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Abstract 

In light of the growing demand for electrical power around the globe, the need to increase electrical 

power generation in order to diminish total carbon emissions has led to the installation of renewable 

resources to replace traditional generators. Most of today’s microgrids are AC microgrids, whose 

advantages and shortcomings with respect to control techniques and stability assessment have been 

demonstrated through extensive studies reported in the literature. These considerations have led to the 

recent proposal and investigation of DC microgrids, accompanied by the introduction of the hybrid 

AC/DC microgrid as a means of combining the advantages and benefits of both types of microgrid. 

However, since a hybrid microgrid is viewed as a weak system with low inertia, controlling and 

assessing the performance of a hybrid microgrid constitutes a high-priority issue that requires further 

investigation. The lack of inertia of power electronics converters, especially in an islanded hybrid 

microgrid, poses a threat to stability and control. For these reasons, effective stability analysis has 

become a necessity with respect to the implementation of hybrid microgrids. 

Because of these challenges, the emulation of synchronous machine (SM) inertia and damping is now 

viewed as necessary for enhancing the effect of a VSC on an active distribution system and for 

facilitating its participation in voltage and frequency support. Improving the stability and performance 

of a hybrid microgrid therefore requires the introduction of a form of inertia into a hybrid microgrid. 

This research first proposes the incorporation of a novel form of virtual inertia into a hybrid microgrid 

using virtual synchronous machine (VSM) control of the intertying converter (IC) controller. The 

second proposal of this research is to employ the VSM control to establish autonomous control of the 

IC. 

A first research component, a novel control strategy for the Intertying converter in hybrid AC/DC 

microgrid has been proposed to ensure the benefit of a virtual synchronous machine (VSM) control 

algorithm in the hybrid AC/DC microgrid. The VSM controller application in hybrid AC/DC microgrid 

is capable to enable an IC converter to support the AC-side voltage and frequency as well as the DC-

side voltage. The proposed control application of the VSM is chosen based on a comprehensive 

assessment of VSM control algorithms that are exist in the literature. Moreover, proposing an 

autonomous operation control of the VSM intertying converter based on dual droop characteristics 

which is quite different compared to using only current controller. The autonomous operation of the 

intertying converter based on dual droop control is modified and proposed to be capable to feed the 
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VSM controller (swing equation) to ensure accurate power exchange management between the AC and 

DC sub-subsystems. 

The most important portion for the hybrid microgrid system is the stability study due to that fact 

that the behavior of the system when it is subjected to a temporary disturbance is the main concern. In 

hybrid microgrid, the disturbances take place continuously because of the load changing endlessly. 

Satisfying the hybrid microgrid operation during the disturbances conditions must be achieved in order 

to supply the demand. Therefore, the second part of the research introduces a generic small-signal state 

space model of the hybrid AC/DC microgrid system, and built to carry out the stability analysis. The 

development of the small-signal state-space model for the entire hybrid AC/DC microgrid was 

developed to investigate the overall system stability under different operating points. 

The final part of this thesis reveals three serious issues of operating hybrid AC/DC microgrid; some 

of these issues are temporary take a place based on the system operating conditions. In hybrid AC/DC 

microgrid, an Intertying converter (IC) becomes harmonics voltage source due to the antiparallel diodes 

and the shunt capacitor at its DC side. The nonlinearity behavior of ICs introduces another operation 

issue that is circulating current in case of parallel ICs. Reconnecting an IC after abnormal operation 

condition or schedule maintenance requires an extra challenging synchronization control due the 

variation of the AC subgrid voltages and frequency; which is the third issue. This part proposes a 

solution for all these issues by developing a new control strategy that combines the VSM control 

concept with a dual based droop control. The developed VSM controller on the IC solves these issues. 

The test system used in this research, which is simulated in a PSCAD/EMTDC environment, 

consisted of simulated voltage source converters with two AC voltage levels; while the stability analysis 

is conducted in MATLAB environment. 
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𝑣𝑟𝑒𝑓 Voltage controller reference  

𝛳𝑣𝑠𝑚 Virtual synchronous machine rotation angle 

𝜔𝑎𝑐
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𝜔𝑚𝑎𝑥 Maximum allowable range of the system angular speed frequency 
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ℳAp𝑙𝑖𝑛𝑒 Mapping line matrix 
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𝐴 State matrix that contains of the system parameters and characteristics 

𝐵 Matrix that contains of the system inputs. 

𝐶 Matrix that contains of the system output. 

𝐷 Matrix that contains of the system feedforward 

𝐽 Machine’s inertia 

𝑉𝑎𝑏𝑒 The difference between line voltage Vab and the average of total line voltages 

𝑉𝑏𝑐𝑒 The difference between line voltage Vbc and the average of total line voltages 

𝑉𝑐𝑎𝑒 The difference between line voltage Vca and the average of total line voltages 
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Chapter 1 

Introduction  

To meet the increased demand for electrical power and address environmental concerns, increasing 

levels of renewable energy sources (RESs) are being integrated into traditional AC distribution systems 

because of their potential to diminish the need for energy derived from fossil fuels and to decrease 

greenhouse gas emissions. A traditional distribution system is based solely on a unidirectional power flow 

from the grid (utility) to the customers (load) throughout distribution network. However, the installation 

of distributed generation (DG) on the load side (close to customers) has altered this characteristic because 

DG units are capable of meeting local load demands, which makes the distribution system to become an 

active system that can be disconnected from the grid (utility) and function in islanded operation mode. 

Interconnecting DGs into classical AC distribution systems usually can be done by using power 

electronics converters interfacing either an AC/DC or DC/DC converters; which depends on the system 

types. However, each type of connection has its own advantages and disadvantages. Roughly, comparing 

the AC connection option with the DC connection option is that for short distances between the renewable 

source and AC systems, the AC connection option is more reasonable due to the fact that there is not much 

reactive power flowing because of less capacitance in the transmission lines[1], [2]. Also, the skin effect 

would be less in distribution system compare to the transmission level. On the other hand, implementing 

DC distribution system is promising option due to the absence of frequency stability issue as well as the 

reactive power issues.  

Microgrids, known in the literature as active distribution systems [3], have become a widely 

accepted option for distribution power systems over the past decade. Recently, the concept of microgrids 

– either AC or DC systems – has become an extensively established in practical for the accommodation 

of the large-scale integration of renewable energy sources (RESs) into distribution systems. To take 

advantage of the benefits offered by both AC and DC  microgrid systems, the concept of combining both 

types of microgrid is forming  a hybrid microgrid; which  has been introduced [4].  

A hybrid AC/DC microgrid includes the interconnection of an AC and a DC microgrid via a voltage 

source converter (VSC) that names an intertying converter (IC). Hybrid AC/DC microgrids have two 

operating modes: grid-connected mode and isolated mode; which is similar to AC and DC microgrid. 

Maintaining the frequency for the AC microgrid and the DC voltage for the DC microgrid to be within an 

acceptable standard range for both sub-grids is the most important issue associated with hybrid microgrids, 
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particularly for isolated hybrid AC/DC microgrids. The high penetration of RESs affects the system’s DC 

voltage and frequency and, hence, its stability [5]. The intertying of AC and DC sub-grids via the intertying 

converter (IC) ensures stability of the hybrid AC/DC microgrid via bidirectional power sharing between 

sub-systems; thus, intertying converter (IC) control is the primary means of ensuring stable operation of 

the entire hybrid AC/DC microgrid.  

An existing AC power grid infrastructure can be used with an AC microgrid, while a DC microgrid 

facilitates the minimization of conversion stages with an accompanying reduction in implementation costs 

and power losses [6], [7]. The desirability of both sets of advantages have led to the introduction of 

combined AC and DC microgrid systems as hybrid microgrids [4], [8]–[10], an example of which is 

illustrated in Figure 1-1.  
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Figure 1-1: Hybrid Microgrid Structure. 

Numerous benefits can be derived from the implementation of microgrids. First, they enhance the 

overall reliability of the system because they can operate autonomously when no main utility grid is 

present [11], a type of operation that provides a means of avoiding the possibility of load shading. For 

instance, microgrid contains of sensors that provide a freedom to the system operators to operate the 

system independently from the main grid when it is necessary. Secondly, a microgrid can engage in 

voltage support of the main grid during peak loads [12]. A third advantage is the energy efficiency 

provided by a microgrid, because environmental factors such as temperature mean that local generation 

will entail much lower losses than generating large amounts of power from a thermal generator [13]. A 

microgrid is also associated with a reduced environmental impact because of its smaller global carbon 

footprint [14], a positive feature that is driving the increased penetration of renewable resources. 
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Microgrids concept leads the distribution is to be more resilient compared to conventional distribution 

system.   

1.1 Research Motivation 

High levels of renewable energy source (RES) penetration can create stability problems and affect 

system dynamics [15]–[18]. Due to their numerous benefits and superior performance, voltage source 

converters (VSCs) have become a practical way of providing an interface with renewable resources that 

are characterized by either variable frequencies or direct current, such as wind, photovoltaics (PV), and 

fuel cells. However, unlike synchronous machines (SMs), VSCs that interface with RESs lack the inertia 

needed to support and participate in the frequency and voltage control of an AC system and are hence 

unable to contribute to the enhancement of system stability. In fact, lack of inertia constitutes the foremost 

challenge related to the microgrid concept. A microgrid is applied primarily in a distribution system, where 

unbalanced AC voltages commonly occur [19], constituting a second, but nonetheless equally important 

challenge. The control technique commonly implemented in microgrids is based on a droop strategy to 

mimic the governor of the synchronous generator [20]; however, this technique lacks precise power flow 

control [2], and the small bandwidth involved in droop-based control has a negative effect on microgrid 

stability. A final challenge is the fact that the load changing that occurs with a microgrid causes 

disturbances that could, in turn, create stability issues, especially in islanded operation mode.   

A variety of microgrid power generation sources, such as PV, fuel cells, energy storage, and wind, 

require power electronics conversion stages. For example, power produced by a PV panel, energy storage, 

and fuel cells is generated as DC value and must be inverted to AC via a DC-AC converter to enable it to 

be interconnected into an AC microgrid. The power electronics interfacing stages that are clearly required 

in an AC microgrid increase the costs of implementation [21], resulting in the introduction of DC 

microgrids [6] as a means of decreasing these stages [7]. Although, as mentioned, each type of microgrid 

(either AC or DC) offers specific advantages [22] that have led to the recent proposal and examination of 

hybrid microgrids, including studies of their use from a control perspective [8]–[10], [23]–[26], issues 

remain with respect to the multistage power electronics interfacing in a DC microgrid. Both DC and AC 

microgrids are also associated with energy losses [7] and expensive implementation [21]. For these 

reasons, any microgrid research must include investigation of all three categories: AC, DC, and hybrid 

[21]. 
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A hybrid microgrid has two different operating modes: grid-connected and islanded. In islanded 

mode, in particular, the lack of frequency support to the AC sub-system and the absence of voltage support 

to the DC sub-system make the stability of a hybrid microgrid the most important issue to be addressed. 

An extremely critical factor in system stability is the power sharing between the AC and DC sub-systems 

because of the bidirectional power flow involved. Since microgrids are generally considered to be weak 

systems, they are subject to changes in generation or loading conditions that can cause large frequency 

deviations and create further instability problems [27]. In [28], the authors demonstrated that increasing 

AC microgrid loading moves the dominant system poles to an unstable region. Therefore, the stability in 

a hybrid microgrid is dependent not only on the AC sub-system but also on the DC sub-system due to the 

power exchange thought out an IC.  

The hybrid microgrid concept requires further in-depth study that includes exploration of control 

operation, power sharing, and stability. Researchers have proposed and examined the autonomous power 

sharing operation of a hybrid microgrid based on droop control both for all DGs and for the intertying 

converter (IC) [23], [29], [30]. It is clear that the IC is the most important factor in hybrid microgrid 

operation and stability because of its bidirectional power flow feature. Supplying or absorbing power via 

the IC affects the dynamics and performance of both the AC and DC sub-systems and could lead to 

stability issues for the whole hybrid system due to the lack of inertia in the VSC interface. Therefore, 

considering only one IC decreases the system reliability as well as affects the AC sub-system dynamics’ 

as can be seen based on [23],[30]. Introducing multiple ICs increases the system reliability[31], but the 

AC sub-system dynamics and performance become worst and more sensitive to power exchange. Due to 

the pervious issues, the idea of including an energy storage (ES) to achieve smooth power exchange 

between sub-system is proposed [25], but it is clearly be noted that the implementation cost of the ES and 

the operation issue are raised[32]. Also, additional area for subsequent investigation for hybrid microgrid 

will be power sharing. 

Based on previous issues and overcoming on the challenges earlier declared above, a hybrid ac/dc 

microgrid concept below a smart grid paradigm requires a sufficient control and stability analysis 

evaluation. Therefore, there is a need for: 

- Improving the system dynamic and its performance. 

- Smoothing energy exchange among the AC and DC sub-grids. 

- Efficient coordination control of AC/DC sub-grids. 
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- Improving synchronization for reconnecting a converter after abnormal operating conditions or 

schedule maintenance. 

- Enhancing power quality. 

- Sufficient system inertia as a microgrid is considered a weak system. 

1.2 Research Objectives: 

The literature review revealed a number of gaps and issues that should be investigated in order to 

improve the performance of a hybrid microgrid and to increase its reliability. The thesis research goal is 

the development of new solutions for hybrid AC/DC microgrids that incorporate the SM concept as a new 

strategy for efficiently controlling and operating hybrid microgrids in isolated modes. Emulation of SM 

inertia and damping is necessary for mitigating the effect of the VSC on a hybrid ac/dc microgrid and 

enabling the VSC to participate in voltage and frequency support. Consideration of the inclusion of a 

virtual synchronous machine (VSM) control algorithm in the IC in a hybrid microgrid is a novel idea not 

previously reported in the literature. The development of such an algorithm will be the first contribution 

of the research presented in this thesis. Then, it is necessary after implementation of the VSM in a hybrid 

ac/dc microgrid IC to ensure the bidirectional power flow between subsystems. Due the VSM control 

concept is a slightly different compare to the controller that is exist in the literature, an autonomous power 

control should be capable to be implemented on VSM control algorithm to allow bidirectional power flow 

between sub-systems. Moreover a small-signal dynamic model of the hybrid microgrid must be created 

as a means of evaluating the stability of the hybrid ac/dc microgrid into which the proposed VSM control 

strategy has been incorporated.  These are the goals of this thesis, and they can be divided into two specific 

objectives related to the device level and the system level. The device level objective is focused on the 

development of a robust and efficient primary control structure for microgrid VSCs. The system level 

objective is centred on the development of a comprehensive framework for the power management of 

hybrid ac/dc microgrids in a manner that ensures reliable and autonomous hybrid microgrid operation in 

isolated mode. The proposed solutions address the technical problems associated with the steady-state and 

transient operation of hybrid microgrids. Details of the specific objectives can be summarized as follows: 

 Investigate and examine a variety of VSM models to determine the most efficient model for 

implementation on a hybrid microgrid IC. The literature includes references to several differently 

structured control algorithms. However, synchronous machine inertia and damping characteristics 

must be mimicked, which makes the cost and simplicity of implementation important from an 
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economic perspective. This objective presents a comprehensive comparison of VSM control 

algorithms, and the most significant factors should be investigated. This task presents the viability 

of VSM algorithms during the kind of abnormal operation that might raise instability issues with 

respect to practical operation issues such as short circuit, unbalanced AC voltage, and total 

harmonic distortion. 

 Develop a VSM control algorithm for controlling the IC. The proposed controller should enable 

an IC converter to support the AC-side voltage and frequency as well as the DC-side voltage and 

ensure bidirectional power flow between the AC and DC sub-systems through the IC converter. 

This task examine the benefit of a virtual synchronous machine (VSM) control algorithm that 

emulates the properties of traditional synchronous machines in the hybrid ac/dc microgrid. 

Therefore, this objective presents a novel control of the intertying converter based VSM. The most 

significant factor investigated in this stage is based on the power exchange from the AC into DC 

side, and vice versa using simple representation of AC and DC microgrid as shown in the figure 

1.2 below. 
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Figure 1-2: Simple Representation of Hybrid AC/DC System 

 Develop an autonomous operation control of the VSM intertying converter based on dual droop 

characteristics which is quite different to conventional droop. This is determined by measuring 

the DC voltage level and AC sub-grid’s frequency at its AC and DC sides instantaneously. 

Therefore, the input reference consists of a summation of AC droop associated with AC sub-grid 

frequency, and DC droop associated with DC sub-grid DC voltage that should feed the VSM 

controller. This task must ensure the power sharing flow between the AC and DC sub-systems in 

the case of a shortage of active power in each of the sub-system, and provide support for both 

microgrids during disturbances. 

 Develop mathematical and fully detailed simulation models in PSCAD/EMTDC environment for 

a hybrid ac/dc microgrid based on IEEE Standard 399 configuration [33] to ensure the proposed 
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controller should enable an IC converter to support the AC-side voltage and frequency as well as 

the DC-side voltage and ensure bidirectional power flow between the AC and DC sub-systems 

through the IC converter. 

 Develop the dynamic model for the hybrid AC/DC microgrid is the most important component of 

the control design and stability assessment. The main benefit of the small-signal modelling is to 

present further investigation of the hybrid microgrid once the eigenvalues and the stable region 

are determined. Particularly, the small-signal model of hybrid microgrid presents the system 

stability and also the effect of the system parameters changing such as PI controller coefficients. 

Therefore, it becomes necessary for studying the small-signal model to find the large-signal 

dynamic model of the hybrid microgrid first; which is represented using nonlinear differential 

equations. This task should evaluate the system stability during different mode of the IC operation, 

which are namely: a rectification mode of the IC (during power exchange from AC into DC sub-

system) and an inversion mode of the IC (during power exchange from DC into AC sub-system). 

 Examine the impact of the ICs’ behaviour during power exchange from AC/DC sub-system which 

is identical to nonlinear load. Therefore, the parallel ICs degrades the AC voltage of the entire AC 

sub-system. As a result, circulating current between parallel ICs will raise and exist even in 

islanded operation mode with droop control concept, so this issue must be solved in order of 

achieving sufficient operation performance of the system. Furthermore, reconnecting an IC after 

abnormal operating conditions or schedule maintenance is another issue should be included in this 

task due to the requirement of synchronization control. In fact, these issues have not been 

investigated yet in hybrid AC/DC microgrid application in the literature.  

1.3 Thesis Outline 

The organization of this thesis consists of seven chapters as follows:  

 Chapter 2 presents an overview of the background topics significant to the research containing 

VSC control strategies, recent work on hybrid AC/DC microgrid, and VSM control concept.  

 Chapter 3 presents a comprehensive evaluation of several VSM control concept in order to 

determine the most efficient control algorithm performance during normal and abnormal 

operation conditions such as step load changing, short circuit, and unbalance AC voltage. 
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 Chapter 4 presents a novel control strategy application for the hybrid AC/DC intertying converter 

(IC). The proposed control application is based on VSM including a modified dual droop control 

characteristics to ensure autonomous bidirectional power sharing between sub-systems. 

Moreover, this chapter compares the proposed controller application with the controller that exists 

in the literature.  

 Chapter 5 presents modelling hybrid AC/DC microgrid based on small-signal state space model, 

and the stability analysis is evaluated using the aid of developing the small-signal state space 

model.   

 Chapter 6 reveals some operation issues of hybrid AC/DC microgrid that is associated with the 

existence of parallel IC. Therefore, proposing VSM control application remedies these operation 

serious issues.   

 Chapter 7 summarizes and highlights the main contributions in the thesis, and it offers 

recommendations for future research work and directions.   
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Chapter 2 

Background and Literature Review 

Using virtual synchronous machine (VSM) control in the hybrid microgrid is a novel control 

application concept. Therefore, the literature review is divided into three main sections. The first section 

introduces the background of voltage source converter (VSC) control concept. The second section reviews 

the previous work on hybrid microgrid, while the third section focuses on the proper and efficient control 

algorithm of the VSM. 

2.1 VSC Control Strategies 

The control strategy of VSC mainly depends on a phase voltage difference between the two points 

on the AC side filter of the VSC. Therefore, the value of the phase voltage determines the direction of 

power flow either from DC to AC side or AC to DC side. On the other hand, the reactive power can be 

controlled via varying the voltage magnitude of the AC voltage, because the reactive power moves from 

a high voltage point into a low potential voltage point. To clarify the active and reactive power control 

concepts of VSC, Figure 2.1 shows AC side filter of VSC. 

Lf

VCOVVPCC δ0

 

Figure 2-1: AC Line Inductance. 

Based on Figure 2.1, the active and reactive power equations are shown [34]: 

𝑃 =
|𝑉𝑃𝐶𝐶| × |𝑉𝑐𝑜𝑛𝑣|

𝜔𝐿
∙ sin 𝛿 (2.1) 

𝑄 =
|𝑉𝑃𝐶𝐶|

2

𝜔𝐿
−
|𝑉𝑃𝐶𝐶| × |𝑉𝑐𝑜𝑛𝑣|

𝜔𝐿
. cos 𝛿 (2.2) 

It is obvious that the active power flow mainly depends on the phase voltage angle as written in 

equation (2.1). However, the main factor that dominates the reactive power is the voltage magnitude; 

which is represented in equation (2.2). Based on the literature there are more than three strategies to control 
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the active and reactive power of VSC: direct power control (DPC), proportional resonance control, model 

predictive control (MPC), and vector control which is the most commonly used. These control strategies 

are known in the literature as the primary control which is necessary to form the voltages and currents to 

control the VSC.  

2.1.1 Direct Power Control (DPC)  

As this strategy does not depend on a PWM technique, a VSC will be fired (pulsated) based on the 

instantaneous difference between the desired and predicted power [35]. In other words, this strategy has 

not have fix switching frequency which means that there are more harmonics production. Moreover, there 

are no inner current control loops to decouple a reactive power from an active power. The controls of the 

active and reactive powers are correlated; thus, deviation in the value of the active power will immediately 

affect the reactive power. 

2.1.2 Proportional Resonance Control (PRC) 

The PRC strategy has the superior advantage of zero steady state error, and it is easily designed and 

tuned. Moreover, there is no need for decoupled terms in order to separate the active and reactive powers. 

However, the fatal disadvantage of this strategy is that it is very sensitive to the frequency variation [36], 

[37] which is a common situation in the islanded microgrid. It is obvious that this control strategy is not 

suitable for use in microgrid applications.     

2.1.3 Model Predictive Control (MPC) 

MPC is a control concept based on solving a minimization optimization problem that can control 

the VSC. The objective function this optimization control problem is known as a cost function; which is 

formed by the difference between the desired value of the control target and the predicted future value[38]. 

This control technique offers decouple independent control for an active and a reactive power. However, 

due to an online solution of this objective function, the switching frequency is not fix. This method suffers 

from non-deterministic harmonics production; which is hard to be filtered and similar to the DPC 

harmonics issue.   

2.1.4 Vector Control (VC) 

This control strategy is used mostly for VSC, specifically in microgrid applications [9], [10], [23], 

[26], [39] due to the fact that it produces less voltage harmonics than a DPC. Moreover, this strategy 

allows independent control of reactive power and active power [2]. The real values of the voltage and 
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current in abc frames transform into DC vector components using Park transformations, which are 

represented in a d-q frame. These vectors have a small margin of error that can be corrected using a 

proportional-integral controller (PI). This method will be considered in this dissertation.  

2.1.4.1 Vector Control Design of VSC  

Controlling a VSC requires two stages of controllers: the inner controller and the outer controller. 

The inner controller’s inputs are fed from the outer controllers that are responsible to provide currents 

references based on the desired control employed such as the active and reactive power control or AC 

voltage control. The inner control loops prevent overloading during electrical problems and evaluate the 

voltage drop value at the AC side. In order to design, implement, and tune the inner and outer controllers, 

the dynamic model of the VSC must be derived. 

2.1.4.2 Mathematical Model of VSC Interfacing DG Unit into AC Microgrid 

Deriving the dynamic model for the VSC is the most important point associated with control design 

and stability assessment. The general representation of a VSC that interfaces a DG unit into an AC 

microgrid is shown in Figure 2.2.   
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Figure 2-2: Schematic Single Line of VSC 

Applying KVL at the AC side in Figure 2.2 gives an equivalent differential equation of a voltage 

drop across the inductance and the resistance in terms of the d-q frame after considering Park 

transformation. Also via KCL, the differential equation of the voltage across the shunt capacitor can be 

determined. Therefore, the dynamic model equations of the voltages and current for LCL electrical circuit 

known as large signal model can be written in d-q frame as follows: {for further details see appendix} 

𝐿𝑓
𝑑𝑖𝑐𝑜𝑛𝑣𝑑
𝑑𝑡

=  𝑉𝑐𝑜𝑛𝑣𝑑 − 𝑉𝑜𝑑 − 𝑅𝑓. 𝑖𝑐𝑜𝑛𝑣𝑑 + 𝜔. 𝐿𝑓. 𝑖𝑐𝑜𝑛𝑣𝑞 (2.3) 
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𝐿𝑓
𝑑𝑖𝑐𝑜𝑛𝑣𝑞

𝑑𝑡
=  𝑉𝑐𝑜𝑛𝑣𝑞 − 𝑉𝑜𝑞 − 𝑅𝑓. 𝑖𝑐𝑜𝑛𝑣𝑞 −𝜔. 𝐿𝑓. 𝑖𝑐𝑜𝑛𝑣𝑑 (2.4) 

𝐶𝑓
𝑑𝑣𝑜𝑑
𝑑𝑡

=  𝜔. 𝐶𝑓. 𝑣𝑜𝑞 + 𝑖𝑐𝑜𝑛𝑣𝑑 − 𝑖𝑜𝑑 (2.5) 

𝐶𝑓
𝑑𝑣𝑜𝑞

𝑑𝑡
=  −𝜔. 𝐶𝑓. 𝑣𝑜𝑑 + 𝑖𝑐𝑜𝑛𝑣𝑞 − 𝑖𝑜𝑞 (2.6) 

𝐿𝑜
𝑑𝑖𝑜𝑑
𝑑𝑡

=  𝑉𝑜𝑑  − 𝑉𝑔𝑑 − 𝑅𝑜. 𝑖𝑜𝑑 +𝜔. 𝐿𝑜. 𝑖𝑜𝑞 (2.7) 

𝐿𝑜
𝑑𝑖𝑜𝑞

𝑑𝑡
=  𝑉𝑜𝑞  − 𝑉𝑔𝑞 − 𝑅𝑜. 𝑖𝑜𝑞 − 𝜔. 𝐿𝑜. 𝑖𝑜𝑑 (2.8) 

Where  in equation (2.3)-(2.8) is the angular speed of the rotation of the d-q frame that is found 

from Park transformation. The LC filter and coupling components of the VSC are represented by 

𝑅𝑓, 𝐿𝑓, and 𝐶𝑓, for the filter, while the coupling components to the AC microgrid are represented via 𝑅𝑜 

and 𝐿𝑜. 

2.1.4.3 VSC Controller Structure  

This subsection will discuss the controller loops of the VSC in detail. The controller loops of the 

VSC consist of three different stages in case of islanded operation mode: current controller loops, voltage 

controller loops, and power droop controller loops. 

2.1.4.3.1 VSC Current Controller 

 Due to the small margin of error while using the vector control, the current controller loops of 

equations (2.3) and (2.4) can be arranged to include the proportional integral (PI) transfer function. 

