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ABSTRACT 

 

 

In conventional centralized power systems, power is generated mostly by large 

synchronous generators (SGs), where the frequency of the grid depends on the rotational 

frequency of the prime mover. If there are any sudden changes in the load, the rotor 

inertia property restrains the changes in frequency and keeps the system stable. During 

transient periods, rotor kinetic energy of the rotor is injected into the grid to balance 

power supply between generation and load. With the recent high penetration of 

renewable energy sources (RES), the power grid is undergoing structural changes with an 

increased inverter-based distributed generation. Since inverter based power sources do 

not have inertia as conventional synchronous machines (SM), high penetration of 

inverters may cause instability and sharp voltage fluctuations in the grid.  If inverter 

based power sources could be configured as regular SM by introducing virtual inertia and 

damping property, many of the problems, such as frequency regulation, islanded 

operation, and parallel operation of inverter-based DGs will be resolved.  This thesis 

investigates mathematical modeling and control of VSG’s to emulate the inertia and 

damping property of SMs.   Simulation results are presented on the modeling and closed-

loop performance of VSGs for an island microgrid.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

      Fossil fuels such as oil, natural gas, and coal are the main global sources of energy. 

However, continuous usage of fossil fuels is now globally accepted as unsustainable 

because it depletes resources and creates atmospheric pollution [1]. Therefore, it is very 

important to look for alternative and environmentally friendly energy sources to reduce 

the over-consumption of fossil fuels.  Under current economic and environmental 

circumstances, renewable energy sources (RESs), such as solar energy and wind energy 

are expected to provide the best solutions [2]. 

 

      There is an ongoing demand for the development of power distribution systems that 

use renewable energy sources because of the increasing popularity of clean energy 

sources and the significant advancement in the power electronics field in the past 

decades. This rapid growth in capacity of the inverter-based distributed generator (DG) 

and the high penetration of RESs are triggering a large change in traditional electrical 

power system and network [3] [5]. For example, in Japan, 14.3 GW photovoltaic (PV) 

electric system is planned to be connected to the grid by 2020, which will be increased to 

53 GW by 2030 [4]. Additionally, for the next two decades, European countries, USA, 

China, and India are significantly considering using the DGs and utilize the renewable 

energy sources (RESs) in their power systems [5]. 
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The increasing penetration level of DGs/RESs has significantly affected grid stability as a 

result of the lack of inertia and the damping effects [6] [19]. The presence of a few small 

size DGs in the power network may have negligible impact, however high penetration of 

renewable generation will influence the grid stability and significantly affect the overall 

grid dynamic performance [9]. Such effects include bus voltage spikes as a result of 

reverse power flow due to PV generations, excessive supply of energy in the grid as a 

result of full generation by the DGs/RESs, power fluctuations as a result of the variable 

nature of RESs, and degradation of frequency regulation [5-7] [9] [10]. 

 

      In order to provide solutions to stability issues discussed above, there is a need to 

introduce virtual inertia and damping in RESs, which can be established by power 

electronic converter with the proper control mechanism. This concept is widely known as 

a virtual synchronous generator (VSG). This thesis will explore the concept of the virtual 

synchronous generator and its control mechanism. The developed system is expected to 

work as a synchronous generator that facilitates the development of renewable power 

integration without compromising system stability. 

 

1.2 Motivation 

      Interest in distributed energy sources has increased in recent years as the penetration 

level of renewable energy sources in electrical power grid has expanded [6] [52]. In a 

traditional power system, the bulk synchronous generator dominates the system because 

of its rotating mass and damping, and the ability to control the speed and excitation which 

regulate the grid frequency and reactive power flow, which play a vital role in grid 
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dynamic performance and stability [5]. On the other hand, in a DG/RES unit, there is 

neither rotating mass nor damping property [8]. Moreover, maintaining the grid stability 

and power balance between energy production and energy demand is very difficult due to 

natural variability of generation of RESs [6] [7] [10] [52]. 

 

      In a DGs system, RESs are connected to the grid through power electronics 

converters which convert the generated DC power to AC grid power. For better system 

performance and stability, these power electronic converters should exhibit functions 

such as: dynamic control of real and reactive power, stationary operation within a range 

of voltage and frequency, voltage ride through, power and frequency control during 

islanded operation, primary frequency control during fault, etc [17, 20, 54]. All of the 

reasons discussed above are sufficient enough to support the motivation of the work 

presented here, where a control of a grid-connected power electronic converter will be 

analyzed in order to support further developments of renewable energy integration in the 

utility grid.  

 

1.3 Objective 

      The main objective of this research is to develop a control system for a three-phase 

inverter that imitates the damping and inertia properties of a synchronous generator 

combined with droop controller and cross-coupled current control strategies, where a 

virtual generator model will provide the current command.  We also compare various 

methods of VSGs available in the current literature.   Specific objectives of this research 

are:  
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• To build up a control strategy of conventional generator without alteration, where 

voltage and frequency are controlled by the AVR and governor respectively.  

• Study and develop electronic control methodologies to provide additional inertia 

to microgrid for the better dynamic stability of the system. 

• Design and implement suggested control methodologies for island microgrid 

connected with both real power and reactive power load 

• Investigate the designed control system with different types of load to determine 

how it plays a role in system stability in the presence of various disturbances.  

• Review the existing methodology on VSG, analyze system design and operation, 

and explore the scope and limitation. 

 

1.4 Thesis Outline 

      Chapter 1 establishes the premise of the thesis and includes an overview of the 

limitations and problems inherent in renewable energy in power grid. This is followed by 

motivation, and scope of the research and research goals.  

Chapter 2 provides background information on the power systems and their stability and 

inertia property in traditional power plants. It also provides a review of MGs and loads 

side management. 

Chapter 3 assesses existing approaches to virtual inertia emulation while laying the 

groundwork for future consideration by comparing existing methodologies. 

Chapter 4 considers droop control and proposed inertia emulation control mechanism. A 

virtual generator model with constant reactance and current control mechanisms are 
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considered. A suggested control method and system are presented as we worked on 

several experiments to look at the scope for the further development of our system.  

Chapter 5 presents simulation results for control of an islanded microgrid. Simulation 

results for both real and reactive power load in the system have been shown. Analyzed 

overall system stability due to the change of different types of the load at the load side. 

Effects of grid frequency due to virtual inertia have been discussed. 

Finally, chapter 6 summarizes the results, limitation of the current system, explore the 

scope and proposes plans for future research of this thesis. 
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CHAPTER 2 

BACKGROUND 

 

2.1 Introduction 

      In Section 1.1, virtual synchronous generator (VSG) was introduced as a promising 

solution towards the grid stability issues caused by high penetration RES in the electrical 

grid. A VSG can be established by using short-term energy storage systems coupled with 

the power electronics inverter/converter with the proper control mechanism.   

 

 

Figure 2. 1: General structure of VSG [37] 
 

The general architecture of VSG is presented in Figure 2.1. In this scheme, a DGs/RESs 

unit is connected to the grid via VSG. It is expected to operate like a regular synchronous 

generator by providing inertia and damping property virtually and by displaying the same 

reaction as the regular synchronous generator when there is a sudden change of load or 
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disturbance in the system. The VSG control block is expected to regulate the output of 

the inverter based on the rate of change of frequency and the difference between the 

reference frequency and grid frequency much like the way conventional synchronous 

generators are governed by the swing equation:  

                      ∆𝑃𝑉𝑆𝐺 = 𝑃𝑚 − 𝑃𝑒 = 𝐽 ∆𝜔
′ + 𝐷∆𝜔                                                         (2.1) 

where 𝐽 is the inertia coefficient and D is the damping coefficient. 

 

2.2 Traditional Power System 

      In a traditional power system, electrical power is produced by the centralized power 

station connected with the transmission and the distribution system, which carries the 

power from generation unit to the load e.g.  home, industries etc.  Most of the power 

plants use fossil fuel (coal, gas, oil) as the primary sources of energy, that drive the prime 

mover (turbine or engine).  An automatic load frequency control loop (ALFC) controls 

the generator power output hence, frequency via speed governor and control valves. The 

secondary control loop of (ALFC) maintains fine adjustment of frequency and active 

power based on power-frequency droop characteristics.   An automatic voltage regulator 

(AVR) regulates the terminal voltage, hence reactive power via controlling the generator 

field excitation [16]. 

