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Abstract 

Although wind power as a renewable energy is assumed to be an all-round advantageous source of 

energy, its intermittent nature can cause difficulties, especially in the islanding mode of operation. 

Conventional synchronous generators can help to compensate for wind fluctuations, but the slow 

behavior of such systems may result in stability concerns.  

In this study, the virtual inertia method, which imitates the kinetic inertia of a synchronous 

generator, is used to improve the system’s dynamic behavior. Since the proposed method incorporates 

no long-term power regulation, it requires no mass storage device and is thus economical. To 

preclude additional costs, a rotating mass connected to the Doubly Fed Induction Generator (DFIG) 

shaft or a super-capacitor connected to the DC-link on a back-to-back converter of a wind power 

generator could be used.  

The concept and the proposed control methods are discussed in detail, and eigen-value analysis is 

used to study how the proposed method improves system stability. As well, the advantages and 

disadvantages of using DFIG rotating mass or a super-capacitor as the virtual inertia source are 

compared. The proposed approach also shows that while virtual inertia is not incorporated directly in 

long-term frequency and power regulation, it may indirectly enhance the system’s steady-state 

behavior. A time domain simulation is used to verify the results of the analytical studies. 
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Chapter 1 

Introduction 

1.1 Preface 

Distributed Generation was introduced as a solution to many difficulties in power systems, such as 

constructing new transmission and generation units, incorporating renewable energies, and so on. 

Among these difficulties, improving power reliability is one of the most important issues. It has 

drawn the attention of many researchers and resulted in the concept of the microgrid. As its name 

implies, a microgrid allows a part of a distribution system to work in islanding mode in addition to 

the conventional grid-connected mode of operation. 

While, from a reliability and economic point of view, the microgrid islanding mode of operation is 

interesting, stability issues such as frequency and voltage regulation have slowed down the 

application of this new mode. On the other hand, growing interest in renewable and environmentally-

friendly resources leads to high utilization of these sources. The intermittent nature of most installed 

renewable energy sources further complicates microgrid islanding, especially since classic regulation 

methods used in conventional power generators cannot be applied to these undispatchable energy 

sources. 

The situation becomes even more complicated when the type of distributed generation is 

considered. The electronic-interfaced generation unit, which constitutes the majority of distribution 

generation units, is assumed as a non-inertia generation. Though these units are much faster than 

machinery generations to be controlled, they lack inertia, which plays an important role in system 

stability. 

All of these conditions and drawbacks have motivated us to propose a solution for microgrid 

stability issues in which renewable energies could also participate in frequency regulation. This 

solution should solve the lack of inertia while at the same time be economical. 

To satisfy the above-mentioned constraints, a method which emulates inertia in a conventional 

generator is introduced. This solution not only compensates for the lack of inertia, but also uses short-

term energy sources that are cheaper. Wind power, which is expected to comprise a large portion of 

distributed generation in the near future, is selected to be modified. The presence of machinery and 

electronic-interfaced parts simultaneously, and the direct connection of both to a network in 

conventional wind generation units, provides unique options for implementing the proposed solution.          
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1.2 Thesis Objective 

The main objective of this thesis is to implement a control method in a wind power generation unit to 

mimic the inertia in conventional generators. This control method will use wind power rotating-mass 

or a super-capacitor connected to wind power’s converter DC-link to minimize the cost. In this thesis, 

the modifications needed to use each of these sources will be presented in detail. 

Enhancements made by implementing virtual inertia will also be discussed in detail. As well, the 

important factors which impact their performance, including their advantages and disadvantages, will 

be illustrated and compared.   

1.3 Thesis Outline 

The thesis is organized as follows. Chapter 2 presents a literature survey on previous work conducted 

in the areas of load sharing and frequency regulation in microgrids. Chapter 3 is devoted to 

modifications that should be implemented in a conventional wind power generator control to 

implement virtual inertia on each of the proposed sources. The modeling of this new wind power 

generator, its impacts on system stability, and the advantages and disadvantages of each method will 

be discussed in Chapter 4. Chapter 5 will show the results of a time domain simulation that is used to 

verify what was discussed in the preceding chapters. Finally, in Chapter 6, conclusions will be drawn 

and some possible directions for future work will be provided.  
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Chapter 2 

Literature Survey 

2.1 Introduction 

Power systems operator and planners currently face significant difficulties. On one hand, increasing 

customer usage is forcing utilities to increase their generation capacity for higher quality sustained 

power. On the other hand, erecting new transmission lines and building new plants can be a 

formidable task, with substantial negative economic and environmental repercussions. Consumer 

demand for renewable and environmentally-friendly energy sources that do not emit pollutants is yet 

another important challenge that today’s power systems must contend with. 

   Distributed generation (DG) is a promising solution being investigated by researchers. DG not only 

reduces on-peak operation costs, improves reliability and voltage profile, and incorporates renewable 

energy, but it can also defer or even remove the need to upgrade transmission systems [1], [2]. 

   A microgrid is defined as a cluster of distribution systems that contains DG and can operate both in 

grid-connected mode and autonomously [3]. It is known as an appropriate way to incorporate DG in a 

distribution system. Although a microgrid can work in grid-connected mode and have many benefits, 

its most important impact is reliability enhancement due to its islanding operation [4].  Consequently, 

many papers have been published in this area. The most important issue for the successful operation 

of a microgrid in islanding mode is retaining frequency and voltage in an allowed range while 

providing sufficient power to loads [5]. Investigations show that these topics can be in close relation 

[6].  

   In this chapter, load sharing and its methods will be reviewed first, followed by a discussion on 

wind power. Next, some of the difficulties encountered in extracting maximum available wind power 

and incorporating it into a microgrid will be delineated. This will be followed by an investigation of 

the methods proposed to improve microgrid frequency behavior in the presence of wind. Finally, 

similar work available in the literature will be presented and critiqued.   

2.2 Load Sharing 

Load-sharing methods can be classified into two major categories. The first is communication-based 

methods, which require communication channels among DG units. The second category is droop-

based methods, in which DG units use system parameters, locally available, to regulate power and 

frequency.  
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2.2.1 Communication-Based Methods 

In this form of load sharing, DG units are classified into two different types based on their control 

methods: PQ-controlled DG units and voltage-controlled DG unit.  PQ-controlled DG units produce 

pre-specified P and Q. They track the network voltage and frequency and can be modeled as current 

sources [7]. Voltage-controlled DG units are modeled as voltage sources. They are responsible not 

only for voltage and frequency regulation, but also for sudden changes in load or generation. Thus, 

they are usually a kind of energy storage devices interfaced by an inverter [7], [8]. 

VSI DG works as a master unit and regulates both network voltage and frequency. It also sends 

reference working points to slave DG units (PQ-type). This reference value can be in the form of 

reference current value [9], [10] or, in some cases, PWM signals [9]. 

Although the communication-based methods have advantages such as the ability to function 

smoothly regardless of line impedance and network topology, many disadvantages, such as the need 

for communication circuits, less reliability, more complexity, and higher cost, have made this class 

relatively unpopular [9]-[13]. Moreover, in many systems, only one master unit exists, which means 

the system is highly dependent on this unit. This can exponentially worsen emergency situations, 

considering that the master unit’s role is to respond to sudden changes in loads [10], [14]. 

Various attempts have been made over the years to improve communication-based methods. [9] 

suggests using wireless communication, which eliminates the need for extra circuits. However, this 

method suffers from delays, noise, interference and channel nonlinearity, all of which negatively 

impact performance. Multi-Master Operation (MMO), where several DG units work as master units, 

has better reliability and more stable behavior in the case of sudden changes in load [7]. Demand-side 

management and load-shedding in case of emergency also improve the performance of these methods 

[7], [8]. In [8], a method is proposed which combines communication and droop methods. While this 

combination may result in less information transfer (and thus less bandwidth and lower cost), it 

appears only to be economical for short geographical span microgrids.        

2.2.2 Droop-Based Method 

The droop method is the most well-known method for load-sharing in microgrids. It emulates the 

behavior of conventional generators in power systems and uses frequency and voltage of line as a 

communication tool to share the active and reactive load. It also regulates both the voltage and the 

frequency at the same time [15]. In this method, only local variables are needed. 

As mentioned previously, this method is based on the relationship between power and voltage. 
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Figure 2.1 illustrates that the relationships between active and reactive power and terminal voltages 

are: 
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Figure  2.1 (a) Power flow through a line (b) phasor diagram [16] 

These linear relations and successful conventional generators lead to defining virtual droop 

characteristics for electronic interfaced DGs due to regulation of frequency and voltage via active and 

reactive power, respectively. 

)( 00 PPKff p −−=−                            (2.5) 

)( 00 QQKUU q −−=−                               (2.6) 

Frequency and voltage can be controlled to remain in limited ranges, and load sharing among DGs is 

proportional to their droop factors (Kp, Kq).  

Specifying droop factors can be based on a range of philosophies. While in references such as [15] 

and [17]-[20], determining these factors is based on the rating of DG units (like (2.7), in which S is 

the rated apparent power of DG unit and i, j are the numbers of units), references such as [11], [21] 

specify them on the basis of maximum allowable deviation in frequency, voltage and maximum 

output power (like (2.8)). Coefficients also play a role in the dynamic behavior of microgrids, 

creating some conflicts that may result in the slow behavior of inverter-based DGs.  
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Figure  2.2 Frequency and voltage droop characteristics [16]. 