Designing the inner current controller includes eliminating an inductance crossing term in the controller 

loop effect by a feed-forward. Involving PI controllers into equations (2.3) and (2.4) has an advantage, as 

the dominant poles of the VSC can be cancelled by the zeroes of the PI controllers. Thus the current loops 

controller of the VSC is achieved from these equations. Accordingly, the nonlinear term can be achieved 

by tracking 𝑖𝑑
𝑟𝑒𝑓

 and 𝑖𝑞
𝑟𝑒𝑓
 in the inner control loops with instantaneous values of 𝑖𝑐𝑜𝑛𝑣𝑑  and 𝑖𝑐𝑜𝑛𝑣𝑞 as 

written in equations (2.9) and (2.10). 

𝐿𝑓
𝑑𝑖𝑐𝑜𝑛𝑣𝑑
𝑑𝑡

= (𝐾𝑝𝑐 +
𝐾𝑖𝑐
𝑠
) × (𝑖𝑟𝑒𝑓𝑑 − 𝑖𝑐𝑜𝑛𝑣𝑑) (2.9) 

𝐿𝑓
𝑑𝑖𝑐𝑜𝑛𝑣𝑞

𝑑𝑡
= (𝐾𝑝𝑐 +

𝐾𝑖𝑐
𝑠
) × (𝑖𝑟𝑒𝑓𝑞 − 𝑖𝑐𝑜𝑛𝑣𝑞) (2.10) 
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Substituting equations (2.9) and (2.10) with equations (2.3) and (2.4) respectively allows 

implementation of the inner current controller loops of the VSC as depicted in Figure 2.3. The main current 

controller loops equations of VSC become: 

(𝐾𝑝𝑐 +
𝐾𝑖𝑐
𝑠
) × (𝑖𝑟𝑒𝑓𝑑 − 𝑖𝑐𝑜𝑛𝑣𝑑) = 𝑉𝑐𝑜𝑛𝑣𝑑 − 𝑉𝑜𝑑 − 𝑅𝑓. 𝑖𝑐𝑜𝑛𝑣𝑑 + 𝜔. 𝐿𝑓. 𝑖𝑐𝑜𝑛𝑣𝑞 (2.11) 

(𝐾𝑝𝑐 +
𝐾𝑖𝑐
𝑠
) × (𝑖𝑟𝑒𝑓𝑞 − 𝑖𝑐𝑜𝑛𝑣𝑞) = 𝑉𝑐𝑜𝑛𝑣𝑞 − 𝑉𝑜𝑞 − 𝑅𝑓. 𝑖𝑐𝑜𝑛𝑣𝑞 − 𝜔. 𝐿𝑓. 𝑖𝑐𝑜𝑛𝑣𝑑 (2.12) 

Generally, the resistance term in the current controller is neglected due to the fact that it is small 

and does not have an effect on the VSC dynamic, especially in power applications [40]. Moreover, the 

feed forward voltage is used to minimize the slow dynamic response of cascade loops controllers [41] and 

to achieve fully decoupled d-q components [42]. 
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Figure 2-3: Block Diagram of Current Controller Loops 

2.1.4.3.2 VSC Voltage Controller 

Designing the voltage controller follows the same procedure as the current controller. The voltage 

controller eliminates a capacitance crossing term in the controller loop effect by a feed-forward. By 

including PI controllers into equations (2.5) and (2.6), the nonlinear term can be achieved by tracking 𝑣𝑑
𝑟𝑒𝑓
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and 𝑣𝑞
𝑟𝑒𝑓
 in the voltage control loops with instantaneous values of 𝑣𝑜𝑑 and 𝑣𝑜𝑞 as written in (2.13) and 

(2.14). The feed-forward in the voltage controller loops is the output converter current [43]. 

𝐶𝑓
𝑑𝑣𝑜𝑑
𝑑𝑡

= (𝐾𝑝𝑣 +
𝐾𝑖𝑣
𝑠
) × (𝑣𝑜𝑟𝑒𝑓𝑑 − 𝑣𝑜𝑑) (2.13) 

𝐶𝑓
𝑑𝑣𝑜𝑞

𝑑𝑡
= (𝐾𝑝𝑣 +

𝐾𝑖𝑣
𝑠
) × (𝑣𝑜𝑟𝑒𝑓𝑞 − 𝑣𝑜𝑞) (2.14) 

Substituting equations (2.13) and (2.14) with equations (2.5) and (2.6) respectively allows 

implementation of the voltage control loops of the VSC as shown in Figure 2.4. Generally the feed-forward 

in the voltage controller loops is multiplied by a gain of less than 0.8 in order to expand the bandwidth of 

the controller loops [44].    

(𝐾𝑝𝑣 +
𝐾𝑖𝑣
𝑠
) × (𝑣𝑜𝑟𝑒𝑓𝑑 − 𝑣𝑜𝑑) = 𝜔. 𝐶𝑓. 𝑣𝑜𝑞 + 𝑖𝑐𝑜𝑛𝑣𝑑 − 𝑖𝑜𝑑 (2.15) 

(𝐾𝑝𝑣 +
𝐾𝑖𝑣
𝑠
) × (𝑣𝑜𝑟𝑒𝑓𝑞 − 𝑣𝑜𝑞) = −𝜔. 𝐶𝑓. 𝑣𝑜𝑑 + 𝑖𝑐𝑜𝑛𝑣𝑞 − 𝑖𝑜𝑞 (2.16) 
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Figure 2-4: Block Diagram of Voltage Controller Loop for VSC 

2.1.4.3.3 VSC Power Controller 

The power control of the VSC connected to microgrid should be based on droop control in order to 

mimic the governor behaviour of synchronous generator [20]. The active and reactive powers can be 
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calculated using the instantaneous output voltages and currents in d-q frame as shown in equations (2.17) 

and (2.18) respectively. Due to the effect of switching on the calculated instantaneous voltages and 

currents, the calculated powers should pass through a low pass filter (LPF) to determine the instantaneous 

value which matches the fundamental system frequency [43], [45]. Moreover, the power control 

bandwidth is the smallest compared to voltage and current control; therefore, the cut-off frequency of the 

LPF based on the literature is equal to 10% of the fundamental system frequency [20], [45], [46].   

𝑝 =
3

2
((𝑣𝑜𝑑 ∗ 𝑖𝑜𝑑) + (𝑣𝑜𝑞 ∗ 𝑖𝑜𝑞)) (2.17) 

𝑞 =
3

2
((𝑣𝑜𝑑 ∗ 𝑖𝑜𝑞) − (𝑣𝑜𝑞 ∗ 𝑖𝑜𝑑)) (2.18) 

Including the LPFs into equations (2.17) and (2.18) results in rewriting the instantaneous active and 

reactive powers as follows: 

𝑃 = (
𝜔𝑓

𝑠 + 𝜔𝑓
)(
3

2
((𝑣𝑜𝑑 ∗ 𝑖𝑜𝑑) + (𝑣𝑜𝑞 ∗ 𝑖𝑜𝑞))) (2.19) 

𝑄 = (
𝜔𝑓

𝑠 + 𝜔𝑓
)(
3

2
((𝑣𝑜𝑑 ∗ 𝑖𝑜𝑞) − (𝑣𝑜𝑞 ∗ 𝑖𝑜𝑑))) (2.20) 

Finding the instantaneous filtered active and reactive powers as shown in equations (2.19) and 

(2.20) facilitates the development of the droop control for the VSC. Figure 2.5 shows the droop 

characteristics for controlling the VSC active and reactive power that should be implemented into the VSC 

controller in order to emulate the governor behaviour.    
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Figure 2-5: Droop Characteristics for Active and Reactive Powers.  
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The linear relationships of the droop graphs for both active and reactive powers can be written as 

shown below in equations (2.21) and (2.22): 

𝜔𝑟𝑒𝑓 = 𝜔
𝑖𝑛𝑣 − (

𝜔𝑚𝑎𝑥 − 𝜔𝑚𝑖𝑛
𝑃𝑚𝑎𝑥

) ∗ 𝑃 = 𝜔𝑖𝑛𝑣 −𝑚𝑝 ∗ 𝑃 (2.21) 

𝑣𝑟𝑒𝑓 = 𝑣
𝑖𝑛𝑣 − (

𝑣𝑚𝑎𝑥 − 𝑣𝑚𝑖𝑛
𝑄𝑚𝑎𝑥

) ∗ 𝑄 = 𝑣𝑖𝑛𝑣 − 𝑛𝑞 ∗ 𝑄 (2.22) 

 

Where 𝑤𝑖𝑛𝑣 and 𝑣𝑖𝑛𝑣 are the outputs frequency and voltages magnitude at no load condition. The 

allowable range of maximum and minimum voltage and frequency of the VSC are notated via Vmax, Vmin, 

wmax, and wmin, respectively. These limits are determined by IEEE standard for interconnecting distributed 

resources with electric power systems[47]. The rated powers of the VSC are notated by Pmax and Qmax 

based on power capability limits [48]. It is shown that the outputs of the power controllers are angular 

speed and the voltage magnitude; however, it is necessary to find out the phase angle in order to transform 

all voltages and current quantities in d-q frame. Therefore, by integrating the angular speed that is achieved 

from active power droop, the phase angle will be determined. In order to clarify the determination of the 

angular speed and the phase angle, the power control implementation is depicted in Figure 2.6. 
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Figure 2-6: Power Controller for VSC. 
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2.1.4.4 Mathematical Model of Half-Bridge DC-to-DC Interfacing DG Unit into DC Microgrid 

The general representation of the DC-to-DC converter that is interfacing a DG unit into DC 

microgrid is shown in Figure 2.7. In fact, it is similar to the AC microgrid, but the main difference is the 

converter circuit structure which is a half-bridge DC-to-DC converter, and the LC filter and the DC line 

are represented in single line circuit. 
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Figure 2-7: Half-Bridge DC-to-DC Converter. 

Applying KVL at the filter side and the DC line in Figure 2.7 gives an equivalent differential 

equation of a voltage drop across the inductance and the resistance. Also via KCL, the voltage across the 

shunt capacitor can be determined. Therefore, the dynamic equations of the voltages and currents known 

as large signal model for DC-DC converter including the DC line can be written as follows: 

𝐿𝑓′
𝑑𝑖𝑙′

𝑑𝑡
=  𝑉𝑖𝑛 − 𝑉𝑜′ − 𝑅𝑓′. 𝑖𝑙 (2.23) 

𝐿𝑜′
𝑑𝑖𝑜′

𝑑𝑡
=  𝑉𝑜′ − 𝑉𝑔′ − 𝑅𝑜′. 𝑖𝑜 (2.24) 

𝐶𝑓′
𝑑𝑣𝑜′

𝑑𝑡
=  𝑖𝑙 − 𝑖𝑜′ (2.25) 

The DC filter components of the half-bridge are represented by 𝑅𝑓′, 𝐿𝑓′, and 𝐶𝑓′, while the 

coupling components to the DC microgrid are represented via 𝑅𝑜′ and 𝐿𝑜′. 

2.1.4.4.1 Half-Bridge DC-to-DC Converter Controller Structure  

The half-bridge DC-to-DC converter controllers are similar the VSC that is interfaced a DG unit 

into an AC microgrid, which consists of current, voltage, and power droop controller. However, there is 

no need to use Park transformation due to the fact that the control quantities are already constant as DC 
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values. The following subsections will discuss the controller loops of the half-bridge DC-to-DC converter 

in detail. 

2.1.4.4.2 Half-Bridge DC-to-DC Converter Current Controller 

According to equation (2.23), developing the current controller including the PI can be considered 

by substituting the nonlinear term by the PI transfer function to track 𝑖𝑙𝑟𝑒𝑓 with instantaneous value of 

𝑖𝑙 as written in equation (2.26):  

𝐿𝑓′
𝑑𝑖𝑙′

𝑑𝑡
=  (𝐾𝑝𝑐 +

𝐾𝑖𝑐
𝑠
) (𝑖𝑙𝑟𝑒𝑓 − 𝑖𝑙) (2.26) 

Due to no coupled control components in the DC control quantities, there is no need for a feed-

forward in the half-bridge DC-to-DC converter current controller loop. Figure 2.8 shows the current 

controller loop for the half-bridge DC-to-DC converter. 
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Figure 2-8: Current Controller for Half-Bridge DC-to-DC Converter. 

2.1.4.4.3 Half-Bridge DC-to-DC Converter Voltage Controller 

The output control quantities of the voltage controller are the input reference to the current 

controller. Referring to equation (2.25), the nonlinear capacitor voltage term can be replaced by PI transfer 

function, and is written in equation (2.27) by tracking the DC capacitor voltage. Nevertheless, using the 

output current as feed-forward in the voltage controller improves the dynamic response during the load 

transient [49], as depicted in Figure 2.9. 

𝐶𝑓′
𝑑𝑣𝑜′

𝑑𝑡
=  (𝐾𝑝𝑣 +

𝐾𝑖𝑣
𝑠
) (𝑣𝑜𝑟𝑒𝑓 − 𝑣𝑜) (2.27) 
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Figure 2-9: Voltage Controller for Half-Bridge DC-to-DC Converter. 

2.1.4.4.4 Half-Bridge DC-to-DC Converter Power Controller 

In a DC microgrid, the droop characteristic depends on either DC voltage versus active power [50] 

or the DC current versus DC voltage [51]; accordingly, the droop characteristics based on DC voltage 

versus active power are considered in this thesis, as depicted in Figure 2.10. 
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Figure 2-10: Droop Characteristics for Active Power in DC Microgrid. 

The linear relationship of the droop graph for active power verses DC voltage can be written as 

shown in equation (2.28):   

𝑉𝑑𝑐𝑟𝑒𝑓 = 𝑉𝑑𝑐
𝑖𝑛𝑣 − (

𝑉𝑑𝑐𝑚𝑎𝑥 − 𝑉𝑑𝑐𝑚𝑖𝑛
𝑃𝑚𝑎𝑥

) ∗ 𝑃 = 𝑉𝑑𝑐𝑖𝑛𝑣 − 𝐾𝑝 ∗ 𝑃 (2.28) 

Where 𝑉𝑑𝑐𝑖𝑛𝑣 is the output DC voltages at no load condition. 

The maximum and the minimum voltages are based on the allowable range of the DC voltage as 

notated by Vdcmax and Vdcmin. The rated power of the VSC is notated by Pmax. Due to measuring the 

instantaneous values of outputs DC voltage and current in order to determine the required reference, the 

LPF is required to eliminate the switching frequency effect. As shown in Figure 2.11, the power controller 

of the half-bridge DC-to-DC converter is presented. 



 

20 

vo'ref

vo'

io'

×   

K p

-

Vdc
inv

wf

wS + f
×

 

Figure 2-11: Power Controller for Half-Bridge DC-to-DC Converter. 

2.2 Small-signal Modeling 

This section reviews the small-signal-model of AC microgrid presented by Pogaku [20] as well as 

the small-signal model of the DC microgrid published in [52]. Small-signal dynamic model analysis is 

commonly used to analyse the dynamic performance of the microgrid and to design the control DG units 

[53]. The advantage of the small-signal modelling is to provide further investigation of the system once 

the eigenvalues are determined such as the relationships between the system parameters and the stable 

region. In other words, the small-signal model not only shows whether the system is stable or not, but it 

can also show the changing effect in either the system parameters such as lines resistances and inductances 

or the controller parameters such as PI coefficients [20]. In order to develop the small-signal dynamic 

model for an electrical system such as a microgrid, it is first necessary to identify the large signal model 

that is represented via nonlinear differential equations that are presented previously in form of the 

following equations:  

𝑑𝑥

𝑑𝑡
= 𝑓(𝑥(𝑡), 𝑢(𝑡)) (2.29) 

𝑦 = 𝑔(𝑥(𝑡), 𝑢(𝑡)) (2.30) 

Where equation (2.29) is a state equation in which 𝑥(𝑡) represents the state vector, and 𝑢(𝑡) 

represents the input vector. Equation (2.30) is known as output equation. These equations can be written 

in standard form of the state space representation. Nevertheless, the nonlinear differential equations must 

be linearized around the operating points in order to study the stability of the system. Therefore, the small-

signal model representation of equations (2.29) and (2.30) become the following: 

𝑑𝛥𝑥

𝑑𝑡
= 𝐴. 𝛥𝑥 + 𝐵. 𝛥𝑢 (2.31) 

𝛥𝑦 = 𝐶. 𝛥𝑥 + 𝐷. 𝛥𝑢 (2.32) 
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Where:  

A is a state matrix that contains of the system parameters and characteristics. 

B is a matrix that contains of the system inputs. 

C is a matrix that contains of the system output. 

D is a matrix that contains of the system feedforward. 

2.3 Hybrid Microgrids 

Due to its recent proposal, more investigation is needed into the limitation of controlling hybrid 

microgrid and analysing its stability [4], [7]–[10], [23], [25], [54]. The complexity of controlling hybrid 

microgrid is primarily based on numerous control objectives that must be handled via sub-grids and IC as 

well. These control objectives are namely sufficient power sharing in AC and DC sub-grids, voltage and 

frequency stability, and power exchange among the sub-grids [21]. 

The autonomous power control of hybrid microgrid with only one IC was proposed in [8]. The 

authors presented the droop principle for the sub-grids as well as for the IC. In this method, the input 

reference to the IC is based on combining AC and DC droop characteristics. In other words, the droop 

characteristics should apply to both AC and DC sides for the IC. In the DC side, the droop characteristics 

depend on DC voltage and DC power, while in the AC side, the droop characteristics depend on the AC 

power and frequency as shown in Figure 2.12. Therefore, because of the bidirectional power flow of the 

IC the droop characteristics should be merged by summing them with respect to reference input sign to 

ensure bidirectional power flow. The implementation characteristics of a droop controller to control an 

active power of the IC are shown in equations (2.33) and (2.34). In general, conventional droop can be 

simplified as a linear relationship as shown in Fig. 2.  

 

𝑃𝑟𝑒𝑓 = {𝑃𝑚𝑒𝑎𝑠 − (
𝜔𝑚𝑎𝑥 − 𝜔𝑚𝑖𝑛

𝑃𝑚𝑎𝑥
) × 𝑉𝑑𝑐meas  , 𝑓𝑜𝑟 𝐷𝐶 − 𝑡𝑜 − 𝐴𝐶 𝑝𝑜𝑤𝑒𝑟 𝑓𝑙𝑜𝑤 (2.33) 

𝑉𝑑𝑐ref = {𝑉𝑑𝑐meas + (
𝑣𝑑𝑐
𝑚𝑎𝑥 − 𝑣𝑑𝑐

𝑚𝑖𝑛

𝑃𝑚𝑎𝑥
) × 𝑃𝑚𝑒𝑎𝑠 , 𝑓𝑜𝑟  𝐴𝐶 − 𝑡𝑜 − 𝐷𝐶 𝑝𝑜𝑤𝑒𝑟 𝑓𝑙𝑜𝑤 (2.34) 
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Figure 2-12: Droop Characteristics: (A) DC Voltage versus Active Power, (B) Frequency versus Active 

Power. 

The topology of hybrid microgrid with just one IC decreases the reliability of hybrid microgrid; 

therefore, multiple ICs were proposed in order to achieve high system reliability [30]. Multiple ICs provide 

high system reliability, as proposed in [30]; however, the effect of both sub-grids’ dynamics are increased, 

especially in islanded operation mode due to the variation of the AC and DC voltage and the AC system 

frequency. The autonomous control scheme for multiple ICs was introduced as normalized DC voltage 

versus the frequency [28]. Nevertheless, operating multiple ICs via applying normalized droop does not 

provide an accurate operation of the parallel ICs [21]. The reason behind this issue is the circulating 

current. 

Due to the system dynamics sensitivity in hybrid microgrid during power exchange between the 

sub-grids, the authors in [6] proposed using energy storage to achieve smooth energy exchange. It is clear 

that this proposed solution is costly and has certain operation issues such as lifetime characteristics [31]. 

The other associated issues of considering the energy storage are: cooling system for supper conducting 

bearing, low energy density, charging and discharging ability, and thermal losses [38]. This method suffers 

from imprecise power sharing, particularly for the ICs due to the droop control concept, and the existence 

of both zero sequence and cross circulating currents. 

The authors of [32] proposed a centralized power management control for hybrid microgrid. The 

proposed centralized control was investigated for grid-connected mode. This control method requires 

communication infrastructure and more sensors to measure the load demand in the AC and DC sub-grids. 

Moreover, this method has not been validated with droop-based control, which is important in the case of 

islanded mode. 
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In [30], the centralized power management of hybrid microgrid was introduced for islanded 

operation mode. The purpose of this centralized power management control is to avoid the false operation 

of the hybrid microgrid in the case of changing the droop coefficient. 

Also, the hybrid microgrid dynamics are affected during power exchange between both sub-grids 

which could potentially lead to stability issues due to the lack of inertia and load-dependent voltage [12], 

[11], [33], and [34].    

2.4 Virtual Synchronous Machine (VSM) 

The high penetration of renewable resources causes the electrical system to be unstable due to the 

lack of inertia in converters compared to traditional synchronous machines (SMs). The benefit of the 

synchronous machine inertia in an electrical system is that it stabilizes the grid frequency [32] by 

supplying energy for a short time period [55]; thus, synchronous machines support and participate in the 

AC system’s frequency and voltage control. Moreover, the majority of the renewable resources (such as 

wind, PV, and fuel cell) are interconnected via voltage source converter (VSC). VSC is commonly used 

in microgrid and HVDC applications and does not have either an inertia or behave as a traditional SM.  

This issue can be addressed through the application of the concept of virtual synchronous machine 

(VSM) controllers, which combine VSC and SM characteristics. The VSM control algorithm of a power 

electronics converter is a control feature that can be added to a converter controller to enable it to behave 

as an SM [56]. The algorithm allows the incorporation of virtual inertia and damping behaviour into the 

loop controllers of an interfacing converter [57], [56], [58], [59], and [60]. Thus, the VSC has no physical 

mass of inertia as in the case of practical SMs; i.e., it does not have limited inertia or constant damping 

values. Instead, only the converter power response mimics the inertia response of a real SM as illustrated 

in Figure 2.13. 
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Figure 2-13: Mixing of Power Electronics Converter Technology with Synchronous Machine 

Characteristics. 

VSM control algorithms, which can be implemented through a slight modification to the VSC 

controller, are categorized as either high-order or low-order VSM control algorithms. Although both types 

of VSM algorithms provide active and reactive power control, each has a specific control frame, as will 

be discussed in Chapter 3[61].  

A number of VSM control algorithms have been developed to enable a VSC to mimic the behaviour 

of an SM. In [58], the implementation of virtual inertia in the converter controller loops with a storage 

unit was introduced as a virtual synchronous generator (VSG). The authors of [16] presented a different 

VSM concept named VISMA as represented by a hysteresis current-controlled SM model for controlling 

a three-phase inverter. The control of a VSG that emulates SM transient as well as steady state 

characteristics was further investigated in [57], [59], and [62], while a VISIM algorithm was adopted by 

the authors of [16], [18], [63], [64], and [65]. As an alternative, synchronverters were employed in the 

work reported by [66], [67], and [68], and a theoretical review of these control algorithms was provided 

in [56] and [69].  

These types of VSMs can be classified either in terms of their output references [69] or their 

topologies [56]. The majority of the studies related to VSM control algorithms that are described in the 

literature have been focused on the development and implementation of VSMs [56], [69]. In [17], the 

dynamic characteristics of VSGs were compared with droop control under normal operating conditions. 
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The authors of [70] examined the inertial dynamics of a VSG used with doubly fed induction generator- 

(DFIG) based wind turbines by including a short circuit in the AC-side system which is remote from the 

converter. A VSG for grid-connected DFIG-based wind turbines was studied with respect to different 

damping coefficients and varied short circuit ratios (SCRs) [71]. In other work [68], the performance of a 

multi-terminal direct current (MTDC) was evaluated under single-fault conditions with a VSM-based 

synchronverter. The most VSM control concept algorithms are classified based on the control order as 

pictured in Figure 2.14. 

 The first stage categorize the types of VSM control algorithms, and the second stage shows variety ways 

of SM model applied on VSC controllers. The last stage shows the major difference among these VSM 

models. 
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Figure 2-14: Classification of VSM Based on Model’s Order. 

  

Indeed, the process of choosing an appropriate VSM control algorithm (low or high-order) to 

implement is critical, complex, and requires further investigation. Only limited comparative studies of 

VSM algorithms are available [72],[18]. The authors of [72], [43] studied the equivalent of a VSM for 
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conventional frequency droop control and compared it with VSC droop control in order to demonstrate 

similar behaviour during load step changes. Another study focused on the difference between the 

implementation of two types of high-order SM models with respect to implementation simplicity and the 

behaviour of the converter with balanced AC voltages [18].  

All of these previous studies involved the investigation and comparison of VSM controllers based 

on an ideal voltage source. An important element of determining the most appropriate algorithm is 

therefore examining and comparing the dynamic characteristics and behaviour of VSM control algorithms 

and their performance during abnormal conditions that commonly occur in distribution systems, such as 

short circuits and unbalanced AC voltages.  
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Chapter 3 

Comprehensive assessment of virtual synchronous machine based voltage source converter 

controllers 1 

3.1 Introduction  

The majority of the previous works of VSM control concept in the literature were focused on the 

implementation of VSM, but, they did not carried out the serious issues as an unbalance AC voltage and 

short circuit situation. This chapter presents a comprehensive examination and assessment of VSM control 

algorithms in order to establish suitable choices of VSM control algorithms for implementation and use 

in a variety of applications. Therefore, this chapter reveals the serious issue with implementing the high 

order model in the practical real system; which might lead to unstable operation especially in AC 

microgrid application. The study presented in this chapter also entailed an investigation of the equivalence 

of a low-order VSM control algorithm with a high-order VSM control algorithm under normal and 

abnormal conditions, such as unbalanced AC voltages and short circuits. A comparison of the dynamic 

and performance behaviour of VSM control in grid-connected mode for different operating scenarios is 

provided. However, since conventional frequency droop control provides behaviour equivalent to that of 

a VSM [72], consideration of both algorithms in this study was unnecessary because conventional 

frequency droop control lacks an inertia coefficient in the control loops, which means zero inertia [72]. 

Also, in grid connected mode of operation, the droop control concept cannot be implemented due to the 

fixed system’s frequency.in other words, the variation of system’s frequency does not exist. The system 

discussed in this chapter is based on a full detailed switching VSC model in order to evaluate the VSM 

controllers during short circuit conditions, which was simulated in a PSCAD/EMTDC environment. 

 This chapter is organized as follows: Section (3.2) provides a brief overview of VSM control 

algorithms and their categorization, Section (3.3) presents the simulation results and analysis, and the final 

section offers conclusions of this chapter. 

____________________________________________________________________________________ 

1This chapter has been published in [61]: 

 H. Alrajhi Alsiraji and R. El-Shatshat, "Comprehensive assessment of virtual synchronous machine based 

voltage source converter controllers," in IET Generation, Transmission & Distribution, vol. 11, no. 7, pp. 

1762-1769, 5 11 2017. 
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3.2 Virtual Synchronous Machine Types 

The nature of renewable energy source is not deterministic, so the power will fluctuate; therefore, 

the voltage level and the system’s frequency can be affected [55].  Solving this issue can be done via 

adding an extra inertia to the system [56]. Therefore, the operation of several synchronous machines is a 

hint of combining power electronics with the behaviour of the synchronous machines to be emulated [65]. 