 

      In a conventional power system, the power generation unit with bulk synchronous 

generator plays a significant role to support the system operation and stability. Because of 

the inertia and damping property, the unit contributes to the primary frequency regulation 

as well as to voltage control or reactive power flow through rotor excitation controls. 
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These features are not inherent in the conventional control of the RESs power electronics 

interfaces, which depend on the synchronization to a stable grid frequency [15]. 

 

2.3 Power system stability 

      Power system stability is the capacity of an electric power system to recover its state 

of operating equilibrium following a disturbance [18]. There are various types of 

disturbances in a power system, such as sudden change in load demand, line-to-line fault, 

a short circuit between line and the ground, three-phase faults etc. During a small change 

or disturbance, the power system is expected to adopt the situation and continue 

operating. However, a major disturbance, such as the sudden loss of a generator or a short 

circuit in the transmission system, could isolate the faulted part from rest of the grid, 

causing a structural change in the power system. Various types of stability are 

categorized in power system study to identify the cause of stability and develop methods 

to enhance the stability. 

 

2.4 Swing Equation 

      Swing equation is the heart of power system stability analysis which facilitates 

determination of transient stability of the system. It describes the relative motion of the 

rotor with respect to stator field as a function of time, and is given by [17] [18]: 

                           𝝉𝒎(𝒕) − 𝝉𝒆(𝒕) = 𝑱
𝒅𝟐

𝒅𝒕𝟐
𝜹(𝒕) + 𝑫

𝒅

𝒅𝒕
𝜹(𝒕)                                            (2.2) 

where  𝝉𝒎 is the rotor electromagnetic torque, 𝝉𝒆 is the mechanical torque, 𝜹  is the rotor 

angular position difference from its reference position, 𝒕 is the time in second, 𝑫 is the 
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damping coefficient, and 𝑱  is the inertia constant. The generator inertia reacts to the 

disturbance and plays a significant role in power system stability, which is the most 

important property of a synchronous machine [19] [20]. 

 

2.5 Microgrids 

      Current energy infrastructure is undergoing a drastic change as a result of 

the high penetration of renewable energy sources in the traditional power system. As 

discussed in Section 1.1, in a centralized power system fossil fuels (coal, oil, gas) 

used for SM cause significant damages to the environment. Moreover, in rural 

areas, sometimes it may not be possible to transmit power from the central power plant to 

the load as the transmission cost could be very high. A distributed generation (DG) unit 

based on renewable sources (RESs), such as solar, wind energy would obviate this 

problem. In a microgrid, domestic distributed loads and low voltage distributed energy 

sources are interconnected.  Power system stability, power quality, and operation may be 

compromised when several DGs are connected at the distribution level because of lack of 

inherent inertia of RESs which could be resolved by applying advanced control technique 

using VSGs. With proper control mechanism, VSG will provide inertia and damping 

properties like the regular SM, and help the microgrid system maintain the stability of the 

grid. 

 

2.6 Conclusion 

      The chapter provides an overview of the conventional power system and the effects 

of generator inertia and damping on system stability and reviews the basic structure of 
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VSG and its importance in modern power systems. Continual structural changes in the 

traditional power system triggered by the DG/RES’s have been discussed. The problem 

of stability in microgrid system caused by high penetration of RES’s, and how VSG may 

assist to resolve stability issues have been reviewed.  In a microgrid system, there is two 

operation mode, one is the grid-connected mode and the other is the stand-alone islanded 

mode. Generally, the grid-connected mode is used to support the main grid to manage the 

high demand for power. This research investigates the development of control systems 

for VSGs and their effects on overall grid stability.  
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CHAPTER 3 

EXISTING METHODS 

 

      The concept of VSG was introduced in 2007 as a method of resolving stability 

problems in power grid due to the integration of renewable energy sources [24], [25].  

Many research groups are still working to develop various designs and control strategies 

to replicate the inertia and damping properties of conventional synchronous generators as 

described in Chapter 2. The concept of Synchroconverter was also introduced [26] that 

mimic properties of synchronous generators. The most active research groups working on 

VSG’s are: VSYNC project under the 6th European Research Framework program [27-

32], the Virtual Synchronous Machine (VISMA) project [33-36] at the Institute of 

Electrical Power Engineering, (IEPE) at Clausthal University of Technology in Germany, 

the VSG research team at Kawasaki Heavy Industries (KHI) [29], and the ISE Laboratory 

in Osaka University [37-41] in Japan.  In this chapter, we summarize these basic 

technologies and their control strategies. 

 

3.1 VSYNC’s VSG Topology  

      The VSG control structure developed by the VSYNC group is shown in Figure 3.1, 

where energy sources are connected to the grid via an inverter and an LCL filter. Phase 

locked loop (PLL) is used to measure the grid frequency and the rate of change of 

frequency. The PLL also provides the reference frequency for the control block. The 

reference current is calculated from the control block using state of charge (SOC) of 
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energy storages, grid voltage, the reference voltage and change in frequency through the 

following equation [5] [28] [30].                               

                                    𝑷𝑽𝑺𝑮 = 𝑲𝑺𝑶𝑪∆𝑺𝑶𝑪 + 𝑲𝑷∆𝝎+𝑲𝒊
𝒅∆𝝎

𝒅𝒕 
              (3.1)                                                                     

                                                 𝑸 = 𝑲𝑽∆𝑽                                (3.2)                                                                         

 

 

Figure 3. 1  VSG Structure of VSYNC Group [27] 

 

The preferred reactive power supply is calculated corresponding to the voltage 

deviation. Equations to identify the reference current for PWM are:                                                 

                                                  𝑰𝒅𝒓𝒆𝒇 = 
𝒗𝒅𝑷−𝒗𝒒𝑸

(𝒗𝒅+𝒗𝒒)
𝟐                                                 (3.3)                                                      

                                                   𝑰𝒒𝒓𝒆𝒇 = 
𝒗𝒅𝑸−𝒗𝒒𝑷

(𝒗𝒅+𝒗𝒒)
𝟐                                                 (3.4)                                              

These two equations show how the reference current delivers to PWM directly, where 

PWM will provide required pulses to produce the desired signal. 
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3.2 IEPE’s VSG Topology 

      The IEPE group developed a VSG design, named as Virtual Synchronous Machine 

(VISMA) [34] [35]. The basic idea of the VISMA-1 design is that a simplified model of a 

synchronous machine will provide the reference voltage/current from grid 

voltage/current. The overview of VISMA-1 is shown below in Figure 3.2. 

 

 

Figure 3. 2  VISMA Model-1 structure using Hysteresis Controller [34] 

 

The VISMA model starts with real-time measurement of the grid voltage which feeds the 

virtual synchronous machine algorithm. The SM model produces the reference current 

and rotational angle and triggers the inverter switching through the hysteresis controller. 

Machine inertia and damping properties can be changed by changing the value of SM 

model parameter. 

