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Abstract - Voltage Source Converter (VSC) interfaced with Distributed Generators (DG’s) in microgrids possess rapid 

frequency fluctuations in the event of disturbances due to lack of inertia. The Virtual Synchronous Generator (VSG) technique 

is employed to control the inverter and mimic the inertia characteristic of the synchronous generator. The VSG technique's 

Power-frequency (P-f) droop regulates frequency within permissible limits. The proportional controller is used to provide 

primary frequency control in P-f droop. To maintain the frequency at the nominal value when subjected to disturbances, 

frequency regulation is further enhanced by a secondary frequency controller. The integral controller is combined with the 

proportional controller in P-f droop to regulate the frequency at a nominal value. However, the PI controller in P-f droop 

regulates frequency slower, and the frequency oscillates in the event of disturbances. The dynamic frequency regulation can be 

enhanced with the fuzzy PI controller by regulating the frequency deviation faster at the nominal value. The improved dynamic 

frequency regulation maintains the frequency nadir of the microgrid and restores faster when subjected to disturbances. The 

fuzzy logic is introduced to enhance the dynamic frequency regulation in the proposed Fuzzy based VSG control technique. The 
adaptive variation of the PI controller gains with the Fuzzy Logic Controller (FLC) in the event of disturbances such as changes 

in load and mode of operation of DG, raising the frequency stability of DG. The performance of the proposed control technique 

is validated with simulations in MATLAB/Simulink. 

Keywords - Dynamic frequency regulation, Fuzzy Logic Controller, Inverter, Microgrid, Virtual Synchronous Generator.

1. Introduction  
Inverter Based Resources (IBR) increased in power 

systems in the past decade. The emission-free energy provided 

by Renewable Energy Source (RES) motivates the integration 

of IBR into the power grid [1]. The microgrid has an inverter 

controlled by P-Q and V-f techniques, allowing DG to operate 

in grid-forming or grid-following modes [2]. The inverters 

interfaced with RES possess no inertia. This causes various 

issues in the power system, such as reduced small signal and 

large signal stability and voltage and frequency instability [3]. 

The Virtual Synchronous Generator (VSG) technique is 

implemented in the inverter to emulate inertia similarly to a 

synchronous generator [4].  

The P-f droop in the VSG control technique regulates the 
frequency and provides mechanical power reference to the 

active power loop. The Q-V droop functions to provide a 

reference voltage to the voltage controller. In a conventional 

VSG control structure, the frequency deviates from the 

nominal value in the event of disturbances such as load 

variations and changes in the mode of operation of DG. This 

causes undesirable frequency oscillations away from the 

nominal value [4, 5].  

     To enhance the frequency regulation and dynamic 

performance of VSG, the cooperative control of inertia and 

damping is implemented in the active power loop of the VSG 

control technique [6]. In [7], adaptive virtual inertia control is 

implemented to increase frequency stability with a bang-bang 

control strategy. In [8], adaptive control of inertia improves 

the frequency regulation of microgrids in a system with 
multiple inverters connected in parallel. However, no analysis 

on reducing the response time is provided.   

In [9], neural network-based integral sliding mode 

backstepping control is proposed to improve the dynamic 

performance of VSG in grid-connected inverters by 

controlling measurement disturbances and errors. In [10], the 

Adaptive Neuro Fuzzy Inference System (ANFIS) controller 

controls the mechanical reference power input of VSG and the 

dynamic frequency stability is enhanced. However, the 

computational complexity of the controller is high. In [11], a 

fuzzy controller is employed to provide reference power in the 
active power loop of VSG in a grid-connected inverter, 

enhancing the dynamic performance. However, this control is 

applicable only when multiple inverters are connected in 

parallel.  

http://www.internationaljournalssrg.org/
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In [12], the adaptive inertia control is modelled to 

enhance the frequency regulation of the inverter controlled by 

the VSG technique in the microgrid. However, the influence 

of the damping factor in frequency response is not considered. 

In [13], cascaded Model Predictive Control (MPC) is 

introduced in the VSG control loop to reduce frequency error 
in load-switching cases of islanded microgrids. However, it 

requires derivative control action to increase the complexity 

of control.  