The conflict between steady-state and dynamic behavior impacts of droop factors is a significant 

limitation of this method. Moreover, the relatively low inductive nature of line impedance in many 

distribution systems violates assumptions which lead to (2.3) and the droop equations, while the 

presence of nonlinear and unbalanced loads in a distribution system renders these problems all the 

more complicated. Many researchers have tried to address and resolve these issues [5], [18], [19]; 

however, the droop method is not applicable to undispatchable sources of energy, which are 

anticipated to comprise a large portion of DGs’ installed capacity. 

2.3 Wind power 

As one of the world’s most important renewable energies, wind power is frequently used in 

microgrids, but the intermittent behavior of wind introduces some difficulties.  

2.3.1 DFIG  

To extract the maximum power of the wind with variable speeds, different turbine speeds are needed 

[3], [21]-[25], as illustrated in Figure 2.3. Synchronous generators connected to a network via an 

inverter or squirrel cage induction generators have been investigated as solutions, though Doubly Fed 

Induction Generators (DFIGs) are better known. The stator of this induction generator is directly 

connected to a network, while its rotor is connected to a network by a back-to-back converter. The 
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converter has lower rating than the inverter connected to similar synchronous generators [22], [25]. In 

addition, some other difficulties, such as maximization of output power and providing reactive power, 

have resulted in the preference of DFIG over squirrel cage induction machines [24], [25]. 

Each of these two converters in this control method are used to regulate different values. In the grid 

connected mode, the Grid Side Converter (GSC) is used to regulate the DC link voltage, while the 

Rotor Side Converter (RSC) is used to maximize the power extraction, since a specified rotor speed 

corresponding to any wind speed is required [3],  [25]. RSC also provides the DFIG with the requisite 

reactive power. 

 

Figure  2.3 A wind turbine characteristic showing that a specified wind speed is required to extract 
maximum power in each speed. Different curves are related to different wind speeds, and Pm is the 

mechanical output power of the turbine [25]. 

2.3.2 Compensating Wind Variability 

For the sake of reliability, another source is needed to compensate changes in wind generator 

output [26]. The interaction of this source with a wind plant, and its impact on system stability and 

quality, may be significant. Different topologies have been presented for a wind generator. In addition 

to economic aspects, they should also address and resolve these problems. Various topologies have 

been presented. 
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2.3.2.1 Battery 

References such as [21] and [22] have proposed using the Grid Side Converter (GSC) to regulate the 

active power of the generator. To regulate active power, a storage device which is connected to the 

DC link of the converters is required. The schematic diagram of back-to-back in this method is shown 

in Figure 2.4.  

 

Figure  2.4 Schematic diagram of a DFIG wind power unit. [21]. 

 

Figure  2.5 Block diagram of GSC real power management. Pr is an estimate of rotor power 
consumption, and Pb-ref is battery power command and determines the amount of battery power 

production. Frequency regulation is done by GSC [21]. 

   In Figure 2.5, GSC is also incorporated into the microgrid frequency regulation by implementing 

a droop equation in its controller. This method, while not removing the intermittency of wind, 

improves performance. Using the GSC for reactive power regulation, which would result in the 
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independency of the reactive power generation of wind speed variation, has been suggested [22]. 

GSC has also been used by [22] to supply the unbalanced loads of microgrids and maintain the DFIG 

load balance, since negative sequence current negatively impacts DFIG performance. Some 

drawbacks, especially the battery and higher rated GSC costs, have prevented wide usage of this 

method [27]. 

2.3.2.2 Conventional Generators 

Some references, such as [28] and [29], prefer to use conventional generators like diesel instead of 

storage devices and GSC to compensate for wind power variations. Although from a reliability and 

economic point of view, such a preference makes sense, the stability of the network may be affected, 

since synchronous generators are slower than electronic interfaced DGs [6], [15]. 

In [3], where a diesel is used for compensation, an attempt is made to combine the droop and 

maximum power tracking to regulate the power and frequency faster and better. In this method, P0 in 

(2.5) is variable and is the maximum available wind power. 

 

 

Figure  2.6 Integrated active power and frequency control of DFIG [3] 

Although the proposed control method, seems to work well if applied in a system with one 

dispatchable DG unit (which can restore the frequency to its nominal value), it will have serious 

problems if multiple dispatchable DG units are used in a microgrid. In such a system, dispatchable 

DG units share their power based on droop, and consequently, frequency deviation is unavoidable 

[30].   

2.3.2.3 Small-Capacity Storage Device 

Using batteries is not economical, and conventional DGs are slow. However, adding small-capacity 

inexpensive storage devices to synchronous generators can compensate short-term for any limitations 

of the system’s dynamic behavior conflicts [6].  
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The concept of using a storage device short-term in addition to a conventional generator long-term 

is used in various models. [31] and [32] utilized a storage device to compensate for wind power 

variations in short-term disturbances, while a diesel was responsible for the steady state mode. They 

found that the main problem with using a storage device and inverter separate from the wind 

generator was additional cost. [27] used GSC to reduce power output variations with respect to 

prediction. The storage device compensated DFIG in the short-term, leading to the use of lower 

capacity storage devices, such as super-capacitors, which are more cost-effective. However, the 

method proposed in [27] uses GSC to mitigate the fluctuations only under grid-connected mode and 

does not discuss islanding modes and frequency regulation.   

2.3.2.3.1 Virtual Inertia 

If a disturbance occurs in a conventional power system, the rotating mass of the conventional 

synchronous generator will provide power in the short-term, making the system more stable. In the 

synchronous machine, the relation between the input mechanical power, Pm, and the output electrical 

power, Pe, is described by (2.11), in which ωm and J are the angular velocity of the rotor and the 

moment of inertia of the rotating mass connected to the rotor, respectively. Thus, if a disturbance 

occurs in the system, the rotating mass of the generator will provide the power in the short term to 

make the system more stable. In steady-state, where the frequency is settled and constant, the 

derivative term is zero. 

dt

d
JJ

dt

d
PP m

mmem

ωωω ==− )
2
1

( 2                                    (2.11) 

   The idea of emulating this behavior in non-inertia inverter-based DG units, which form the major 

portion of DG resources [33]-[34], has been employed by several researchers. For instance, [14] and 

[18] implemented the method by adding a derivative term of frequency to droop equations to improve 

the dynamic behavior of systems. This solution allowed them to solve the dynamic conflicts of the 

droop factor, discussed in section 2.2.2., but only in dispatchable DGs.  Later references, such as [35] 

and [36], used virtual inertia explicitly.  

   Although some researchers have employed virtual inertia in undispatchable DGs, most use this 

control method in the grid-connected mode [35]-[40]. Even in reference [41], which discusses 

islanding, virtual inertia is implemented in a separate inverter; moreover, the energy storage device 

connected to this inverter is assumed to have no limit.  
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In a wind power generator, two sources for implementing this virtual inertia can be considered. 

One is the rotating mass connected to the rotor of DFIG [38], [40]. Using this source does not impose 

any new costs for new hardware. In the conventional control method of DFIG, this rotating mass does 

not participate in frequency regulation [40]. While references [38] and [40] have implemented this 

idea before, no stability analysis has been presented to show how the method enhances system 

behavior or which factors affect the method’s performance. 

 The other way to implement virtual inertia is to use a super-capacitor connected to the DC link of 

the back-to-back converter controlling the DFIG. While this method removes the cost of a new 

inverter, it has not yet been implemented in the GSC of wind power. 

In this work, both sources will be utilized. The requisite modifications in controllers will be 

discussed and compared in different aspects. 

2.4 Discussion 

In this chapter, various approaches to microgrid frequency regulation were reviewed. The 

communication-based methods and droop-based methods, as the most well-known classes of load-

sharing, were studied, along with the main reasons why they cannot be used in wind power 

generation. Using battery and conventional DGs as two options for compensating wind power 

generation were investigated, and the advantages and disadvantages of using each of those options 

and proposed modifications in the literature were discussed. 

As well, the benefits of short-term utilization of small storage devices, in addition to conventional 

DG units, were discussed in detail. Virtual inertia as a useful control method was introduced, and the 

concept, previous works and their drawbacks were reviewed. Finally, possible sources for 

implementing this method were investigated.     
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Chapter 3 

Wind Based DG Controller 

A wind power generator is shown in Fig. 1. In conventional configurations, the ESS and the switches 

connecting it to the DC-link are absent. The RSC is used to extract the maximum available wind 

power and regulate the stator voltage, while the GSC is responsible for regulating the DC-link 

voltage. 

 

Figure  3.1Wind Power Generator 

The following section discusses the controller and modifications needed to incorporate each of 

these two short-term energy sources. 

3.1 Rotor Side Converter Controller 

RSC control in islanding mode is similar to the control method used in grid-connected mode. 