 

      To compute the reference current by the SM model, the stator circuit is described by 

the following equations [35]: 

Distributed 

Generation 

LC 

Filter 

Inverter 

Energy 

Storage 

Grid 

Hysteresis 

Controller 

𝝎𝒕 

𝑰𝒂𝒃𝒄𝒓𝒆𝒇 𝑰𝒂𝒃𝒄𝒓𝒆𝒇 

𝑽𝒈𝒓𝒊𝒅
⬚
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                                   𝒆𝟏 − 𝑽𝟏 = 𝑰𝟏. 𝑹𝒔 + 𝑳𝒔.
𝒅𝑰𝟏

𝒅𝒕
 

                                   𝒆𝟐 − 𝑽𝟐 = 𝑰𝟐. 𝑹𝒔 + 𝑳𝒔.
𝒅𝑰𝟐

𝒅𝒕
                                                       (3.5) 

                                   𝒆𝟑 − 𝑽𝟑 = 𝑰𝟑. 𝑹𝒔 + 𝑳𝒔.
𝒅𝑰𝟑

𝒅𝒕
 

Vector representation: 

                            𝒆→ − 𝑽𝒈𝒓𝒊𝒅
→ = 𝑰𝒓𝒆𝒇

→ . 𝑹𝒔 + 𝑳𝒔.
𝒅𝑰𝒓𝒆𝒇

𝒅𝒕
                                                    (3.6) 

where, 𝑒→ = [𝑒1 𝑒2 𝑒3]
𝑇 is the emf in the stator windings, 𝑉𝑔𝑟𝑖𝑑

→ = [𝑉1 𝑉2 𝑉3]
𝑇 is the grid 

voltages, 𝑅𝑠 is the stator resistance, 𝐿𝑠 is the stator inductance.  Thus, the reference 

current 𝐼𝑟𝑒𝑓
→ = [𝐼1 𝐼2 𝐼3]

𝑇  can be obtained as:   

                                  𝑰𝒓𝒆𝒇
→ (s)  = (𝒆→(𝒔) - 𝑽𝒈𝒓𝒊𝒅

→ (s))/ (𝑹𝒔 +  𝑳𝒔. 𝒔 )                          (3.7) 

The equations with respect to the rotor dynamic behavior can be described as follows 

[35]: 

                                𝑴𝒎𝒆𝒄𝒉 −𝑴𝒆𝒍𝒆𝒄 =
𝟏

𝑱
.
𝒅𝝎

𝒅𝒕
+ 𝒌𝒅. 𝒇(𝒔).

𝒅𝝎

𝒅𝒕
                             (3.8)                             

                                              𝑴𝒆𝒍𝒆𝒄 = 
𝑷𝒆𝒍𝒆𝒄

𝝎
                                                  (3.9) 

                                               𝜽 = ∫𝝎. 𝒅𝒕                                                 (3.10) 

where, 𝑀𝑚𝑒𝑐ℎ and 𝑀𝑒𝑙𝑒𝑐 is the mechanical and electrical torque respectively, 𝐽 is the 

inertia, 𝑘𝑑 is the damping factor, 𝜔 is the angular velocity, and 𝜃 is the rotational angle.  

To ensure that the virtual damping force counteracts any oscillating motion of the rotor in 

opposite phase, the phase compensation term 𝑓(𝑠) is used.  The induced EMF as function 

of rotation angle 𝜃 can be expressed as [34]: 



 

15 

 

                              𝒆→= (

𝒆𝟏
𝒆𝟐
𝒆𝟑
) = 𝑬𝑷.

(

 

𝐬𝐢𝐧(𝜽)

𝐬𝐢𝐧 (𝜽 −
𝟐

𝟑
. 𝝅)

𝐬𝐢𝐧 (𝜽 +
𝟐

𝟑
. 𝝅))

                                        (3.11)               

Based on the equation (3.5) to (3.11), a mathematical model of SM can be built as shown 

in Figure (3.3): 

         

Figure 3. 3  Block Diagram of VISMA-1 [35] [36] 

 

      Furthermore, the IEPE group also developed another method, VISMA-2 [33]. Instead 

of using grid voltage to feed the SM algorithm, this method uses the grid current to 

produce the reference voltage as an output. Also, hysteresis controller was replaced by 

the PWM controller to utilize the constant switching frequency, which makes it easier to 

choose the filter circuit. 
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The model overview and the signal flow diagram of this method are shown in Figure 3.4. 

Using their developed VISMA-2, they were able to counterbalance small interferences 

and improve the standard of the grid voltage. 

 

Figure 3. 4  VISMA-2 structure using PWM Controller [33] 

 

 

Figure 3. 5  Bock Diagram of VISMA-2 [33] 
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3.3 ISE Lab VSG Topology 

      The VSG model developed by the ISE’s lab [37] [38] at Osaka University is shown in 

Figure 3.6 

 

Figure 3. 6 ISE Lab VSG Structure [38] [39] 

 

In this model, they used the swing equation which can be expressed by the following 

equation [38]: 

                                 𝑷𝒊𝒏 − 𝑷𝒐𝒖𝒕 = 𝑱𝚫𝝎𝒎
𝒅𝚫𝝎𝒎

𝒅𝒕
−𝑫𝚫𝝎𝒎                                      (3.12) 

where 𝑃𝑖𝑛 is the input power, i.e., prime mover power to synchronous machine, 𝑃𝑜𝑢𝑡 is 

the output power of the VSG,  𝐽 is the rotor moment of inertia, and 𝜔𝑚 is the rotor speed. 

This swing equation plays a vital role in this VSG model.  Based on the relation between 

VSG input and output power (as explained in equation 3.1), they set the reference real 

power 𝑃𝑖𝑛. Output power 𝑃𝑜𝑢𝑡 and the grid frequency are measured by the 

power/frequency meter. Using the swing equation, the VSG controller provides the 

virtual rotational speed  𝜔𝑚. Numerical integration of this rotational speed  𝜔𝑚  as in 
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equation (3.12), will deliver virtual mechanical phase angle 𝜃𝑚 to PWM for generating 

pulses.  

 

3.4 KHI’s VSG Topology 

      The KHI group designed the inverter controller based on algebraic type model of 

synchronous generator [42]. In this VSG model, they use the phasor diagram of an SG to 

produce the reference current, which will ensure the desired operation under any kind of 

loads (especially nonlinear and unbalance load). The KHI’s VSG model is shown in 

Figure 3.7. 

 

 

Figure 3. 7  Control diagram of algebraic type VSG introduced by KHI [42] 

 

      In this model, 𝐸𝑓 and 𝑉𝑔 represent the generator internal electromotive force (EMF) 

and terminal voltage. Using the reactive power command and the voltage feedback signal 

through droop controller the Automatic Voltage Regulator (AVR) produces the 

electromotive force 𝐸𝑓.   Utilizing the governor model that has the active power 
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command, active power feedback signal and the reference angular velocity as inputs, and 

utilizing a droop controller, the load angle δ can be produced. Based on the phasor 

diagram shown below in Figure 3.8, reference current is produces by using the computed 

EMF 𝐸𝑓, load angle 𝛿 and the grid voltage 𝑉𝑔.  

 

 

Figure 3. 8  Phasor Diagram of Generator [42] 

 

      In this phasor diagram, parameter 𝑟 and 𝑥 represents the virtual armature resistance 

and virtual synchronous reactance, respectively. The reference current could be computed 

using the equation (3.13) where Y is the admittance matrix. This reference current will 

drive the PWM controller to generate pulses. 

  

                    [
𝑰𝒅
∗

𝑰𝒒
∗ ] = Y([

𝑬𝒅
𝑬𝒒
] − [

𝑽𝒈𝒅
𝑽𝒈𝒒

]) =
𝟏

𝒓𝟐+𝒙𝟐
[
𝒓        𝒙
−𝒙     𝒓

] ([
𝑬𝒅
𝑬𝒒
] − [

𝑽𝒈𝒅
𝑽𝒈𝒒

])                                   

                                             [
𝑬𝒅
𝑬𝒒
] = |𝑬𝒇

∙ |  [
𝒔𝒊𝒏𝜹
𝒄𝒐𝒔𝜹

]                                                     (3.13)                                  
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CHAPTER 4 

MODELING 

 

      Chapter 3 presents various methodologies and control methods of virtual synchronous 

generator available in the literature. Specifically, Chapter 3 describes the phenomenon of 

operating with both real and reactive power, how linear and nonlinear loads are analyzed. 

Based on the analysis, points of improvements were discussed as well as the research 

expectations.  This chapter provides the basic formulation and implementation of VSG 

used in this research.   First, a brief overview of the entire system is illustrated, and later 

the proposed system is described with the corresponding mathematical model for each 

element that emulates the virtual synchronous generator. For this study, primarily an 

islanded microgrid was considered, which is highly recommended for rural areas.  We 

consider several test cases to evaluate the proposed system that uses an ideal DC battery 

as the voltage source. Once the basic concept of VSG is evaluated on a microgrid, it can 

be extended for grid interface. 