There are enormous applications for VSM control concept. Using the second order VSM model for 

smart grid application was studied to show the seamless transition between grid connected mode and 

islanded mode[73]. Moreover, applying the VSM based on high order model was investigated for parallel 

inverter in AC Microgrid[74]; however, this model does not provide the converter either overloading or 

overcurrent protection.  In grid connected DFIG-based wind turbines was studied with high order VSM 

including currents limitation[71], but the model mainly depends on measuring the instantaneous voltages. 

Therefore, in case of unbalance voltages and short circuit conditions did not investigated yet; which will 

affect the system stability. The power distribution system with high penetrations of converters was studied 

with including the VSM control concept to improve system performance[75]. Nevertheless, the VSM 

control concept can be implemented for single-phase bidirectional battery charger for providing vehicle-

to-grid services[76]. In HVDC application connected to weak AC system using the VSM control concept 

offers frequency support to the weak AC system with low inertia [77]. Moreover, in AC microgrid 

application, the transition from islanded mode to grid connected mode presents large transients in voltages 

and currents that reflects high transient in power might hit the stability boundaries of the microgrid. Using 

the concept of VSM control provides smooth transition of the AC microgrid operation[78].   

Due to the existence of several VSM control algorithms for VSC, they can be classified into two 

categories which are high-order and low-order VSM. Also, the VSM models can be divided based on the 

requirement of an extra component such as energy storage; therefore, Figure 2.13 in the previous chapter 

summarizes the differences of VSM models at different stages, and they were found in the literature. 

Therefore, the choice of the VSM models to be assessed and studied is based on the fact that there is no 

need of an extra component as shown in Figure 2.13 in the light blue box. However, the VSM based on 

phasor SM is not considered due to a serious problem when its implemented in d-q frame that is the model 

become unsteady state in case of unbalanced load [64]. Moreover, the droop control does not have yet 

virtual inertia unless by includes a low pass filter (LPF) to filter out the active power, but still the virtual 

damping does not exist with the LPF.  It is clear that without (LPF) the droop control has zero inertia[72]. 

http://ieeexplore.ieee.org.proxy.lib.uwaterloo.ca/document/7447747/
http://ieeexplore.ieee.org.proxy.lib.uwaterloo.ca/document/7447747/
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3.2.1 High-order VSM Model 

Mimicking the behaviour of SM inertia on VSC control algorithm can be achieved via introducing 

virtual inertia and damping characteristics into VSC control using the mathematical model of SM [56]-

[62]. Subsequently, the idea of implementing a virtual inertia to the converter controller loops with storage 

unit is introduced as virtual synchronous generator (VSG)[57], which requires an extra storage unit. Also, 

the author of [16] presented another concept of virtual synchronous machine (VISMA) which is 

represented as hysteresis current controlled of the high-order of traditional synchronous machine model 

to control the three-phase inverter. Moreover, in [18], the authors presented and investigated the 

behaviours of two high-order models of VSM based on current-to-voltage and voltage-to-current of SM 

model, so they used different switching techniques which are a PWM controller and a hysteresis controller 

respectively.  

The high-order model of the synchronous machine is used to calculate the reference values. It is 

worthwhile to notice that the mathematical model of SM consists of mechanical and electrical parts. The 

mechanical part is responsible for generating the angular speed and a positive phase voltage angle which 

is known as swing equation (3.1). The electrical part is the stator winding equations which are energized 

by the phase angle to generate either the current or voltage references to the controller. The interaction 

between the mechanical and electrical parts is simplified as shown in Figure 3.1.  

νa 

νb  

νc 
ω

RsaLsaνƭ  

 

Figure 3-1: Simplified Synchronous Machine Model. 

The equations (3.1)-(3.5) are based on a SM simplified model which is retrieved from[16]. 
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𝐽. 𝜔
𝑑∆𝜔

𝑑𝑡
= 𝑃𝑚𝑒𝑐ℎ − 𝑃𝑒𝑙𝑒 − 𝑓(𝑡) 𝐷𝑑 (3.1) 

θ = ∫𝜔. 𝑑𝑡 (3.2) 

𝐸𝑎 − 𝑣𝑎 = 𝑅𝑠𝑎. 𝐼𝑎 + 𝐿𝑠𝑎 .
𝑑𝑖𝑎
𝑑𝑡

 (3.3) 

𝐸𝑏 − 𝑣𝑏 = 𝑅𝑠𝑏 . 𝐼𝑏 + 𝐿𝑠𝑏 .
𝑑𝑖𝑏
𝑑𝑡

 (3.4) 

𝐸𝑐 − 𝑣𝑐 = 𝑅𝑠𝑐 . 𝐼𝑐 + 𝐿𝑠𝑐 .
𝑑𝑖𝑐
𝑑𝑡

 (3.5) 

In equations (3.3)-(3.5): where Ea, Eb, and Ec   are the voltages at PCC which are measured values; 

va, vb, and vc are the induced back EMFs; the symbols Rs and Ls represent the stator resistances and the 

stator inductances respectively. In (3.1), the machine’s inertia is donated by J; the mechanical input power 

is donated by Pmech, and the electrical power is represented Pele. The damping coefficient is donated by Dd. 

The f(t) is the phase compensation term. In equation (3.2), the angular speed donated by ω and a positive 

phase voltage angle represented by θ. 

The high-order VSM control algorithm has two configurations. In[16], the first configuration is 

presented in detail which is a voltage-to-current model, and it mainly depends on measuring AC voltage 

at PCC. In contrast to [66], a current-to-voltage model was presented and studied [18], but without energy 

storage. A comparison between both high-order control algorithms of VISMA was studied in [18] under 

normal operation conditions with different switching techniques. The control structure of using this model 

depends on these equations, so this control strategy of can be done using a hysteresis current control 

technique or PWM control technique[18]. Therefore, the voltage-to-current model provides the reference 

current values to control the VSC as shown in Figure 3.2, while the reference voltage values are provided 

by current-to-voltage model and can be seen in Figure 3.3.  
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Figure 3-2: Block Diagram of Simplified High-Order SM Model Represents Voltage-to-Current model. 
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Figure 3-3: Block Diagram of Simplified High-Order SM Model Represents Current-to-Voltage model. 
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Where Vg and ig are the voltages at PCC and the output converter’s currents; the excitation voltage 

of the SM is donated by Vf. the symbol ωg represents the grid angular speed, and the Pref is the command 

reference. The Vref and iref are the output of the SM which are used as input signals to the converter 

controllers. 

3.2.2 Low-order VSM Model  

The high-order VSM control algorithm described above provides the same properties as SM does. 

However, the low-order VSM control algorithm is equivalent to the conventional droop mechanism; 

which mainly depends on swing equation[69],[72]as shown in Figure 3.4. 

Kd
g

Pref θ 

 

Pele

2π 

1
2H   

vsm

 

Figure 3-4: Control block implementation of Swing Equation for Low order VSM model. 

 As the main target of introducing VSM is to mimic the SM behaviour, the emulation of SM’s 

inertia and damping can be captured using just the swing equation. Therefore, the general form of the 

swing equation for SM based on Newton’s law is written in term of torque parameters as shown in equation 

(3.6)[79], and also it can be written based on active power in case of implementing the VSM control by 

Multiplying equation (3.6) by the rotor synchronous speed 𝜔𝑉𝑆𝑀 as shown in equation (7) [43]. 

𝐽
𝑑2𝛿

𝑑𝑡2
+ 𝐷𝑑

𝑑𝛿

𝑑𝑡
= 𝜏𝑚 − 𝜏𝑒𝑙𝑒 (3.6) 

𝐽. 𝜔𝑉𝑆𝑀 .
𝑑2𝛿

𝑑𝑡2
+ 𝐷𝜔𝑉𝑆𝑀

𝑑𝛿

𝑑𝑡
= 𝑃𝑚 − 𝑃𝑒𝑙𝑒 (3.7) 

According to [1], the derivative term of the rotor angle dδ/dt =𝛥ω = ωvsm – ωg is the rotor speed 

deviation in electrical radians per second; thus it is more convenient to replace the second-order 

differential equation term in equation (3.7) by two first-order equations as the following: 
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𝐽. 𝜔𝑉𝑆𝑀
𝑑∆𝜔

𝑑𝑡
= 𝑃𝑚𝑒𝑐ℎ − 𝑃𝑒𝑙𝑒 − (ωvsm – ωg) 𝐷𝑑 (8) 

dδ

dt
= ∆ωVSM (9) 

The phase angle and angular speed are used to convert the voltages and the currents in d-q vector 

control frame[72].Where the inertia is donated by J; the mechanical input power is donated by Pmech which 

is the reference power command, and the electrical power is represented Pele. The damping coefficient is 

donated by D d. The symbol vsw represents the synchronous speed that is generated by the swing equation 

while g is the estimated grid angular frequency via PLL.  

The VSM can be implemented on an inverter with a classical cascaded voltage and current control 

loops. Even though, the VSM based on the swing power equation is simple, the required behaviour of the 

inertia and damping is available. The outcomes of the swing equation are a phase voltage angle θ and 

angular speed .  

The cascaded controller loops of the VSC voltage source converter consist of two stages: the inner 

and the outer controller[43],[46] and Figure 3.5 shows the cascaded control structure of VSC[2]. This 

control strategy is used mostly for VSC applications due to the fact that it produces less voltage 

harmonics[1]. Also, this strategy allows independent control of a reactive and an active power[43], [46].  
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Figure 3-5: Control block implementation of Cascaded Voltage and Current Controllers including 

Virtual Impendence. 
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The main difference between the high and low-order VSM control algorithm is the controlled loops 

structure of the VSC. Even though, the high-order and low-order VSM provides independently an active 

and a reactive power control, each of these algorithms has a specific control frame. Hence, there is no 

doubt that both high-order and low-order VSM algorithms emulate and mimic the SM inertia and damping 

due to the existence of the swing power equation in their control structure. Still it is not clear which type 

of these is the most efficient choice. For this reason, this chapter presents a comprehensive study between 

high-order and low-order VSM control algorithms in order to achieve clear guidance for choosing the 

appropriate VSM algorithm. 

3.3 Simulation results and analysis 

The system model used in this study consists of a fully detailed switching VSC model, and whose 

parameters are set out in Table I. A detailed VSM-based controller was built in PSCAD/EMTDC 

environment. The reason for building a fully detailed system was to study and compare static and dynamic 

properties during normal and abnormal operation, such as that which occurs with sudden load changes, 

unbalanced AC voltages, and short circuits. The two VSM control approaches proposed in [16] and [46], 

[72] were considered. The study presented here was concentrated on four important factors: the amount 

of active power, the virtual inertia generated, the system frequencies, and the value of the virtual damping. 

The comparison of the two VSM algorithms was based on their dynamic properties, the total voltage and 

the current harmonic distortion, sudden load changes, and unbalanced AC voltages. Moreover, the 

switching control techniques for both high-order and low-order VSM are based on PWM switching 

concept.   

Table 3-1: VSC System Parameters. 

Quantity Value Unit 

Converter rated power 20  kVA 

AC Voltage (L-L) r.ms 208 V 

AC side resistance  0.15  Ω 

AC side inductance  2  mH 

AC side capacitance  45  µF 

Switching frequency  2  kHz 

System frequency  60 Hz 

DC voltage 450  V 

Virtual inertias 0.05& 0.025  kg. m2 
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3.3.1 Case 1: Dynamic Properties of VSM Algorithms during Load Changes 

This case investigates the similarity between the low- and high-order based VSM controllers. The 

results shown in Figure 3.6 and Figure 3.7 sequentially have indicated that both VSM models have almost 

symmetrical and identical behaviours in terms of dynamic properties. However, it remains unclear as to 

which type of VSM control is the most efficient choice. In other words, using VSM, for example, in 

distribution system applications might lead to unstable operation in the case of unbalanced AC voltages; 

which is commonly occurred in distribution system.  In this case, both VSM algorithms exhibited similar 

power and frequency response behaviours for the same inertia values (J = 0.05 and J = 0.025 kg.m 2). The 

damping coefficients for the VSM control algorithms are unequal because the low-order VSM is 

dependent on just the swing equation expressed while the virtual stator resistances and inductances in the 

high-order VSM affect the damping coefficient. 

 

Figure 3-6: Dynamic Properties of VSM Algorithms of Power response for both VSMs with virtual 

inertia = 0.05 kg.m2. 
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Figure 3-7: Dynamic Properties of VSM Algorithms of Power response for both VSMs with virtual 

inertia = 0.025 kg.m2. 

Both algorithms exhibit similar response behaviours for J = 0.05 and J = 0.025 kg.m2 as displayed 

in Figure 3.6 and Figure 3.7, respectively. It is clear that the power oscillated once command of the active 

power took place at t = 2 sec due the small damping coefficient. These figures show that both VSM 

algorithms mimicked the behaviour of a real synchronous generator.  

Figure 3.8 and Figure 3.9 display the system frequency response due to sudden load changes. 

Although virtual inertia is replicated in the VSC controller through the use of both algorithms, the 

implementation of the low-order VSM is preferable due to its superior design and simplicity of 

implementation.  

 

Figure 3-8: Dynamic Properties of VSM Algorithms of Effect of 0.05 kg.m2 of virtual inertia on the 

system frequency. 



 

37 

 

Figure 3-9: Dynamic Properties of VSM Algorithms of Effect of 0.025 kg.m2 of virtual inertia on the 

system frequency. 

The effect of the virtual inertia and virtual damping coefficient when the system frequency change 

in case of island AC microgrid in response to the J = 0.05 kg.m2 and J = 0.025 inertia values is shown in 

Figure 3.10 and Figure 3.11, respectively. At t = 3 sec, the system frequency decreased within an allowable 

range: 0.3 %. The response of both VSMs based on the virtual inertia was almost symmetrical. The low-

order VSM is also an equivalent to the SM frequency droop mechanism, so this algorithm mimics real 

practical SM characteristics. In fact, no doubt exists that both VSM algorithms provide similar properties 

with almost equal levels of accuracy when the frequency deviations associated with the high-order 

algorithm are considered. Therefore, it is clear that increasing the virtual inertia helps to support the grid 

with more active power. 

 

Figure 3-10: Dynamic Properties of VSM Algorithms of Effect of virtual inertia on the drop in system 

frequency for J = 0.05kg.m2. 



 

38 

 

Figure 3-11: Dynamic Properties of VSM Algorithms of Effect of virtual inertia on the drop in system 

frequency for J = 0.025kg.m2. 

3.3.2 Case 2: Total Harmonic Distortion at the PCC 

This case demonstrates the efficiency of the VSM control algorithms in terms of power quality. The 

results in Case 1 do not show any differences between the high and low order VSM performances. 

Therefore, the purpose of this case is to compare the efficiency of VSM control algorithms based on the 

total harmonics distortion. This case shows the advantage of using the low-order VSM over the high-order 

VSM control algorithm. Although this section of the study has not been carried out previously in literature, 

it is necessary from a power quality perspective to improve the system’s quality and performance.   

For this case, the voltage and current harmonics distortion at the PCC were measured in order to 

compare the control algorithms from a power quality point of view. As clearly shown in Figure 3.12, the 

low-order VSM control algorithm generated more voltage harmonics than the high-order VSM algorithm, 

but in low-order model the voltage harmonics is almost equal to 2.8% compared to the high-order model; 

which is almost fixed. 
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Figure 3-12: Total Harmonic Distortion at the PCC Voltage harmonics distortion (THD). 

Based on the previous figure, the total harmonics voltage distortion using the high-order VSM 

algorithm was fluctuating around 2%. It is clear that the high-order model produces non-characteristic 

harmonics compared to the low-order model.  On the other hand, the total harmonics current distortion 

using the low-order VSM algorithm was roughly 0.55 %, but in the high-order VSM algorithm, it was 

about 0.9 % as shown in Figure 3.13. The high-order VSM algorithm thus spread the harmonics over the 

entire voltage and current spectrum. In contrast, the low-order VSM has specific harmonics in voltage and 

current as well, but they can be easily filtered due to their deterministic pattern. 

 

Figure 3-13: Total Harmonic Distortion at the PCC Current harmonics distortion (THD). 

 The harmonics order and the output voltage can be determined from equation (3.10) and equation 

(3.11), respectively [80]. The total voltage and current harmonics distortions can be calculated using 

equation (3.12) and equation (3.13), respectively [81].  

ℎ𝑜𝑟𝑑𝑒𝑟 = 6𝑘 ± 1        ⩝ 𝑘 = 1,2,⋯ (3.10) 
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𝑉𝐿𝐿ℎ =
𝑉𝐿𝐿1
ℎ

 (3.11) 

𝑉𝑇𝐻𝐷(%) =
√∑ 𝑉𝑘

2∞
𝑘=2

𝑉1
× 100 

(3.12) 

𝐼𝑇𝐻𝐷(%) =
√∑ 𝐼𝑘

2∞
𝑘=2

𝐼1
× 100 

(3.13) 

Where ℎ𝑜𝑟𝑑𝑒𝑟 represents the characteristic and non- characteristic harmonics distortion. The VTHD 

and ITHD represent the total harmonics distortion for voltage and current. The symbol k represent an 

individual harmonic order. 

3.3.3 Case 3: Comparison of Short Circuit Performance 

Both controller algorithms were investigated in case of the three-phase to ground short circuits that 

take place in the middle of the line that connects the PCC to the main grid for durations of 0.1 sec, or 

about five cycles. For this case, the dynamic responses of the active power for both controllers are 

indicated in Figure 3.14 and Figure 3.15, respectively. It can be seen that for a short circuit applied at t = 

6 sec, the power of both VSM models decreased almost to zero and that they delivered quite similar levels 

of dynamic performance. However, the output power that is measured from the converter side of both 

VSM control algorithms do not reach the zero  due to the existence of the virtual inertia and damping 

behaviours in controller loops.   

 

Figure 3-14: Short Circuit Performance Active power behavior of both VSMs under a three-phase-to-

ground fault from Grid Side. 
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Figure 3-15: Short Circuit Performance Active power behavior of both VSMs under a three-phase-to-

ground fault from Converter Side. 

In fact, the three-phase short circuit is not enough to compare the VSM models with each other because 

based on Figure 3.2 the high-order VSM model it mainly depends on the instantaneous measured voltage 

at the PCC. Therefore, it is necessary to investigate the performance of both VSM models under either 

two-phase-to-ground or single-phase-to-ground short circuit in order to show a fair comparison. For this 

reason, the two-phase-to-ground is carried out in this case to reveal the issue of unstable operation that is 

correlated with high-order model of VSM.  As shown in Figure 3.16 the two-phase-to-ground short circuit 

takes place at t=6 sec. Hence the power of the high-order VSM model supplied almost 40% of its reference 

power, and it has a quite large oscillatory behavior compared to the low-order model. On the other hand, 

the low-order model is supplying approximately 50% of the reference value as shown in Figure 3.16. 

 

Figure 3-16: Short Circuit Performance shows Active power behavior of both VSMs under a two-phase-

to-ground fault. 
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It can clearly be seen that during the two-phase-to-ground short circuit low-order VSM model shows 

better performance over the high-order model under the short circuits study. Indeed, this case shows the 

undesirable performance of the high-order VSM model compared to the low-order VSM model during the 

two-phase-to-ground short circuit study.  

Results in this case indicate that, the low-order VSM model shows better transient performance. The 

control structure of low-order VSM, however, offers limited options to protect the converter from 

overcurrent issues, which is a very complex process in the case of high-order VSM model implementation. 

Also the control structure of low-order VSM offers limited options to protect the converter from 

overcurrent issues; which is very complex in case of high-order VSM model implementation.   

3.3.4 Case 4: Unbalanced AC Voltage 

The VSM control algorithms were compared under unbalanced AC voltages because of the 

common occurrence of these voltages [19]. The standards permit a small window of deviation in 

unbalanced AC voltages. For example, operating an electrical distribution system with a voltage 

unbalanced by more than 5 % is not endorsed by ANSI/NEMA [82] nor by IEEE standards. In the case 

examined in this study, the phase voltage unbalance rate (PVUR) was calculated according to equation 

(3.14), which is based on the IEEE definition [83].  

Where 𝑉𝑎𝑏 , 𝑉𝑏𝑐 , 𝑉𝑐𝑎 represent the line to line voltages. The Vaver represents the average line voltages. 

The 𝑉𝑎𝑏𝑒 , 𝑉𝑏𝑐𝑒 , 𝑉𝑐𝑎𝑒 represent the difference between the line voltage and the average line voltages. 

Figure 3.17 shows a 5 % unbalanced rate in the phase voltage, a scenario that is still permitted under 

the IEEE standard. The active power for both VSMs oscillated due to the effect of the unbalanced voltages, 

as is evident in Figure 3.18. If the enormous potential for the incorporation of interconnected renewable 

resources into an electrical system using power electronics converters is realized, system stability will be 

significantly affected because of the lack of inertia [26]. As well, commonly used three-phase distribution 

systems will cause unbalanced voltages when the loads are not equally distributed. During unbalanced 

voltage conditions, the active power usually oscillates around the reference command value, as indicated 

in Figure 3.18 when a step change in load happened at t = 2 sec (zero to 10kW). 

𝑃𝑉𝑈𝑅 % =
82 × √𝑉𝑎𝑏𝑒

2 + 𝑉𝑏𝑐𝑒
2 + 𝑉𝑐𝑎𝑒

2

𝑉𝑎𝑣𝑒𝑟
 

(3.14) 
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Figure 3-17: Unbalanced AC Voltage Performance shows Three-phase voltage unbalanced by a 5 % 

distortion. 

 

Figure 3-18: Unbalanced AC Voltage Performance Presents Effect of a 5 % voltage unbalance on active 

power for both VSMs. 

In the case of a sudden increase in the unbalanced rate of the phase voltage to 25 % at t = 4 sec, the 

high-order VSM failed to emulate SM behaviour, and the average value of the active power was also 

decreased compared to that of the low-order VSM algorithm, as shown in Figure 3.19 at t = 4 sec. The 

extreme unbalanced voltage by 25% in distribution system could occur during a short circuit situation[84]. 
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Figure 3-19: Unbalanced AC Voltage Performance Presents Effect of a 25 % voltage unbalance on 

active power for both VSMs. 

It is obvious that the low-order VSM algorithm is more reliable than the high-order VSM control 

algorithm. In addition, according to [69], using a high-order model to emulate the inertia and control VSC 

might lead to numerical problems due to dependence primarily on measurements of the AC voltages, 

which is not ideal. The stability of both control algorithms was examined based on an unbalanced AC 

voltage, which is a usual occurrence in electrical systems. It is obvious that the low-order VSM based on 

a frequency droop mechanism control algorithm is the more promising algorithm and remains stable even 

during the abnormal conditions that are common in electrical distribution systems. The cascaded voltage 

and current control associated with the low-order VSM protect the converter from problems arising from 

overloading, and it also has a feature that can restrict the power flow direction. 

3.4 Conclusion 

The concept underlying VSM control algorithms has been reviewed with the goal of providing an 

efficient and stable VSC control algorithm that features the emulation of a classical SM. This paper has 

categorized a variety of VSM implementations in terms of additional control loops or equipment required 

and the simplicity of the control structures. It has been demonstrated that during normal and abnormal 

operating conditions. A low-order VSM algorithm is more stable than a high-order VSM algorithm. The 

possibility that the VSM will be unstable during abnormal operating conditions was therefore studied in 

order to investigate the numerical instability that might occur in a practical implementation. Because of 

its modified traditional droop control characteristics, the low-order VSM proved to be a valuable and 

useful option that enables a VSC to mimic SM behaviour. The impact of unbalanced AC voltage on VSM 

control algorithms was validated using a test system consisting of a detailed switching VSC terminal, 

simulated in a PSCAD/EMTDC environment.  
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Chapter 4 

A Novel Control Strategy for an IC in Hybrid AC/DC Microgrid 2 

The integration of renewable energy resources into electrical distribution systems through the use 

of power electronics converters is accompanied by challenges related to stability, especially under low 

inertia conditions. This chapter introduces a virtual synchronous machine (VSM) control strategy for a 

hybrid microgrid that addresses these issues by mimicking the properties of traditional synchronous 

machines (SMs) to improve the performance of a hybrid AC/DC microgrid. A novel method is presented 

for controlling an intertying converter (IC) that is based on a VSM while also ensuring the autonomous 

bidirectional power-sharing capability of the IC. The most significant factor investigated in this work is 

power exchange in both directions between an AC and a DC microgrid.  

4.1 Introduction 

Recently, the concept of microgrids, whether in AC or DC system, has become a widely acceptable option 

that can fully accommodate large-scale integration of RESs in distribution systems. Due to the advantages 

of both, the concept of combining both types of microgrid with each other as a hybrid microgrid was 

introduced [4]. A hybrid microgrid consists of both AC and DC sub-systems intertied by voltage source 

converter (VSC). The hybrid microgrid has two different operation modes: grid-connected mode and 

islanded mode. Maintaining the frequency of the AC sub-grid and the voltage of the DC sub-grid, to be 

within an acceptable standard range, is the most important issue, specifically in islanded hybrid microgrid. 

The high penetration of RESs affects the frequency and the voltage within the hybrid microgrid and, hence 

its stability [5]. The main pillar of ensuring the stable operation of the hybrid microgrid is the intertying 

converter (IC) control. The IC plays an important rule to ensure the stability of the hybrid microgrid via 

bidirectional power sharing among sub-grids.  

Initially, power electronics interfacing is an essential component in order to integrate different types  

____________________________________________________________________________________ 

2Some parts of this chapter has been accepted to be published in: 

 [85] H. Alrajhi Alsiraji, R.ElShatshat,and A A. Radwan, "A Novel Control Strategy for the Interlinking 

Converter in Hybrid Microgrid", Proc. IEEE PES General Meeting, Jul. 2017. 

 [86]H. Alrajhi Alsiraji, A A. Radwan, and R. ElShatshat “Modelling and Analysis of a Synchronous 

Machine-Emulated Active Intertying Converter in Hybrid AC/DC Microgrids," in IET Generation, 

Transmission & Distribution, Accepted.   
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of distributed energy resources into all types of microgrid. Due to the numerous benefits of power 

electronics interfacing and the superior performance they offer, power converters have become a practical 

way to interface renewable sources. These are characterized by either variable frequencies or direct 

current, such as wind, photovoltaic, and fuel cells. However, unlike synchronous machines (SMs), the 

power converters that interface with RESs lack the inertia needed to support and participate in the 

frequency and voltage control of an AC system and, as a result, are unable to contribute to the 

improvement of system stability. Thus, high penetration level of VSCs may also lead to stability problems 

and affect system dynamics [4], [87], [88].  

Standalone microgrids are generally considered a weak system as there is no frequency support to the 

AC sub-grid nor DC voltage support in the DC side. As a result, the power sharing between AC and DC 

sub-grids is extremely critical to the microgrid stability. Consequently, changing in the generation or 

loading condition causes large frequency deviations; which could cause instability problems [27].  In [28], 

the authors show that increasing the loading of the AC microgrid moves the dominant system poles to an 

unstable region. Therefore, the stability in hybrid microgrid is not only dependent on the AC microgrid, 

but also on the DC microgrid. Moreover, supplying or absorbing power via IC affects both the dynamics 

and performances of AC and DC sub-grids, this may lead to unstable operation for the whole hybrid 

system. With regards to power sharing, other attempts investigated and studied the autonomous operation 

of hybrid microgrids[23], [29] . Furthermore, studies were performed based on droop control for all 

distributed resources and the IC was proposed in  [30].  