In [14], the synchronization of microgrids in various 

operating modes is improved by adding a frequency 

compensation link. However, the hardware complexity is high 

in the control loop. The improvement in frequency response 

by control of inertia constant in VSG controller is widely 

focused, but inertia also influences voltage stability and power 

oscillation in the system. Therefore, power frequency droop 

can be focused to improve the frequency regulation of the 

system.  

In [15], the optimal damping coefficient is used in the 

event of a change in the operating mode of the microgrid. The 

frequency regulation is improved by combining the integral 

controller together with a proportional controller in P-f droop. 

In the event of disturbances, the P-f droop provides frequency 

deviation, and the PI controller in the P-f droop takes time to 

settle the frequency at a nominal value.  To enhance the 

dynamic frequency regulation, the P-f droop is incorporated 

with a Fuzzy Logic Controller (FLC) to tune the PI controller 

to dampen the frequency oscillation. The mechanical power 

reference is provided by P-f droop. The enhanced mechanical 
power input reference minimizes the frequency deviation and 

provides phase angle reference to the inverter.  

This paper proposes a novel control strategy for 

enhancing dynamic frequency regulation by incorporating the 

power frequency droop with the fuzzy PI controller. The 

performance of a fuzzy-based VSG controller is compared 

with that of a conventional PI controller [15]. The proposed 

work is presented in the rest of the sections as follows. Section 

2 consists of modeling VSG, P-f droop with PI controller and 

fuzzy PI controller for frequency regulation in VSG control 

strategy. Section 3 describes the simulation results, and 

Section 4 describes the conclusion. 

2. VSG Control Structure 
2.1. Microgrid Structure 

The microgrid integrates Renewable Energy Sources 

(RES) such as PV units, wind turbines, hydro energy, biomass, 

etc., known as Distributed Generator (DG), energy storage 

units and inverters connected to the load. In Figure 1, the AC 
microgrid, RES, and energy storage devices act as the input 

energy source to the inverter to supply the load in the 

microgrid and utility grid [16-18]. 

 

 

 

 

 

 

 

 

 
Fig. 1 Structure of microgrid 

2.2. VSG Control Strategy 

The DG in microgrids does not inherently possess inertia 

similar to traditional grids. This causes frequency instability 

in the microgrid in the event of disturbances. The inverter 

connected to the DGs is controlled to mitigate the frequency 

instability. The Virtual Synchronous Generator (VSG) 

inverter technique mimics the inertia characteristic of 

traditional Synchronous Generator (SG). The DG interfaced 

with the inverter in the microgrid is considered for 
implementing the VSG inverter control technique, as shown 

in Figure 2.  

 

 

 

 

 

 

 

Fig. 2 Structure of DG with VSG control technique 

The output of the inverter is filtered by inductance Lf and 
capacitance Cf, which are connected to the load and utility 

grid.  The VSG control structure has two outer control loops 

and three inner control loops. The P-f droop and Q-V droop 

reference the inner control loop. The active power loop, 

voltage controller, and current controller work as an inner 

control loop. The Q-V droop provides reference voltage with 

a slower response to the inner loop. The P-f droop provides 

frequency regulation and maintains the frequency within 

allowable limits in the event of disturbances. The P-f droop 

consists of a primary and secondary frequency controller to 

minimize frequency deviation. 

The primary and secondary frequency control is described 

by the Equation (1) and (2) as follows,  
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Pm = Pref + K p (ω o - ωpll)             (1) 

Pm = Pref + (
𝐾𝑖

𝑠
 ) (ω o - ωpll)            (2)  

In Equations (1) and (2), Pm is the mechanical power, Pref 

is the reference power, ωo is the rated angular frequency, ωpll 

is the instantaneous angular frequency in rad/s measured at 

inverter output, Kp and Ki are of PI controller gains in P-f 

droop. 

The secondary frequency control combined with primary 

frequency control in P-f droop is given in Equation (3). The P-

f droop structure with primary and secondary frequency 
control is shown in Figure 3 [12]. 