However, where DFIG is controlled to maximize the active power extraction in both cases, the 

reactive power controller differs. DFIG is expected to work at the unity power factor in grid-

connected mode, while it is used to regulate the stator bus voltage in islanding mode. Here, the 

method based on discussions in [42] and [3] is employed. 

3.1.1 DFIG controlling 

The DFIG voltages and current can be presented by equations (3.1)-(3.4) [43]:    

dt

d
iRv ds

qssdssds

ψ
ψω +−−=                    (3.1) 
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 dt

d
iRv qs

dssqssqs

ψ
ψω ++−=                    (3.2) 

dt

d
siRv dr

qrsdrrdr

ψψω +−+=                    (3.3) 

dt

d
siRv dr

qrsqrrqr

ψψω +++=
 

                  (3.4) 

where ωs and ωm are synchronous and rotational speed, respectively and s, r and m subscripts 

differentiate stator, rotor and mutual parameters. Slip (s) and flux (ψ) used in the above equations are 

defined as below:    

drmdsmsds iLiLL ++−= )(ψ                            (3.5) 

qrmqsmsqs iLiLL ++−= )(ψ                    (3.6) 

dsmdrmrdr iLiLL −++= )(ψ                    (3.7) 

qsmqrmrqr iLiLL −++= )(ψ                                                                        (3.8) 

s

ms P
s

ω
ωω )2/(−

=                     (3.9) 

To control the DFIG active power output, the rotor voltages or currents should be controlled in 

such a way that either the output active power or the electrical torque tracks the reference value. 

drqrqrdre iiT ψψ −=                   (3.10) 

To simplify the controller, some assumptions can be made. First, the d-q frame could be chosen in-

phase with the DFIG stator voltage so that vqs will be zero. The stator resistance could be neglected 

and the steady-state conditions considered. The last assumption will lead to ignoring the derivative 

terms in equations (5)-(9). After implementation of these simplifications, the electrical torque can be 

expressed as a function of rotor voltage: 

dr

mss

dsm
e i

LL

vL
T

)( +
=

ω
                  (3.11) 

Now, by replacing Te-ref in equation (5), the desired value of idr, which results in the optimal torque, 

can be derived:  

refe

dsm

mss
refdr T

vL

LL
i −−

+
=

)(ω
                                 (3.12) 

These assumptions also let us rephrase the output reactive power of the DFIG stator as a function of 

the rotor current. 
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)
)(

( qr

ms

m

sms

ds
dsstator i

LL

L

LL

v
vQ

+
+

+
=

ω
                                 (3.13) 

Reference [3] proposes dividing iqr into two in-phase components, iqr,mag and iqr,gen, in which the 

former is responsible for magnetizing the generator and the latter specifies the net reactive power 

exchange between the DFIG stator and the grid. To provide the required total magnetizing reactive 

power of DFIG, iqr,mag should be determined such that iqr,gen and Qstator are zero. After replacing these 

two parameters by zero, the desired value of  iqr,mag  will be obtained, as shown in (3.15).   

genqrmagqrqr iii ,, +=                   (3.14) 

ms

ds
refmagqr L

v
i

ω
−=−,

 
                 (3.15) 

In grid-connected mode, where the unity power factor performance is desired, iqr,gen-ref is set to zero, 

but in islanding mode, it is used to regulate the bus voltage, as shown in Figure 3.2. 

 

Figure  3.2 Reactive power controller 

3.1.2 Active Power Regulation 

In general, the optimum power that can be extracted from a wind turbine is obtained from (3.16). 

3),(,5.0 wvrAoptoptPCoptP θλρ=                 (3.16) 

where ρ is the air density, CP,OPT is the optimal power coefficient of the wind turbine, λopt is the 

optimal tip ratio, θ is pitch angle, Ar is effective area covered by the turbine blades, and vw is wind 

speed. This equation can be represented as: 
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3

rOPTopt KP ω=                                 (3.17) 

where KOPT is associated with blade angle and can be considered constant if the pitch angle is kept 

unchanged. Based on this equation and the relation between power and torque, the desired value of Te 

can be obtained. 

2
, rOPTopte KT ω=                                 (3.18) 

The RSC controller tries to track this value as quickly and accurately as possible. In other words, if 

the controller is fast enough, it can be assumed that the electrical torque, Te, is equal to Te,OPT. In the 

next section, the accuracy of this assumption will be discussed.  

2
rOPTe KT ω=                                    (3.19) 

   In a conventional generator in which the input mechanical power, instead of the electrical output 

power, is controlled by a governor, the inertia relation can be represented as in (3.20). In these 

generators, a derivative term which introduces the rotating mass inertia and depends on the system 

frequency, is also incorporated directly into the generator output power. In a wind-powered generator 

where Tm is undispatchable and ωr is not dependent on the system frequency, Te is controlled directly, 

so the rotating mass has no impact on the frequency regulation. 

 
dt

d
JTT m

me

ω−=                                  (3.20) 

   To involve DFIG rotating mass in the frequency regulation, the controller should mimic (3.20), and 

thus equation (3.18) should be modified to equation (3.21). HV(s) represents the virtual inertia and 

will be discussed later in more detail.  

mVrOPTrefe sHKT ωω )(2
, −=                   (3.21) 

3.1.3 Current Controller 

Based on the desired torque and stator voltage, the desired values of d and q current component can 

be calculated. These reference values of currents will later be used to produce desired rotor voltage. 

As seen in Figure 3.3, they actually produce the modulation signals, which are used in PWM drivers 

to generate the gate pulses for switches. 
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Figure  3.3 PI controllers of RSC 

3.2 Grid Side Converter Controller  

3.2.1 Active Power Regulation 

3.2.1.1 Super-Capacitor via a DC/DC convertor 

In the model shown in Figure 3.1, GSC should maintain a constant DC link voltage. In (3.22), the 

relation between Vdc-link, the DC-link capacitor voltage; Pgsc, GSC output power; and Prsc, RSC needed 

power is presented. Due to the lack of a mass storage device in the DC link, the GSC should provide 

the needed energy of the RSC as quickly as possible. 

dt

Vd
CPP linkdc

linkdcgscrsc

)(

2

1 2
−

−=−
                   (3.22) 

By adding a super-capacitor and its convertor to the DC-link, (3.22) should be rephrased as (2.23). 

Pscap is the power injected into the super-capacitor: 

dt

Vd
CPPP linkdc

linkdcscapgscrsc

)(

2

1 2
−

−=−−
                   (3.23) 

   If the GSC controller is set to be fast and accurate enough, Vdc-link can be assumed to be constant. In 

other words, by appropriate control parameter tuning, the right side of (3.23) will be zero. This 

equation can be represented by (3.24). 

                  (3.24)    

In addition, the inertia relation in machines, introduced by (2.11), can be simplified as (3.25). This 

simplification seems to be reasonable, since the frequency always remains very close to its nominal 

value. The derivative term will be zero in steady-state, while the frequency is constant but not 

necessarily at its nominal value. 

scaprscgsc PPP −=
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dt

d
JPP me

ωω0−=                      (3.25) 

 

 

To implement virtual inertia in the GSC controller, Pe,which is the output power of the machine, 

should be replaced by Pgsc, which is the output power of GSC. Further, Pm which is the input power to 

the machine, should be replaced by Prsc which is the power needed by the rotor terminals of DFIG. 

The super-capacitor will be responsible for mimicking the rotating mass behavior. This new relation 

is shown in equation (3.26). HV(s), as in equation (3.21), is an emulation of a derivative.  

mVscap sHP ωω0)(=                   (3.26) 

 

 

3.2.1.1.1 Super-Capacitor Controller 

A Super-Capacitor should be controlled quickly and accurately to generate virtual inertia power, 

especially since this power is needed in transient mode. However, the fast and accurate tracking of the 

virtual inertia is not the only responsibility of this controller. It should also keep the Super-Capacitor 

voltage in a limited range and prevent any under- or over-voltage. Although designing the Super-
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Figure  3.4 DC-Link Voltage regulator 

Figure  3.5 Super-Capacitor Controller 
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Capacitor (discussed in the next chapter) is based on retaining its voltage within the limit range, this 

controller is also used as a back-up. Figure 3.5 shows the block diagram of the super-capacitor 

controller. 

3.2.1.2 Super-Capacitor directly connected to DC-link 

The Super-Capacitor can also be connected directly to a DC-link. In this method, the GSC active 

power controller should be modified to provide RSC needed power and virtual inertia power. A GSC 

controller block-diagram is shown in Figure 3.6.  

 

Figure  3.6 Power Controller Block of GSC Controller 

This block diagram has a DC link voltage regulating block in addition to what has already been 

discussed. This block tries to regulate the capacitor voltage within a reasonable range. In fact, it 

prevents violation of DC link voltage limits that may occur due to use of the virtual inertia method. 

Later, the generated Pref will be used to produce id-ref. It is worth noting here that the rest of the 

controller is exactly the same. 

