7 TO 1 AND TS=0.4S. 

Case 
Desired 

ts(s) 

Desired 

Mp 

Desired 

𝜁 
D* M* 

1 0.4 0.046 0.7 1.5 0.1 

2 0.4 0.0152 0.8 1.75 0.1 

3 0.4 0.0015 0.9 2 0.1 

4 0.4 0 1 2.42 0.1 

 

 

Fig. 15. Step response of the GCC with damping when 𝜁 

changing from 0.7 to 1. 

 

 

Fig. 16. Pole locations of the GCC with damping when 𝜁 

changing from 0.7 to 1. 

 

These simulation results illustrate the step response and pole 

locations of the GCC under different damping conditions, 

highlighting the impact of damping on the system's behavior 

and stability. They also depict the importance of properly 

tuning and optimizing the GCC parameters. The performance 

improvement can be easily discerned from the step response, 

which shows a shorter settling time and decreased overshoot, 

while the poles settle at more stable positions. 
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To verify the effectiveness of the proposed optimal damping 

control design method, simulations were conducted in the 

MATLAB/Simulink environment. Fig. 17 provides an 

overview of the case study, serving as the simulation setup. 

The circuit parameters are displayed in Fig. 17, and additional 

system parameters can be found in Table 1. Fig. 18 presents 

the simulation results, illustrating the GCC output power and 

frequency fluctuations in two scenarios: with the optimal 

damping control loop and without damping control. It is 

evident that the desired performance can be achieved with the 

optimal damping control loop, in contrast to the case where no 

damping characteristics are present. These findings support the 

effectiveness of the proposed optimal damping control design 

method. 

 

2.5mH GridGCC
0.4mH

10µF

0.5Ω

30µH

5kVA

200V

60Hz

CB1 CB2

CB3

Load

2.5kW

1kVar

780V

 
Fig. 17. The schematic of a grid-connected GCC case study in 

MATLAB/Simulink environment. 

  

 

Fig. 18. The GCC output power and frequency in grid connected 

mode. 

 

Since the proposed method is performance-index based, to 

compare its dynamic performance with existing methods, 

similar analyses to (6) are applied to the following methods. 

The performance indices for this comparative study are shown 

in Table 5. It is important to note that a large inertia is desired 

for better inertia support. However, insufficient damping can 

lead to significant oscillations and overshoot, which may 

damage the GCC, as demonstrated in the DF method. On the 

contrary, the VDE methods exhibit good damping ability. As 

mentioned earlier, the VDE methods can provide better 

dynamic responses if their parameters are properly chosen, as 

we have done in our optimization approach. The effectiveness 

of the proposed approach can be clearly observed by 

demonstrating better dynamic performance, such as shorter 

rising (tr) and settling times (ts) or overshoot (Mp), compared 

to other methods given in [11], [20], [22], [23] and summarized 

in [24]. 

 

TABLE 5 

COMPARISON OF THE PERFORMANCE INDICES OF 

DYNAMIC RESPONSES. 

DF Proposed method 

tr(s) ts(s) Mp tr(s) ts(s) Mp D* M* 

0.0922 3.12 0.724 0.0898 2.811 0.71713 0 0.1 

VDE Proposed method 

tr(s) ts(s) Mp tr(s) ts(s) Mp D* M* 

0.236 0.384 0.00152 0.2287 0.372 0.001503 2 0.1 

DCL Proposed method 

tr(s) ts(s) Mp tr(s) ts(s) Mp D* M* 

0.236 0.386 0.00152 0.2427 0.395 0.001534 2.143 0.112 

SF Proposed method 

tr(s) ts(s) Mp tr(s) ts(s) Mp D* M* 

0.166 0.263 0.00537 0.1601 0.252 0.005342 1.352 0.056 

LPFSF Proposed method 

tr(s) ts(s) Mp tr(s) ts(s) Mp D* M* 

0.162 0.254 0.00603 0.1582 0.248 0.006101 1.337 0.055 

 

VII. Conclusion 
 

 This paper proposes a solution of synthesizing additional 

inertia and damping properties virtually using power electronic 

converters. The paper explores different approaches to achieve 

effective damping control in GCCs and proposes a genetic 

algorithm optimization tool to optimize virtual damping and 

virtual inertia parameters. The primary objective of the paper 

is to mitigate adverse active power fluctuations in GCCs. The 

proposed method is evaluated in both the time-domain and 

frequency-domain analyses. Overall, the proposed method 

uses virtual inertia and damping properties to ensure stable 

grid operation and improve the integration of solar PV power 

into the utility grid. The simulation results emphasize the 

validity of the optimization technique and implementation 

procedure. 
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