This chapter, however, addresses the above issues through the application of the concept of virtual 

synchronous machine (VSM) controllers, which combines VSC and SM characteristics. The VSM control 

algorithm of a power electronics converter is a control feature that can be added to a converter controller 

to enable it to behave as an SM[56]. The algorithm allows for the incorporation of virtual inertia and 

damping behavior into the loop controllers of an interfacing converter[17], [57], [66], [72]. As a result, 

the VSC has no physical mass of inertia, as seen in the case of practical SMs. 

The main contribution of this paper is the proposition of a new control algorithm for the IC to behave 

as a synchronous machine to support the AC sub-grid voltages and frequency, as well as the DC sub-grid 

voltage in islanded operation mode. This proposed research also considers the autonomous power sharing 

of the IC based on VSM as the second contribution. The proposed control consists of two controller loops, 

which include inner current controller and outer voltage controller. The main advantage of the current 
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controller loops, is the protection of the converter from over current situation. The proposed control 

algorithm is also applicable in the unbalanced hybrid system through the use of dual loop current 

controller. This chapter also compares the proposed control of IC with the existence control in the 

literature, in order to reveal its advantages. The system discussed in this paper is based on an average VSC 

model, which was simulated in a PSCAD/EMTDC environment. 

The remainder of the chapter is organized as follows: Section II shows the configuration of the hybrid 

microgrid and its parameter. Section III presents the simulation results and analysis; and the finally section 

IV offers conclusions. 

4.2 Hybrid AC/DC System Configuration and Control Structure 

The hybrid microgrid structure is shown in Figure 4.1, and whose parameters are set out in Table I.  

The system is divided into three different divisions: AC microgrid sub-grid, DC microgrid sub-grid, and 

intertying converter. The control structure of AC subsystem and intertying converter is based on 

synchronous reference frame (SRF) for current and voltage controllers and is shown in previous chapter 

in Figure 3.5. Whereas the control structure for the DC sub-system inverters is based in cascaded voltage 

and current control [30], [89] that is illustrated in Figure 4.2, the IC controller consists of only the current 

loop and the current reference, which will be provided by droop controllers [6], [21]. 
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Figure 4-1: The Hybrid Microgrid Structure under Study. 
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Figure 4-2: cascaded voltage and current control for DC DG Units. 

Table 4-1: Hybrid Microgrid System Parameters. 

Sub-grid Quantity Value Unit 

A
C

 m
ic

ro
g

ri
d

 Converter rated power 1 MVA 

AC Voltage (L-L) r.ms 690 V 

AC side resistance 0.01 Ω 

AC side inductance 1 mH 

AC side capacitance 50 µF 

System frequency 60 Hz 

In
te

rt
y

in
g

 

C
o
n

v
er

te
r Virtual inertias 0.0025 Kg. m2 

Virtual Damping Coefficient 16000 N.s/min 

AC side resistance 0.15 Ω 

AC side inductance 2 mH 

AC side capacitance 50 µF 

D
C

 

m
ic

ro
g

ri
d

 

Converter rated power 1 MVA 

DC Voltage 2500 V 

DC side resistance 0.05 Ω 

DC side inductance 1 mH 

 

4.2.1 AC Sub-grid 

The DG units in the AC sub-grid consist of three-phase voltage source converters (VSCs) energized 

from DC sources. The DC voltage source is used to represent either dispatchable DG or non-dispatchable 

DG units, which are controlled by the conventional droop scheme [30]. Each DG unit feeds the load based 

on the predefined droop gains. As a result, in order to have equal power sharing for all DG units when the 

system parameters are symmetrical, the droop gains should also be identical. Furthermore, equal power 

sharing among DG units provides a stability margin for the system [28]. The supplying of active power 

into AC sub-grid must be satisfied by DG units. The summation of total power injected by each DG must 

be equal to the common AC load, as can be seen in equation (4.1). 
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𝑃𝐴𝐶 𝑙𝑜𝑎𝑑 =∑ 𝑃𝐴𝐶,𝐷𝐺(𝑖)
𝑛

𝑖=1
 (4.1) 

Where 𝑃𝐴𝐶 𝑙𝑜𝑎𝑑 is denoted for the total AC load. The 𝑃𝐴𝐶,𝐷𝐺(𝑖) represents the injected power from 

each DG unit in the AC microgrid, calculated from its droop coefficient (𝑚𝑝
𝑎𝑐) at the operating system 

frequency. The variable (𝑛) represents the number of DG units that is connected into AC microgrid. 

4.2.2 DC Sub-grid 

Each DG unit within the DC sub-grid consists of half-bridge DC-DC converter energized from DC 

sources. DC bus voltage in the DC sub-grid is controlled by the DG units based on droop control, which 

is correlated with the injected power. Droop control is similar to the AC sub-grid; therefore, each DG unit 

feeds the load based on the predefined droop gains. The summation of total power injected by each DG 

unit must be equal to the common DC load as can be seen in equation (4.2). 

𝑃𝐷𝐶 𝑙𝑜𝑎𝑑 =∑𝑃𝐷𝐶,𝐷𝐺(𝑖)

𝑛

𝑖=1

 (4.2) 

Where 𝑃𝐷𝐶,𝐷𝐺(𝑖) represents the injected power from DG, calculated from the droop coefficient (𝑚𝑝
𝑑𝑐) at 

the DC system voltage. 

4.2.3 Intertying Converter 

The intertying converter consists of a three-phase voltage source converter (VSC) energized from DC 

sub-grid, as well as AC sub-grid. The main functionality of this converter is to control the active power 

direction. The IC, however, is not responsible for reactive power support for the AC sub-grid [8],[30]. 

4.3 Autonomous Operation of Hybrid microgrid 

The autonomous operation of hybrid microgrid will be discussed for AC sub-grid, DC sub-grid, and 

intertying converter.   

The autonomous operation of the AC sub-grid is mainly based on droop control; thus, the supplied 

power is either active or reactive depending, on the system’s frequency and the AC voltage at PCC. 

Increasing the AC load decreases the system’s frequency, which is a sign for DGs to supply more active 

power and vice versa. On the other hand, decreasing the AC voltage at PCC is a sign for DGs to supply 
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the reactive power. Consequently, due to the use of vector control, the independent active control and the 

reactive power control can be achieved. 

In DC sub-grid, the autonomous operation of DGs is similar to the AC microgrid. However, in this 

case, the DC voltage level determines the required injected power. The variation of the DC voltage is the 

main signal to DGs to maintain the DC voltage by injecting active power. Moreover, identical droop 

coefficients for all DGs in DC microgrid do not provide equal power sharing, due to the voltage drop 

associated with resistances lines [23], [29]. 
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Figure 4-3: Combined AC and DC Droop Characteristics. 

The autonomous operation of the intertying converter based on droop control is quite different in 

comparison to the AC and DC microgrids. In other words, the IC can be controlled autonomously based 

on droop control. This is determined by measuring the DC voltage level and AC sub-grid’s frequency at 

its AC and DC terminals. Therefore, the input reference consists of a summation of AC droop associated 

with AC sub-grid frequency, and DC droop associated with DC sub-grid DC voltage as depicted in Figure 

4.2. 

The mathematical representation of combined AC and DC droop characteristics for the IC is shown in 

the following equation:   

𝑃𝐼𝐶
𝑟𝑒𝑓

= {
0  𝑖𝑓   𝜔 < 𝜔𝑚𝑖𝑛 & 𝑉𝑑𝑐 < 𝑉𝑑𝑐

𝑚𝑖𝑛       

𝑃𝐼𝐶
𝑑𝑐 − 𝑃𝐼𝐶

𝑑𝑐 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

(4.3) 

𝑃𝐼𝐶
𝑑𝑐 = {

𝑣𝑚𝑖𝑛
𝑑𝑐 − 𝑣𝑑𝑐

𝑚𝑝
𝑑𝑐      𝑖𝑓    𝑉𝑑𝑐 < 𝑉𝑑𝑐

𝑚𝑖𝑛       

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (4.5) 
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𝑃𝐼𝐶
𝑎𝑐 = {

𝜔min − 𝜔

𝑚𝑝
𝑎𝑐        𝑖𝑓         𝜔 < 𝜔𝑚𝑖𝑛         

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (4.6) 

Once the IC power reference is determine by equation (4.3), the current reference that should feed the 

current controller can be found by dividing the power reference by the voltage magnitude, in case of using 

only  current controller loop. However, in the VSM control concept the power reference is directly fed to 

the swing equation model as shown in chapter 3 in Figure 3.4.   

4.4 Simulation Results and Analysis 

The system model used in this study consists of an average VSC model was built in PSCAD/EMTDC, 

whose system configuration is shown in Figure 4.1. The study presented here was concentrated on two 

important factors power exchange form DC to AC, and power exchange form AC to DC. Moreover, this 

chapter has studies and compared two hybrid microgrids based on the proposed VSM controller for IC 

and the only conventional current controller loop that is exists in the literature[10], [25]. 

4.4.1 Case 1: Dynamic Properties of Load Changes in AC and DC Sub-Grid during Under-

Loading Conditions  

In this case, both hybrid microgrids have identical operating conditions. Changing the loads for 

both sub-systems during the under loading condition is shown in Figure 4.4. Initially, the AC sub-system 

supplies 1MW for its AC load, while the DC sub-system supplies 0.8MW. At t = 5 sec, the AC load 

increases to 1.5MW as depicted in Figure 4.4.  

 

Figure 4-4: The AC Sub-grid’s Load during under loading Condition. 
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It obvious that the IC does not operate in this situation according to Rule 2 in [8] as shown in Figure 

4.5. However, supplying power during the transition might be preferable [29] in the case of slow response. 

In fact, this preferable situation is provided by the proposed control, where the control based on only 

current controller loop does not show this feature. Moreover, the proposed control based on VSM 

improves the starting transients for the DGs in the AC sub-system as evident in the beginning of Figure 

4.4 and Figure 4.5, which decreases the overshoot.  

 

Figure 4-5: The IC Power Exchange during under loading Condition. 

Due to the VSM in the IC controller, the effect of the inertia is just the response of the converter’s 

power. At t = 3 sec, the DC load increases from 0.8MW to 1.6MW as shown in Figure 4.6; thus, there is 

no effect on the AC sub-grid. In this case, both sub-systems work under loading conditions due to the fact 

that both sub-systems DGs units can still supply more available an extra power, which is equal to 0.4MW 

for each DG unit. 

 

Figure 4-6: The DC Sub-grid’s Load during under loading Condition. 
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The inertia means that some power is supplied by the intertying converter for a short period of time 

which represents the rotating mass during the frequency change. Therefore, as shown in Figure 4.5 and 

Figure 4.6 respectively, it is clear that at t = 5sec, the DC voltage follows the behaviour of the VSM due 

to the droop control characteristics in the DC sub-grid and the power exchange from the DC to AC sub-

grid for a short time as illustrated in Figure 4.6. Furthermore, the DGs units in the DC sub-system supply 

power during transient disturbance, so the behaviour of the DC DGs units obey the VSM behaviour as 

well. The effect of the virtual inertia on the DC voltage sub-system is depicted in Figure 4.7. 

 

Figure 4-7: DC Sub-grid Bus Voltage during under Loading Condition. 

4.4.2 Case 2: Power exchange from DC to AC sub-grid during AC sub-grid over loading 

conditions 

Both hybrid microgrids were investigated in the case of a shortage power in the AC sub-system. The 

AC load of the AC sub-system increases from 1MW to 2.3 MW at t = 5 sec. which means that the AC 

sub-system is overloaded by 0.3MW as shown in Figure 4.8. 

 

Figure 4-8: The AC sub-grid’s load during over loading condition. 
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 Furthermore, in this case the DC sub-grid is in an under-loaded condition that supplies its DC load 

with 1.6 MW as depicted in Figure 4.9. Therefore, the IC starts to provide the amount of power shortage 

to the AC sub-system from the DC sub-system, which is almost equal to 0.3 MW from DC sub-system as 

shown in Figure 4.10.  

 

Figure 4-9: The DG Power generated in DC sub-grid. 

 

Figure 4-10: The IC Power exchange during over loading condition in AC sub-grid. 

It is clear that the supplied power from DC sub-system into AC sub-system maintains both sub-grids 

within their rated power limits and prevents the possibility of overloading situations for all DGs units in 

AC and DC sub-systems as well.  



 

55 

 

Figure 4-11: The DG Power generated in AC sub-grid. 

The power generated via AC sub-system’s DGs in this case is shown in Figure 4.11. Therefore, the 

supplied power from the AC DGs is less than its rated power, which is 1MVA due to the load voltage 

dependency. Considering the VSM control on the IC leads all DGs units to follow the SM behavior only 

in the case of a power exchange from DC to AC or AC to DC sub-systems or during transient disturbance. 

This advantage of the VSM is presented in this case. 

4.4.3 Case 3: Power exchange from AC to DC sub-grid during DC sub-grid over loading 

conditions 

The AC load voltage degraded is revealed in this case due to the fact that the power exchange from 

AC to DC affects the AC voltage of the point common coupling (PCC). Therefore, the proposed VSM 

control to IC supports the AC voltage, and it helps to improve the hybrid microgrid performance. In this 

case, both sub-systems work under low loading conditions. Thus, the AC sub-system load is equal to 

1MW while the DC sub-grid load is equal to 1.5MW as shown in Figure 4.12 and Figure 4.13 respectively.  

 

Figure 4-12: The AC sub-grid’s load during power exchange for AC to DC sub-grid. 
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Figure 4-13: The DC sub-grid’s load during power exchange for AC to DC sub-grid. 

At t = 5 sec, the DC load increases from 1.5MW to 2.3MW, which represents an overloaded condition 

for the DC DGs units. As a result, the IC supplies the shortage of the power from the AC sub-system in 

order to maintain the DC sub-system in a healthier operation condition. Figure 4.14 shows the power 

exchange from AC to DC sub-system via IC. 

 

Figure 4-14: The IC Power exchange during over loading condition in DC sub-grid. 

Referring to Figure 4.12, due to the load voltage dependence of the AC load, the power exchange from 

AC to DC sub-system affects the AC sub-system, and it causes fluctuation on the PCC voltage due to the 

lack of inertia. Therefore, the proposed VSM control to IC provides a remedy for this issue, and thus 

mitigates the PCC voltage dip during the power exchange from AC to DC sub-system. Moreover, 

integrating the proposed controller into the IC improves the power quality of the hybrid microgrid. In fact, 

in the case of using only current controller loop, the total power transfer experiences fluctuation due to 

the sensitivity of the droop controller. This fluctuation might reach the stability boundaries or violate the 
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required standards. As a result, the proposed controller of IC smooths out this fluctuation from the 

existence of inertia in the IC controller loop as can be seen in the Figure 4.15.  

 

Figure 4-15 AC Voltage at the PCC. 

4.4.4 Case 4:  IC Switching between the Inversion and Rectification Modes 

For further investigations, the IC is challenged to operate in the rectification mode; which the power 

flows from the AC sub-system into the DC sub-system at t = 5.0 sec and then suddenly switches to the 

inversion mode at t = 10.0 sec where the power flows from the DC sub-system into the AC sub-system as 

shown in Figure 4-16.  

 

Figure 4-16 inverse the IC power exchange direction. 

As shown in Figure 4.17, the VSM-based IC reflects a well-damped performance of AC voltage at 

the PCC as compared to the current-controlled IC.  
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Figure 4-17 AC Voltage at the PCC during Switching between two different operation modes. 

4.4.5 Case 5:  Seamless Reconnection of the IC Following a Scheduled Maintenance 

As compared to the SMs, the synchronization of the microgrids to another ac system might be 

challenging.  In the autonomous mode, the DG units dictate the microgrid voltage and frequency based on 

the decentralized droop control, which might affect the system stability at the synchronization instants. In 

some situations, local adjustments throughout all DG units is required to facilitate the reconnection process 

[90]. In this case study, it is shown that the VSM-based IC provides superior synchronization 

characteristics as compared to the current-controlled IC. To challenge the VSM-based controller, the 

reconnection of the IC is investigated under the loaded and unloaded conditions.  

4.4.5.1 Reconnection of IC under Loaded Conditions 

As shown in Fig. 10(a), the IC is disconnected because of a scheduled maintenance at t = 

6.0 s and hence a zero-power transfer is yielded. The overall system performance is still stable. 

However, load shedding actions shall be considered during the scheduled maintenance conditions 

in order to avoid overloading both sub-grids.  
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Figure 4-18 the Active power behavior of IC during reconnection IC under loaded conditions. 

 

At t = 6.5 sec, the IC is reconnected to the system. In this case, the current-controlled IC 

produces a severe transient response as compared to the VSM-based control strategy. This severe 

performance might trigger the protection devices into nuisance trippings. On the other hand, the 

VSM-based controller has a unique self-synchronization feature. The virtual inertia and damping 

creates a smooth transient response which is clearly shown in Figure 4.19 for the AC voltage at 

PCC.  

 

Figure 4-19 The PCC voltage at AC sub-system during reconnection IC under loaded conditions. 

4.4.5.2 Reconnection of IC under Zero-Loaded Conditions 

Similar to the preceding scenario, and as shown in Figure 4.20, the IC is disconnected at t 

= 4.0 s, and restored to operation at t = 4.5 s. Therefore, it is clear that the VSM-based controller 
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offers a superior behaviour as compare to the current-controlled IC. Note that the frequency 

stability is violated under the current-controlled IC as shown in Figure 4.21.  

 

Figure 4-20 the Active power behavior of IC during reconnection IC under Zero-loaded conditions. 

 

Figure 4-21 AC sub-system Frequency during reconnection IC under Zero-loaded conditions. 

4.5 Conclusion 

This chapter introduces the VSM-based control for the IC in the hybrid AC/DC microgrid. The VSM 

control strategy ensures the accurate bidirectional power flow between the AC and the DC sub-grids under 

different loading conditions. This chapter has studied and compared a two hybrid micro-grid with different 

control structures of the IC. It has been demonstrated that during variations of the loading conditions, the 

VSM algorithm is more efficient than using only the current control loop that is proposed in the literature 

due to the AC voltage degraded load. The results prove that the proposed control strategy improves the 

performance of the entire hybrid microgrid. The impact of the VSM control algorithms on the hybrid 

microgrid was validated using a test system simulated in a PSCAD/EMTDC environment.   
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Chapter 5 

Modeling and Stability Analysis of Hybrid AC/DC Microgrid 3 

5.1 Introduction 

Analyzing the dynamic performance and designing the controller of electrical system is commonly based 

on developing the small-signal dynamic model [91]. The main benefit of the small-signal modelling is to 

present further investigation of the hybrid microgrid once the eigenvalues and the stable region are 

determined. Particularly, the small-signal model of hybrid microgrid presents the system stability and also 

the effect of the system parameters changing such as PI controller coefficients. Therefore, it becomes 

necessary for studying the small-signal model to find the large-signal dynamic model of the hybrid 

microgrid first; which is represented using nonlinear differential equations. 

The most important portion for the hybrid microgrid system is the stability study due to that fact that 

the behavior of the system when it is subjected to a temporary disturbance is the main concern. In hybrid 

microgrid, the disturbances take place continuously because of the load changing endlessly. Satisfying the 

hybrid microgrid operation during the disturbances conditions must be achieved in order to supply the 

demand. Furthermore, the power quality is another concern for the operation of a hybrid microgrid; which 

prefer for the hybrid microgrid to provide better response and less oscillatory behavior. The efficient and 

desire performance of the hybrid microgrid can be achieved by evaluating the linearized model of the 

nonlinear equations of the hybrid microgrid. Evaluating the eigenvalues and sensitivity modes of the 

hybrid microgrid are the most important aspect of studying the control system stability. The hybrid 

microgrid consists of AC sub-system (AC microgrid), DC sub-system (DC microgrid), and intertying 

converter (IC). 

5.2 Small-Signal Dynamic Modeling of the Hybrid Microgrid  

Deriving a dynamic model for the hybrid AC/DC microgrid is the most important component of the 

proposed control application design and stability assessment. Therefore, the hybrid microgrid should be  

____________________________________________________________________________________ 

3 This chapter has been accepted to be published in: 

 [92] H. Alrajhi Alsiraji, A A. Radwan, and R. ElShatshat, “Modeling and Analysis of a Synchronous 

Machine-Emulated Active Intertying Converter in Hybrid AC/DC Microgrids," in IET Generation, 

Transmission & Distribution, Accepted.   
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modelled as three subsystem stages, and then connected with each other based on the common model 

variable and reference frame as seen in Figure 5.1. The first sub-system model is the AC microgrid which 

is similar to the system that can be found in [20]. The configuration of the DC sub-system is similar to the 

AC sub-system while the converters are based on half-bridge DC-to-DC. The last sub-system model is the 

intertying converter. The following sections represents the deriving a dynamic model for each sub-system 

in details.  
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Figure 5-1 Systematic Configuration of the Hybrid AC/DC Microgrid. 

5.3 AC Microgrid small-signal Model 

The AC microgrid configuration is depicted in Figure 5.2. The small-signal state space model of AC 

microgrid divided into several sub-modules that are output LCL filer, network lines, load, power 

controller, voltage control and current controller.   
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Figure 5-2 AC Microgrid Sub-system. 

5.3.1 Small-signal Model of VSC in AC Sub-system 

With referring to chapter 2, a small-signal model of VSC interfacing a DG unit into AC microgrid is 

discussed. The large signal model was derived in the control structure of the VSC section; thus, linearizing 

equations (2.3)-(2.8), (2.11), (2.12), (2.15), (2.16), (2.19), and (2.20) leads to determine the small-signal 

dynamic model. It is evident that the large signal model consists of 13 equations [20], [28], [30]. In other 

words, the small-signal model consists of 13 state variables for LCL filter, current controller, voltage 

controller, power controller, and AC load.  

5.3.1.1 Linearized Power Circuit State Space Model 

The linearized equations and state space representation form of the power circuit that consist of LCL 

filter and coupling inductance is shown in the following equations [20]: 

∆𝑖𝑐𝑜𝑛𝑣𝑑̇ =  
1

𝐿𝑓
∆𝑉𝑐𝑜𝑛𝑣𝑑 −

1

𝐿𝑓
∆𝑉𝑜𝑑 −

𝑅𝑓

𝐿𝑓
. ∆𝑖𝑐𝑜𝑛𝑣𝑑 +𝜔. ∆𝑖𝑐𝑜𝑛𝑣𝑞 (5.1) 

∆𝑖𝑐𝑜𝑛𝑣𝑞̇ =  
1

𝐿𝑓
∆𝑉𝑐𝑜𝑛𝑣𝑞 −

1

𝐿𝑓
∆𝑉𝑜𝑞 −

𝑅𝑓

𝐿𝑓
. ∆𝑖𝑐𝑜𝑛𝑣𝑞 − 𝜔. ∆𝑖𝑐𝑜𝑛𝑣𝑑 (5.2) 

∆𝑣𝑜𝑑̇ =  𝜔. ∆𝑣𝑜𝑞 +
1

𝐶𝑓
∆𝑖𝑐𝑜𝑛𝑣𝑑 −

1

𝐶𝑓
∆𝑖𝑜𝑑 (5.3) 

∆𝑣𝑜𝑞̇ =  −𝜔. ∆𝑣𝑜𝑑 +
1

𝐶𝑓
∆𝑖𝑐𝑜𝑛𝑣𝑞 −

1

𝐶𝑓
∆𝑖𝑜𝑞 (5.4) 
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∆𝑖𝑜𝑑̇ =  
1

𝐿𝑜
∆𝑉𝑜𝑑  − 

1

𝐿𝑜
∆𝑉𝑔𝑑 −

𝑅𝑜

𝐿𝑜
. ∆𝑖𝑜𝑑 + 𝜔. ∆𝑖𝑜𝑞 (5.5) 

∆𝑖𝑜𝑞̇ =  
1

𝐿𝑜
∆𝑉𝑜𝑞  − 

1

𝐿𝑜
∆𝑉𝑔𝑞 −

𝑅𝑜

𝐿𝑜
. ∆𝑖𝑜𝑞 − 𝜔. ∆𝑖𝑜𝑑 (5.6) 

The power circuit linearized equations of the LCL filter are written in standard form of state space 

representation as following: 

[
 
 
 
 
 
 
 
𝛥𝑖𝑐𝑜𝑛𝑣𝑑̇

𝛥𝑖𝑐𝑜𝑛𝑣𝑞̇

𝛥𝑖𝑜𝑑̇

𝛥𝑖𝑜𝑞̇

𝛥𝑣𝑜𝑑̇

𝛥𝑣𝑜𝑞̇ ]
 
 
 
 
 
 
 

= 𝔸𝐿𝐶𝐿

[
 
 
 
 
 
 
𝛥𝑖𝑐𝑜𝑛𝑣𝑑
𝛥𝑖𝑐𝑜𝑛𝑣𝑞
𝛥𝑖𝑜𝑑
𝛥𝑖𝑜𝑞
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞 ]

 
 
 
 
 
 

+ 𝔹𝐿𝐶𝐿1 [
𝛥𝑣𝑐𝑜𝑛𝑣𝑑̇

𝛥𝑣𝑐𝑜𝑛𝑣𝑞̇ ] + 𝔹𝐿𝐶𝐿2 [
𝛥𝑣𝑔𝑑̇

𝛥𝑣𝑔𝑞̇
] + 𝔹𝐿𝐶𝐿3[𝛥𝜔̇] (5.7) 

Where: 

𝔸𝐿𝐶𝐿 =

[
 
 
 
 
 
−𝑅𝑓/𝐿𝑓 𝜔 0 0 −1/𝐿𝑓 0
−𝜔 −𝑅𝑓/𝐿𝑓 0 0 0 −1/𝐿𝑓
0 0 −𝑅𝑜/𝐿𝑜 𝜔 −1/𝐿𝑜 0
0 0 −𝜔 −𝑅𝑜/𝐿𝑜 0 −1/𝐿𝑜

1/𝐶𝑓 0 −1/𝐶𝑓 0 0 𝜔
0 1/𝐶𝑓 0 −1/𝐶𝑓 −𝜔 0 ]

 
 
 
 
 

   ; 𝔹𝐿𝐶𝐿1 =

[
 
 
 
 
 
1/𝐿𝑓
0
0
0
0
0

0
1/𝐿𝑓
0
0
0
0 ]
 
 
 
 
 

 

𝔹𝐿𝐶𝐿2 =

[
 
 
 
 
 

0
0

−1/𝐿𝑜
0
0
0

0
0
0

−1/𝐿𝑜
0
0 ]

 
 
 
 
 

  ;   𝔹𝐿𝐶𝐿3 =

[
 
 
 
 
 
𝑖𝑐𝑜𝑛𝑣𝑞
−𝑖𝑐𝑜𝑛𝑣𝑑
𝑖𝑜𝑞
−𝑖𝑜𝑑
𝑣𝑜𝑞
−𝑣𝑜𝑑 ]

 
 
 
 
 

  

5.3.1.2 Linearized Current Controller State Space Model 

Based on equations (2.11) and (2.12), the state space model of the current controller loops have two 

extra state variables. The variables which come from the PI controller are called axillary state, and they 

are notated as ∆𝛾𝑑 and ∆𝛾𝑞. Therefore, the current state space model can be written as follows: 
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[
𝛥𝛾𝑑̇

𝛥𝛾𝑞̇
] = [0] [

𝛥𝛾𝑑
𝛥𝛾𝑞

] + 𝔹𝑐1 [
𝛥𝑣𝑐𝑜𝑛𝑣𝑑
𝛥𝑣𝑐𝑜𝑛𝑣𝑞

] + 𝔹𝑐2

[
 
 
 
 
 
 
𝛥𝑖𝑐𝑜𝑛𝑣𝑑
𝛥𝑖𝑐𝑜𝑛𝑣𝑞
𝛥𝑖𝑜𝑑
𝛥𝑖𝑜𝑞
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞 ]

 
 
 
 
 
 

 (5.8) 

Where: 

𝔹𝑐1 = [
𝐾𝑖𝑐 0
0 𝐾𝑖𝑐

] ; 𝔹𝑐2 = [
−𝐾𝑖𝑐 0 0 0 1 0
0 −𝐾𝑖𝑐 0 0 0 1

] ;      

Where equation (5.8) represents the axillary states of the PI controller states, and equation (5.9) 

represents the current controller states. The inputs are split into feedback and references for the purpose 

of simplicity.  