 

 

�&�� 

� ��!"# �&���!"#  ��$% �
��$%

�
 

Figure  3.7 Active Power Regulations 
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However useful and economical this topology seems to be because the DC/DC converter is removed, 

the former topology may yet be preferred. Fluctuating DC-link voltage is a major disadvantage of this 

topology that will be discussed later in detail. The other point is the GSC dependence on a super-

capacitor. In the former topology, if a fault in the super-capacitor or the DC/DC converter takes place, 

GSC and consequently the wind power plant can still work, with no modifications in the controller, 

just by disconnecting the faulted part. Although in this case no virtual inertia is implemented, the 

wind power plant can work as a conventional one. In the latter case, the situation is different and 

modifications to the controller parameters are necessary.         

3.2.2 Reactive Power Regulation 

To avoid interference between GSC and DFIG, GSC is controlled to work at the unity power factor. 

Since the d-q frame is chosen such that vqs is zero, the reactive power could be controlled by 

regulating the iq. Figure 3.8 shows the reactive power regulation block. 

                      

 

3.2.3 Current Controller 

The current reference values generated in the previous sections are used to regulate the current. 

Figure 3.9 shows GSC connection to the network. Equation (3.27) describes the relation between the 

current and voltages shown in Figure 3.9.  
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Figure  3.8 Reactive Power Regulation 

Figure  3.9 GSC Connection to network 
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As can be seen, the current components are coupled. To eliminate this coupling (based on what [6] 

has proposed), a new parameter, v’, will be introduced so that (3.27) can be represented as (3.29). 

According to this new equation, the controller shown in Figure 3.10 is designed thus: 
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3.3 Implementing Virtual Inertia 

As mentioned, due to the practical concerns of a simple derivative, HV(s) is represented as (3.30). In 

low frequencies, HV(s) behaves similar to the derivative while its performance on high frequencies is 

different. 

)1)(1(
)(

21 ++
=

ss

sJ
sH V

V ττ
                                     (3.30) 

To generate ω)(sHV , the Phase Locked Loop (PLL) technique is used. The block diagram of a PLL 

is shown in Fig. 3.11. Based on what [28] has proposed, equation (3.31) can be derived, where Vp is 

the peak voltage of Vabc. If the loop filter is chosen to be a PI controller such as (3.32), then (3.30) can 

be represented as (3.33).  

ω
pf

p
q VsKs

V
v

)(+
=                   (3.31) 
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Figure  3.10 GSC Current Controller block diagrams [6] 
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s

K
KsK ill

pllf +=)(                   (3.32) 

ω
illpll

p

q

KsKs

s
v

V
++

=
21

                  (3.33) 

This new equation is very similar to (3.30). By choosing the proper Kpll and Kill , as illustrated in [44], 

vq, which is already generated and needed for the other parts of the DG controller, can be used to 

produce ω)(sHV . 

qillVV vKJsH =ω)(                              (3.33) 

 

Figure  3.11 PLL block Diagram 

3.4 Discussion 

In this chapter, the wind power generator controller was presented in detail. The RSC conventional 

controller, which is responsible for extracting the maximum available wind power and regulating the 

stator voltage, was studied and then modified to use DFIG rotating-mass as the source of virtual 

inertia. The two possible topologies for connecting the Super-Capacitor and GSC controllers, which 

are responsible for regulating the DC-link voltage in conventional wind generators, have also been 

discussed. Finally, a method for implementing virtual inertia was presented.     
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Chapter 4 

Stability Analysis 

Further analysis is needed to verify that virtual inertia can improve system stability. In Fig. 4.1, a 

typical rural distribution system is considered. The segment after the circuit breaker B2 has the ability 

to work in islanding mode and constitutes the microgrid. The overall load of this section is 3.77MW 

plus 1.24MVAR, and it contains two DG units. DG1 is a variable-speed wind turbine connected to a 

2.5MVA DFIG with its rotor interfaced by a back-to-back converter. DG2 represents a 2.5MVA 

conventional gas-turbine generator equipped with droop-based governor and excitation control 

systems. 

 

Figure  4.1 The System under Study 

4.1 Wind Power  

To study virtual inertia’s impact on system stability, an accurate model of wind power is needed. 

Thus, a detailed model will be provided here. Although the model is accurate, its complexity makes 

the stability analysis messy and complicated. To overcome these problems, a simplified model will be 

extracted that makes analysis easier while still being accurate. 

In this section, a detailed model of wind power where virtual inertia has not yet been implemented 

will first be obtained, after which this model will be used to construct a simplified model and 

implement the virtual inertia.   

4.1.1 Detailed Model  

In this section, a wind unit including DFIG, RSC and GSC is modeled in detail without the addition 

of virtual inertia.   
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4.1.1.1 DFIG Modeling 

DFIG behavior can be illustrated by Equations (3.1) to (3.10), if the system voltage and current 

remain balanced. To make a Linear Time Invariant (LTI) state space, these equations should be 

linearized at an equilibrium point. By considering the DFIG’s currents as the system states, the DFIG 

can be represented as (4.1); (4.2) should also be considered to complete the DFIG modeling.  
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                                   (4.1)  
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12=−                       (4.2) 

After a few modifications and the introduction of xdfig, the DFIG state-space model can be shown as 

(4.4) and (4.5). Details of this model can be viewed in Appendix A.  
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4.1.1.2 RSC Modeling  

Ignoring virtual inertia, Te-ref in (3.12) could be replaced by Te,OPT , an assumption which is valid in 

conventional DFIG-based wind power generators. After this replacement, id-ref can be rephrased as a 

function of ωr, as is shown in (4.6).  The linearized form of this equation is shown in (4.7). 
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Although iq-ref has two different modes, only the islanding mode of operation will be investigated 

here. iq-ref can be divided to two components: iqr,mag and iqr,gen. The linearized form of iqr,mag is shown in 

(4.8). 
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iqr-gen is responsible for regulating the magnitude of the stator voltage. This magnitude is derived from 

(4.9). Its linearized form is shown in (4.10). 
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vs is an output of the DFIG state-space model and consequently can be represented as a function of 

the states and the inputs of the DFIG model. This representation of vs is described in detail in 

Appendix A.    

 

To make a state-space representation, a new state, µrv, is defined, as in (4.11). By substituting ∆vt 

and ∆vt-ref with (4.10) and zero, respectively, (4.13) will be derived. Later, ∆vs will be also replaced 

by (A.11). 
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Figure  4.2 DFIG Stator Voltage Regulator 
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Now, based on (3.14), (4.8) and (4.14), iq-ref can be derived, as below: 
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To model the RSC current controller shown in Figure 3.3, two new states should be introduced. 

The outputs of this part are the modulation indexes fed to switches. They are defined in (4.18) and 

(4.19). 

refqrqrrq ii −∆−∆=∆µ&
                  (4.16)  

refdrdrrd ii −∆−∆=∆µ&
                   (4.17) 

refqrprqrprrqirrq iKiKKm −∆+∆−∆=∆ µ                  (4.18)  

refdrprdrprrdirrd iKiKKm −∆+∆−∆=∆ µ                                     (4.19) 

As mentioned previously, these modulation indexes will be used to generate the converter output 

voltage. Assuming an ideal convertor, the output voltage can be considered as modulation indexes 

multiplied by half of a DC-link voltage, as shown in (4.20). The half factor is because of the PWM 

and DC component, which is neutralized in three phases. The linearized form of (4.20) is shown in 

(4.21).  
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Based on these new equations, the RSC state-space model will be developed. The details of these 

equations are shown in Appendix B.  
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[ ]Trvrdrqrscx µµµ ∆∆∆=                  
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4.1.1.3 GSC Modeling 

4.1.1.3.1 Super-capacitance connected via DC/DC converter to the DC-link 

First, the method in which the Super-Capacitor is connected via a DC/DC convertor will be discussed. 

GSC will be modeled in a similar way to RSC. All equations will be linearized based on an 

equilibrium point, and a new state for each PI regulator will be introduced. For a DC-link regulator, 

(as shown in Figure 3.4), γd will be used. Since the reference voltage is usually constant, ∆vDC-ref can 

be assumed to be zero.  

DCrefDCcd vv ∆−∆=∆ −γ&
                               (4.25) 

              (4.26) 

   To model reactive power regulating shown in Figure 3.8, γd is defined as a new state. In this part, Q 
should be stated as a function of vb and ic and be linearized. Similar to ∆vDC-ref, ∆Qref could be 
considered zero. 

qbdbdbqb ivivQ −=
                  (4.27) 

[ ] [ ] 








∆
∆

−+








∆
∆

−=∆
db

qb
qcdc

dc

qc
qbdb v

v
II

i

i
VVQ 0000                (4.28) 

[ ] [ ] 








∆
∆

−+








∆
∆

−=∆−∆=∆
db

qb
qcdc

dc

qc
qbdbrefcq v

v
II

i

i
VVQQ 0000γ&

             (4.29) 

[ ] [ ] [ ] [ ] [ ] [ ] 








∆
∆

−+








∆
∆

−+=∆+∆−=∆ −
db

qb
qcdcpgd

dc

qc
qbdbpgdcqigqpgdrefpgqcqigqrefqc v

v
IIK

i

i
VVKKQKQKKi 0000γγ        (4.30) 

Two new states, φcd and φcq, will be considered to model the current regulator shown in Figure 
3.10.   

refqcqccq ii −∆−∆=∆ϕ&
                 

 (4.31)  

 refdcdccd ii −∆−∆=∆ϕ&                    (4.32) 
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The relation between modulation indexes and output voltages is similar to the RSC case. 
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To complete this part, the reactance between the GSC and generator bus should be modeled. The 

schematic of this reactance is shown in Figure 3.9 and described in Equation (3.27). In these cases, Rs 

is assumed be negligible. The state-space representation of the reactance is illustrated below.  
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All of these equations can be summarized and represented as (4. 37) to (4. 39), and are discussed in 

Appendix C in detail. 
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[ ]Tcdcqcdcqcdcqgsc iix ∆∆∆∆∆∆= ϕϕγγ               (4.39) 

4.1.1.3.2 Super-capacitance connected directly to the DC-link 

The major difference is in active power regulation. For this topology, the active power regulation in 

Figure 3.7 and 3.8 should be modeled. In Figure 3.7, the DC-link regulating block does not usually 

incorporate in setting the reference power and is zero except in rare stream cases, so this part could be 

ignored. P̃r, which is introduced as a measurement of RSC power, could be represented as below. 
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Based on Figure 3.7 and (4.40), the first part of power controller could be modeled as (4.41). In this 

equation, a new parameter φ1 is used to make the modeling possible. 