Pm = Pref + (K p +
𝐾𝑖

𝑠
 ) (ω o - ωpll)        (3)                  

 

 

 

 

Fig. 3 Structure of P-f droop 

The power-frequency droop provides input mechanical 
power reference. The active power loop has a swing equation 

that functions to provide a reference phase angle to control the 

inverter. The inertia and damping coefficient in an active 

power loop also influence the frequency regulation of the 

inverter. The damping coefficient of VSG is kept at an optimal 

value of 38 in islanded mode and 238 in grid-connected mode 

to ensure improved performance in the system [12].   

The VSG technique is implemented to control the 

inverter. The active and reactive power loop equations of VSG 

are described in (4) and (5) as follows: [13-15] 

 𝑇𝑚 − 𝑇𝑒 − 𝑇𝑑 = 𝐽
𝑑𝜔𝑝𝑙𝑙

𝑑𝑡
                   (4) 

𝑈𝑜
1

𝐷𝑞
𝑄𝑟𝑒𝑓𝑄𝑒 

In Equation (4) and (5), Tm is the mechanical torque, Te is 

the electrical torque, Td is the damping torque, J is the inertia 

coefficient, E is the reference voltage, Uo is the instantaneous 

output voltage, Dq is the reactive power droop coefficient, Qref 
is the reference reactive power, Qe is the instantaneous 

reactive power output. 

The Q-V droop provides voltage reference to the voltage 

controller. The voltage controller maintains the inverter's 

output voltage to its reference voltage provided by the Q-V 

droop by the PI controller [16, 17]. The PI controller is tuned 

using the Ziegler-Nichols tuning method. The voltage 

controller provides reference input current to the current 

controller, and Equation describes it (6) and (7), 

𝑖𝑚,𝑑
∗ = (𝐾𝑝𝑣  +  

𝐾𝑖𝑣

𝑠
) (𝑣𝑑

∗ −  𝑣𝑑) −  𝐶𝑓𝜔𝑝𝑙𝑙𝑣𝑞  (6) 

𝑖𝑚,𝑞
∗ = (𝐾𝑝𝑣  +  

𝐾𝑖𝑣

𝑠
) (𝑣𝑞

∗ −  𝑣𝑞) + 𝐶𝑓𝜔𝑝𝑙𝑙𝑣𝑑    (7) 

The current controller functions to regulate current to its 

reference provided by the voltage controller through PI 

controllers [18]. It provides a reference voltage to control the 

inverter, and it is described by the Equations (8) and (9),  

𝑢𝑑 =  𝑣𝑑 − 𝐿𝑓𝜔𝑝𝑙𝑙𝑖𝑚,𝑞 + (𝐾𝑝𝑖 +
𝐾𝑖𝑖

𝑠
)(𝑖𝑚,𝑑

∗ − 𝑖𝑚,𝑑)    (8) 

𝑢𝑞 =  𝑣𝑞 − 𝐿𝑓𝜔𝑝𝑙𝑙𝑖𝑚,𝑑 + (𝐾𝑝𝑖 +
𝐾𝑖𝑖

𝑠
)(𝑖𝑚,𝑞

∗ − 𝑖𝑚,𝑞)     (9)      

The reference voltage is provided to the PWM generator. 

The PWM generator provides a gate pulse to switch IGBT’s 

in VSI. The simulation parameters of the DG and VSG control 

structure are represented in Table 1. 

Table 1. Simulation parameters of microgrid 

Symbol Value 

V dc 750V 

U o 400V 

L f 1.7mH 

C f 10µF 

Rf 0.1Ω 

ω0 314.1592 rad/s 

J 6 s 

D 38 

D q 0.002V/VAR 

Lg 5mH 

Rg 0.16Ω 

 

3. Design of Fuzzy Based Power-Frequency 

Droop Control Technique 
The PI controller in the P-f droop provides the frequency 

regulation. A fuzzy PI controller is implemented in P-f droop 

to enhance the dynamic frequency regulation of this proposed 

work. The control structure of fuzzy-based VSG is described 

in Figure 4. The Fuzzy PI controller functions to vary Kp and 

Ki outputs according to input variations through predefined 

rules. The structure of the fuzzy PI controller used for droop 

control is shown in Figure 5. The inputs to the Fuzzy Logic 

Controller (FLC) are error in frequency (Δω) and rate of 

change of error in frequency (
d∆ω

dt
).  
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The output of FLC is Kp and Ki. The inputs are scaled by 

scaling factors. The input fuzzy variables are given as inputs 

to the mamdani Fuzzy Inference System (FIS), which consists 

of a rule base.  