 

4.1 System Overview for Islanded Microgrid 

      Figure 4.1 provides an overview of the islanded microgrid and the control system 

configuration. The primary source of energy in this microgrid is a DC voltage source as 

shown at the left top corner of the figure; in practice, it could be a solar installation or 

other renewable installation that generates DC voltage. The DC source is connected to an 

inverter that converts power to AC at 60 Hz frequency.  A VSG controller is 

implemented to control the inverter for the desired real and reactive power that must be 
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supplied to the load. The inverter output is connected to the load via an LC filter, which 

eliminates harmonic distortion and regulates the shape of the output signal.  

 

 

Figure 4. 1  Overview of the Voltage-source Based Islanded Microgrid Configuration 

 

The proposed VSG control system is shown at the bottom of Figure 4.1.  Measured three-

phase voltages and currents from the load bus are transformed from the abc system to the 

dq quantities using Park’s transformation.  Also, real and reactive power of the grid are 

measured, which are later utilized as the input signals in the P-F droop control and Q-V 

droop control blocks. Droop controller have been used so that system can perform 

frequency and voltage stability.    The P-F droop controller computes the phase angle and 

the frequency of the VSG, and the Q-V droop controller computes the reference voltage. 

This will then be use in the synchronous algorithm to determine the reference current for 
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current control block. The current controller computes the three-phase reference voltage 

for the PWM. Using this reference voltage and angle of the VSG produced by the P-F 

droop controller, the PWM delivers the gate pulse to the inverter to provide the desired 

real and reactive power. The LC filter simply minimizes harmonics of the inverter output.  

In what follows, we discuss various blocks given in Figure 4.1. 

 

4.2 Active Power-Frequency Control  

      In a distributed generation system for a medium and high voltage microgrid, P-F and 

Q-V droop controls are widely used to control the flow of real and reactive power [42] 

[43] [44].  For stability of a power generator, frequency control must have a drooping 

characteristic with respect to the generator output as shown in Figure 4.2. 

 

Figure 4. 2  Active Power-frequency Relation 

 

The power droop characteristic can be expressed [50] [51] by the following equation:  

                                𝑭𝒓𝒆𝒇 −  𝑭𝒏𝒐𝒎 = −𝒎𝒇 (𝑷𝒓𝒆𝒇 − 𝑷𝒏𝒐𝒎)    

                                𝑭𝒓𝒆𝒇 =  𝑭𝒏𝒐𝒎  +  𝒎𝒇 (𝑷𝒏𝒐𝒎 − 𝑷𝒓𝒆𝒇)                                         (4.1)                                              
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where 𝑭𝒓𝒆𝒇 and 𝑭𝒏𝒐𝒎 are the reference grid frequency and the nominal frequency 

respectively, and 𝒎𝒇 is the P-F droop coefficient.  The measurement process also uses  

𝑷𝒓𝒆𝒇 which is the measured three-phase grid active power, and  𝑷𝒏𝒐𝒎 is the nominal real 

power.  Equation (4.1) is expressed by the Simulink block diagram as shown in Figure 

4.3.          

 

Figure 4. 3  Active Power-frequency Control 

 

For a power generator, in case there is a change in the load demand, the frequency will 

drop which causes the prime mover controller to increase the fuel supply and hence 

increase the frequency.  This objective is achieved by implementing the P-F droop 

control as shown in the above figure. 

 

      All parameters for the simulation are included in section 5.2. In this research, 60 Hz 

frequency has been chosen as nominal/expected frequency 𝑭𝒏𝒐𝒎 , where 100 KW load 

are connected in the load side. If there is a change/disturbance in the grid/load side, it will 

introduce three variables 𝑷𝒓𝒆𝒇,𝑷𝒏𝒐𝒎 and 𝑭𝒏𝒐𝒎 in the equation 4.1. Once these three 

variables are introduced in the system, the gain can be achieved by considering one of the 

𝑃𝑛𝑜𝑚 

𝑃𝑟𝑒𝑓 

𝐹𝑛𝑜𝑚 

 
𝑚𝑓 

 𝐹𝑟𝑒𝑓 
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variable as a constant value and vary the other two variables and plot the gain according 

to change in two variables. This can be done by using a contour plot. To draw the contour 

plot, a MATLAB code have been written according to equation 4.1 where 𝑷𝒏𝒐𝒎 is a 

constant value. 

 

 

Figure 4. 4  Contour Plot for P-F Droop Control Gain 

 

For this study, power from the load side has been varied from 100 KW to 150 KW and 

expected frequency was chosen to be 60 Hz. Figure 4.4 shows different gains with 

varying in frequency and output power. From the figure, it can be observed that gain 

0.00297 keep the frequency close to the expected frequency (60 Hz) during the interval 

of maximum variation in output power. 
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4.3 Reactive Power-Voltage Control  

      For power generators, the terminal voltage is closely related to the reactive power 

supplied by the generator, and usually has a drooping characteristic as depicted in Figure 

4.4. 

 

 

Figure 4. 5  Reactive Power-voltage Curve 

 

This Q-V droop characteristic is expressed by the following equation: 

 

                                𝑽𝒓𝒆𝒇 − 𝑽𝒏𝒐𝒎 = − 𝒏𝒗 (𝑸𝒓𝒆𝒇 − 𝑸𝒏𝒐𝒎)        

                                𝑽𝒓𝒆𝒇  =  𝑽𝒏𝒐𝒎  +  𝒏𝒗 (𝑸𝒏𝒐𝒎 − 𝑸𝒓𝒆𝒇)                                         (4.2)                  

In Equation (4.2), 𝑽𝒓𝒆𝒇  is the reference voltage, which is expected to be the grid voltage,  

𝑽𝒏𝒐𝒎  is the nominal voltage, and  𝒏𝒗  is the Q-V droop coefficient, which is a constant. 

Also, this coefficient sets the deviation rate when the grid voltage varies with respect to 

its nominal point. 
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Figure 4. 6  Simulink Structure of Reactive Power Voltage Control 

 

Based on Equation (4.3), a Simulink representation of the Q-V droop control is given in 

Figure 4.5.  Using this control, we can derive a reference voltage for the voltage control 

system.   

     Similar to the P-F droop controller gain, the Q-V droop control gain can also be 

achieved by a contour plot as well. In this case, nominal voltage 𝑽𝒏𝒐𝒎 is considered as 

780 V and reactive power 𝑸𝒏𝒐𝒎 is going to vary from 60 KVAR to 90 KVAR. 

 

 

Figure 4. 7   Contour Plot for Q-V Droop Control Gain 
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From the contour plot, Q-V droop controller gain 𝒏𝒗  is considered to be 0.66. Because, 

this gain value keeps the bus voltage close to the desired voltage 780 V with varying 

reactive power. With the P-F and Q-V droop controllers, grid voltage and frequency can 

be manipulated for regulating the real and reactive power output of the inverter. 

 

4.4 Current Control  

      There are two strategies to control the three-phase VSI, such as current control and 

voltage control. In current control technique, active and reactive power components of 

injected current in the grid are controlled by the PWM technique. On the other hand, 

voltage control uses the phase angle between inverter output voltage and grid voltage to 

control the power flow.  The current controller’s response is very fast and less sensitive 

compared with the voltage controller [45]. Furthermore, current controller helps improve 

power quality by compensating the harmonics and providing overcurrent protection [46]. 

Thus, current controller is frequently used in the United States for the VSI control and 

will be used in this research.   