]][0[]][1[]][[ 11 virscf PP ∆+∆+∆=∆ φωφ&
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]][1[]][0[]][[ 1 virscfref PPP ∆+∆+∆=∆ φω
                 (4.42) 

The output of this part will be used as an input for an active power regulating block shown in 

Figure 3.8. It will be modeled similar to a DC-link voltage regulator or reactive power regulator, as 
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discussed above, and a new parameter φ2 will be used. Pgsc can also be represented as (4.45). The 

linearized form is shown in (4.46). 

gscref PP ∆−∆=∆ 2φ&
                               (4.43) 

[ ] [ ] [ ]gscpgdrefpgdigdrefdc PKPKKi ∆+∆−=∆ − 2φ                (4.44) 

qbqbdbdbgsc ivivP +=                   (4.45) 
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(4.43) and (4.44) also can be rephrased as (4.47) and (4.48). 
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The rest of controller is exactly the same as the former case, so the xgsc should be modified to 
(4.49). The details of state-space are shown in Appendix C. 

[ ]Tcdcqcdcqcqgsc iix ∆∆∆∆∆∆∆= ϕϕφφγ 21               (4.49) 

4.1.1.4 DC-Link Modeling 

Equation (3.22), which explains the DC-link behavior, will be linearized and rephrased as (4.50). In 
cases involving the direct connection of the Super-Capacitor to the DC-link, Cscap should be used 
instead of Cdc-link.   
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   The model derived here can be combined to make the wind power plant model. The wind power 

state-space model is shown in (4.51) to (4.54). 
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4.1.2 Simplified Model 

Table 1 shows the eigen-values of the complete DG1 model, the wind power generator without virtual 

inertia, and the Super-Capacitor. It consists of 15 states. The detailed model of the microgrid, which 

includes two DG units, 6 loads and several lines, is much more complicated. In the simplified form, 

DG1 has one dominant pole far from the other modes. This situation may lead to simplifying DG1 as 

a first order system. However, prior to doing this, we need to know which state this mode belongs to. 

Table  4.1 DG1 Complete Model Eigen-Values 

λ1 -7.05E+04 

λ2 -8.25E+04 

λ3 -4.14E+03 

λ4 -5.74E+02 

λ5,6 -20.046 ± j367.266 

λ7,8 -70.515 ± j302.879 

λ9,10 -49.550 ± j230.454 

λ11 -0.6676 

λ12 -38.3635 

λ13 -43.7177 

λ14 -50.2413 

λ15 -50.0004 

 

Participation factor analysis, Table 4.2, shows that the modes λ5 to λ12 are impacted by DFIG, RSC 

and its controller while the rest of the modes are more related to the DC-link, GSC and its controller. 
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In particular, λ11 is influenced by ωr, the rotational speed of DFIG. The sensitivity analysis, Table 4.3, 

reveals that the effect of elements of Awind which contains HDG1, the moment of inertia of the DFIG 

rotating mass, on this mode is significant. On the other hand, the only equation which contains this 

factor is (4.53), which is a representation of (2.9) in per-unit scale. 

dt

d
HPP r

rDGem

ωω12=−                              (4.53) 

Since the controller is designed to maximize wind power extraction, in an equilibrium point, as 

shown in Figure 2.3, ∂Pm/∂ωr is zero. In addition, Pe can be replaced by POPT in (3.17). After these 

replacements and the linearization needed for small signal analysis, (4.53) can be rephrased as (4.54). 
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Obviously, the mode derived from this equation depends on ωr0, which is the DFIG initial rotational 

speed. Figure 4.3 shows the dominant pole of the detailed model and the derived pole of equation 

(4.54) versus ωr0, plus their high coincidence. In other words, the controllers are fast enough to 

assume that Pe equals Popt and to use (4.54) as a representation of the whole wind power generator. 

 

Figure  4.3 the Dominant Pole of the Detailed Model and the Simplified Model Pole versus DFIG 
Rotational Speed 

It should be mentioned here that in cases involving the direct connection of the Super-Capacitor to the 

DC-link, the same patterns in eigen-value analysis will be obtained. 
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Table  4.2 Participation Factor Analysis Result 

 λ1 λ2 λ3 λ4 λ5 λ6 λ7 λ8 λ9 λ10 λ11 λ12 λ13 λ14 λ15 

qsi∆  1E-09 3E-14 7 E-07 2.1E-04 9.28 9.28 5.11 5.11 5.48 5.48 5E-06 2E-01 5E-09 7E-08 1E-07 

dsi∆  4E-11 1E-15 4E-06 3.6E-04 11.38 11.38 1.18 1.18 9.97 9.97 2.8E-03 4.6E-04 5.2E-10 3.2E-08 4.7E-08 

qri '∆  1.7E-09 3.9E-14 1.2E-07 2.1E-04 8.85 8.85 5.47 5.47 5.52 5.52 9.5E-06 2.5E-01 6.1E-09 8.5E-08 1.2E-07 

dri '∆  6.8E-09 1.5E-13 3.8E-05 5.1E-05 10.88 10.88 1.21 1.21 10.43 10.43 2.8E-03 1.9E-03 5.6E-10 3.5E-08 5.2E-08 

rω∆  5.6E-15 1.1E-19 1.4E-09 2.3E-07 2.1E-04 2.1E-04 3.4E-04 3.4E-04 0.0045 0.0045 0.99 6.0E-06 1.0E-11 4.9E-10 7.3E-10 

rqµ∆  3.4E-12 6.6E-17 2.8E-07 6.5E-06 0.024 0.024 0.493 0.493 0.075 0.075 1.0E-07 6.1E-02 4.3E-10 2.3E-09 3.7E-09 

rdµ∆  2.2E-11 4.2E-16 2.1E-06 1.3E-4 0.011 0.011 0.049 0.049 0.474 0.474 0.008 2.3E-03 1.4E-10 9.7E-09 1.4E-08 

rvµ∆  2.6E-13 5.0E-18 1.7E-08 3.3E-09 1.9E-03 1.9E-03 6.2E-02 6.2E-02 3.9E-03 3.9E-03 8.0E-08 1.04 9.5E-09 8.5E-08 1.3E-07 

cqγ∆  3.1E-08 5.3E-04 1.4E-08 1.7E-08 1.2E-12 1.2E-12 5.6E-12 5.6E-12 2.0E-11 2.0E-11 3.9E-20 1.8E-09 9.6E-01 3.2E-02 3.0E-08 

cdγ∆  5.1E-04 1.3E-08 1.7E-01 1.17 9.5E-06 9.5E-06 3.8E-05 3.8E-05 1.0E-04 1.0E-04 1.6E-09 3.6E-06 5.1E-08 2.4E-06 1.1E-05 

cqϕ∆  3.5E-08 6.1E-4 1.6E-08 2.0E-08 1.4E-12 1.4E-12 6.4E-12 6.4E-12 2.3E-11 2.3E-11 6.9E-18 1.0E-09 0.028 0.972 4.4E-04 

cdϕ∆  7.6E-04 2.3E-08 8.9E-04 1.4E-04 7.6E-09 7.6E-09 2.7E-08 2.7E-08 7.4E-08 7.4E-08 2.0E-16 2.3E-08 3.7E-07 4.4E-04 1.0 

cqi∆  4.2E-05 1 7.0E-08 1.7E-09 4.6E-14 4.6E-14 1.5E-13 1.5E-13 3.1E-13 3.1E-13 7.3E-25 2.5E-12 3.5E-03 4.7E-03 2.1E-06 

cdi∆  1.07 4.44 0.0733 1.4E-03 5.6E-08 5.6E-08 1.6E-07 1.6E-07 3.4E-07 3.4E-07 2.0E-16 5.6E-09 1.7E-13 3.7E-10 8.2E-07 