       

 

 

 

 

 

 

 

         

Fig. 4 VSG control structure 

The input error in angular frequency (Δω) and rate of 

change of error angular frequency (
d∆ω

dt
) are described in 

Equations (10) and (11), 

 Δ ω = ω o – ω                                 (10) 

 
 𝑑∆𝜔 

𝑑𝑡
 = 

𝛥𝜔(𝑘)−𝛥𝜔(𝑘−1)

𝑇
                         (11) 

In Equations (10) and (11), ω is the instantaneous inverter 

output frequency, and T is the sampling time.  

The inputs of FLC are mapped to the output Kp and Ki in 

accordance with predefined rules. The rule table of Kp and Ki 

is shown in Table 2. The rules are defined by trial and error 

method. A triangular membership function is used to define 
the inputs and outputs. 

 

 

 

 

Fig. 5 Structure of proposed fuzzy PI controller for P-f droop 

The inputs of FLC are divided into 5 membership 

functions: negative small NS, negative big NB, zero Z, 

positive big PB, and positive small PS. The output Kp and Ki 

are divided into 5 membership functions: Moderate Big MB, 

Moderate small MS, zero Z, big B and small S. The outputs 

Kp and Ki are defined by the same rule table, but the range of 

values differ for the Kp and Ki.   

Mamdani's fuzzy inference system is used to map input 

and output using fuzzy logic. The de-fuzzified values of Kp 

and Ki are provided as the output of the fuzzy logic controller. 
The inputs, outputs and the fuzzy surface relating the inputs 

and outputs with the rulebase are shown in Figure 6.       
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(e) 

 

 

 

 

 

 

(f) 

Fig. 6 Inputs and outputs of FLC (a) Δω, (b) 
 𝐝∆𝛚 

𝐝𝐭
,  (c) Kp, (d) Ki,                 

(e) 3-D graph of rules defining Kp, and (f)3-D graph of rules defining Ki. 

Table 2. Fuzzy rule table for K p, Ki 

 

 
PB PS Z NS NB 

PB MB MB MS MS MS 

PS MB MS MS Z MS 

Z S S Z B B 

NS S Z MB B B 

NB MS MS MB MB MB 

 

4. Results and Discussion 
The RES is considered equivalent to the DC voltage 

source and is connected to the inverter, filter and load, as 

shown in Figure 6 [12, 13]. The inverter is controlled with the 

VSG control technique.  The load consumed power is 

calculated by the line voltage and current at the inverter's Point 

of Common Coupling (PCC) connected to the load and utility 

grid.  

The instantaneous output frequency is measured using 

Phase Locked Loop (PLL). At t=0, the inverter is operated in 

islanded mode, and the load power is 38 kW and 1.8kVAR, as 

observed in Figures 7(a) and 7(b). The nominal maximum 

value of phase voltage is 327 V, as observed in Figure 7(c). At 
the instant of switching from no load, the conventional PI 

controller in VSG provides a frequency deviation of 50.05Hz 

and settles at 50Hz in t=3s, as shown in Figure 7(d) after 

supplying the required load power. In the fuzzy PI controller, 

the proportional and integral coefficients are varied by the 

FLC in accordance with the predefined rules. This variation of 

Kp and Ki with FLC reduces the settling time of frequency 
deviation by 0.5 seconds. 
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(d) 