[
𝛥𝑣𝑐𝑜𝑛𝑣𝑑̇

𝛥𝑣𝑐𝑜𝑛𝑣𝑞̇ ] = ℂ𝑐 [
𝛥𝛾𝑑
𝛥𝛾𝑞

] + 𝔻𝑐1 [
𝛥𝑣𝑐𝑜𝑛𝑣𝑑
𝛥𝑣𝑐𝑜𝑛𝑣𝑞

] + 𝔻𝑐2

[
 
 
 
 
 
 
𝛥𝑖𝑐𝑜𝑛𝑣𝑑
𝛥𝑖𝑐𝑜𝑛𝑣𝑞
𝛥𝑖𝑜𝑑
𝛥𝑖𝑜𝑞
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞 ]

 
 
 
 
 
 

 (5.9) 

Where: 

ℂ𝑐 = [
1 0
0 1

] ;   𝔻𝑐1 [
𝐾𝑝𝑐 0

0 𝐾𝑝𝑐
] ;     𝔻𝑐2 = [

−𝐾𝑝𝑐 −𝜔𝐿𝑓 0 0 1 0

𝜔𝐿𝑓 −𝐾𝑝𝑐 0 0 0 1
] 

5.3.1.3 Linearized Voltage Controller State Space Model 

The state space model of the voltage controller follows the same procedure that is applied in the 

current controller state space model. Based on equations (2.15) and (2.16), the state space model of the 

voltage controller loops have two extra state variables as well. These state variables are notated as ∆𝜑𝑑 

and ∆𝜑𝑞. Therefore, the voltage state space model can be written as follows: 
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[
𝛥𝜑𝑑̇

𝛥𝜑𝑞̇
] = [0] [

𝛥𝜑𝑑
𝛥𝜑𝑞

] + 𝔹𝑣1 [
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞

] + 𝔹𝑣2

[
 
 
 
 
 
 
𝛥𝑖𝑐𝑜𝑛𝑣𝑑
𝛥𝑖𝑐𝑜𝑛𝑣𝑞
𝛥𝑖𝑜𝑑
𝛥𝑖𝑜𝑞
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞 ]

 
 
 
 
 
 

 (5.10) 

Where: 

𝔹𝑣1 = [
𝐾𝑖𝑣 0
0 𝐾𝑖𝑣

] ;     𝔹𝑣2 = [
−1 0
0 −1

] ;      

Equation (5.11) represents the voltage controller states. Also, the inputs are divided for the purpose 

of simplicity into feedback and references.  

[
𝛥𝑖𝑜𝑑̇

𝛥𝑖𝑜𝑑̇
] = ℂ𝑣 [

𝛥𝛾𝑑
𝛥𝛾𝑞

] + 𝔻𝑣1 [
𝛥𝑣𝑐𝑜𝑛𝑣𝑑
𝛥𝑣𝑐𝑜𝑛𝑣𝑞

] + 𝔻𝑣2

[
 
 
 
 
 
 
𝛥𝑖𝑐𝑜𝑛𝑣𝑑
𝛥𝑖𝑐𝑜𝑛𝑣𝑞
𝛥𝑖𝑜𝑑
𝛥𝑖𝑜𝑞
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞 ]

 
 
 
 
 
 

 (5.11) 

ℂ𝑣 = [
1 0
0 1

] ;   𝔻𝑣1 [
𝐾𝑝𝑣 0

0 𝐾𝑝𝑣
] ;    𝔻𝑣2 = [

0 0 𝐻 0 −𝐾𝑝𝑣 −𝜔𝐶𝑓

0 0 0 𝐻 𝜔𝐶𝑓 −𝐾𝑝𝑣
] 

5.3.1.4 Linearized Power Controller State Space Model 

Referring to Figure 2-6, the power control consists of three integrators; thus, the power controller state 

space model has three state variables. By rearranging equations (2.19) and (2.20), the linearized 

differential equations of the power controllers become the following:  

∆𝑃̇ = (
3

2
) (𝜔𝑓 ((∆𝑣𝑜𝑑 ∗ 𝑖𝑜𝑑) + (∆𝑣𝑜𝑞 ∗ 𝑖𝑜𝑞) + (𝑣𝑜𝑑 ∗ ∆𝑖𝑜𝑑) + (𝑣𝑜𝑞 ∗ ∆𝑖𝑜𝑞) − ∆𝑃)) (5.12) 

∆𝑄̇ = (
3

2
) (𝜔𝑓 ((∆𝑣𝑜𝑑 ∗ 𝑖𝑜𝑞) + (𝑣𝑜𝑑 ∗ ∆𝑖𝑜𝑞) − (𝑣𝑜𝑞 ∗ ∆𝑖𝑜𝑑) − (𝑣𝑜𝑞 ∗ ∆𝑖𝑜𝑑) − ∆𝑄)) (5.13) 

According to Figure 2-6, the phase angle 𝜃 represents the angle difference between the converter 

reference and the common reference in the AC sub-system (AC microgrid). It is obvious that the phase 

angle 𝜃 equation for the power controller is written as follows (5.14): 
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𝜃 = ∫𝜔𝑖𝑛𝑣 − 𝜔𝑐𝑜𝑚  (5.14) 

 

Therefore the linearization of the previous equation and the substitution into the power droop equation 

leads to achieving the phase angle state equation as written below in (5.15): 

∆𝜃̇ = −𝑚𝑝∆𝑃 − ∆𝜔𝑐𝑜𝑚 (5.15) 

The power controller state space representation model can be written as equation (5.16) while the 

output equations of the power controller are correlated with the system’s voltages as shown in (5.17): 

[
𝛥𝜃̇
𝛥𝑃̇
𝛥𝜃̇

] = 𝔸𝑝 [
𝛥𝛿
𝛥𝑃
𝛥𝑄
] + 𝔹𝑝1

[
 
 
 
 
 
 
𝛥𝑖𝑐𝑜𝑛𝑣𝑑
𝛥𝑖𝑐𝑜𝑛𝑣𝑞
𝛥𝑖𝑜𝑑
𝛥𝑖𝑜𝑞
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞 ]

 
 
 
 
 
 

 (5.16) 

[

∆𝑤
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞

] = [
ℂ𝑑𝑤
ℂ𝑑𝑣

] [
𝛥𝑄
𝛥𝑃
] (5.17) 

 Where: 

𝔸𝑑 = [

−𝜔𝑓 0 0
0 −𝜔𝑓 0

−𝑚𝑝 0 0
] ;     𝔹𝑑 =

3

2
[

0 0 0 0 0 0
0 0 𝜔. 𝑣𝑜𝑑 𝜔. 𝑣𝑜𝑞 𝜔. 𝑖𝑜𝑑 𝜔. 𝑖𝑜𝑞
0 0 −𝜔. 𝑣𝑜𝑞 𝜔. 𝑣𝑜𝑑 𝜔. 𝑖𝑜𝑞 −𝜔. 𝑖𝑜𝑑

] 

ℂ𝑑𝑤 = [0 −𝑚𝑝 0]  ;            ℂ𝑑𝑣 = [
0 −𝑛𝑝 0

0 0 0
] 

5.3.1.5 Complete Linearized State Space Small-signal Model of VSC 

The total state space model of a VSC that is interfacing a DG unit into AC microgrid is achieved by 

combining the linearized state space models with each other. Equation (5.18) represents the complete state 

space model of a converter Interfacing DG Unit into AC Microgrid. [The readers are referred to Appendix 

B for further details]. 
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[∆𝑥𝑖𝑛𝑣]̇ = 𝔸𝑖𝑛𝑣[∆𝑥𝑖𝑛𝑣] + 𝔹𝑖𝑛𝑣1[∆𝑉𝑏𝑢𝑠𝑑𝑞] + 𝔹𝑖𝑛𝑣2[∆𝛿] (5.18) 

Where ∆𝑥𝑖𝑛𝑣 represents the all state variables of the VSC including its controllers. 

[∆𝑥𝑖𝑛𝑣] = [𝛥𝛿 𝛥𝑃 𝛥𝑄 𝛥𝜑𝑑𝑞 𝛥𝛾𝑑𝑞 𝛥𝑖𝑐𝑜𝑛𝑣𝑑𝑞 𝛥𝑣𝑜𝑑𝑞 𝛥𝑖𝑜𝑑𝑞] 

𝔸𝑖𝑛𝑣 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(𝔸𝑝)3×3
((0)2×2) (0)2×2 (𝔹𝑝)3×6

(𝔹𝑣1 ∗ ℂ𝑝𝑣)2×3 ((0)2×2) (0)2×2 (𝔹𝑣2)3×6

(

𝔹𝑐1 ∗
𝔻𝑣1 ∗
ℂ𝑝𝑣

)

2×3

(
𝔹𝑐1 ∗
ℂ𝑣1

)
2×2

(0)2×2 (
𝔹𝑐1 ∗
𝔻𝑣2 ∗
𝔹𝑐2

)

2×6

(

 
 
 
 
 
 (

𝔹𝐿𝐶𝐿1 ∗
𝔻𝑐1 ∗
𝔻𝑣1 ∗
ℂ𝑝𝑣

)

+(

𝔹𝐿𝐶𝐿2 ∗

[
 𝑇𝑣
−1 (0)3×2

(0)4×1 (0)3×2
]
)

+(𝔹𝐿𝐶𝐿3 ∗ ℂ𝑝𝑤) )

 
 
 
 
 
 

6×3

(
𝔹𝐿𝐶𝐿1 ∗
𝔻𝐶1 ∗
ℂ𝑣

)

6×2

(
𝔹𝐿𝐶𝐿1 ∗
ℂ𝑐

)
6×2

(
(
𝔸𝐿𝐶𝐿 +
𝔹𝐿𝐶𝐿1 ∗
𝔻𝑐1 ∗ 𝔻𝑣2

)

𝔹𝐿𝐶𝐿1 ∗ 𝔻𝑐2

)

6×6

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

𝔹1𝑖𝑛𝑣 =

[
 
 
 
 
 

((0)3×2)

((0)2×2)

((0)2×2)

(𝔹𝐿𝐶𝐿2 ∗ [
(0)4×2
 𝑇𝑠
−1 ])

6×2]
 
 
 
 
 

[
∆𝑣𝑏𝑢𝑠𝑑
∆𝑣𝑏𝑢𝑠𝑞

] ;      𝔹1𝑖𝑛𝑣 =

[
 
 
 
 
[𝔹pcom]

(0)2×1
(0)2×1
(0)6×1 ]

 
 
 
 

[∆𝛿] 

ℂ𝑖𝑛𝑣𝑤1 = {
[(ℂ𝑝𝑤)1×3 (0)1×10][∆𝛿]                     𝑖𝑓 𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑖𝑛𝑑𝑒𝑥 = 1

                    [(0)1×13]        [∆𝛿]                     𝑖𝑓 𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑖𝑛𝑑𝑒𝑥 ≠ 1     
         

ℂ𝑖𝑛𝑣𝑐 = [(𝑇𝐶)2×1 (0)2×10 (𝑇𝑆)2×2][∆𝑥𝑖𝑛𝑣] 

Referring to Figure 5.2, the AC sub-system contains of three VSCs interfacing DG units; therefore, 

by taking one of the converter interfacing the DG unit as a common reference for the rest of the other 

converter helps to combine all state space converter models with each other as explained in equation (5.19) 

and (5.20). The readers are referred to [20] for further details about combining state space model of several 

converters. 
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[
 
 
 
 
∆𝑥𝑖𝑛𝑣1̇
∆𝑥𝑖𝑛𝑣2̇

∆𝑥𝑖𝑛𝑣3
⋮

∆𝑥𝑖𝑛𝑣𝑛

̇

]
 
 
 
 

= [𝔸𝑖𝑛𝑣
𝑡𝑜𝑡𝑎𝑙]

[
 
 
 
 
∆𝑥𝑖𝑛𝑣1
∆𝑥𝑖𝑛𝑣2
∆𝑥𝑖𝑛𝑣3
⋮

∆𝑥𝑖𝑛𝑣𝑛]
 
 
 
 

+

[
 
 
 
 
𝔹1𝑖𝑛𝑣1
𝔹1𝑖𝑛𝑣2
𝔹1𝑖𝑛𝑣3
⋮

𝔹1𝑖𝑛𝑣𝑛]
 
 
 
 

[
 
 
 
 
 
∆𝑣𝑏𝑢𝑠𝑑𝑞1

∆𝑣𝑏𝑢𝑠𝑑𝑞2

∆𝑣𝑏𝑢𝑠𝑑𝑞3

⋮
∆𝑣𝑏𝑢𝑠𝑑𝑞𝑛]

 
 
 
 
 

+

[
 
 
 
 
𝔹2𝑖𝑛𝑣1
𝔹2𝑖𝑛𝑣2
𝔹2𝑖𝑛𝑣3
⋮

𝔹2𝑖𝑛𝑣𝑛]
 
 
 
 

[
 
 
 
 
∆𝛿1
∆𝛿2
∆𝛿3
⋮
∆𝛿𝑛]

 
 
 
 

 (2.19) 

[
 
 
 
 
 
∆𝑣𝑜𝑑𝑞1

∆𝑣𝑜𝑑𝑞2

∆𝑣𝑜𝑑𝑞3

⋮
∆𝑣𝑜𝑑𝑞𝑛]

 
 
 
 
 

=

[
 
 
 
 
 
ℂ𝑖𝑛𝑣𝑐1 0 0 0 0

0 ℂ𝑖𝑛𝑣𝑐2 0 0 0

0 0 ℂ𝑖𝑛𝑣𝑐3 0 0

⋮ ⋮ ⋮ ⋱ ⋮
0 0 0 0 ℂ𝑖𝑛𝑣𝑐𝑛]

 
 
 
 
 

[
 
 
 
 
∆𝑥𝑖𝑛𝑣1
∆𝑥𝑖𝑛𝑣2
∆𝑥𝑖𝑛𝑣3
⋮

∆𝑥𝑖𝑛𝑣𝑛]
 
 
 
 

 (5.20) 

[𝔸𝑖𝑛𝑣
𝑡𝑜𝑡𝑎𝑙] =

[
 
 
 
 
 
 
 
 
 (

𝔸𝑖𝑛𝑣1 +
𝔹2𝑖𝑛𝑣1 ∗ ℂ𝑖𝑛𝑣𝑤1

) 0 0 0 0

0 (
𝔸𝑖𝑛𝑣2 +

𝔹2𝑖𝑛𝑣2 ∗ ℂ𝑖𝑛𝑣𝑤2
) 0 0 0

0 0 (
𝔸𝑖𝑛𝑣3 +

𝔹2𝑖𝑛𝑣3 ∗ ℂ𝑖𝑛𝑣𝑤3
) 0 0

⋮ ⋮ ⋮ ⋱ ⋮

0 0 0 0 (
𝔸𝑖𝑛𝑣𝑛 +

𝔹2𝑖𝑛𝑣𝑛 ∗ ℂ𝑖𝑛𝑣𝑤𝑛
)
]
 
 
 
 
 
 
 
 
 

 

5.3.1.6 Linearized State Space Model of AC sub-system network  

The AC sub-system network contains of two electrical storage elements; which are the lines’ 

inductances as shown in Figure 5.3. Therefore, the small-signal state space model of the network consists 

of four state variables; two of these state are in the d- and q- directions, respectively. 

 

Lline1 Lline2 Rline1Rline2

Rload1 Rload2

Vbus3Vbus1
Vbus2

io1 io2 io3

iline1 iline2

Lload1 Lload2

 

Figure 5-3 AC sub-system network configuration 



 

70 

The state space equations of the AC sub-grid network follow the same procedure that is applied in the 

circuit state space model of the power LCL filter. Based on Figure 5.3, the linearized state space equations 

can be written as: 

∆𝑖𝐿𝑖𝑛𝑒𝑑1̇ =  
1

𝐿𝐿𝑖𝑛𝑒1
∆𝑉𝑏𝑢𝑠𝑑1 −

1

𝐿𝐿𝑖𝑛𝑒1
∆𝑉𝑏𝑢𝑠𝑑2 −

𝑅𝐿𝑖𝑛𝑒1
𝐿𝐿𝑖𝑛𝑒1

. ∆𝑖𝐿𝑖𝑛𝑒𝑑1 + 𝑤. ∆𝑖𝐿𝑖𝑛𝑒𝑞1 + 𝑖𝐿𝑖𝑛𝑒𝑞1. ∆𝜔 (5.21) 

∆𝑖𝑙𝑖𝑛𝑒𝑞1̇ =  
1

𝐿𝐿𝑖𝑛𝑒1
∆𝑉𝑏𝑢𝑠𝑞1 −

1

𝐿𝐿𝑖𝑛𝑒1
∆𝑉𝑏𝑢𝑠𝑞2 −

𝑅𝐿𝑖𝑛𝑒1
𝐿𝐿𝑖𝑛𝑒1

. ∆𝑖𝐿𝑖𝑛𝑒𝑞1 − 𝑤. ∆𝑖𝐿𝑖𝑛𝑒𝑑1 − 𝑖𝐿𝑖𝑛𝑒𝑑1. ∆𝜔 (5.22) 

∆𝑖𝐿𝑖𝑛𝑒𝑑2̇ =  
1

𝐿𝐿𝑖𝑛𝑒2
∆𝑉𝑏𝑢𝑠𝑑2 −

1

𝐿𝐿𝑖𝑛𝑒2
∆𝑉𝑏𝑢𝑠𝑑3 −

𝑅𝐿𝑖𝑛𝑒2
𝐿𝐿𝑖𝑛𝑒2

. ∆𝑖𝐿𝑖𝑛𝑒𝑑2 + 𝑤. ∆𝑖𝐿𝑖𝑛𝑒𝑞2 + 𝑖𝐿𝑖𝑛𝑒𝑞2. ∆𝜔 (5.23) 

∆𝑖𝑙𝑖𝑛𝑒𝑞2̇ =  
1

𝐿𝐿𝑖𝑛𝑒2
∆𝑉𝑏𝑢𝑠𝑞2 −

1

𝐿𝐿𝑖𝑛𝑒2
∆𝑉𝑏𝑢𝑠𝑞3 −

𝑅𝐿𝑖𝑛𝑒2
𝐿𝐿𝑖𝑛𝑒2

. ∆𝑖𝐿𝑖𝑛𝑒𝑞2 − 𝑤. ∆𝑖𝐿𝑖𝑛𝑒𝑑2 − 𝑖𝐿𝑖𝑛𝑒𝑑2. ∆𝜔 (5.24) 

The standard state space representation form of AC sub-system network can be obtained as following 

equation: 

[
 
 
 
 
∆𝑖𝐿𝑖𝑛𝑒𝑑1̇

∆𝑖𝑙𝑖𝑛𝑒𝑞1̇

∆𝑖𝐿𝑖𝑛𝑒𝑑2̇

∆𝑖𝑙𝑖𝑛𝑒𝑞2̇ ]
 
 
 
 

= 𝔸𝑛𝑒𝑡

[
 
 
 
∆𝑖𝐿𝑖𝑛𝑒𝑑1
∆𝑖𝑙𝑖𝑛𝑒𝑞1
∆𝑖𝐿𝑖𝑛𝑒𝑑2
∆𝑖𝑙𝑖𝑛𝑒𝑞2 ]

 
 
 

+ 𝔹𝑛𝑒𝑡1

[
 
 
 
 
 
 
∆𝑉𝑏𝑢𝑠𝑑1
∆𝑉𝑏𝑢𝑠𝑞1
∆𝑉𝑏𝑢𝑠𝑑2
∆𝑉𝑏𝑢𝑠𝑞2
∆𝑉𝑏𝑢𝑠𝑑3
∆𝑉𝑏𝑢𝑠𝑞3]

 
 
 
 
 
 

+ 𝔹𝑛𝑒𝑡2[𝛥𝜔] (5.25) 

Where: 

  𝔸𝑛𝑒𝑡 =

[
 
 
 
 
 
 
 
 −
𝑅𝐿𝑖𝑛𝑒1
𝐿𝐿𝑖𝑛𝑒1

𝜔 0 0

−𝜔 −
𝑅𝐿𝑖𝑛𝑒1
𝐿𝐿𝑖𝑛𝑒1

0 0

0 0 −
𝑅𝐿𝑖𝑛𝑒1
𝐿𝐿𝑖𝑛𝑒1

𝜔

0 0 −𝜔 −
𝑅𝐿𝑖𝑛𝑒1
𝐿𝐿𝑖𝑛𝑒1]
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𝔹𝑛𝑒𝑡1 =

[
 
 
 
 
 
 
 
 
1

𝐿𝐿𝑖𝑛𝑒1
0 −

1

𝐿𝐿𝑖𝑛𝑒1
0 0 0

0
1

𝐿𝐿𝑖𝑛𝑒1
0 −

1

𝐿𝐿𝑖𝑛𝑒1
0 0

0 0
1

𝐿𝐿𝑖𝑛𝑒2
0 −

1

𝐿𝐿𝑖𝑛𝑒2
0

0 0 0
1

𝐿𝐿𝑖𝑛𝑒2
0 −

1

𝐿𝐿𝑖𝑛𝑒2]
 
 
 
 
 
 
 
 

;    𝔹𝑛𝑒𝑡2 =

[
 
 
 
+𝑖𝐿𝑖𝑛𝑒𝑞1
−𝑖𝐿𝑖𝑛𝑒𝑑1
+𝑖𝐿𝑖𝑛𝑒𝑞2
−𝑖𝐿𝑖𝑛𝑒𝑑2]

 
 
 
     

5.3.1.7 Linearized State Space Model of AC sub-system Loads 

The state space equations of the AC sub-system loads are similar to the AC sub-grid network. Based 

on Figure 5.3, the linearized state space loads equations can be written as: 

∆𝑖𝐿𝑜𝑎𝑑𝑑1̇ =  
1

𝐿𝐿𝑜𝑎𝑑1
∆𝑉𝑏𝑢𝑠𝑑1 −

𝑅𝐿𝑜𝑎𝑑1
𝐿𝐿𝑜𝑎𝑑1

. ∆𝑖𝐿𝑜𝑎𝑑𝑑1 + 𝜔. ∆𝑖𝐿𝑜𝑎𝑑𝑞1 + 𝑖𝐿𝑜𝑎𝑑𝑞1. ∆𝜔 (5.26) 

∆𝑖𝑙𝑜𝑎𝑑𝑞1̇ =  
1

𝐿𝐿𝑜𝑎𝑑1
∆𝑉𝑏𝑢𝑠𝑞1 −

𝑅𝐿𝑜𝑎𝑑1
𝐿𝐿𝑜𝑎𝑑1

. ∆𝑖𝐿𝑜𝑎𝑑𝑞1 − 𝜔. ∆𝑖𝐿𝑜𝑎𝑑𝑑1 − 𝑖𝐿𝑜𝑎𝑑𝑑1. ∆𝜔 (5.27) 

∆𝑖𝐿𝑜𝑎𝑑𝑑2̇ =  
1

𝐿𝐿𝑜𝑎𝑑2
∆𝑉𝑏𝑢𝑠𝑑3 −

𝑅𝐿𝑜𝑎𝑑2
𝐿𝐿𝑜𝑎𝑑2

. ∆𝑖𝐿𝑜𝑎𝑑𝑑2 + 𝜔. ∆𝑖𝐿𝑜𝑎𝑑𝑞2 + 𝑖𝐿𝑜𝑎𝑑𝑞2. ∆𝜔 (5.28) 

∆𝑖𝑙𝑜𝑎𝑑𝑞2̇ =  
1

𝐿𝐿𝑜𝑎𝑑2
∆𝑉𝑏𝑢𝑠𝑞3 −

𝑅𝐿𝑜𝑎𝑑2
𝐿𝐿𝑜𝑎𝑑2

. ∆𝑖𝐿𝑜𝑎𝑑𝑞2 − 𝜔. ∆𝑖𝐿𝑜𝑎𝑑𝑑2 − 𝑖𝐿𝑜𝑎𝑑𝑑2. ∆𝜔 (5.29) 

The standard state space representation form of AC sub- system loads can be obtained as following 

equation: 

[
 
 
 
 
∆𝑖𝐿𝑜𝑎𝑑𝑑1̇

∆𝑖𝑙𝑜𝑎𝑑𝑞1̇

∆𝑖𝐿𝑜𝑎𝑑𝑑2̇

∆𝑖𝑙𝑜𝑎𝑑𝑞2̇ ]
 
 
 
 

= 𝔸𝑙𝑜𝑎𝑑

[
 
 
 
∆𝑖𝐿𝑜𝑎𝑑𝑑1
∆𝑖𝑙𝑜𝑎𝑑𝑞1
∆𝑖𝐿𝑜𝑎𝑑𝑑2
∆𝑖𝑙𝑜𝑎𝑑𝑞2 ]

 
 
 

+ 𝔹𝑙𝑜𝑎𝑑1

[
 
 
 
 
 
 
∆𝑉𝑏𝑢𝑠𝑑1
∆𝑉𝑏𝑢𝑠𝑞1
∆𝑉𝑏𝑢𝑠𝑑2
∆𝑉𝑏𝑢𝑠𝑞2
∆𝑉𝑏𝑢𝑠𝑑3
∆𝑉𝑏𝑢𝑠𝑞3]

 
 
 
 
 
 

+ 𝔹𝑙𝑜𝑎𝑑2[𝛥𝜔] (5.30) 
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  𝔸𝑛𝑒𝑡 =

[
 
 
 
 
 
 
 
 −
𝑅𝐿𝑜𝑎𝑑1
𝐿𝐿𝑜𝑎𝑑1

𝜔 0 0

−𝜔 −
𝑅𝐿𝑜𝑎𝑑1
𝐿𝐿𝑜𝑎𝑑1

0 0

0 0 −
𝑅𝐿𝑜𝑎𝑑1
𝐿𝐿𝑜𝑎𝑑1

𝜔

0 0 −𝜔 −
𝑅𝐿𝑜𝑎𝑑1
𝐿𝐿𝑜𝑎𝑑1]

 
 
 
 
 
 
 
 

  

𝔹𝐿𝑜𝑎𝑑1 =

[
 
 
 
 
 
 
 
 
1

𝐿𝐿𝑜𝑎𝑑1
0 0 0 0 0

0
1

𝐿𝐿𝑜𝑎𝑑1
0 0 0 0

0 0 0 0
1

𝐿𝐿𝑜𝑎𝑑2
0

0 0 0 0 0
1

𝐿𝐿𝑜𝑎𝑑2]
 
 
 
 
 
 
 
 

;    𝔹𝐿𝑜𝑎𝑑2 =

[
 
 
 
+𝑖𝐿𝑜𝑎𝑑𝑞1
−𝑖𝐿𝑜𝑎𝑑𝑑1
+𝑖𝐿𝑜𝑎𝑑𝑞2
−𝑖𝐿𝑜𝑎𝑑𝑑2]

 
 
 
     

According to equation (2.19), (5.20), (5.25), and (5.30), all these equations contain of a common 

voltage node as can be illustrated in Figure 5.4. Embedding a virtual resistance (𝑅𝑣) leads to combine the 

entire AC sub-system state space models with each other as presented in equation(5.31); which is proposed 

in [20]. Subsequently, the AC sub-system stability analysis can be evaluated. Nevertheless, it becomes 

necessary to include these state space models based on the system configuration using mapping matrices 

(see appendix B). 