DCv∆  0.0716 2.2E-06 1.243 0.171 5.8E-07 5.8E-07 1.6E-06 1.6E-06 2.6E-06 2.6E-06 3.3E-16 2.4E-09 3.9E-08 1.8E-06 2.6E-06 

Table  4.3 Sensitivity Analysis Result; the highlighted cells refer to corresponding elements in Awind, -
LmIqr0/2HDG1, -LmIqs0/2HDG1, -KOPT/HDG1. 
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4.1.2.1 Rotating-Mass Based Virtual Inertia 

A simplified model can now be derived and studied. Based on (3.21), ∆Pe, which is a linearized form 

of the electrical output of DG1, can be represented as (4.55). The term 3KOPTωr0
2∆ωr in (4.53) should 

be replaced by this relation. In this new relation, ∆ωr and consequently ∆Pe can be found as a function 

of ∆Pm and ∆ωm, as shown in (4.56) and (4.57). It should be mentioned here that DG1 representation 

without virtual inertia can be easily obtained by setting JV and, as a result, HV to zero. 
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4.1.2.2 Super-Capacitor Based Virtual inertia 

Based on the aforementioned discussion, the GSC controller is fast enough to be assumed ideal. Thus, 

the assumptions made to conclude (3.24) were reasonable. Moreover, in similar procedures, it can be 

shown that a DC/DC converter connected to the Super-Capacitor and its controller can be set such 

that (3.26) is sufficiently accurate. After these simplifications, Pdg1 can be represented as (4.58).  
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4.1.2.2.1 DC/DC convertor Modeling 

This study is neither necessary nor even possible for a topology in which a Super-Capacitor is directly 

connected to a DC-link. However, for the other topology, it seems prudent to prove that a DC/DC 

converter is sufficiently fast. To that end, the controller is shown in Figure 3.5 and the circuit is 

modeled here. The overall model is shown in Figure 4.4.  

In this modeling, regardless of how Pref is generated, the DC/DC convertor and its circuit will be 

examined in light of how fast and accurate they are. Some assumptions have been made to simplify 

this modeling. For instance, switches are considered ideal as they generate the input voltage exactly 

and immediately. This assumption allows us to model the convertor as a controllable voltage source. 

The Super-Capacitor is also modeled as a capacitor in a series with a resistance called as Equivalent 

Series Resistance (ESR). 
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The other assumption is about linearizing the Pref; (4.59) shows its linearized form. Since the small-

signal technique is used, it is linearized on an equilibrium point. In the equilibrium condition, the 

system frequency is constant, so the virtual inertia and consequently Pref are zero, which leads to zero 

Iconv0. By considering the initial super-capacitor current zero, ∆Pref can be represented by only the 

second term of the right-hand side of the equation:  

convconvconvconvref iVvIP ∆+∆=∆ 00                   (4.59) 

Table 4.4 shows the eigen-values of the system, and Figure 4.5 shows the response to a step input. 

We can clearly see that the system is indeed fast and accurate enough to be modeled as (4.58). 

Table  4.4 DC/DC converter circuit eigen-values 

λ1 -1189.4 

λ2 -20.6 

      

Figure  4.5 DC/DC Converter Step Response 
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Figure  4.4 The DC/DC Block Diagram 
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4.2 Impact on system stability 

The rest of the system, consisting of a synchronous machine, its prime mover, governor and the 

system loads, will be modeled as a simplified model, as discussed in [44]. The block diagram of the 

whole system while virtual inertia is implemented in Rotating-Mass is shown in Figure 4.6. 

 

Figure  4.6 Microgrid Schematic block with a Rotating-Mass-based Virtual Inertia 

4.2.1 Rotating-Mass based Virtual Inertia 

Figure 4.7 shows the microgrid dominant poles root-locus by increasing JV from zero. Virtual inertia 

improves system stability, but this impact is measured on a specific ωr0, while in a wind power 

generator this value is constantly changing and therefore unpredictable. 

 

Figure  4.7 The Microgrid dominant poles Root-Locus with DFIG rotating-mass-based virtual inertia 
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Figure  4.8 The frequency overshoots to a step change in the load, without virtual inertia vs. DFIG 
Rotor Initial Speed. 

Figure 4.8 shows the frequency response overshoot in the presence of rotating-mass-based virtual 

inertia versus ωr0 while a step per-unit change occurs at loads. This step change can be interpreted as 

a mismatch between loads and generation, which takes place at the moment of intentional islanding. 

The frequency overshoot changes, but without virtual inertia, the amount is constant (almost 240 

percent). This variation is reasonable, since different ωr0 means different amount of energy is stored at 

the DFIG rotating mass. Initial rotational speed is related to wind speed and independent of system 

frequency. 

 

Figure  4.9 Optimal JV vs. Initial Rotational Speed 
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Figure  4.10 Minimum possible frequency overshoot to a step change in load in the presence of 
rotating-mass-based virtual inertia vs. Initial Rotational Speed 

Such a dependence on the ωr0 may be assumed as the most disadvantageous point about using the 

DFIG rotating mass as the source of virtual inertia. This impact becomes more significant when ωr0 is 

zero. In this condition, virtual inertia cannot be implemented because no stored energy exists in the 

rotating mass. It happens when the wind speed is beyond its cut-in or cut-off speeds and is very 

common in the most of the systems. 

Figure 4.9 depicts the optimized value of JV versus ωr0 for this particular system to minimize the 

frequency overshoot. In Figure 4.10, the frequency response overshoots relevant to JV described in 

Figure 4.9 are depicted. The inverse variation of optimal virtual inertia in respect to initial DFIG 

rotational speed is because of different energy stored in the rotating mass. In the other word, in lower 

speeds, the same changes in the rotational speed result in lower changes in power output. So to 

provide same power in lower speeds, more changes and consequently more virtual inertia is needed. 

This fact is reflected in (4.55) by the presence of ωr0 in the virtual inertia term of output power and 

could be verified by the almost constant product of optimal virtual inertia and ωr0.  

As shown, even in the case of optimized virtual inertia, a constant frequency overshoot cannot be 

obtained. The other important point is the noticeably high variation in JV. In other words, a JV which 

is optimal for a specific initial rotational speed may result in a non-optimized amount in another wind 
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4.2.2 Super-Capacitor Based virtual Inertia 

Similar to the previous case, the block diagram of whole system when super-capacitor based virtual 

inertia is employed can be made as Figure 4.11. Figure 4.12 shows the root locus of the microgrid 

dominant poles where JV is increasing. The system without virtual inertia is introduced by JV=0. It 

appears to be more effective than virtual inertia using a DFIG rotating mass. 

 

 

 

 

Figure  4.12 the Microgrid dominant poles’ Root-Locus with Super-Capacitor based virtual inertia 
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Figure  4.11 Microgrid Schematic block with a Super-Capacitor-based Virtual Inertia 
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The better performance of this method is clear in Figure 4.13, in which frequency response 

overshoots in the presence of virtual inertia in both sources versus ωr0 are depicted, while a step per-

unit change occurs at loads. In addition, the behavior of Super-Capacitor-based virtual inertia is not 

dependent on the DFIG initial rotating speed. This independence, especially considering that ωr0 is 

related to unpredictable wind speed and independent of system frequency, can be assumed as an 

important advantage of using a Super-Capacitor instead of a DFIG rotating mass.  

 

 

Figure  4.13 The frequency response overshoot to step change in the load vs. DFIG Rotor Initial 
Speed. JV is constant, 14sec for both cases. 

4.2.2.1 Sizing Super-Capacitor 

The Super-Capacitor needs to be sized accurately to prevent any conflicts. By ignoring the Super-

Capacitor ESR, switching losses and consequently assuming that the whole generated power is 

supplied by the Super-Capacitor, (4.60) can be concluded: 
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On the other hand, Pscap can be replaced by HV(s)ω0ωm according to (3.24). As explained, HV(s) is a 

practical form of a derivative, so it seems reasonable to revert to the derivative form to estimate the 

virtual inertia power. After some calculations, (4.60) can be rephrased as (4.61). 
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Thus, the maximum change in the Super-Capacitor voltage, which must be controlled to prevent any 

over- or under-voltage, is dependent on the Super-Capacitor capacitance, JV and the maximum 

frequency deviation.  Meanwhile, this maximum frequency deviation is impacted by the maximum 

frequency overshoot, which is a function of JV. Figure 4.14 shows this relation. 

The DC/DC convertor connected to the Super-Capacitor should also be appropriately sized. Fig. 

4.14 also depicts the peak power generated by the Super-Capacitor when a step change in load takes 

place. As mentioned, this step change can be caused by an intentional islanding. Peak output power 

should be used in the design of the DC/DC convertor. 

 

Figure  4.14 The Frequency Overshoot and the maximum power generated by a Super-capacitor when 
1 p.u. change occurs in load vs Virtual Inertia when the Super-Capacitor is the source.. 
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Here, an important disadvantage of connecting the Super-capacitor directly to the DC-link should 

be discussed. In this case, Vscap is actually Vdc-link, so controlling the Vscap is important, especially 

considering that RSC is also using this source to generate the output voltage. To reduce the DC-link 

fluctuations, either JV should be decreased or the capacitance of Cscap should be increased. While the 

former solution results in a lower impact of the virtual inertia, the latter results in higher cost. This 

problem, in addition to our prior discussion, makes the cost of a DC/DC converter reasonable.    