Fig. 7(a) Active power, (b) Reactive power, (c) Voltage, and                                    

(d) Frequency at the PCC with PI and fuzzy PI controller operating in 

islanded mode of operation. 
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At t=6s, the utility grid requires power, and the DG-

connected inverter supplies power by operating in grid 

connected mode. The power the inverter supplies varies from 

40kW and 2kVAR from 38kW and 1.8kVAR to supply the 

load, as observed in Figures 8 (a) and 8 (b). During the change 

in mode of operation, the PCC voltage is at 327V, as shown in 
Figure 8(c). The frequency deviation occurs for 2s with the PI 

controller at the instant of changing the mode of operation, as 

shown in Figure 8(d). The frequency deviation with fuzzy PI 

controller settles in 0.5s at the instant of changing the 

operating mode, maintaining the frequency nadir.     
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(d) 

Fig. 8(a) Active power, (b) Reactive power, (c) Voltage, and                          

(d) Frequency at the PCC with PI and fuzzy PI controller in the event of 

a change in mode of operation from islanded mode to grid-connected 

mode. 

At t=10s, the inverter supplies the load in the microgrid, 

switches to islanded mode and disconnects from the grid. The 

power supplied by the inverter varies to 38kW and 1.8kVAR 

from 40kW and 2kVAR to supply the load in the grid, as 

observed in Figures 9(a) and 9(b). The PCC voltage during 

the transition in mode is at 327V with a transient during the 
transition, as shown in Figure 9(c). The frequency deviation 

occurs for 2s with the PI controller at the instant of changing 

from grid-connected mode to islanded mode, as shown in 

Figure 9(d). The frequency deviation with the fuzzy PI 

controller settles in 0.5s at the instant of changing the 

operating mode of an inverter. 
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(d) 

Fig. 9(a) Active power, (b) Reactive power, (c) Voltage, and                             

(d) Frequency at PCC with PI and fuzzy PI controller in VSG in the 

event of a change in mode of operation from grid-connected mode to 

islanded mode. 
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                                                           (d) 

Fig. 10(a) Active power supplied by the inverter, (b) Reactive power 

supplied by the inverter, (c) Voltage at PCC, and (d) Frequency at PCC 

with PI and fuzzy PI controller in VSG in the event of load variations. 

At t=16s, the load supplied by the inverter is increased 

from 38kW and 1.8kVAR to 40kW and 1.8kVAR, as shown 

in Figures 10(a) and 10(b). When load variations occur, the 

PCC voltage is at 327V with fluctuation, as observed in Figure 

10(c). The conventional PI controller in P-f droop provides 

frequency deviation for 1.5 seconds in response in the event 
of load transition, as observed in Figure 10(d). The fuzzy PI 

controller reduces the frequency deviation in 0.5 seconds by 

adaptively varying the PI controller gains by FLC. 

 

5.  Conclusion 
In this paper, dynamic frequency regulation is enhanced 

by adaptively changing the PI controller gains with FLC. The 

PI controller in P-f droop in VSG regulates frequency and 

reduces deviation in frequency in settling time of 2.8s in 

islanded mode, in 2s during transition to grid-connected mode 

from islanded mode, in 3s when operating mode changes to 

islanded mode from grid-connected mode and regulates 

frequency in settling time of 1.5s during load variations. The 

fuzzy PI controller in P-f droop minimizes frequency 
deviation and regulates frequency in a settling time of 0.5s in 

islanded mode and load variations and in a settling time of 0.6s 

during operating mode changes in microgrid. The frequency 

regulation with Fuzzy PI control is faster than the 

conventional PI controller in power-frequency droop.  

The adaptive proportional and integral gains provided by 

the fuzzy PI controller minimize the frequency deviation 

instantaneously and improve the dynamic frequency 

regulation. The fuzzy PI controller provides enhanced 

dynamic frequency regulation compared to the conventional 

PI controller in P-f droop. The improved dynamic frequency 
regulation improves the frequency stability of the microgrid. 

The reduced overshoot in response, along with the reduced 

settling time, can effectively maintain the frequency nadir. 

The performance of the Fuzzy VSG technique shows reduced 

frequency settling time and enhanced dynamic frequency 

regulation compared to the conventional VSG technique.  
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