Rv Rv

Rv
iloadio

iline

 

Figure 5-4 Embedding Virtual Resistance among Sub-module 
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[∆𝑉𝑏𝑢𝑠𝑑𝑞] =  𝑅𝑣([ℳ𝑎𝑝𝑖𝑛𝑣][∆𝑣𝑜𝑑𝑞] + [ℳ𝑎𝑝𝑙𝑖𝑛𝑒][∆𝑖𝐿𝑖𝑛𝑒𝑑𝑞] + [ℳ𝑎𝑝𝑙𝑜𝑎𝑑][∆𝑖𝐿𝑜𝑎𝑑𝑑𝑞]) (5.31) 

Where: 

ℳ𝑎𝑝𝑖𝑛𝑣  is a mapping matrix that represents all VSC based on the AC sub-grid configuration.  

ℳ𝑎𝑝𝑙𝑖𝑛𝑒  is a mapping matrix that represents all lines based on the AC sub-grid configuration. 

ℳ𝑎𝑝𝑙𝑜𝑎𝑑 is a mapping matrix that represents all loads based on the AC sub-grid configuration.  

5.3.1.8 Complete State Space of Entire AC Sub-grid  

The complete state space model of the AC sub- system is presented in equation (5.32), and the 

eigenvalues of the AC sub-grid are shown in Figure 5.5 using the initial operating points that are extracted 

from the time-domain simulations in PSCAD/EMTDC. For further investigations, the trajectory of the 

dominant eigenvalue as a function of the active power droop coefficient (𝑚𝑝) is shown in Figure 5.6, 

while Figure 5.7 shows the trajectory of the dominant eigenvalue as a function of the reactive power droop 

coefficient (𝑛𝑞).  

𝔸𝑠𝑢𝑏𝑔𝑟𝑖𝑑
𝐴𝐶 =

[
 
 
 
 
 
 
 
 (

𝔸𝑖𝑛𝑣 + (𝔹𝑖𝑛𝑣 ∗
𝑅𝑣 ∗ℳ𝑎𝑝𝑖𝑛𝑣 ∗ ℂ𝑖𝑛𝑣)

)  (
𝔹𝑖𝑛𝑣 ∗ 𝑅𝑣
∗ℳ𝑎𝑝𝑙𝑖𝑛𝑒

)  (
𝔹𝑖𝑛𝑣 ∗

𝑅𝑣 ∗ℳ𝑎𝑝𝑙𝑜𝑎𝑑
)

(

(𝔹1𝑛𝑒𝑡 ∗ 𝑅𝑁 ∗
ℳ𝑎𝑝𝑖𝑛𝑣 ∗ ℂ𝑖𝑛𝑣)

+(𝔹2𝑛𝑒𝑡 ∗ ℂ𝑖𝑛𝑣𝑤)
) (

𝔸𝑛𝑒𝑡 + (𝔹1𝑛𝑒𝑡 ∗

𝑅𝑣 ∗ℳ𝑎𝑝𝑙𝑖𝑛𝑒)
)  (

𝔹1𝑛𝑒𝑡 ∗
𝑅𝑣 ∗ℳ𝑎𝑝𝑙𝑜𝑎𝑑

)

 (

(𝔹1𝑙𝑜𝑎𝑑 ∗ 𝑅𝑣 ∗
ℳ𝑎𝑝𝑖𝑛𝑣 ∗ ℂ𝑖𝑛𝑣)

+(𝔹2𝑙𝑜𝑎𝑑 ∗ ℂ𝑖𝑛𝑣𝑤)
) (

𝔹1𝑙𝑜𝑎𝑑 ∗
𝑅𝑣 ∗ℳ𝑎𝑝𝑙𝑖𝑛𝑒

) (
𝔸𝑙𝑜𝑎𝑑 + (𝔹1𝑙𝑜𝑎𝑑
∗ 𝑅𝑣 ∗ℳ𝑎𝑝𝑙𝑜𝑎𝑑)

)

]
 
 
 
 
 
 
 
 

47×47

 (5.32) 



 

74 

 

Figure 5-5 Eigenvalues spectrum of the AC Sub-system. 

 

Figure 5-6 Impact of increasing the Active Power Droop coefficient (𝑚𝑝) with respect to the low 

frequency modes of the AC Sub-system: 1.57e-5 <𝑚𝑝<3.14e-4 
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Figure 5-7 Impact of increasing the Reactive Power Droop coefficient (𝑛𝑞) with respect to the low 

frequency modes of the AC Sub-system: 3.17e-4 < 𝑛𝑝<4.8e-3 

5.4 DC Microgrid small-signal Model 

The DC microgrid is the second subsystem which is similar to the AC sub-system system 

configuration that is discussed previously as depicted in Figure 5.8. The small-signal state space model of 

DC microgrid consists of several state variables that are output LCL filer, network lines, load, power 

controller, voltage control and current controller.   

Rf Lf

Cf

Ro Lo

Rf Lf

Cf

Ro Lo

Rf Lf

Cf

Ro Lo

Rline1

Rline2

Rload1

Rload2

iv2

vo2
vdc2

io2ic2

iv3

vo3

vdc3

io3ic3

iv1

vo1vt1 vdc1

io1ic1

vt2

vt3

 

Figure 5-8 AC Microgrid Sub-system 
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5.4.1 Small-signal Model of VSC in DC sub-grid 

A small-signal model of DC/DC half-bridge interfacing a DG unit into DC microgrid is discussed. 

The large signal model was derived in the control structure of the DC/DC half-bridge section of the 

proposal; thus, linearizing equations (2.23)-(2.25), (2.26), (2.27), and (2.28) leads to the small-signal 

dynamic model. It is evident that the large signal model consists of 5 equations. 

5.4.1.1 Linearized Power Circuit State Space Model 

The linearized equations and state space representation form of the power circuit that consist of LCL 

filter and coupling inductance is shown in the following equations [20]: 

∆𝑖𝑣̇ =
1

𝐿𝑓
∙ ∆𝑣𝑡 −

1

𝐿𝑓
∙ ∆𝑣𝑜 −

𝑅𝑓

𝐿𝑓
∙ ∆𝑖𝑣 (5.33) 

∆𝑖𝑜 =
1

𝐿𝑜
∙ ∆𝑣𝑜 −

1

𝐿𝑜
∆𝑣𝑑𝑐 −

𝑅𝑜

𝐿𝑜
∙ ∆𝑖𝑜 (5.34) 

∆𝑣𝑜 =
1

𝐶𝑓
∙ ∆𝑖𝑣 −

1

𝐶𝑓
∙ ∆𝑖𝑜 (5.35) 

The power circuit linearized equations are written in standard form of state space representation as 

following: 

[
∆𝑖𝑣̇
∆𝑖𝑜̇
∆𝑣𝑜̇

] = [𝐴𝑝] [
∆𝑖𝑣̇
∆𝑖𝑜̇
∆𝑣𝑜̇

] + [𝐵1𝑝][∆𝑣𝑡] + [𝐵2𝑝][∆𝑣𝑑𝑐] (5.36) 

Where: 

𝔸𝑝 =

[
 
 
 
 
 
 −
𝑅𝑓

𝐿𝑓
0 −

1

𝐿𝑓

0 −
𝑅𝑜
𝐿𝑜

−
1

𝐿𝑜
1

𝐶𝑓
−
1

𝐶𝑓
0
]
 
 
 
 
 
 

   ; 𝔹1𝑝 = [

1

𝐿𝑓
0
0

]  ;    𝔹2𝑝 = [

0

−
1

𝐿𝑜
0

]  



 

77 

5.4.1.2 Linearized Current Controller State Space Model 

Based on equation (2.27) in chapter 2, the state space model of the current controller loop have only 

one extra state variable. The variable which comes from the PI controller are called axillary state, and it 

is notated as ∆𝛾𝑖. Equation (2.37) represents the current controller states. Therefore, the current state space 

model can be written as presented in (2.38): 

[𝛾𝑖̇] = [0][∆𝛾𝑖] + [𝐾𝑝𝑖][∆𝑖𝑜
∗] + [−𝐾𝑝𝑖][∆𝑖𝑜] (5.37) 

[𝑣𝑡] = [1][∆𝛾𝑖] + [𝐾𝑝𝑖][∆𝑖𝑜
∗] + [−𝐾𝑝𝑖][∆𝑖𝑜] (5.38) 

5.4.1.3 Linearized Voltage Controller State Space Model 

The state space model of the voltage controller is similar to the current controller state space model. 

Referring to equation (2.15), the state space model of the voltage controller has an extra state variable that 

is notated as ∆𝜗𝑣. Therefore, the voltage state space model can be written as follows: 

[∆𝑖𝑜∗] = [1][∆𝜗𝑣] + [𝐾𝑝𝑣][∆𝑣𝑜
∗] + [−𝐾𝑝𝑣][∆𝑣𝑑𝑐] + [𝐻][∆𝑖𝑜] (5.39) 

[𝜗𝑣̇] = [0][∆𝜗𝑣] + [𝐾𝑖𝑣][∆𝑣𝑜̀] + [−𝐾𝑖𝑣][∆𝑣𝑑𝑐̀ ] (5.40) 

5.4.1.4 Linearized Power Controller State Space Model 

Referring to Figure 2-11, the power control consists of one integrator that exists in the low pass filter 

(LPF); thus, the power controller state space model has one state variable. By rearranging the power 

equation, the linearized differential equations of the power controllers become the following:  

[𝑃𝑑𝑐̇ ] = [𝜔𝑓 . 𝑣𝑑𝑐][∆𝑖𝑜] + [𝜔𝑓 . 𝑖𝑜][∆𝑣𝑑𝑐] + [−𝜔𝑓][∆𝑃𝑑𝑐] (5.41) 

Therefore the linearization of the DC droop equation leads to achieving the DC voltage reference equation 

as written below in (2.42): 

[∆𝑣𝑑𝑐] = [−𝑚𝑑𝑐][∆𝑃𝑑𝑐] (5.42) 
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5.4.1.5 Complete Linearized State Space Small-signal Model of DC-to-DC converter 

The total state space model of a VSC that is interfacing a DG unit into DC sub-system is achieved by 

combining the linearized state space models with each other. Equation (2.43) represents the complete state 

space model of a converter Interfacing DG Unit into AC Microgrid. [The readers are referred to Appendix 

B for further details]. 

[∆𝑥𝑖𝑛𝑣
𝑑𝑐 ]̇ = 𝔸𝑖𝑛𝑣

𝑑𝑐 [∆𝑥𝑖𝑛𝑣] + 𝔹𝑖𝑛𝑣1
𝑑𝑐 [∆𝑉𝑑𝑐] (5.43) 

Where:  

[∆𝑥𝑖𝑛𝑣
𝑑𝑐 ] = [𝛥𝑖𝑖 𝛥𝑖𝑜 𝛥𝑣𝑜 𝛥𝑃𝑑𝑐 𝛥𝜗𝑣 𝛥∆𝛾𝑖]

𝑇 

𝔸𝑖𝑛𝑣
𝑑𝑐 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(

 
 
 
 
 

𝐴𝑝 +

[([𝐵1𝑝][−𝐾𝑝𝑐]) [
0 0
0 0
0 0

]] +

[[
0
0
0
] ([𝐾𝑝𝑐][𝐵1𝑝][𝐻]) [

0
0
0
]]

)

 
 
 
 
 

3×3

(
[𝐾𝑝𝑐][𝐵1𝑝] ×

[𝐾𝑝𝑣][−𝑚𝑑𝑐]
)
3×1

(
[𝐾𝑝𝑐] ×

[𝐵1𝑝]
)
3×1

(𝐵1𝑝)3×1

(0  [𝜔𝑓 . 𝑣𝑜]  [𝜔𝑓 . 𝑖𝑜])1×3
(−𝜔𝑓)1×1

(0)1×1 (0)1×1

(
[0 0 0] +

[[−𝐾𝑖𝑐]  ([𝐾𝑖𝑐][𝐻])   0]
)
2×3

(

  
 

[
 
 
 
 
 (
[𝐾𝑖𝑣] ×
[−𝑚𝑑𝑐]

)

(

[𝐾𝑖𝑐] ×
[𝐾𝑝𝑣] ×
[−𝑚𝑑𝑐]

)

]
 
 
 
 
 

)

  
 

2×1

([
0

[𝐾𝑖𝑐]
])
2×1

(0)2×1

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6×6

 

𝐵𝑝𝑑𝑐 =

[
 
 
 
 
 (
[𝐾𝑝𝑐] ∗ [𝐵1𝑝] ∗ [−𝐾𝑝𝑣]

+[B2p]
)

3×1

(0)1×1
([−𝐾𝑖𝑣])1×1

([𝐾𝑖𝑐][−𝐾𝑝𝑣])1×1 ]
 
 
 
 
 

6×1

[∆𝑣𝑑𝑐] 

5.4.1.6 Complete State Space of Entire DC Sub-grid  

In order to implement the state space model for the entire DC microgrid, the DC loads and lines 

resistances must be included in the system matrix. Therefore, the A matrix of inverter # 1 and #3 will be 

changed due to the loads connection at these electrical nodes according to Figure 5.9. 
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io2

vdc2

io3

vdc3

io1

vdc1

Rline1 Rline2

Rload1 Rload2
iline1 iline2

 

Figure 5-9 DC Sub-system Network Configuration. 

The DC sub-system contains of three DC-to-DC half-bridge converters interfacing DG units. It is clear 

that includeing the DC loads shows some elements are related to the state matrix. For any converter has 

common connection node with the DC load, the system matrix must contains the DC load elements. 

Therefore; the (𝔸𝑖𝑛𝑣
𝑑𝑐 ) and (𝔹𝑖𝑛𝑣

𝑑𝑐 ) becomes as written below including the load and lines resistances as 

presented in equation (2.44) and (2.45) respectively. [The readers are referred to Appendix B for further 

details]. 

𝔹𝑖𝑛𝑣
𝑑𝑐 =

[
 
 
 
 
 
 [
[𝐾𝑝𝑐] ∗ [𝐵1𝑝] ∗ [−𝐾𝑝𝑣] ∗ [𝑅𝑙𝑜𝑎𝑑]

+[𝐵2𝑝] ∗ [𝑅𝑙𝑜𝑎𝑑]
]

3×1

[0]1×1
[[−𝐾𝑖𝑣] ∗ [𝑅𝑙𝑜𝑎𝑑]]1×1

[[𝐾𝑖𝑐][−𝐾𝑝𝑣][𝑅𝑙𝑜𝑎𝑑]]1×1 ]
 
 
 
 
 
 

[∆𝑖𝑙𝑖𝑛𝑒] (5.44) 
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𝔸𝑖𝑛𝑣
𝑑𝑐 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝐴𝑝 +

[[[𝐵1𝑝][−𝐾𝑝𝑐]] [0]3×2] +

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[
0
0
0
]  

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 

(

 
 

[𝐾𝑝𝑐] ×

[𝐵1𝑝] ×

[−𝐾𝑝𝑣] ×
[𝑅𝑙𝑜𝑎𝑑] ×)

 
 

+(
[B2p]

[𝑅𝑙𝑜𝑎𝑑]
)
]
 
 
 
 
 
 
 

3×1

[0]1×1

[
[−𝐾𝑖𝑣] ×
[𝑅𝑙𝑜𝑎𝑑]

]
1×1

[

[𝐾𝑖𝑐] ×
[−𝐾𝑝𝑣] ×
[𝑅𝑙𝑜𝑎𝑑] ×

]

1×1 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  [
0
0
0
]

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3×3

[
 
 
 
 
[𝐾𝑝𝑐] ×

[𝐵1𝑝] ×

[𝐾𝑝𝑣] ×
[−𝑚𝑑𝑐] ×]

 
 
 
 

3×1

[
[𝐾𝑝𝑐] ×

[𝐵1𝑝]
]
3×1

[𝐵1𝑝]3×1

[0  [𝑤. 𝑣𝑜]  [𝑤. 𝑖𝑜]]
1×3

[−𝑤]1×1 [0]1×1 [0]1×1

[
[0 0 0] +

[[−𝐾𝑖𝑐]  ([𝐾𝑖𝑐][𝐻])   0]
]
2×3

[
 
 
 
 
 

[
 
 
 
 
 [
[𝐾𝑖𝑣] ×
[−𝑚𝑑𝑐]

]

[

[𝐾𝑖𝑐] ×
[𝐾𝑝𝑣] ×
[−𝑚𝑑𝑐]

]

]
 
 
 
 
 

]
 
 
 
 
 

2×1

[[
0

[𝐾𝑖𝑐]
]]
2×1

[0]2×1

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (5.45) 

5.4.1.7 Complete State Space of Entire DC Sub-grid  

The complete state space model of the DC sub-system is presented in equation (2.46), and the 

eigenvalues of the DC sub-system are shown in Figure 5.10. Using the initial operating points that are 

extracted from the time-domain simulations in PSCAD/EMTDC. For further investigations, the trajectory 

of the dominant eigenvalue as a function of the active DC power droop coefficient (𝑚𝑝) is shown in 

Figure 5.11.  

[𝑋𝑃̇] = [

𝐴𝑝𝑑𝑐1 (0)6×6 (0)6×6
(0)6×6 𝐴𝑝𝑑𝑐2 (0)6×6
(0)6×6 (0)6×6 𝐴𝑝𝑑𝑐3

] [∆𝑋𝑃] + [

𝐵𝑝𝑑𝑐1
𝐵𝑝𝑑𝑐2
𝐵𝑝𝑑𝑐3

] [

(∆𝑖𝑜1 + ∆𝑖𝑙𝑖𝑛𝑒1) ∗ 𝑅𝑙𝑜𝑎𝑑1
∆𝑣𝑑𝑐2

(∆𝑖𝑜3 + ∆𝑖𝑙𝑖𝑛𝑒2) ∗ 𝑅𝑙𝑜𝑎𝑑3

] (5.46) 
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Figure 5-10 Eigenvalues spectrum of the DC Sub-system. 

 

Figure 5-11 Impact of Changing the Active DC Power Droop coefficient with respect to the low 

frequency modes of the DC Sub-system: 1.25e-4 <𝑚𝑝<3.25e-4 

5.4.2 Small-signal model of Intertying converter. 

5.4.2.1 The State-Space Model of the IC Power controller 

The model of the IC converter is similar to that of the VSC in the AC sub-system, except the power 

controller state space model. The power control for the IC is based on the swing equation, shown in (5.47) 

and (5.48).  

𝑑𝜔

𝑑𝑡
=
𝑃𝑟𝑒𝑓

2𝐽
−
𝑃𝑒𝑙𝑒
2𝐽

−
𝐾𝑑 ∗ 𝜔𝑉𝑆𝑀

2𝐽
+
𝐾𝑑 ∗ 𝜔𝑔

∗

2𝐽
 (5.47) 
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𝑑𝛿

𝑑𝑡
=  𝜔𝑉𝑆𝑀 (5.48) 

The state space representation of the IC’s power controller after replacing the electrical power by 

calculated power in d-q frame is presented in equation (5.49). 

[
∆𝜔𝑉𝑆𝑀̇

∆θvsṁ
] = [

−
𝐾𝑑
2𝐽

0

1 0

]

⏟      
𝐴𝑠

[
∆𝜔𝑉𝑆𝑀
∆θvsm

] + [−
1.5𝑣d
2𝐽

−
1.5𝑣𝑞

2𝐽
0 0

]

⏟            
𝐵𝑠1

[
∆𝑖𝑜𝑑

𝑐

∆𝑖𝑜𝑞
𝑐]

+ [−
1.5𝑖𝑜𝑑
2𝐽

−
1.5𝑖𝑜𝑞

2𝐽
0 0

]

⏟              
𝐵𝑠2

[
∆𝑣𝑑

𝑐

∆𝑣𝑞
𝑐] + [

𝐾𝑑
2𝐽
0

]
⏟
𝐵𝑠3

[∆𝜔𝑔] 

(5.49) 

5.4.2.2 The State-Space Model of the IC Power Circuit 

The dynamic equations of the voltages and currents of the IC are known collectively as the large 

signal model, and can be written based on the Figure 5.13 as follows: 

 

Figure 5-12 Systematic IC to Intertying AC Sub-system with DC Sub-system 

𝑑𝑖𝑑
𝑑𝑡

=
1

𝐿𝑓
𝑣𝑡𝑑 −

1

𝐿𝑓
𝑣𝑜𝑑 −

𝑅𝑓

𝐿𝑓
𝑖𝑑 + 𝜔𝑖𝑞 (5.50) 

𝑑𝑖𝑞

𝑑𝑡
=
1

𝐿𝑓
𝑣𝑡𝑞 −

1

𝐿𝑓
𝑣𝑜𝑞 −

𝑅𝑓

𝐿𝑓
𝑖𝑞 −𝜔𝑖𝑑 (5.51) 

𝑑𝑣𝑜𝑑
𝑑𝑡

=
1

𝐶𝑓
𝑖𝑜𝑑 −

1

𝐶𝑓
𝑖𝑑 + 𝜔𝑣𝑞 (5.52) 

𝑑𝑣𝑜𝑞

𝑑𝑡
=
1

𝐶𝑓
𝑖𝑜𝑞 −

1

𝐶𝑓
𝑖𝑞 − 𝜔𝑣𝑑 (5.53) 
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𝑑𝑣𝑑𝑐
𝑑𝑡

=
1

𝐶𝑑𝑐
𝑖𝑜𝑑𝑐 −

1

𝐶𝑓
𝑖 (5.54) 

The converter voltages and currents in d-q frame can be written as a function in modulation index of 

the IC as shown in equation (5.55) and (5.56). 

𝑣𝑡𝑑 + 𝑣𝑡𝑞 = 𝑚𝑑𝑣𝑑𝑐 +𝑚𝑞𝑣𝑑𝑐 (5.55) 

𝑖𝑑 + 𝑖𝑞 = 1.5 𝑚𝑑𝑣𝑑𝑐 + 1.5𝑚𝑞𝑣𝑑𝑐 (5.56) 

  The linearized small-signal state space representation of the IC power circuit is as follows. 

[∆𝑥𝑝𝐼𝐶̇ ] = 𝔸𝑃𝐼𝐶[∆𝑥𝑝𝐼𝐶] + 𝔹𝑃𝐼𝐶1 [
∆𝑚𝑑
∆𝑚𝑞

] + 𝔹𝑃𝐼𝐶2 [
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞

] + 𝔹𝑃𝐼𝐶3[𝛥𝑤] + 𝔹𝑃𝐼𝐶4[𝛥𝑖𝑜𝑑𝑐] (5.57) 

Where: 

[∆𝑥𝑝𝐼𝐶̇ ] = [∆𝑖𝑑 ∆𝑖𝑞 ∆𝑣𝑑 ∆𝑣𝑞 ∆𝑣𝑑𝑐] 

𝔸𝑃𝐼𝐶 =

[
 
 
 
 
 
 
 
 
 
 
 −

𝑅𝑓

𝐿𝑓
𝜔 −

1

𝐿𝑓
0

𝑚𝑑
𝐿𝑓

−𝜔 −
𝑅𝑓

𝐿𝑓
0 −

1

𝐿𝑓

𝑚𝑞

𝐿𝑓
1

𝐶𝑓
0 0 𝜔 0

0
1

𝐶𝑓
−𝜔 0 0

−
1.5𝑚𝑑

𝑜

𝐶𝑑𝑐
−
1.5𝑚𝑞

𝑜

𝐶𝑑𝑐
0 0 0

]
 
 
 
 
 
 
 
 
 
 
 

;  𝔹𝑃𝐼𝐶1 =

[
 
 
 
 
 
 
 
 −

𝑣𝑑𝑐
𝐿𝑓

0

0 −
𝑣𝑑𝑐
𝐿𝑓

0 0
0 0

−
1.5𝐼𝑑

𝑜

𝐶𝑑𝑐
−
1.5𝐼𝑞

𝑜

𝐶𝑑𝑐 ]
 
 
 
 
 
 
 
 

 

𝔹𝑃𝐼𝐶2 =

[
 
 
 
 0 0 −

1

𝐶𝑓
0 0

0 0 0 −
1

𝐶𝑓
0
]
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𝔹𝑃𝐼𝐶3 = [𝑖𝑞 −𝑖𝑑 𝑣𝑞 −𝑣𝑑 0]; 𝔹𝑃𝐼𝐶4 = [0 0 0 0 −
1

𝐶𝑑𝑐
]  

5.4.3 The State-Space Model of the IC Controllers 

In order to avoid the repetition, the procedures of the state space modelling of the IC controller is 

not shown here because they are similar to the VSC interfacing a DG unit into AC microgrid. The overall 

states and inputs matrices of the IC, given in the Appendix, consist of ten state variables based on the 

following equation: 

[∆𝑥𝑖𝑛𝑣𝐼𝐶]
̇ = 𝔸𝑖𝑛𝑣𝐼𝐶[∆𝑥𝑖𝑛𝑣𝐼𝐶] + 𝔹𝑖𝑛𝑣𝐼𝐶1 [

𝛥𝑖𝑜𝑑  
𝛥𝑖𝑜𝑞  

𝛥𝑖𝑜𝑑𝑐  
] (5.58) 

Where: 

[∆𝑥𝑖𝑛𝑣𝐼𝐶]̇ = [𝛥𝑖𝑑 𝛥𝑖𝑞 𝛥𝑣𝑑 𝛥𝑣𝑞  𝛥𝑣𝑑𝑐 𝛥𝛾𝑑 𝛥𝛾𝑞 𝛥𝜑𝑑 𝛥𝜑𝑞 𝛥𝑤 ]𝑇 

𝔸𝑖𝑛𝑣𝐼𝐶 =

[
 
 
 
 (

𝐴𝑝 +
[𝐵𝑝1𝐷𝑖2 𝐵𝑝1𝐷𝑖1𝐷𝑣2 0]

) 𝐵𝑝1𝐶𝑖 𝐵𝑝1𝐷𝑖1𝐶𝑣 (
𝐵𝑝1𝐷𝑖1𝐷𝑣1𝐷𝑣𝑟2

+𝐵𝑝2
)

(𝐵𝑖2 𝐵𝑖1𝐷𝑣2 0) 0 𝐵𝑖1𝐶𝑣 𝐵𝑖1𝐷𝑣1𝐷𝑣𝑟2
(0 𝐵𝑣2 0) 0 0 𝐵𝑣1𝐷𝑣𝑟2
(0 Bs2 0) 0 0 As ]

 
 
 
 

 

𝔹𝑖𝑛𝑣𝐼𝐶1 =

[
 
 
 
 
 
 
(

(𝐵𝑝1𝐷𝑖1𝐷𝑣1𝐶𝑣𝑟)
+(𝐵𝑝1𝐷𝑖1𝐷𝑣3)

+𝐵𝑝2
)

(
(𝐵𝑖1𝐷𝑣1𝐶𝑣𝑟)

+(𝐵𝑖1𝐷𝑣3)
)

𝐵𝑣1 ∗ 𝐶𝑣𝑟
Bs2 ]

 
 
 
 
 
 

;        𝔹𝑖𝑛𝑣𝐼𝐶2 = [

𝐵𝑝4
0
0
0

] [∆𝑖𝑜𝑑𝑐] 

5.5 Small-Signal Stability Analysis of the Hybrid AC/DC Microgrid 

The complete state space model of the overall hybrid AC/DC microgrid is shown in equation (5.59), 

and is given in details (see appendix C). The evaluation of the system stability can be investigated by 

analysing the eigenvalues of the state matrix in (5.59). 
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𝔸Hybrid

=

[
 
 
 
 
 

𝔸𝑖𝑛𝑣𝐴𝐶 𝔹𝑖𝑛𝑣𝑎𝑐 0

(
(
(𝔹𝑝1IC ∗ 𝔻𝑖1IC ∗ 𝔻𝑣1IC ∗ ℂ𝑣𝑟IC) +

(𝔹𝑝1IC ∗ 𝔻𝑖1IC ∗ 𝔻𝑣3IC) + 𝔹𝑝2IC
)

𝔹𝑝4𝐼𝐶

) 𝔸𝑖𝑛𝑣𝐼𝐶 (
(𝔹𝑖1IC ∗ 𝔻𝑣1IC ∗ ℂ𝑣𝑟IC)

(𝔹𝑖1IC ∗ 𝔻𝑣3IC)
𝔹𝑠𝑤1IC)

0 𝔹𝑖𝑛𝑣𝑑𝑐 𝔸𝑖𝑛𝑣𝑑𝑐 ]
 
 
 
 
 

 
(5.59) 

The complete eigenvalues for the hybrid AC/DC microgrid shown in Figure 5.14 are based on the 

initial operating values that were determined from the time domain simulation conducted in 

PSCAD/EMTDC.  