4.2.3 Diesel Droop Factor 

The governor shown in Figure 4.11 is responsible for regulating the active power and the 

frequency in convenient thermal generators. The basic relation, for describing its functionality, is 

introduced in (4.62) and is known as the droop equation, described in section 2.2.2. As mentioned 

previously, the frequency deviation is used to regulate the power. To decrease the undesirable 

frequency deviation, lower Kp should be used. This lower value becomes more interesting in 

microgrids with wind, in that the generated power and consequently the frequency are always 

changing. 

)(
1

00 ωω −−=−
pK

PP                     (4.62)  

Although lower Kp will result in better frequency regulation in a steady-state, the dynamic behavior 

of a generator will become worse. As mentioned, this finding was also observed in inverter-based 

DGs, which share their power by the droop method.  

This simplified model is used here to investigate the impact of virtual inertia on droop dynamic 

behavior. Figure 4.15 depicts the root locus of the system dominant poles when Kp is decreased. The 

red ones, representing the system without virtual inertia, move towards the RHP. That is, the system’s 

dynamic behavior worsens as Kp is decreased, a finding that verifies the above discussion. After some 

points, the dominant poles pass the imaginary axis and the system becomes unstable.  

The situation is significantly different when virtual inertia is implemented. Although decreasing Kp 

too much also leads to the system instability, it occurs much later than in the former case. In addition, 

decreasing Kp improves system behavior. It should be mentioned that, in Figure 4.15, a Super-

Capacitor is used as the source of virtual inertia. 

Implementing virtual inertia lets us choose Kp more freely to provide a better steady-state 

performance; in other words, such inertia decouples the steady and transient control parameters. As a 

result, it improves the system’s steady-state behavior but is not incorporated directly in this mode.  
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Figure  4.15 The Microgrid Dominant Poles’ Root Locus when Kp is decreasing. Red ones describe 
the system without virtual inertia while the blue ones are for the system with virtual inertia. 

4.3 Discussion  

In this chapter, the impact of implementing virtual inertia in wind power is studied through a 

detailed model of wind power. To overcome its complexity, a simplified yet accurate version of the 

model is obtained and later used to construct the microgrid and study stability improvement in the 

presence of virtual inertia. Additionally, and based on the simplified model, the advantages and 

disadvantages of implementing virtual inertia using a Super-Capacitor or DFIG rotating mass are 

discussed in detail.    
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Chapter 5 

Simulation Result 

Time domain simulation is used to verify the situations discussed in the previous chapter, with two 

distinct scenarios being investigated. The first scenario deals with constant wind speed, and the 

second uses a real wind speed pattern. Each scenario consists of different cases.  

The system shown in Fig. 4.1 is also used for the simulation. DG2, a conventional gas-turbine 

generator, is modeled based on details discussed in [44]. The droop and excitation system models are 

also included. Lines are modeled as lumped R-L and the loads as parallel R-L loads. Details of the 

loads are given in Appendix D. The Matlab/Simulink software package was used for this portion of 

the study. 

5.1 Constant Wind Speed 

First, wind speed is set as a constant to avoid any confusion. Since the analysis in the last section 

shows some dependency on wind speed, this part is divided into three different cases. 

5.1.1 High Wind Speed 

In this section, the wind speed is set constant at 11 m/sec. While all loads are connected, DG1 works 

at 1.52MW/0 MVAR and DG2 operates at 1.74MW and very close to the unity power factor. The rest 

of the loads are supplied by the grid. An intentional islanding takes place at t=2sec.  

 

Figure  5.1 Frequency vs. time when wind speed is constantly 11m/sec. JV for rotating mass and 
Super-Capacitor-based virtual inertia is the same. 
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The frequency is shown in Figure 5.1. As expected, virtual inertia significantly improves the 

frequency overshoot and settling time. It also verifies the previous analysis which claims that a Super-

Capacitor as the source of virtual inertia could be more influential.  

5.1.2 Low Wind Speed 

In this case, the wind speed is 6m/sec. All microgrid loads except LP2 are disconnected. While DG2 

works as in the previous case, DG1 output is 250KW/0MVAR before islanding. An intentional 

islanding takes place at t=2sec.  

Figure 5.2 shows the frequency behaviour. As before, virtual inertia greatly improves the stability. 

It also shows that a Super-capacitor as the source can impact the system more significantly. 

 

Figure  5.2 Frequency vs. time when wind speed is constantly 6m/sec. JV for rotating mass and Super-
capacitor-based virtual inertia is the same. 
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5.2 is the dependence of the rotating-mass-based inertia on the DFIG initial rotating speed. Although 

the frequency overshoot in the high wind speed case is 42%, it reaches 60% in the low speed case. In 

contrast, in both of the Super-Capacitor-based virtual inertia cases, the overshoot is limited to 18%. 

This result verifies previous analyses and also shows that when a constant virtual inertia is utilized 

with a rotating-mass source, all wind speed probabilities should be considered in the design process.   
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5.1.3 Zero Wind Speed 

When wind speed is lower than cut-in or higher than cut-out speed, wind power generator output 

decreases to zero. These situations are equivalent to and modeled as zero wind speed. Similar to the 

previous case, all microgrid loads except LP2 are disconnected, and DG2 works at 1.74MW and very 

close to unity power factor. DG1 output is 0MW/0MVAR. Figure 5.3 shows the microgrid frequency 

behavior when an intentional islanding occurs at t=2sec. 

 

Figure  5.3 Frequency vs. time when wind speed is constantly 0m/sec. Implementing virtual inertia by 
the DFIG rotating mass in this condition is impossible 

While implementing virtual inertia by the DFIG rotating mass is impossible due to zero rotating 

speed, the Super-Capacitor can still provide power to enhance the system’s behavior. This feature 

seems very important, since this condition happens often in most wind power sites.  

 

Figure  5.4 The DG1 active and reactive power output at zero wind speed with Super-Capacitor-based 
virtual inertia. 
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The output of DG1 when virtual inertia is implemented is shown in Figure 5.4. Although the wind 

speed is zero, it is used to regulate the reactive power and frequency. After islanding in steady-state 

because of losses in DFIG, a small amount of power is consumed by DG1, which is then used to 

generate reactive power. Ignoring this amount, DG1’s active power output occurs because of the 

virtual inertia power generated by the super-capacitor connected to the DC-link. The maximum power 

generated because of virtual inertia is almost 0.28 p.u. This amount is very close to 0.30 p.u., which 

can be found based in Figure 4.14. The power mismatch at the moment of islanding is equal to the 

power supplied by the grid beforehand (0.39 p.u. in this case). This amount should be multiplied by 

0.78, the maximum per-unit power generated for the 1 p.u. mismatch at JV=14sec depicted in Figure 

4.14. This clearly shows that the analytical method result is not far removed from the practical ones. 

5.2 Variable Wind Speed 

To make the system more practical, a real wind speed pattern derived from a real measured wind 

speed [45] is used.  

 

Figure  5.5 Real wind speed pattern 

 

Islanding occurs at t=2sec, when the overall output of DFIG and back-to-back converter is 

1.53MW at the unity power factor. The synchronous generator works at 1.74MW, very close to the 

unity power factor, while the rest of the loads are supplied by the main grid. 

5.2.1 Implementing Virtual Inertia 

The impact of using virtual inertia from different sources in a more realistic system is investigated 

here, with results shown in Figures 5.6 to 5.8. The governor of the diesel turbine has the same setting 

in all of the cases, so the frequency regulation differences are related to the virtual inertia.  
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Figure  5.6 Intentional islanding without virtual inertia(Kp=2.5%) 

 

Figure  5.7 Intentional islanding with rotating-mass-based virtual inertia (Kp=2.5%) 
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Figure  5.8 Intentional islanding with super-capacitor-based virtual inertia (Kp=2.5%) 

The fluctuating wind speed results in variable DG1 output. As a result, the DG2 output and 

consequently the frequency should always change. While these changes are unavoidable (since a 

droop-based DG is used to compensate for wind), a comparison between curves shows that virtual 
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network, which prevents the complete decoupling of active power/frequency and reactive 

power/voltage controls. 

 

Figure  5.9 Intentional islanding with variable wind speed (Kp=2.5%) 

 

Figure  5.10 Super-Capacitor voltage when virtual inertia uses this source. 
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Figure 5.7 reveals a high level of similarity, showing the sufficiency of using one of these topologies 

in the other sections. 

 

Figure  5.11 Super-Capacitor-based virtual inertia; Super-Capacitor directly connected to DC-link 

 

Figure  5.12 DC-link Voltage in Super-Capacitor-based virtual inertia: DC/DC converter is used 
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As mentioned previously, an important consideration about the direct connection of a Super-

Capacitor is the DC-link voltage. While Figure 5.12 shows an almost constant voltage when using 

DC/DC converter, even with a 600mF Super-Capacitor, Figure 5.11 depicts a 0.1 per unit voltage 

fluctuation in the DC-link. Increasing the JV to improve the frequency regulation or decreasing the 

Cscap to decrease the cost will result in higher fluctuations. Even with same amount of JV or Cscap in 

cases of severe disturbance, the DC-link voltage is subject to high variations.   