 

      The LC filter connected between the VSI and the grid not only minimizes harmonics 

but also helps implement the current control loop [47] [48] [49].  The schematic of this 

system is shown below in Figure 4.6. 
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          Figure 4. 8  LC Filter of the Grid Side of the VSI 

     

It is assumed that the LC filter is lossless.  Then using Kirchhoff’s voltage, the dynamic 

equation of voltage (AC side) can be expressed as: 

                                             𝑳𝒊′ = 𝑽𝒊𝒏𝒗 − 𝑽𝒈𝒓𝒊𝒅                                                        (4.3)                        

where 𝐿 is the filter inductance, 𝑉𝑖𝑛𝑣 is the inverter output voltage, and  𝑉𝑔𝑟𝑖𝑑  is the 

measured grid voltage.  Using Park’s transformation, the above filter equation can be 

expressed as:  

                                    𝑳𝒊𝒅
′ = 𝑽𝒊𝒏𝒗𝒅 − 𝑽𝒈𝒓𝒊𝒅𝒅

+ 𝝎𝒔𝒚𝒏𝑳𝑰𝑳𝒒                                       (4.4)                   

                                    𝑳𝒊𝒒
′ = 𝑽𝒊𝒏𝒗𝒒 − 𝑽𝒈𝒓𝒊𝒅𝒒

− 𝝎𝒔𝒚𝒏𝑳𝑰𝑳𝒅                                        (4.5)               

which shows that the d and q-axis currents are coupled. The current controller 

implements decoupling control that eliminates this coupling using feedforward control 

and a PI controller. In order to make the output current track the reference current, the PI 

type controllers are used, where 𝛽𝑝 and 𝛽𝑖 are the proportional and integral gain, 

respectively.                        
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  𝑽𝒊𝒏𝒗𝒅 = 𝑽𝒈𝒓𝒊𝒅𝒅
− 𝝎𝒔𝒚𝒏𝑳𝑰𝑳𝒒 + 𝜷𝒑 (𝑰𝑳𝒅𝒓𝒆𝒇

− 𝑰𝑳𝒅) + 𝜷𝒊∫ (𝑰𝑳𝒅𝒓𝒆𝒇
− 𝑰𝑳𝒅)            (4.6) 

  𝑽𝒊𝒏𝒗𝒒 = 𝑽𝒈𝒓𝒊𝒅𝒒
+ 𝝎𝒔𝒚𝒏𝑳𝑰𝑳𝒅 + 𝜷𝒑 (𝑰𝑳𝒒𝒓𝒆𝒇

− 𝑰𝑳𝒒) + 𝜷𝒊∫ (𝑰𝑳𝒒𝒓𝒆𝒇
− 𝑰𝑳𝒒)             (4.7) 

 

      From these equations, the reference voltage for the outer system is obtained, which 

are converted to reference voltages in abc frame using the inverse Park’s transform. 

These three-phase reference voltages are then used as the main driver for the PWM 

block, which will control the inverter by providing the gate pulse, ensuring the desired 

output. Figure 4.7 shows the current control strategy. 

 

 

                                            Figure 4. 9  Current control strategy [46] [48] [51] [54] 
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4.5 Synchronous Algorithm 

      In this research, the proposed system is controlling the current in dq coordinator. The 

current command for the current controller is determined from the synchronous 

algorithm. This synchronous algorithm is based on the virtual generator model which is 

shown in Figure: 4.8.  A similar control was also proposed in other advanced research, 

such as [ 55] [56]. For the generator model, a cylindrical generator was assumed, and 

synchronous reactance was considered same for both d-axis and q-axis. 

 

 

Figure 4. 10  Equivalent circuit of Virtual Generator with Virtual Impedance 

 

      Figure 4.8 demonstrates the equivalent phasor diagram of the virtual generator, where 

𝑥𝑠 denote the generator synchronous reactance and 𝑟𝑎 denote the armature resistance 

respectively. Let assume the reference voltage 𝑉𝑟𝑒𝑓 produced by the Q-V droop controller 

as the virtual generator excitation voltage 𝑉𝐸 and 𝑉𝑔𝑟𝑖𝑑/𝑉𝑙𝑜𝑎𝑑  as the grid/load voltage. 

Once grid/load voltage are determined from the grid/load side using voltage sensor, the 

armature current 𝐼𝑑
∗  and 𝐼𝑞

∗ can be evaluated using the phasor relation between generator 

voltage and line current. 
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Figure 4. 11  Generator phasor diagram with lagging power actor 

 

      Since most of the load in the regular power system are inductive, phasor diagram for 

lagging power factor (overexcited) was considered here as shown in Figure 4.9.  Where 

q-axis is directed along the generator phase voltage and d-axis lead the d-axis to 90°. PF 

drrop controller provides the synchronous angular velocity 𝝎𝑽𝑺𝑮 for the virtual generator, 

and time integration of 𝝎𝑽𝑺𝑮 will provide the phase angle 𝜃. Now dq component of 

excitation volateg can be evaluated using equation 4.8.   

                                        [
𝑉𝐸𝑑
𝑉𝐸𝑞
] =  𝑉𝑟𝑒𝑓  [

𝑠𝑖𝑛𝜃
𝑐𝑜𝑠𝜃

]                                                         [4.8]                                            

Here, 𝑉𝑟𝑒𝑓 is the rms value of the peak volateg.  From the phasor relation armature 

current 𝐼𝑑
∗  and 𝐼𝑞

∗ can be evaluated using equation 4.9 -4.11 which are used as the current 

command for current controller block. Z is the total impedence of the generator.              

                                             𝐼∗ =
1

𝑍
 (𝑉𝐸 − 𝑉𝑔𝑟𝑖𝑑)   

                                        [
𝐼𝑑
∗

𝐼𝑞
∗] =

1

𝑍
 {[
𝑉𝐸𝑑
𝑉𝐸𝑞
] − [

𝑉𝑔𝑟𝑖𝑑𝑑
𝑉𝑔𝑟𝑖𝑑𝑞

]}                                  [4.9]                           
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1

𝑍
= [

   
𝑟𝑎

𝑟𝑎
2+𝑥𝑠

2            
𝑋𝑠

𝑟𝑎
2+𝑥𝑠

2

−
𝑥𝑠

𝑟𝑎
2+𝑥𝑠

2          
𝑟𝑎

𝑟𝑎
2+𝑥𝑠

2

] 

               𝐼𝑑
∗ = (𝑉𝐸𝑑 − 𝑉𝑔𝑟𝑖𝑑𝑑

)(
𝑟𝑎

𝑟𝑎
2+𝑥𝑠

2) + (𝑉𝐸𝑞 − 𝑉𝑔𝑟𝑖𝑑𝑞
)(

𝑥𝑠

𝑟𝑎
2+𝑥𝑠

2)                          [4.10]                               

               𝐼𝑞
∗ = (𝑉𝐸𝑞 − 𝑉𝑔𝑟𝑖𝑑𝑞

)(
𝑟𝑎

𝑟𝑎
2+𝑥𝑠

2) − (𝑉𝐸𝑑 − 𝑉𝑔𝑟𝑖𝑑𝑑
)(

𝑥𝑠

𝑟𝑎
2+𝑥𝑠

2)                           [4.11]                               

     From the equation 4.9, a schematic diagram can be drawn as shown in Figure 4.10. 

 

 

Figure 4. 12  Schematic diagram to determine current command 
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4.6 Generator Inertia                                 

      From the existing methodologies as described in Chapter 3, it was seen that swing 

equation was utilized to emulate the inertia property of the generator. The output power 

of the VSGs could be described using the swing equation: 

                                   ∆𝑃𝑉𝑆𝐺 = 𝑃𝑚 − 𝑃𝑒 = 𝐽 ∆𝜔
′ + 𝐷∆𝜔 

In this equation, 𝐽 is the inertia coefficient, D is the damping coefficient, 𝑃𝑚 is the 

mechanical input and 𝑃𝑒  is the electrical output. It is very important to note that the input 

and output power from the voltage source must remain same the corresponding to the 

load, i.e.,  

                                          𝑷𝒊𝒏 = 𝑷𝒐𝒖𝒕 = 𝑷𝒍𝒐𝒂𝒅                                                         (4.13)                                                             

      It is clear that the swing equation governs the frequency dynamics of the generator.  