 

Figure 5-13: Eigenvalue spectrum for the hybrid AC/DC microgrid. 

Analysis of the eigenvalues for the overall hybrid AC/DC microgrid using the participation factors 

reveals the dominant sensitive low-frequency eigenvalue. The state variable for virtual damping is the 

most dominant in the hybrid AC/DC microgrid. The trajectory of the sensitive low-frequency dominant 

eigenvalue is therefore a function of the virtual damping coefficient (𝐾𝑑), as shown in Figure 5.15. The 

inversion mode of the IC is in fact the most important mode because of the sensitivity of the AC sub-grid 

to power loading. It is therefore apparent that the dynamic of the virtual damping during the IC inversion 

mode affects system stability. The assessment of the stability of the hybrid AC/DC microgrid should thus 

be evaluated in an IC inversion operation mode, which will ensure the stability of the system during the 
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rectification mode. In other words, the stability margin of the rectification mode is larger than that of the 

inversion mode. 

 

Figure 5-14 Impact of decreasing the virtual damping with respect to the low-frequency modes of the 

hybrid microgrid: 0.3e4 < 𝐾𝑑 <1e3. 

The stability for the hybrid AC/DC microgrid is evaluated to reveal the effect of the virtual inertia and 

damping on the entire hybrid microgrid. The impact of varying the virtual inertia on the system 

eigenvalues is less than the impact of varying the virtual damping gain as illustrated in Figure 5.16. The 

reason behind this impact is that the virtual damping gain is an inverse form the droop coefficient that can 

be seen in (5.60)[72]. Where 𝑚𝑎𝑐 represents the droop coefficient, and 𝐾𝑑 represents the virtual damping 

gain. 

𝐾𝑑 =
1

𝑚𝑎𝑐
 (5.60) 
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Figure 5-15 Trajectory of hybrid microgrid based on VSM controller as a function of virtual inertia. 

5.6 Conclusion 

This chapter has presented the development of the small-signal model of the hybrid AC/DC microgrid 

that contains VSM-based control for the IC. The small-signal model of the hybrid AC/DC microgrid has 

been divided into three main parts. These parts are AC microgrid, DC microgrid, and IC. The stability 

analysis has been evaluated based on determining the most dominant eigenvalues using participation 

factors percentage calculation. This chapter has studied and compared a two hybrid micro-grid with 

different control structures of the IC based on small-signal models.   

This chapter has studied and compared the stability analysis of two hybrid microgrid with different 

control structures of the IC. It has been demonstrated that during variations of the AC droop coefficients, 

DC droop coefficients, and virtual inertia and damping coefficients.   
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Chapter 6 

Issues and Solution-based Virtual Synchronous Machine for Parallel Intertying Converters (ICs) 

Interfacing Hybrid AC/DC Microgrids 4 

This chapter reveals three serious issues of operating a hybrid AC/DC microgrid. Two of these 

issues are temporary, depending on the system’s operating conditions. In a hybrid AC/DC microgrid, an 

Intertying converter (IC) becomes a harmonics voltage source due to the antiparallel diodes and the shunt 

capacitor on its DC side, so this is the first issue. The nonlinear behavior of ICs introduces the second 

operational issue of circulating current in the case of parallel ICs. Reconnecting an IC after abnormal 

operating conditions or scheduled maintenance requires especially challenging synchronization control 

due to the variation of the AC subgrid voltages and frequency. This is the third issue. This chapter proposes 

a solution for these three issues by developing a new control strategy that combines the virtual 

synchronous machine (VSM) control concept with a dual-based droop control. The results indicate that 

the proposed solution provides a positive outcome in addressing the above issues, hence improving hybrid 

microgrid operations and the quality of the delivered power. The theoretical expectations are verified by 

digital simulation using the PSCAD/EMTDC simulation package. 

6.1 INTRODUCTION 

Recognizing the sensitivity of the system dynamics in a hybrid microgrid during power exchange 

between the sub-systems led the authors of [9] and [93] to propose a control strategy that makes use of 

energy storage systems already existing in the AC and/or DC side. However, most of the literature uses a 

VSM control strategy for unidirectional power flow except only one; which focuses on integrating that 

DC microgrid into AC grid [94]. In this case the AC voltage and frequency are fix; therefore, the study 

does not investigate the hybrid AC/DC microgrid in islanded operation mode; which means AC voltage 

and frequency are changing according to the load variation. To the authors’ best knowledge, no studies 

have included considerations of the IC as a nonlinear load once the power exchanges from AC to DC 

____________________________________________________________________________________ 

4 Parts of this chapter has been submitted to be published in: 

 H. Alrajhi Alsiraji, and, R.ElShatshat, "Serious Operation Issues and Challenges related to Multiple Interlinking 

Converters Interfacing a Hybrid AC/DC Microgrid ", 31st Annual IEEE Canadian Conference on Electrical and 

Computer Engineering (CCECE 2018). 

  H. Alrajhi Alsiraji and R. El-Shatshat, "Issues and Solution for Parallel Interlinking Converters (ICs) Interfacing a 

Hybrid AC/DC Microgrids", submitted to International Journal of Electrical Power & Energy Systems (under review). 
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subsystem; an issue that extremely violates the standards requirements of the power quality. Also, there 

is no studies have included the variation of the AC voltage, frequency, and DC voltage variation on the 

VSM control concept Indeed, the majority of the literature works were conducted under an assumption 

that the DC side of the converter based on VSM controller concept is connected to an ideal DC source. 

However, this is not the case of interconnecting the DC sub-system into AC sub-system to form the hybrid 

AC/DC microgrid. 

 The concept of multiple parallel converters that provide an interface between the AC and the DC 

sides has been employed in numerous applications, including motor drives, microgrids, and distributed 

generation (DG) systems. Multiple parallel converter architectures have been observed to increase system 

reliability [95], to permit the use of low-rating converters in high-power applications, and to improve the 

simplicity and cost-effectiveness of maintenance because of the ease of replacing individual 

malfunctioning converters [96]. The performance and reliability of both sub-systems are dependent 

primarily on the reliability of the ICs, which can directly affect the stability and efficiency of the entire 

hybrid microgrid. Load curtailment might be an effective solution for stabilizing both the AC and DC sub-

systems; however, this technique provides a low degree of reliability with respect to the overall hybrid 

microgrid. Further, hybrid AC/DC microgrid generally requires both voltage and frequency support for 

the AC sub-system, plus DC voltage support on the DC sub-system side, which means that power sharing 

between the sub-systems is critical for ensuring the stability and reliability of such systems. Any change 

in generation or loading conditions causes substantial frequency deviations, which can result in instability 

[77]. A further consideration is that hybrid AC/DC microgrid dynamics are also affected during power 

exchanges between the two sub-systems, which could potentially lead to stability issues due to the lack of 

inertia and load-dependent voltages [23], [97], [98].  

The main challenge of a hybrid AC/DC microgrid is the power sharing among AC and DC sub-

systems through the IC. Designing the coordinating control of the IC is another challenge, but it was 

introduced and investigated based on normalized droop control using just current controller loop[31]. 

Since each sub-system has a power generation limitation based on dispatchable DGs units rating, the 

power sharing between sub-systems requires a coordinate controller for the IC; seen from either side, to 

behave as a load for the sub-system exporting power to another sub-system. Also, the IC simultaneously 

behaves as a supply for the sub-system importing power from another. When the IC provides power to the 

DC sub-system, the effect of the IC on the AC sub-system is identical to a non-linear load involves several 

issues. These issues are similar to ones that are associated with nonlinear load and were investigated in 
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the literature based on the DG inverters controllers[99]–[103]. However, in the hybrid AC/DC microgrid 

these issues are raised by the IC operation behaviour.  

Electric power systems are often subject to abnormal operation conditions, such as short circuits, 

and thus, must also undergo regularly scheduled maintenance. After a fault or scheduled maintenance has 

been cleared or completed, the system must be restored to its normal operational state and this involves 

reconnection of the isolated portion. The resynchronization of the isolated part with the rest of the system 

is an important and crucial step, and any associated issues must be resolved in order to achieve a smooth 

reconnection and stable operation. As a result, for seamless reconnection, the inclusion of a 

resynchronization algorithm as a part of the overall controller is necessary for each IC in a hybrid AC/DC 

system as well as for DG units in an AC microgrid. None of the reports in the literature discusses this 

issue, despite the enormous effect this issue has on overall system stability. Thus, an urgent need exists 

for the development of a dependable controller that is capable of offering reliable IC operation along with 

a self-synchronization control feature. Moreover, according to [104], the circulating current of the parallel 

inverters connected into common AC and DC bus using droop control can also occur. When power flows 

from the AC sub-system into to DC sub-system, the IC behaviour is seen from the AC sub-system as a 

nonlinear load. Therefore, the nonlinear load issues exist on the AC sub-system, and the THD of voltage 

increases while the power quality is degraded.  

 The primary contribution of this chapter is to solve the previous issues, including: 1) non-linear 

load behaviour of the IC, 2) re-synchronization issue of the IC after disturbance, and 3) circulating current 

issue between parallel ICs. The solution for these issues is based on the VSM control concept by including 

the dual droop control to achieve a bi-directional power flow capability. Applying the concept of the VSM 

with power reference modification, based on considering the AC and DC electrical quantities variation 

for the ICs, solves these issues. The applied controller enables multiple parallel ICs to behave as a 

synchronous machine (SM) for supporting both sub-systems, with consideration of the variations of the 

DC voltage and the AC frequency during the islanded operation of a hybrid AC/DC microgrid. The paper 

also addresses the stability analysis, resynchronization issue and its effect on system stability; as well as 

including a comparison with existing solution in the literature. Further, the application of the VSM control 

concept prevents the issue of circulating current that occurs in the parallel ICs during the rectification 

operation mode. 



 

91 

6.2 Issues Associated with IC 

The parallel IC option offers a high level of system reliability. However, due to variations in the AC 

and DC voltages and the AC system frequency, the effect of the dynamics within each individual sub-

system is increased, especially during isolated operation mode. This results in various issues that are 

associated with the existence of the IC in a hybrid AC/DC microgrid. 

In a hybrid AC/DC microgrid application, the IC controller does not consider the voltage loop 

controller, as can be seen in [10], [29], [30], [89]. Therefore, it is more beneficial to include a voltage 

controller loop with the virtual synchronous machine concept applied on the IC converter. As a result, the 

model of the VSM control concept proposed in [46], [72], [105] is more reasonable for use based on a 

comprehensive assessment presented in [61].  

6.2.1 Non-linear load issue 

A nonlinear load is defined as an electrical load that infrequently draws current or whose impedance 

changes during the cycle of the AC waveform voltage. The hybrid microgrid IC consists of an antiparallel 

diodes rectifier and a shunt capacitor at the DC side to feed the variable frequency VSC in the AC subgrid. 

Subsequently, the power supplies via the antiparallel diodes rectifier to stiff voltage loads draw a 

discontinuous and non-sinusoidal AC current, which results in a higher current THD and distortions of 

the AC voltage at the point of common coupling (PCC) [106]. The readers are referred to Chapter 9 in 

[106] for further details. As a result, in this situation the IC becomes a harmonic voltage source instead of 

a harmonic current source [107], which is the case in this paper.  

The DC sub-system interfaced with an IC will be seen from the AC side as a nonlinear load, as 

experimentally proven in [108]. In addition, the currents in different phases will differ, as explained in the 

quotation below from an ABB white paper:  

“The diodes in a typical rectifier switch when the switching threshold voltage is exceeded in the 

positive direction. During each half cycle, two phases will exceed the switching threshold voltage, as one 

is decaying another is rising and vice versa-thus producing two peaks in the line current draw. When 

operating correctly and the voltage is balanced, the AC supply current waveform has a double pulse per 

half cycle shape”[109].  
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One associated issue with a non-linear load is regarding voltage and current distortion. Once the power 

flows from the AC sub-system into the DC sub-system, the impact of the IC on the AC sub-system is 

similar to that of a non-linear load.  In this case, the voltage THD will increase beyond the allowable range 

and result in an unbalanced AC voltage at the PCC [110]. This issue has been discussed in the literature 

as a nonlinear load connected to an AC microgrid, and several solutions have been proposed [99]–[101], 

[103], [110]. However, in a hybrid AC/DC microgrid, this issue has different aspects due to the required 

functionalities of the IC in order to allow coordination between the sub-systems based on bidirectional 

power flow, and to support the AC sub-system’s voltage and frequency.  

6.2.2 Re-synchronization issue 

Microgrid synchronization is a bit different in comparison to synchronizing a traditional synchronous 

machine with a classical electrical system. This is due to the fact that many DG units form the microgrid 

voltage and frequency based on decentralized droop control. The main challenge is to determine the 

successful synchronizing criteria for the AC microgrid, which is required to adjust all DG units [90]. 

Intensive works based on AC microgrid synchronization have been done, as reviewed in [111], which 

involved the use of a PLL as a synchronization controller unit, but this has significant adverse effects on 

overall system stability [112]. This issue results in the requirement for the development of a controller 

that does not require a  synchronization unit in the inverter controller, as reviewed in [61]. Therefore, this 

paper presents a unique self-synchronization feature of a VSM controller through the inclusion of the AC 

and DC electrical quantity variations, such that reconnecting the IC based on the VSM controller results 

in stable operation when the IC is subjected to reconnection to the entire system after abnormal conditions, 

as presented in the simulation results and analysis section.  

6.2.3 Circulating currents issue 

Zero-sequence and cross currents between ICs form circulating current issues. Circulating currents 

appears in parallel converter application due to many reasons, such as switching frequency, dead-time, 

and hardware drifting components[104]. Transferring power from the AC into DC sub-system leads to 

circulating current issues; due to the IC behaving as non-linear load. Determining the circulating currents 

values for cross and zero-sequence can be calculated using (6.1), and (6.2) respectively based on Figure 

6-1. 
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𝐼𝑐𝑖𝑟
𝑐𝑟𝑜𝑠𝑠 =

1

2
∗ (

𝑣𝑜1
𝑅𝑓1 + 𝑗𝐿𝑓1

−
𝑣𝑜2

𝑅𝑓2 + 𝑗𝐿𝑓2
) (6.1) 

𝐼𝑐𝑖𝑟
𝑧𝑒𝑟𝑜 =

1

3
∗ ((𝐼𝑎1 + 𝐼𝑏1 + 𝐼𝑐1) − (𝐼𝑎2 + 𝐼𝑏2 + 𝐼𝑐2)) (6.2) 

 

Where 𝜈𝑜1 and 𝜈𝑜2 are the output voltages of each converter. The 𝑅𝑓1, 𝑅𝑓2, 𝐿𝑓1 and 𝐿𝑓2 are AC filter 

components of the converters. The phase currents are represented as 𝐼𝑎, 𝐼𝑏 , 𝑎𝑛𝑑𝐼𝑐 for each converters. 
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Figure 6-1 Circulating Currents paths of Parallel ICs. 

6.2.4 Traditional IC based on current controller 

The traditional IC controller based on just a current loop is studied based on centralized control in [30], 

while the dual droop control based on a current controller is investigated in [8], [25]. However, the 

previous works do not consider the voltage controller loop, despite the fact that this element will improve 

the disturbance rejection performance of the converter. 

The advantages of including a voltage controller loop include the provision of a degree of freedom for 

the IC to support and control the AC voltage, which does not currently exist. The primary function of the 

IC is to control the direction of the active power; however, it is not responsible for providing reactive 

power support for the AC sub-system [8], [30].  

The main drawback of using only a current controller energized via droop control (as shown in Figure 

6-2) is that it causes fluctuations in the AC PCC voltage. Therefore, due to the load voltage dependence 
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of the AC load, the power exchange from the AC sub-system to the DC sub-system affects the AC sub-

system voltage and power load, and produces more harmonics and circulating current in the case of 

parallel ICs. 
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Figure 6-2 Control structure of IC based on only a current controller. 

6.2.5 ICs based on VSM controller 

VSM control concept can be implemented through a slight modification to the general control structure 

of VSC interfacing a DG unit. A number of VSM control algorithms have been developed to enable a 

VSC to mimic the behavior of an SM. The appropriate VSM control algorithm based on second-order 

model was chosen due to the fact that it is more stable during abnormal conditions such as short circuits 

[61]. Thus, in order to implement the second-order VSM control strategy, it is required to replace the 

power controller loop with the swing equation. Since the power controller loop provides the converter 

controller with phase angle and angular speed that are necessary to convert the voltages and the currents 

in d-q vector control frame as shown in Figure 6.3 (a); the swing equation can also produce these required 

quantities as depicted in Figure 6.3 (b). The overall IC’s controller structure is shown in Figure 6-4. 
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Figure 6-3 Power Controller (a) based on Droop, (b) based on VSM. 
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Figure 6-4 Control structure of IC based on VSM control concept. 

6.3 Architecture of a Hybrid AC/DC System 

The MV hybrid AC/DC system configuration employed in this study was obtained from [30] based on 

IEEE Standard 399, but modified to include parallel ICs. According to the secondary distribution system 

configuration, a spot network configuration provides the highest reliability compare to the other 

configurations such as a radial system or secondary-bank system. The spot network configuration consists 

of more than one transformer connected in parallel, which increases the distribution system reliability 
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[113]. A similar concept will be proposed for the Intertying converter in order to increase the hybrid 

AC/DC system reliability. Therefore, the MV hybrid AC/DC system with multiple Intertying converters 

is illustrated in Figure 6-5 based on the VSM control concept.  

The hybrid AC/DC system consists of two dispatchable distributed generators (DGs) in the AC and 

DC subgrids. The interfacing power electronics converter with its parameters for the AC subgrid based on 

IEEE Standard 399 consists of a three-phase converter [33], while the interfacing converter in the DC 

subgrid is based on a half-bridge converter.  

The system is divided into three different components: the AC subgrid, the ICs, and the DC subgrid. 

The control structure of the AC subgrid converters and the ICs are based on d-q cascaded synchronous 

reference frame (SRF) controllers, while the control structure for the DC subgrid converters is based on 

cascaded voltage and current control [30]. However, the use of a Park transformation is unnecessary 

because the control quantities are already constant as DC values. 
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Figure 6-5: Medium Voltage MV hybrid AC/DC system architecture employed for this study. 
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Table 6-1: Hybrid Microgrid System Parameters. 

Subsystem Quantity Value Unit 

A
C

 s
u
b

-s
y
st

em
 Converter rated power 1 MVA 

AC voltage (L-L) r.ms 690 V 

AC side resistance 0.01 Ω 

AC side inductance 1 mH 

AC side capacitance 50 µF 

System frequency 60 Hz 

In
te

rt
y

in
g

 

C
o
n

v
er

te
r Virtual inertias 0.0025 Kg. m2 

Virtual damping coefficient 16,000 N.s/min 

AC side resistance 0.15 Ω 

AC side inductance 2 mH 

AC side capacitance 50 µF 

D
C

 s
u
b

-

sy
st

em
 Converter rated power 1 MVA 

DC voltage 2500 V 

DC side resistance 0.05 Ω 

DC side inductance 1 mH 

6.4 Simulation Results and Analysis 

The work presented in this paper involved the examination and comparison of two hybrid AC/DC 

systems: one based on the proposed modified VSM controller for the IC, and the other based on dual 

droop with only current control, as reported in the literature [10], [25], [30]. The cases that were simulated 

to evaluate the effectiveness of the modified VSM control strategy are explained below. The investigation 

presented here concentrated on four important cases, including small-signal analysis and assessment, IC 

behavior as a non-linear load, the re-connection of an IC after that has been disconnected from the system, 

and the occurrence of circulating current between the ICs. 

Due to the sensitivity of isolated microgrid stability to the droop coefficient [20], the hybrid AC/DC 

microgrid stability is the most important issue to be evaluated based on eigenvalue assessment. Therefore, 

the first case (Case 1) studied hybrid microgrid stability with different IC controllers. The second case 

(Case 2) dealt with the effect of the IC behaving as a non-linear load. The third case (Case 3) aimed at 

establishing system performance given equal power-sharing among parallel ICs. Hence, the VSM 

controller illustrates the benefit of the proposed modified VSM controller based on dual droop control by 

using the existence of virtual inertia to prevent the occurrence of unstable operations in the case of 

reconnecting an IC that has been disconnected from the system. The goal of the fourth case (Case 4) was 

to investigate the overall performance of the hybrid AC/DC system to eliminate the occurrence of 

circulating current. 
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6.4.1 Small Signal Analysis based on eigenvalue assessment 

The overall eigenvalues of the entire hybrid AC/DC microgrid were evaluated, as shown in Figure 6-

6, and Figure 6-7 based on the initial operation values that were determined from the time domain 

simulation in PSCAD/EMTDC. Figure 6-6 presents the evolution of the hybrid microgrid eigenvalues 

using a VSM controller for the IC, while Figure 6-7 presents the eigenvalues of the hybrid microgrid using 

just a current controller for the IC, as reported in the literature. It is therefore to be noted that the existence 

of the voltage controller loop in the IC moves all the eigenvalues close to the origin, as shown in Figure 

6-8, by varying the AC droop coefficient. As shown in Figure 6-8, the hybrid AC/DC microgrid’s stability 

is most sensitive to the AC droop coefficient when the IC is in inversion operation mode. Clearly, it can 

be seen that varying the AC droop coefficients for 2 systems with identical ranges causes the hybrid 

microgrid based on VSM control for the IC to be unstable compared to the system that its IC’s controller 

based on current controller loop, as shown in Figure 6-9. Nevertheless, including the voltage controller 

loop provides a valuable disturbance rejection function and prevents AC voltage degradation.  

 

Figure 6-6: The eigenvalues of the hybrid microgrid based on VSM. 

 

Figure 6-7: The eigenvalues of the hybrid microgrid based on Current controller. 
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Figure 6-8: Trajectory of the eigenvalues as a function of AC active power droop coefficient based on 

VSM. 

 

Figure 6-9: Trajectory of the eigenvalues as a function of AC active power droop coefficient based on 

Current controller. 

Figure 6-10 and Figure 6-11 show the effect of the DC droop coefficients on the system stability. The 

stability margin of the hybrid AC/DC microgrid is less sensitive to the DC droop coefficient compared to 

the AC droop coefficient. When the IC is in inversion operation mode based on the VSM control concept, 

as shown in Figure 6-10, varying the DC droop coefficient moves the dominant eigenvalue to an unstable 

region. On the other hand, the system based on just the current controller loop is stable with the same 

condition, as shown in Figure 6-11.  
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Figure 6-10: Trajectory of the eigenvalues as a function of DC active power droop coefficient based on 

VSM. 

 

Figure 6-11: Trajectory of the eigenvalues as a function of DC active power droop coefficient based on 

Current controller. 

The stability of the system is evaluated to reveal the effect of the virtual inertia and damping on the 

entire hybrid microgrid, as depicted in Figure 6-12 and Figure 6-13. The impact of varying the virtual 

inertia on the system eigenvalues is less than the impact of varying the virtual damping gain, as illustrated 

in Figure 6-12, and Figure 6-13. The reason behind this is that the virtual damping gain is an inverse form 

of the droop coefficient, which can be seen in Equation (6-3) [72].  

𝐾𝑑 =
1

𝑚𝐴𝐶
 (6-3) 

where mac represents the droop coefficient, and 𝐾𝑑 represents the virtual damping gain.  
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Figure 6-12: Trajectory of hybrid microgrid based on VSM controller as a function of virtual inertia. 

 

Figure 6-13: Trajectory of hybrid microgrid based on VSM controller as a function of virtual damping. 

6.4.2 Case 1: The IC behavior as Non-linear load 

In this case, the focus is on the issue of the IC behaviour as non-linear load. Both sub-systems 

operate under low-load conditions: the AC sub-system load is equal to 1 MW while the load in the DC 

sub-system is equal to 1.5 MW. At t = 2 sec, the DC load increases from 1.5 MW to 2.3 MW, which 

represents an overloaded condition for the DC DG units. In response, the IC compensates for the shortage 

of power from the dispatchable DG unit in the AC sub-system to maintain the DC sub-system in a healthier 

operating condition, as shown in Figure 6.14, which indicates the power exchange from the AC to the DC 

sub-system via the IC.  
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Figure 6-14: IC Power Exchange during DC Sub-system Overloading Conditions. 

In the case of using just current control technique, the AC voltage in the AC sub-system is degraded 

due to the power exchange from AC to DC sub-system, as illustrated in Figure 6.15.  

 

Figure 6-15 AC Voltage during the Exchange of Power from the AC to the DC Sub-system. 

The AC voltage fluctuations issue leads to violations of the standard requirements. The AC sub-

system voltage becomes unbalanced during this situation, as shown in Figure 6.16.The applied VSM 

control strategy on IC utilizes this effect to support the AC voltage and helps to enhance the performance 

of the hybrid microgrid. Also, the applied IC controller based on VSM smooths out these fluctuations by 

introducing inertia into the IC controller loop. In the systems reported in the literature, the DC sub-system 

affects the AC sub-system voltage and power load, and causes fluctuations in the PCC voltage due to the 

lack of inertia.  
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Figure 6-16: AC Voltage at the PCC with Current Control. 