5.2.3 Compatibility 

Using virtual inertia on both the rotating mass and the Super-Capacitor simultaneously presents no 

theoretical problems, since they are two completely separate sources. Time domain simulation also 

verifies this compatibility, as depicted in Figure 5.13. 

 Indeed, utilizing both sources at the same time may lead to a better solution. Using rotating mass 

may allow for choosing smaller amounts of virtual inertia on the Super-Capacitor, thus lowering the 

ratings of the Super-Capacitor, DC/DC converter and GSC. On the other hand, using Super-

Capacitor-based virtual inertia may decrease system dependency on the DFIG initial rotating speed. 

 

Figure  5.13 Intentional islanding with virtual inertia on both sources (Kp=2.5%) 
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5.2.4 Lower Diesel Droop Factor 

While virtual inertia enhances frequency behavior in transient mode, the steady-state response of the 

system controlled by a droop-based governor still fluctuates widely, an undesirable trait. As 

discussed, for better long-term performance, Kp should be decreased, but lowering the Kp in the 

system without virtual inertia makes the system unstable. For instance, without virtual inertia, the 

system with Kp=1.25% becomes unstable in the case of an intentional islanding (see Figure 5.15). The 

presence of virtual inertia can change the situation and result in further decrease of Kp. Figure 5.14 

shows the system with virtual inertia in which Kp is as low as 0.33%. Clearly, not only is the system 

stable, but the frequency fluctuation is much less.  

The maximum frequency deviation in the system with Kp=0.33% after t=10sec is less than 

±0.06Hz, while with Kp=2.5% for a similar time period is more than 0.36Hz. In other words, it proves 

the previous claim that virtual inertia can be used for a better steady-state performance in addition to 

its main functionality of system stabilization.   

 

Figure  5.14 Intentional islanding with super-capacitor based virtual inertia and Kp=0.33% 
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Figure  5.15 System frequency without virtual inertia and Kp=1.25% 

5.3 Discussion 

In this chapter, real-time simulation is used to verify discussions in the previous chapter. Wind speed 

is assumed constant to avoid any confusion, and the results of this case verify the dependence of 

rotating-mass-based virtual inertia on wind speed and Super-Capacitor-based virtual inertia 

independency. 

 As well, a variable wind speed pattern is used to produce more practical simulations.  Also shown 

in this section is the relation between Super-Capacitor voltage and microgrid frequency, the 
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0 2 4 6 8 10 12 14 16 18 20
59.2

59.4

59.6

59.8

60

60.2

60.4

60.6

time [sec]

F
re

q.
 [
H
z]



 

 53 

Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

Since virtual inertia does not participate in power sharing, no mass energy storage device is needed. 

This finding leads to economic advantages: either the rotating mass connected to the DFIG shaft or a 

Super-Capacitor connected a back-to-back converter DC-link could be used. Both of these sources are 

discussed in detail. 

The modification needed in conventional wind power to incorporate each of the sources was 

explained. Eigen-value analysis was used to introduce a simplified model for a microgrid. This model 

shows the advantages and disadvantages of each inertia source. 

Although virtual inertia based on any of these sources improves the system stability, their impacts 

are different. It was shown that while rotating-mass-based virtual inertia does not need any new part 

or de-rating, its performance is highly dependent on DFIG rotating speed at the disturbance moment. 

This rotating speed is a function of wind speed, which is notoriously unpredictable. 

On the other hand, Super-Capacitor-based virtual inertia, which can improve system behavior much 

more and is independent of wind speed, needs an additional Super-Capacitor, a rerating of GSC, and 

possibly a DC/DC convertor. Several formulae and diagrams showing the relation of virtual inertia 

and size of these elements were introduced.  

Modifications needed to connect the Super-Capacitor directly to the DC-link were discussed. It was 

shown that, despite removing the cost factor of a DC/DC converter, lower reliability and fluctuating 

DC-link voltage made this topology unpopular.   

It was also discussed that while virtual inertia does not participate directly in long-term power and 

frequency regulation, it can influence the steady-state performance of the system by decoupling the 

steady-state and transient control parameters. Theoretical analyses and time domain simulation were 

used to verify the thesis’s claims. 

6.2 Future Work 

Further study could involve the impact of virtual inertia on grid-connected microgrids that spend most 

of their time in this mode. As well, the response of virtual inertia to disturbances (e.g., switching) 

needs to be studied, as does the impact of such disturbances in the islanding mode of operation 
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To make the system more realistic, an unbalanced system with harmonics should be considered. 

Unbalancing and harmonics may have several effects on PLL, which is used as the core of virtual 

inertia. The compatibility of several DG units using virtual inertia is yet another area that requires 

more research. 

Unlike real inertia, which is constant, virtual inertia can be easily changed and lead to optimized 

performance. Adaptive virtual inertia is also an interesting concept that warrants further investigation. 
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Appendix A 

DFIG State-Space 

By defining Γ as (4.1.3) and replacing Te by its linearized representation, the DFIG state space 

equations could be shown as (4.1.4) to (4.1.8). 
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If DFIG is connected to the network via reactance XN, then the relation between the vs, vb and ix is 

described by (A.6). 
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Without loss of generality, (A.6) could be represented as (A.7). 
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By replacing vs in (4.1.1) with the right side of (A.7), new equations will be derived. 
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On the other hand, by introducing matrices E1,vs and E2,vs, as shown below, and replacing the 

derivative term in (A.8) with its equivalents, vs now can be defined based on a DFIG state-space 

model. 
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Appendix B 

RSC State-Space 

 

















=
000

000

00 ivr

rsc

K

A , 


















+−

−
=

00000

)(2
1000

00100

0

00
,

dbm

msrOPT
rscdfig

VL

LLK
B

ωω

              (B.1)

 























++

++
=

2
0

2
0

0
2

0
2

0

0

2
0

2
0

0
2

0
2

0

0

, 00

qsds

ds

qsds

qs

qsds

dspvr

qsds

qspvr

rscvs

VV

V

VV

V

VV

VK

VV

VK

B , 

























+−

−

=

00

)(
0

1
0

2

2
00

0

,

0db
VL

LLK

L

B
m

msrOPT

m

rscvb
ωω
ω

,
















=
0

0

0

,rscvDCB

            (B.2)

 









=

00

0
5.0 0

ir

ivrprir
DCrsc K

KKK
VC , 

















+
−

−
=

0

000, )(2
000

0000

5.0

dbm

msrOPTpr
pr

pr

DCrscdfig

VL

LLKK
K

K

VD ωω

                      (B.3)
 

















++=
00

5.0 2
0

2
0

0
2

0
2

0

0

0, qsds

dspvrpr

qsds

qspvrpr

DCrscvs VV

VKK

VV

VKK

VD , 





















+
−

−
=

2

2
00

0
0,

0

)(
0

0

5.0

db
VL

LLKK

L

K

VD

m

msrOPTpr

m

pr

DCrscvb ωω
ω

     (B.4) 

=rscvDCD , 








0

0

5.0

5.0

dr

qr

M

M

                    (B.5)
 

  



 

 59 

Appendix C 

GSC State-Space 
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Appendix D 

The model details 

Table D.1 The model loads 

Load 
Name 

Corresponding 
Bus 

P(KW) Q(KVAR) 

LP1 4 47.50 15.61 

LP2 5 2565.0 843.06 

LP3 6 289.75 95.24 

LP4 7 152 49.96 

LP5 8 517.75 170.18 

LP6 8 194.75 64.01 

LP7 2 7155.0 2566.71 

LP8 2 3348.8 1100.7 

LP9 3 1071.75 621.95 

Table D.2 The model connections 

From To R(Ω) X(Ω) 

1 2 1.096 2.710 

2 3 0.232 0.573 

3 4 1.277 3.157 

4 5 0.066 0.089 

5 6 0. 675 0.909 

6 7 0.567 0.764 

7 8 0.738 0.993 

4 LP1 1.500 0.680 

5 LP2 1.631 2.706 

6 LP3 0.853 1.148 

7 LP4 0.663 0.582 

8 LP5 0.884 1.190 

8 LP6 0.817 0.718 
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DG1 Parameters : 

DFIG : 

 2.5MVA, Vn=690V, Rs=0.01pu, Xs=0.1pu, Rr=0.01pu, Xr=0.1pu, Xm=3pu, Number of poles=4, 

ωn=1800rpm. 

RSC controller :  

Kpd=Kqd=0.5, Kid=K iq=30, Kopt=0.628. 

GSC Power controller: 

J=250, ω0=377, Kpll=120, Kill=500,
s

s
sKv

550
)(

+= . 

DG2 Parameters: 

Synchronous Generator:  

2.5MVA, Vn=11KV, Rs=0.0036pu, Xd=1.56pu, X’d=0.29pu, X’’d=0.17pu, Xq=1.07pu, X’q=0.035pu, 

X’’ q=0.17, Xl=0.055pu, T’d=0.035s, T’’d=0.037s, H=1.5s. 

AVR Parameters: KA=400, TA=0.02 

Diesel Turbine: Total time constant is almost 450ms 
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