From the earlier sections of P-F droop control, one can transform the Equation (4.1) and 

define the virtual input power as:                    

                              𝑭𝒓𝒆𝒇 − 𝑭𝒏𝒐𝒎 = 𝒎𝒇 (𝑷𝒏𝒐𝒎 − 𝑷𝒓𝒆𝒇)                                           (4.14) 

                              𝑷𝒊𝒏 = (𝑭𝒓𝒆𝒇 − 𝑭𝒏𝒐𝒎)/𝒎𝒇  + 𝑷𝒓𝒆𝒇                                              (4.15)    

Equation (4.15) defines 𝑷𝒊𝒏  as the virtual input from the inverter side. If there is any 

change in 𝑷𝒊𝒏 , there will be a corresponding change in frequency, and the generator 

inertia will minimize such frequency swings.  Thus, utilizing the swing equation, we have   

                                          𝑷𝒊𝒏 − 𝑷𝒐𝒖𝒕 = 𝑱∆𝑭
′                                                          (4.16)                                                                 

                             𝑭𝒓𝒆𝒇 = 𝑭𝒏𝒐𝒎 + ∫𝟏/𝑱 (𝑷𝒊𝒏 − 𝑷𝒐𝒖𝒕)                                           (4.17) 
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Here, 𝑱 is the inertia coefficient, which reduces the maximum deviation of the rotor speed 

following by a disturbance. For larger values of 𝑱, frequency response will slow down. 

Combining the equations (4.15) and (4.17), we get the following equation, and the 

corresponding Simulink implementation as depicted in Figure 4.10.        

              𝑭𝒓𝒆𝒇 = 𝑭𝒏𝒐𝒎 + ∫
𝟏

𝒋
 

𝒕

𝟎
 ((𝑭𝒏𝒐𝒎 − 𝑭𝒓𝒆𝒇)/𝒎𝒇  + 𝑷𝒓𝒆𝒇 −𝑷𝒐𝒖𝒕)𝒅𝒕                 (4.18)                    

 

 

Figure 4. 13 PF Droop Control Scheme with Swing Equation 

 

For the islanded grid, the above control scheme computes the reference frequency, which 

is delivered to the PWM controller to maintain the desired frequency at the load bus.  The 

next chapter presents simulation results for control method presented in this chapter. 
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CHAPTER 5 

SIMULATION RESULTS 

 

      In this chapter, the simulation results of three test cases are presented to evaluate 

closed-loop control of the proposed SVG.  Dynamic models presented in Chapter 4 are 

implemented in Matlab/Simulink, and droop controller gain for the VSG control have 

been evaluated in Chapter 4 and PI controller gains have been determined by trial and 

error. 

 

5.1 Case Studies 

      As mentioned earlier, we will do experiment with the proposed VSG system for 

several test cases to investigate the effectiveness of the design, and scope for 

improvement of the design. 

 

Case Study A:  Uncontrolled System 

      Consider a three-phase inverter without utilizing any control or any grid connection. 

This provides general characteristics of the uncontrolled inverter due to changes in the 

load or other disturbances.  

 

Case Study B: Frequency and Voltage Droop Control 

      Consider proposed three-phase inverter control system for islanded connection. This 

provides dynamic characteristics/response to the controlled system due to changes in the 

load or other disturbances.  
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Case Study C: Inertia Emulation Control  

      Design and implementation of VSG for island microgrid by introducing proposed 

inertia emulation control mechanism.   The P-F and Q-V droop controllers are also 

implemented in this case study. 

 

5.2 Parameters for Simulation 

      The parameters for a voltage-source unit based VSG are shown in Tables 5.1, which 

also displays the parameters for PI controller. Some of these parameters and initial inputs 

depend on the model in [19], and the others got adjusted by testing in the Simulink 

model. Parameters for droop controller have been evaluated in chapter 4. 

 

 Table 5. 2  Parameters for Simulation 

Islanded 

Microgrid 

Parameters: 

𝑉𝑑𝑐 L (filter) C (filter)  

 1000v 2.5e-3 H 630e-6 F  

 

Droop Control & 

Current Control: 
𝑚𝑓 𝑛𝑣 𝛽𝑝 𝛽𝑖  

 0.00297 0.05 0.9 1.2 

 

PF and QV 

Droop Control: 
𝑃𝑟𝑒𝑓 𝑄𝑟𝑒𝑓 𝐹𝑛𝑜𝑚 𝑉𝑛𝑜𝑚 

 100KW 60KVAR 60Hz 780V 
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5.3 Simulation Result for Case A  

      In Case A, we considered an uncontrolled inverter supplying power to an islanded 

load.  The power source for the inverter is a constant DC voltage source (860V), and 

PWM technique was used to regulate the inverter. There was no control mechanism to 

regulate the voltage, current, and frequency of the inverter. A fixed reference voltage is 

applied to the PWM, and loads are connected through an LC filter to remove the PWM 

inverter ripple current.  The AC frequency of the inverter is taken as 60Hz, and the 

switching frequency as 2000Hz. Since this model does not have any controller, we used 

resistive load only, working on real power. The following is an overview of the system 

model for Case A.  

 

 

Figure 5. 1 Simulink Design Diagram for Case A 

 

      The purpose of this study is to investigate the uncontrolled system dynamics and to 

determine possible areas of improvement.  The DC voltage in this design was 860V and 

DC current was 116A. So, the baseline reference for the total power supplied by the 
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inverter is 100KW which is same as the overall load 100KW on the grid side.  Three 

phase inverters were operating at 180° conduction mode. Thus, the desired line voltage is 

780V (L-L) which corresponds to a (peak) phase voltage of 635V (449 Vrms), and the 

output peak current of 116A (82 Arms). Simulation results for these experiments are 

shown in Figures 5.2 and 5.3. 

 

 

Figure 5. 2 Voltage and Current Signal for Case A 

 

 

Figure 5. 3 Frequency Response for Case A 

 

Figures 5.2 and 5.3 show the voltage, current and frequency response under the normal 

condition without any disturbance in the system. Figure 5.2 shows sinusoidal signal of 
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the inverter as a result of filtering the harmonics. The peak voltage is 625V while the 

peak current is 100A, indicating that there are losses in the system. These findings are 

confirmed in the power response shown in Figure 5.3, where approximately 96 KW in 

output power was achieved. Also, there are small amplitude oscillations in power and 

frequency response which may adversely affect the system stability. This phenomenon 

implies the importance of the frequency control; if we can control the frequency, we will 

be able to control the real power.  

 

      Next, to observe the system response under a sudden disturbance from the load side, a 

three-phase breaker has been switched from time t = 0.3 sec to t=0.8sec.   An additional 

50KW load was switched add at time t = 0.3sec, and the system went back to its original 

load at time t = 0.8sec. The simulation results are shown below: 

 

 

Figure 5. 4 Voltage and Current Signal  with 50KW additional Load 

 



 

40 

 

 

Figure 5. 5 Frequency Response for Case A (50 KW load added at t=0.3 Sec) 

 

 

Figure 5. 6 Voltage and Current Signal for Case A (Load reduced by 50KW at t=0.8 Sec) 
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Figure 5. 7 Frequency Response for Case A (Load reduced by 50 KW at t=0.8 sec) 

 

      Figures 5.4 to 5.7 show the voltage, current and frequency response when a sudden 

change occurred in the system. When there is a sudden increase in load (in this case 

50KW), the output voltage remains unchanged since the reference was set at the desired 

value, however, the current reacts immediately to accommodate the change of load. 

When load side increased by 50KW at t = 0.3sec, current also increased to 150A and goes 

back to 100A when loads are reduced back to their original value (100KW) at t = 0.8sec. 

Figure 5.5 and 5.7 show frequency drifts due to change in load. When there is a change in 

the load at t = 0.3sec, the frequency drops precipitously but returning to the rated 

frequency after a short time.   Likewise, when the additional load was removed at t = 

0.8sec, there was an immediate rise in frequency which returned to the rated frequency 

after a short time.  These variations in frequency with changes in load suggest the need 

for adding droop controller in the system.  
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5.4 Simulation Results for Case B 

      For Case B, we have introduced a droop controller to regulate the frequency 

variations with changes in load.  As discussed in Chapter 4, a proposed virtual 

synchronous generator along with the current controller was used to generate the 

reference voltage for the PWM.  For performance evaluation, we used the same load 

switching as in Case A, i.e., adding a 50KW load using a three-phase breaker from t = 

0.3sec to 0.7sec.  The following scheme provides an overview of our system model using 

the MATLAB Simulink:  

 

 

Figure 5. 8 Simulink design diagram of island microgrid 

 

In figure 5.8 inverter is connected to the filter to eliminate the harmonic. Filter output 

connected to the load through the line impedance. In this research, base real power and 

apparent power considered as 100KW and 118 KVA.  The proposed control system of 

the virtual synchronous generator and current control loop are implemented in dq 

coordinates.  According to equation (4.9), this corresponds to the non-diagonal terms of 

the admittance matrix Y. This path is involved with the current control loop in dq axis so 
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that with the low generator reactance, the characteristic of the cross-coupled current 

control loop can become dominant, hence quickly making the system stable while using a 

PI controller.   

 

 

 

Figure 5. 9  Switching Transient of VSG for high 𝑥𝑠 
 

 

 

Figure 5. 10  Switching Transient of VSG for low 𝑥𝑠 
 

Since many synchronous generators have a high internal reactance [42] [43], a simulation 

was run as shown in Figure 5.9 by considering the synchronous generator reactance 𝑥𝑠 as 

1 p.u.    Similarly Figure 5.10 shows the simulation result with generator reactance as 0.7 

p.u. As explained above, when there is a low reactance in the system current controller 

can dominate the system and take the shorter period of time to make the system come to a 
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steady state as depicted in Figure 5.9 and 5.10.  In the rest of the simulation experiments, 

we will use 𝑥𝑠= 0.7 p. u and 𝑟𝑎= 0.05 p.u. 

 

5.4.1 Without any Change in the Load  

      The purpose of this experiment is to evaluate the established model of the voltage 

source based VSG in which a droop control is implemented for the inverter. We ran the 

simulation with different types of (resistive, reactive) load in the system. The input DC 

voltage is 860 V. Since in this research, SPWM inverter has been used with 180° 

conduction mode, the desired grid voltage is 780V (L-L) corresponding to 635 (peak) 

Phase voltages (449 Vrms)  and  grid current of 104A (74 Arms). Total load output is 

100KW. Simulation results for the resistive load are shown in Figure 5.11 and Figure 

5.12. 

 

 

Figure 5. 11  Voltage & Current Signal 
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Figure 5. 12  Frequency Response for Resistive Load 

 

The load-side voltage and current were measured as shown in Figure 5.11. The measured 

power was obtained from the grid voltage and current by using PQ measurement block 

from the Simulink library. Figure 5.11 demonstrates that the output voltage and current 

become sinusoidal as it passes through the LC filter. From the voltage plot, one can see 

that voltage signal peaks at 629V, which corresponds to the rms value of 443V and a 

768V (line-to-line) and output current of 102A. The system output voltage and current 

are slightly below the desired values which suggest that there is some loss of power. The 

system power response plot as shown in Figure 5.12 also shows some power loss as well, 

and the frequency is 60 Hz. We observed that this power loss could be mainly due to the 

line resistance. The output reactive power is zero, as we are only using resistive load for 

this case. Hence, power factor is 1 (Figure5.13) and apparent power is equal to the real 

power of the load.   
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Figure 5. 13  Unity Power Factor for Resistive Load Only 

 

In practice, power system loads are inductive.  The next simulation results show the VSG 

response due to an inductive load.  

 

 

Figure 5. 14  Voltage & Current Signal 

 

 

Figure 5. 15  Frequency Response for both Resistive and Reactive Load 
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In this experiment, 100KW resistive load and 60KVAR inductive are connected in the 

load side, so the apparent power will be 117KVA and expected power factor will be 

(100KW/117KVA) = 0.86 (Figure 5.16) which is lagging power factor since the loads are 

inductive.  

 

 

Figure 5. 16  Lagging Power Factor Due to Inductive Load 

 

Figure 5.14 shows the voltage and current response for both the real and reactive load in 

the system. The resultant voltage and current are 617V (peak) and 120A respectively, 

which is slightly below our expected value. Figure 5.15 shows that the frequency is 60Hz 

as expected and the value real power P and reactive power Q is 97KW and 58.5KVAR 

respectively. Values of real and reactive power indicate that there is some loss in the 

system which is however small and occurred due to the line impedance. From this above 

experiment, we can conclude that the proposed SVG control system is working properly 

for both the real and reactive load in the system.  

 

5.4.2 Sudden Change in the load side  

5.4.2A Change in Real Power  

      Next, we evaluate the characteristics of the system due to a load change in the system. 

For these experiments, a combination of resistive and inductive loads are connected in the 
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load side. The system will be evaluated under different types of load switchings.  The 

initial load of 100 KW and 60 KVAR.   The droop coefficient, 𝒎𝒇 and 𝒏𝒗  have been 

evaluated in chapter 4 and is fixed at 0.0039 and 0.66 respectively. Figure 5.17 to 5.22 

represents the dynamic responses of these events.  

 

 

Figure 5. 17  Voltage & Current Signal during 20 KW Load Switching (ΔP=0.2 p.u) 

 

 

Figure 5. 18  Voltage & Current Signal during 30 KW Load Switching (ΔP=0.3 p.u) 
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Figure 5. 19  Voltage & Current Signal during 50 KW Load switching (ΔP=0.5 p.u) 

 

 

Figure 5. 20  Power Frequency Response during 20 KW Load Switching (ΔP=0.2 p.u) 

 

 
Figure 5. 21  Power Frequency Response during 30 KW Load Switching (ΔP=0.3 p.u) 
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Figure 5. 22  Power Frequency Response during 50 KW Load Switching (ΔP=0.5 p.u) 

 

      Figure 5.17 to 5.22 shows the dynamic response of the system due to the change in 

real power in load side. Real power has been changed from 0.2 p.u to 0.5 p.u at time 𝑡 

=0.3 sec to 0.7 sec. Figure 5. 17 to 5.19 demonstrates the voltage and current variation of 

the system due to real power change in 0.2 p.u, 0.3 p.u and 0.5 p.u respectively. When 

there is a change in resistive load (as shown at 𝑡 = 0.3sec to 0.7sec) the current response 

reacts immediately which increases from 120 A to 138A (for 0.2 p.u increase), 149A (for 

0.23 p.u increase) and 166A (for 0.5 p.u increase).  However, in all three cases, the bus 

voltage remains unchanged or had a very small change which is expected/negligible since 

the reference voltage in the VSG control has been set to maintain a constant value at 

768V L-L. Similar to practical generator excitation control system, in this proposed 

control system, Q-V droop controller provides voltage which remain same as nominal 

voltage during disturbances. This is shown in Figure 23.  



 

51 

 

 

Figure 5. 23  Reference voltage during change in real power 

 

This reference voltage and the phase angle are used in the VSG to provide a current 

command for the current controller. Since resistive load increases during load switching 

(increase in real power), the power factor also improves as shown in Figure 24. 

Improvement of power factor during disturbances due to resistive load switching is 

shown in Figure 5.24 corresponding to load switchings of 0.2 p.u, 0.3pu, and 0.5p.u 

respectively 

 

 

Figure 5. 24  Improvement in Power Factor 
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From power-frequency figures (Figure 5.20 to 5.22), one can see that real power is 

increasing while reactive power remains unchanged as expected. Most importantly during 

the disturbance, there is almost no change in frequency, which remains constant at 60Hz 

to keep the system stable. Just like the prime mover, controller here with the proposed P-

F droop controller compensates the drop in frequency during disturbances. Using 

appropriate gain, it is possible to keep the frequency at 60Hz which we have evaluated in 

chapter 4 using a contour plot. 

 

Compared to case A, there is also a significant improvement in power and frequency 

response. However, small amplitude oscillations in power and frequency signals were 

observed.  And, there is no significant drop in the frequency with respect to the change of 

load; overall frequency change was in the order of 0.001 to 0.003Hz as shown in Figures 

5.20-5.22. The above experimental results show that the proposed control system 

responds accordingly with a change in real power on the load side and kept the system 

stable. There is still some transient in frequency during the disturbance which might 

damage the electrical devices connected to the system. This study entails the importance 

of inertia in the system.  

 

5.4.2B Change in Reactive Power  

      In the previous section, system stability due to change in real power was evaluated.  

In this section, we will evaluate the proposed control system as changes occur in the 

reactive power load. To accomplish this, an experiment has been carried out, where 

changes were made at 𝑡 = 0.3sec to 0.7sec. During this time, reactive power was switched 
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in the system. The dynamic response of the system is shown in Figure 5.25 to 5.31. All 

the parameters of the system remain same as when it was going through the changes in 

real power.  

 

 

Figure 5. 25  Voltage & Current Signal during 10 KVAR Load Switching (ΔQ=0.16 p.u) 

 

 

Figure 5. 26  Voltage & Current Signal during 20 KVAR Load switching (ΔQ=0.3 p.u) 

 

 

Figure 5. 27  Voltage & Current Signal during 30 KVAR Load Switching (ΔQ=0.5 p.u) 
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      Figure 5. 25 to 5.27 demonstrates the voltage and current variation of the system due 

to reactive power changes of 0.16 p.u, 0.3 p.u and 0.5 p.u. respectively. When there are 

changes in reactive load with small changes in current, (as shown at 𝑡 = 0.3sec to 0.7sec) 

the bus voltage got affected immediately and it decreased from 626V to 598V (for 0.16 

p.u increase), 579V (for 0.2 p.u increase) and 557V (for 0.5 p.u increase).  It is known 

that for conventional synchronous generators, terminal voltage is tightly coupled with 

reactive power generation.  The proposed VSG also shows this effect as we observe that 

the inverter output voltage decreases with increase of reactive power.   

Changes in reactive power also affect the power factor of the system as shown in Figure 

5.28 corresponding to reactive power switching of 0.16 p.u, 0.3 p.u and 0.5 p.u., 

respectively.  

 

 

Figure 5. 28  Change in Power Factor Due to Reactive Power 
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      From power frequency curve of Figure 5.30, one can see that the VSG controller 

responded to changes in reactive power switching, however, there are no changes in real 

power output.  In general, when there is a change in inductive load, reactive power 

increases due to the voltage drop.  This creates an error between the set point and 

measured reactive power, then voltage regulator regulates the voltage and tries to keep 

the voltage around the set point. In this proposed control system, there is also an 

increasing error between nominal reactive power and measured grid reactive power 

during disturbances. This causes the reference voltage to drop, which is later 

compensated by the droop controller using droop controller gain. With the new reference 

voltage and phase angle, the virtual generator produces a new current command 

accordingly for the current controller. Current controller block produces new voltage 

signal for PWM where d-axis decoupled component is − 𝜔𝑠𝑦𝑛𝐿𝐼𝐿𝑞(Eq 4.4). That makes 

the 𝑉𝑖𝑛𝑣𝑑  suddenly decrease (shown in fig 5.29) to its new rated value since change in 

reactive power cause the change in current reactive component. PWM provide the 

desirable gate pulse according to the change in the reactive load.  

 

 

Figure 5. 29  Reference d-q Voltage 
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Figure 5. 30  Power Frequency Response during 20 KVAR injected (ΔQ=0.2 p.u) 

 

 

Figure 5. 31  Power Frequency Response during 30 KVAR injected (ΔQ=0.3 p.u) 
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Figure 5. 32  Power Frequency Response during 50 KVAR injected (ΔQ=0.5 p.u) 

 

      Just like a real-life generator, here in this system, P-F droop controller block kept the 

frequency remain unchanged (60Hz) and kept the system stable since demand in real 

power remains unchanged. In this system during the change in reactive power voltage 

magnitude and phase angle playing the main role to track the change and react 

accordingly. There is a small change in real power during the disturbance which makes a 

small change frequency which is negligible. there is still some oscillation in power and 

frequency response, and this oscillation increased significantly during the disturbance. 

This justifies why inertia property in frequency response is required. 

 

5.5 Simulation results for Case C (Introducing swing equation) 

      The first approach to emulate virtual inertia is to use the swing equation in the 

inverter control loop. In chapter 4, using swing equation we utilized the inertia in the P-F 

droop controller equation (Equation 4.18).  Instead of using previous P-F droop 

controller, here we installed the new P-F drop controller scheme with swing equation to 
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provide the virtual inertia in the inverter control loop. All other control scheme and their 

function will remain same as For Case B (Figure 4.1). New P-F droop controller scheme 

with swing equation expected to provide virtual inertia to the system.  

Here, in Figure 5.18, one can see the overview of the new inverter control loop, where an 

orange color block represents the new P-F droop controller with swing equation. 

 

 

Figure 5. 33  System Overview of the Islanded Microgrid, Introducing Swing Equation 

 

 

Figure 5. 34  Frequency Response due to 𝐽 =0.6 
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Figure 5. 35  Frequency Response due to 𝐽 =0.7 

 

Figure 5.34 and 5.35 shows system performance due to the different value of inertia gain 

𝐽. From the simulation results, it can be observed that the frequency behavior has 

considerably improved due to the absence of oscillations and overshoots.  During the 

change in load, frequency does not change sharply, and most importantly, there is almost 

no oscillation compared to Case A and Case B. Moreover, the approach makes the 

performance more controllable and reliable. If a fault occurs in the MG, this method 

provides time for the protection devices to take corrective actions by the demand side 

management. 
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CHAPTER 6 

CONCLUSION & FUTURE WORKS 

   

6.1 Conclusion 

      Since the generated electricity of certain types of DGs/RESs is not suitable for direct 

grid connection, incorporating inverters as an interface is necessary. However, these 

inverter-based systems without rotating inertia cause significant instability issues. There 

is no evidence of the satisfactory operation of a grid supporting inverter operate as both 

grid-feeding and grid-forming inverter while both real and reactive loads are connected. 

Also for a grid connection inverter load sharing cannot be    To mitigate these issues, 

the VSG idea emerged with inverter-based DGs. In VSG, an inverter is controlled in a 

way so that it can emulate the behavior of a conventional synchronous generator 

efficiently to utilize its advantages in stabilization and controllability. 

 

      This research presents the performance of an islanded microgrid which supplies 

power to a load through an inverter; the energy source of the microgrid is a dc battery. 

Proposed droop control, virtual generator model and emulation of inertia control 

have been implemented. Simulation results of the microgrid system with both real and 

reactive power and various changes in load have been presented.  This method can be 

widely applied because of the large proportion of the converter based on RESs units. The 

disadvantage is the need for added electronics and complex control system to regulate 

these inverters.  
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6.2 Future Work 

      To complete the requirements of the thesis, this section outlines an extension of this 

research in four areas. 

1) For the current simulation design, PI controller gains (for current control) has 

been chosen by trial and error. This could be the possible reason for oscillations in 

frequency and system response. Thus, we need to develop and analyze a 

mathematical model of the system, and determine controller gains based on 

control theoretic concepts.   

2) This research is based on an islanded microgrid, which must be extended for a 

grid-connected microgrid. Furthermore, experiments will be conducted to 

evaluate the controller performance in larger test systems, such as WCCC 9-bus 

system. This will satisfy our research objective of designing a virtual synchronous 

generator (VSG). 

3) Theoretically proposed virtual generator based control system work effectively 

with both unbalanced nonlinear load. This research evaluates the system stability 

assuming loads are balanced and nonlinear. After making the grid connection, we 

need to work on both unbalanced and nonlinear for proper utilization of the 

proposed system. 

4) This research assumes that the inverter-based generator is required to supply the 

desired real and reactive power to the load.  For high penetration of renewable 

energy, such as solar, it is necessary that the renewable generator bus acts as a 

PV-bus that maintains a desired voltage at the bus while supplying the required 
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real and reactive power to the load.  Changes in the current design will be done 

and implemented for the WCCC 9-bus system. 

5) In power system, multiple generators are connected and do the load sharing to 

keep the system stable. Since no grid connection occurred during the simulation 

the droop controller hasn't been used properly. For proper utilization of the system 

and evaluate the system droop controller stability we need to work on multiple 

inverter controllers connected to the system. `` 
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