The introduced modified VSM control for IC offers a remedy for this problem, which occurs during 

the exchange of power from the AC to the DC sub-system, as shown in Figure 6.17. In addition, integrating 

the VSM controller into the IC also improves power quality in the entire hybrid AC/DC system.  

The results in this case show the effect of the exchange of power from the to the DC sub-system 

through parallel ICs. At t = 2 sec, the DC sub-system imports about 0.35 MW, including power losses 

attributable to converters and line resistance; which is shown in Figure 6-14. Using multiple ICs based on 

a conventional current controller clearly produces more voltage fluctuations, along with their associated 

power quality issues. In contrast, the virtual inertia, and damping that accompanies the use of the proposed 

modified VSM IC controller, eliminates these difficulties. 

 

Figure 6-17: AC Voltage at the PCC with the VSM Control Concept. 
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6.4.3 Case 2: Hybrid AC/DC System Performance during an Outage of One IC 

This case highlights the benefits of the proposed VSM IC controller over current control methods 

that employ just inner loop. Multiple ICs offer advantages similar to those provided by parallel 

transformers in a distribution system, including: increased availability of the electrical system during 

maintenance activities, increased power system reliability in the case of fault-initiated tripping, and easier 

load transportation. 

 At t = 6 sec as shown in Figure 6-18, Figure 6-19, and Figure 6-20, one of the ICs disconnected 

because of a schedule maintenance  situation in both hybrid AC/DC systems. Overall system performance 

is still reliable, with respect to supplying the required load, and using a conventional current controller for 

just one IC decreased the AC voltage fluctuations. Nevertheless, for one or for multiple ICs, the proposed 

modified VSM controller is unaffected by this issue. At t = 9 sec, the IC is reconnected to the system when 

it is assumed that the schedule maintenance has been done. In this case, the IC based on a conventional 

current controller loses its synchronization and causes unstable operation for the entire hybrid AC/DC 

system, as illustrated in Figure 6.19. However, the proposed VSM controller has a unique self-

synchronization feature, such that reconnecting the IC based on the VSM controller results in stable 

operation even in abnormal conditions. The Figure 6.20 indicates that the virtual inertia and damping 

creates a smooth transient response to the reconnection of the parallel ICs. It is apparent that the concept 

of parallel ICs increases overall system reliability and availability. 

 

Figure 6-18: The Effect of Power Exchange on the AC Sub-system Load in the Case of Multiple ICs. 
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Figure 6-19: Power Supplied to the DC Sub-system via Parallel ICs based on CC. 

 

Figure 6-20: Power Supplied to the DC Sub-system via Parallel ICs based on VSM. 

6.4.4 Case 3: Circulating Currents issue in Hybrid AC/DC System with Parallel ICs  

The main issue examined in this case is the circulating current between the parallel ICs, which has 

been the subject of numerous published studies, whose goal was to minimize and mitigate this current 

[114]–[117]. This case involved the evaluation of two identical hybrid AC/DC systems consisting of 

parallel ICs. The IC controller of one of the hybrid systems was based on dual droop control using just the 

inner current loop, as proposed in [10], [25], and [30]. The ICs of the second hybrid system relied on the 

VSM control concept introduced in this paper. 

In this case study, the operating conditions that were explained in case 1 were applied at t = 2 sec. 

the results show the existence of the circulating current during power exchange from the AC to the DC 

sub-system.  As mentioned earlier, the components of the circulating current are namely cross and zero 

sequence circulating currents. The cross circulating current is defined as the current circulated between 

the AC side and the DC capacitor. On the other hand, the zero sequence circulating current is the current 
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flow from the AC PCC voltage to DC side PCC. Based on the outcome results, the cross circulating current 

is higher in comparison to the zero sequence circulating current. Figure 6.21 shows that the total cross 

circulating current based on the use of a current controller is about 2.5mA, but it is equal to zero when 

VSM controller is applied. The zero sequence circulating current is depicted in Figure 6.22 for both 

systems with different IC controller. Using just current controller for the IC produces almost 0.025 pA, 

compared to the VSM that equals to zero. It can be seen that with the current controller loop, the total 

power transfer fluctuates due to the sensitivity of the droop controller and the absence of the voltage 

controller, while the VSM IC control concept suppresses this effect.  

 

Figure 6-21: Circulating current between the ICs Shows Cross Circulating Current. 

 

Figure 6-22: Circulating current between the ICs Shows Zero Sequence Circulating Current. 

It is thus clear that using traditional current control of parallel ICs introduces more operational 

difficulties, such as voltage and current harmonics, as well as unbalanced AC voltage at the PCC due to 

the lack of inertia. The introduced IC controller based on a VSM control concept smooths out fluctuations 

and improves overall system performance. The benefits associated with the ability of a VSM control 
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algorithm to emulate the properties of traditional SMs in a hybrid AC/DC system mean that it offers 

greater efficiency, rather than just using current controller loop. As is evident from results, compared to 

the traditional current control methods reported in the literature, the introduced concept for controlling 

ICs uses virtual inertia and damping to prevent the development of a circulating current between the 

parallel ICs during power exchange from the AC into DC sub-system.  

6.5 Conclusion 

This chapter reveals operation issues associated with parallel ICs, and a novel control strategy 

application for multiple ICs in a hybrid AC/DC system. The usage of VSM control also provides self-

synchronization when an IC is reconnected, following a short circuit or required scheduled maintenance. 

The work reported in this chapter involved the examination and comparison of two hybrid AC/DC systems 

with different IC control structures. The impact of the VSM control algorithms on a hybrid AC/DC system 

was validated using a test system which was simulated in a PSCAD/EMTDC environment. The system 

stability evaluation based on VSM control concept for IC is proposed as well as for IC based on the current 

controller. The results demonstrate that during variations in loading conditions, the VSM algorithm is 

more efficient than the current control method described in the literature, which is affected by the voltage-

dependent load issue. Further, when the IC is reconnected following abnormal operating conditions, the 

performance offered by the VSM control concept is superior to that provided by previously reported 

controllers.   
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Chapter 7 

Summary, Contributions, and Future 

7.1 Summary  

This thesis focused on the hybrid AC/DC microgrid modelling, design the controller for the IC, power 

sharing control for the IC based on VSM, and hybrid AC/DC microgrid stability. The motivations and the 

goal objectives of this thesis were presented in Chapter 1 

In Chapter 2 relative background of the voltage source converter (VSC) control strategy and a 

literature survey reviews of the earlier work on hybrid ac/dc microgrid were discussed including several 

control concepts of VSM.  

In Chapter 3 comprehensive assessment of virtual synchronous machine based voltage source 

converter controllers was introduced. Therefore, the most of VSM models in the literature were classified 

and evaluated based on the extra components required, in addition to VSC components to emulate the SM 

behaviour, simplicity algorithm to be implemented, and viability and stability during different operation 

conditions.  

In Chapter 4 the benefit of a virtual synchronous machine (VSM) control strategy that mimics the 

properties of traditional synchronous machines in the hybrid AC/DC microgrid intertying converter was 

proposed. The proposed control application of VSM controller on the IC has shown better performance of 

the hybrid AC/DC microgrid via modified dual droop control characteristics. The most significant factor 

investigated in this chapter was the power exchange from the AC into the DC microgrid, and vice versa. 

Chapter 5 has presented the development of the small-signal state-space model for the entire hybrid 

AC/DC microgrid to investigate the overall system stability under different operating points. The main 

benefit of the small-signal modelling is to present further investigation of the hybrid microgrid stability. 

Due to the fact that the behaviour of the hybrid AC/DC microgrid when it is subjected to a temporary 

disturbance is the main concern. In hybrid microgrid, the disturbances take place continuously because of 

the load changing endlessly. Satisfying the hybrid microgrid operation during the disturbances conditions 

was achieved in order to supply the demand. Furthermore, the power quality was another concern for the 

operation of a hybrid microgrid; which prefer for the hybrid microgrid to provide better response and less 

oscillatory behaviour. The efficient and desire performance of the hybrid microgrid were evaluated using 
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the linearized model of the hybrid microgrid. As a result, evaluating the eigenvalues and sensitivity modes 

of the hybrid microgrid were discussed due to its necessity of studying the control system stability. 

Chapter 6 was revealed three serious issues of operating hybrid AC/DC microgrid; some of these 

issues are temporary take a place based on the system operating conditions. In hybrid AC/DC microgrid, 

an intertying converter (IC) becomes harmonics voltage source due to the antiparallel diodes and the shunt 

capacitor at its DC side. The nonlinearity behaviour of ICs was introduced another operation issue that 

was circulating current in case of parallel ICs. Reconnecting an IC after abnormal operation condition or 

schedule maintenance was required an extra challenging synchronization control due the variation of the 

AC subgrid voltages and frequency; which was the third issue. This chapter has proposed a solution for 

all these issues by developing a new control strategy that combines the VSM control concept with a dual 

based droop control. 

7.2 Contributions 

The main contributions of the research presented in this thesis are as follows: 

 A comprehensive assessment of VSM control algorithms has been carried out. This study has 

presented the similarity of the equivalence of the low-order VSM control algorithm with high-order 

VSM control algorithm under different operation conditions. A key contribution in the study is the 

determination of the suitable choice of VSM control algorithm to be implemented and used for the 

hybrid AC/DC microgrid application.  

 A novel control strategy for the Intertying converter in hybrid AC/DC microgrid was proposed to 

ensure the benefit of a virtual synchronous machine (VSM) control algorithm in the hybrid AC/DC 

microgrid. The VSM controller application was proposed to enable an IC converter to support the 

AC-side voltage and frequency as well as the DC-side voltage. 

 Developing an autonomous operation control of the VSM intertying converter based on dual droop 

characteristics which is quite different compared to using only current controller. The autonomous 

operation of the intertying converter based on dual droop control is modified and proposed to be 

capable to feed the VSM controller (swing equation) to ensure accurate power exchange 

management between the AC and DC sub-systems. 
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 A generic small-signal state space model of the hybrid AC/DC microgrid system has been proposed, 

and built to carry out the stability analysis. The development of the small-signal state-space model 

for the entire hybrid AC/DC microgrid was developed to investigate the overall system stability 

under different operating points. 

 The hybrid AC/DC microgrid performance with multiple ICs was investigated to achieve reliable 

operation. Due to the existence of the parallel ICs some serious operation issues and challenges 

have been revealed such as circulating currents. The developed VSM controller on the IC was 

solved these issues.  

7.3 Direction of Future Work 

Based on this thesis research, some research points require further future research work, as follows: 

 The AC sub-system of the hybrid AC/DC microgrid in this thesis is considered as a balanced AC 

source, but it is important to study the system performance during unbalanced AC sub-system. Also 

the effect of the unbalance AC sub-system on the DC sub-system performance.  

 Fault analysis is the most important aspect that must be considered and studied in both AC and DC 

sub-systems due to the existence of the DC circuit breakers in the market. 

 Recently, there is a trend to consider the model productive control (MPC) strategy in the practical 

application due to its advantages that does not need any controller tuning. Therefore, MPC might 

be a good direction for future investigation of microgrid applications.  

 Considering different load types such as pumping load, which might affect the AC sub-system 

performance and the overall system stability. 
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Appendix A 

Small Signal Model of AC/DC Converter  

LCL Power Circuit: 
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Voltage Controller: 

𝑖𝑙𝑑
∗ = 𝐻(𝑖𝑜𝑑) − 𝑤𝑛𝐶𝑓(𝑣𝑜𝑞) + 𝐾𝑝𝑣(𝑣𝑜𝑑

∗ − 𝑣𝑜𝑑) +
𝐾𝑖𝑣
𝑠
(𝑣𝑜𝑑

∗ − 𝑣𝑜𝑑) 

𝑖𝑙𝑞
∗ = 𝐻(𝑖𝑜𝑞) + 𝑤𝑛𝐶𝑓(𝑣𝑜𝑑) + 𝐾𝑝𝑣(𝑣𝑜𝑞

∗ − 𝑣𝑜𝑞) +
𝐾𝑖𝑣
𝑠
(𝑣𝑜𝑞

∗ − 𝑣𝑜𝑞) 

𝜗𝑣𝑑 =
1

𝑠
(𝑣𝑜𝑑

∗ − 𝑣𝑜𝑑) 

𝜗𝑣𝑞 =
1

𝑠
(𝑣𝑜𝑞

∗ − 𝑣𝑜𝑞) 

𝑖𝑙𝑑
∗ = 𝐻(𝑖𝑜𝑑) − 𝑤𝑛𝐶𝑓(𝑣𝑜𝑞) + 𝐾𝑝𝑣(𝑣𝑜𝑑

∗ − 𝑣𝑜𝑑) + 𝐾𝑖𝑣𝜗𝑣𝑑 

𝑖𝑙𝑞
∗ = 𝐻(𝑖𝑜𝑞) + 𝑤𝑛𝐶𝑓(𝑣𝑜𝑑) + 𝐾𝑝𝑣(𝑣𝑜𝑞

∗ − 𝑣𝑜𝑞) + 𝐾𝑖𝑣𝜗𝑣𝑞 

[
𝛥𝜗𝑣𝑑̇

𝛥𝜗𝑣𝑞̇
] = [

0 0
0 0

] [
𝛥𝜗𝑣𝑑
𝛥𝜗𝑣𝑞

] + [
𝐾𝑖𝑣 0
0 𝐾𝑖𝑣

] [
𝛥𝑣𝑜𝑑

∗

𝛥𝑣𝑜𝑞
∗] + [

−𝐾𝑖𝑣 0
0 −𝐾𝑖𝑣

] [
𝛥𝑣𝑜𝑑
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] 

[
∆𝑖𝑙𝑑

∗
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∗ ] = [

1 0
0 1
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∗
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∗] + [
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0 0 0 𝐻 𝑤𝐶𝑓 −𝐾𝑝𝑣
] [∆𝑥𝑝] 

[𝜗𝑣̇] = [0][∆𝜗𝑣] + [𝐵𝑣1][𝛥𝑣𝑜
∗] + [𝐵𝑣2][∆𝑥𝑝1] 

[∆𝑖𝑙∗] = [𝐶𝑣][∆𝜗𝑣] + [𝐷𝑣1][𝛥𝑣𝑜
∗] + [𝐷𝑣2][∆𝑥𝑝1] 

 Current Controller: 

𝑣𝑖𝑑
∗ = 𝑣𝑜𝑑 − 𝑤𝑛𝐿𝑓(𝑖𝑙𝑞) + 𝐾𝑝𝑐(𝑖𝑙𝑑

∗ − 𝑖𝑙𝑑) +
𝐾𝑖𝑐
𝑠
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∗ − 𝑖𝑙𝑑) 

𝑣𝑖𝑞
∗ = 𝑣𝑜𝑞 + 𝑤𝑛𝐿𝑓(𝑖𝑙𝑑) + 𝐾𝑝𝑐(𝑖𝑙𝑞

∗ − 𝑖𝑙𝑞) +
𝐾𝑖𝑐
𝑠
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∗ − 𝑖𝑙𝑞) 

𝑣𝑖𝑑
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∗ − 𝑖𝑙𝑑) + 𝐾𝑖𝑐𝛾𝑣𝑑 + 𝑣𝑜𝑑 

𝑣𝑖𝑞
∗ = +𝑤𝑛𝐿𝑓(𝑖𝑙𝑑) + 𝐾𝑝𝑐(𝑖𝑙𝑞

∗ − 𝑖𝑙𝑞) + 𝐾𝑖𝑐𝛾𝑣𝑞 + 𝑣𝑜𝑞 

[
𝛥𝜗𝑣𝑑̇

𝛥𝜗𝑣𝑞̇
] = [

0 0
0 0

] [
𝛥𝛾𝑐𝑑
𝛥𝛾𝑣𝑞

] + [
𝐾𝑖𝑐 0
0 𝐾𝑖𝑐

] [
𝛥𝑣𝑜𝑑

∗

𝛥𝑣𝑜𝑞
∗] + [

−𝐾𝑖𝑐 0
0 −𝐾𝑖𝑐

] [
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞

] 

[
∆𝑖𝑙𝑑

∗

∆𝑖𝑙𝑞
∗ ] = [
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0 1

] [
𝛥𝛾𝑐𝑑
𝛥𝛾𝑣𝑞
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∗

𝛥𝑣𝑜𝑞
∗] + [

−𝐾𝑝𝑐 −𝑤𝐿𝑓 0 0 1 0

𝑤𝐿𝑓 −𝐾𝑝𝑐 0 0 0 1
 ] [∆𝑥𝑝] 

[𝜗𝑐̇] = [0][∆𝜗𝑐] + [𝐵𝑐1][𝛥𝑣𝑜
∗] + [𝐵𝑐2][∆𝑥𝑝1] 

[∆𝑖𝑙∗] = [𝐶𝑐][∆𝜗𝑣] + [𝐷𝑐1][𝛥𝑣𝑜
∗] + [𝐷𝑐2][∆𝑥𝑝1] 

PI 

wC

wC

-

- -

+

+

+
+

+
PI 

iod

ioq

Voq
ref

Vod
ref iconvd

iconvq

vod

voq

ref

ref

H

H

PI 

wL

wL

-

- -

+

+

+
+

+PI 

Vod

Voq

iconvq
ref

iconvd
ref Vcd

Vcq

iconvd

iconvq
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Power Controller: 

𝑃̇ = (
ωc

s + ωc
) ((𝑣𝑜𝑑 . 𝑖𝑜𝑑) + (𝑣𝑜𝑞 . 𝑖𝑜𝑞)) 

𝑄̇ = (
ωc

s + ωc
) ((𝑣𝑜𝑑 . 𝑖𝑜𝑞) − (𝑣𝑜𝑞 . 𝑖𝑜𝑑)) 

ω∗ = ωn −𝑚𝑝𝑃    ⇒    ∆ω
∗ = −𝑚𝑝∆𝑃     

V∗ = Vn − 𝑛𝑞𝑄       ⇒    ∆V
∗ = −𝑛𝑞∆𝑄        

𝜃 =
1

𝑠
w∗ = 𝛿 

𝛿̇ = (ω∗ − 𝜔𝑐𝑜𝑚)     ⇒  (ωn −𝑚𝑝𝑃 − 𝜔𝑐𝑜𝑚)   ⇒    ∆𝛿 = −𝑚𝑝∆𝑃 − ∆𝜔𝑐𝑜𝑚  

𝑃̇ = (
3

2
) (𝜔𝑐 ((𝑣𝑜𝑑 . 𝑖𝑜𝑑) + (𝑣𝑜𝑞 . 𝑖𝑜𝑞) − 𝑃))    ⇒    

∆𝑃̇ = (
3

2
) (𝜔𝑐∆𝑣𝑜𝑑 . 𝑖𝑜𝑑) + (𝜔𝑐∆𝑣𝑜𝑑 . 𝑖𝑜𝑑) + (𝜔𝑐𝑣𝑜𝑞 . ∆𝑖𝑜𝑞) + (𝜔𝑐𝑣𝑜𝑞 . ∆𝑖𝑜𝑞)  

𝑄̇ = (
3

2
) (𝜔𝑐 ((𝑣𝑜𝑑 . 𝑖𝑜𝑞) − (𝑣𝑜𝑞 . 𝑖𝑜𝑑) − 𝑄))   ⇒    

∆𝑄̇ = (
3

2
) (𝜔𝑐∆𝑣𝑜𝑑 . 𝑖𝑜𝑞) − (𝜔𝑐∆𝑣𝑜𝑞 . 𝑖𝑜𝑑) + (𝜔𝑐𝑣𝑜𝑑 . ∆𝑖𝑜𝑞) − (𝜔𝑐𝑣𝑜𝑞 . ∆𝑖𝑜𝑑)   

[
𝛥𝛿̇
𝛥𝑃̇
𝛥𝜃̇

] = [

−ωc 0 0
0 −ωc 0

−𝑚𝑝 0 0
] [
𝛥𝛿
𝛥𝑃
𝛥𝜃
] +

3

2
[

0 0 0 0 0 0
0 0 𝜔𝑐 . 𝑖𝑜𝑑 𝜔𝑐 . 𝑖𝑜𝑞 𝜔𝑐𝑣𝑜𝑑 𝜔𝑐𝑣𝑜𝑞
0 0 𝜔𝑐 . 𝑖𝑜𝑞 −𝜔𝑐 . 𝑖𝑜𝑑 −𝜔𝑐𝑣𝑜𝑞 𝜔𝑐𝑣𝑜𝑑

]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

+ [
−1
0
0
] [∆𝜔𝑐𝑜𝑚] 

[

𝛥𝜔
𝛥𝑣𝑜𝑑
𝛥𝑣𝑜𝑞

] =  [

0 −𝑚𝑝 0

0 0 −𝑛𝑞
0 0 0

] [
𝛥𝛿
𝛥𝑃
𝛥𝜃
] 

[∆𝑥𝑑̇ ] = [𝐴𝑑][∆𝑥𝑑] + [𝐵𝑑][∆𝑥𝑝1] + [𝐵𝑑𝑐𝑜𝑚][∆𝜔𝑐𝑜𝑚] 

[∆𝑦𝑑] = [∆𝐶𝑑][∆𝑥𝑑] 

 

∆𝑥𝑖𝑛𝑣 = [∆𝛿 ∆𝑃 ∆𝑄 ∆𝜗𝑣𝑑 ∆𝜗𝑣𝑞 ∆𝛾𝑖𝑑 ∆𝛾𝑖𝑞 ∆𝑖𝑙𝑑 ∆𝑖𝑙𝑞 ∆𝑣𝑜𝑑 ∆𝑣𝑜𝑞 ∆𝑖𝑜𝑑 ∆𝑖𝑜𝑞] 

×

×

×

×
-

×   

×

vod

iod

voq

ioq
vod

ioq

voq

iod

mp

-

-

nq

w
inv

v
inv

vod
ref

θ 
3
2

3
2

wf

wS + f

  

  

  
wf

wS + f
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[
∆𝛿
∆𝑃
∆𝑄
] = [Ap] [

∆𝛿
∆𝑃
∆𝑄
] + [Bp]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

+ [Bpcom][∆ωcom] 

[
∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] = [0] [
∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] + [Bv1] [
∆𝑣𝑜𝑑

∗

∆𝑣𝑜𝑞
∗] + [Bv2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

 

[
∆𝛾𝑖𝑑
∆𝛾𝑖𝑞

] = [0] [
∆𝛾𝑖𝑑
∆𝛾𝑖𝑞

] + [Bc1] [
∆𝑖𝑙𝑑

∗

∆𝑖𝑙𝑞
∗ ] + [Bc2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

 

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

= [ALCL]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

+ [BLCL1] [
∆𝑣𝑖𝑑

∗

∆𝑣𝑖𝑞
∗] + [BLCL2] [

∆𝑣𝑏𝑑
∆𝑣𝑏𝑞

] + [BLCL3][∆𝜔] 

 

 

[

∆𝜔
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞

] =
[𝐶𝑝𝑤]

[𝐶𝑝𝑣]
[
∆𝛿
∆𝑃
∆𝑄
] 

[
∆𝑖𝑙𝑑

∗

∆𝑖𝑙𝑞
∗ ] = [𝑐𝑣] [

∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] + [𝐷𝑣1] [
∆𝑣𝑜𝑑

∗

∆𝑣𝑜𝑞
∗] + [𝐷𝑣2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

 

[
∆𝑣𝑖𝑑

∗

∆𝑣𝑖𝑞
∗] = [𝑐𝑐] [

∆𝛾𝑖𝑑
∆𝛾𝑖𝑞

] + [𝐷𝑐1] [
∆𝑖𝑙𝑑

∗

∆𝑖𝑙𝑞
∗ ] + [𝐷𝑐2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]
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[
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞

] = [
cos(𝛿) − sin(𝛿)

sin(𝛿)    cos(𝛿)
] [
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞

] + [
−𝑖𝑜𝑑 sin(𝛿) − 𝑖𝑜𝑞 cos(𝛿)

𝑖𝑜𝑑 cos(𝛿) − 𝑖𝑜𝑞 sin(𝛿)
] [∆𝛿] 

                                     𝑇𝑠                                                           𝑇𝐶                                                   

[
∆𝑣𝑏𝑑
∆𝑣𝑏𝑞

] = 𝑖𝑛𝑣 [
cos (𝛿) −sin (𝛿)
sin (𝛿)     cos (𝛿)

] [
∆𝑣𝑏𝑑
∆𝑣𝑏𝑞

] + [
−𝑣𝑏𝐷 sin(𝛿) + 𝑣𝑏𝑄 cos(𝛿)

−𝑣𝑏𝐷 cos(𝛿) − 𝑣𝑏𝑄 sin(𝛿)
] [∆𝛿] 

[
∆𝛿
∆𝑃
∆𝑄
] = [Ap] [

∆𝛿
∆𝑃
∆𝑄
] + [Bp]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

+ [Bpcom][∆ωcom] 

[
∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] = [0] [
∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] + [Bv1] [
∆𝑣𝑜𝑑

∗

∆𝑣𝑜𝑞
∗] + [Bv2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

                                                          

   [

[∆𝜔]

[
∆𝑣𝑜𝑑

∗

∆𝑣𝑜𝑞
∗]
] =

[𝐶𝑝𝑤]

[𝐶𝑝𝑣]

[∆𝛿]

[
∆𝑃
∆𝑄
]
 

[
∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] = [0] [
∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] + [Bv1] [[𝐶𝑝𝑣] [
∆𝑃
∆𝑄
]] + [Bv2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

 

[

∆𝜔
∆𝑣𝑜𝑑

∗

∆𝑣𝑜𝑞
∗
] =

[𝐶𝑝𝑤]

[𝐶𝑝𝑣]

[∆𝛿]

[
∆𝑃
∆𝑄
]
        [

∆𝑖𝑙𝑑
∗

∆𝑖𝑙𝑞
∗ ] = [𝑐𝑣] [

∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] + [𝐷𝑣1] [
∆𝑣𝑜𝑑

∗

∆𝑣𝑜𝑞
∗] + [𝐷𝑣2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

 

 

Q

D
δ 

d

q

d.cos(δ)

d
.s

in
(δ

)

q.-sin(δ)

q
.c

o
s(

δ
)
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[
∆𝛾𝑖𝑑
∆𝛾𝑖𝑞

] = [0] [
∆𝛾𝑖𝑑
∆𝛾𝑖𝑞

] + [Bc1]

[
 
 
 
 
 
 

[𝑐𝑣] [
∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] + [𝐷𝑣1] [[𝐶𝑝𝑣] [
∆𝑃
∆𝑄
]] + [𝐷𝑣2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

]
 
 
 
 
 
 

+ [Bc2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

 

 

[
∆𝑣𝑖𝑑

∗

∆𝑣𝑖𝑞
∗] = [𝑐𝑐] [

∆𝛾𝑖𝑑
∆𝛾𝑖𝑞

] + [𝐷𝑐1] [
∆𝑖𝑙𝑑

∗

∆𝑖𝑙𝑞
∗ ] + [𝐷𝑐2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

        

     [
∆𝑖𝑙𝑑

∗

∆𝑖𝑙𝑞
∗ ] = [𝑐𝑣] [

∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] + [𝐷𝑣1] [[𝐶𝑝𝑣] [
∆𝑃
∆𝑄
]] + [𝐷𝑣2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

 

 

[
∆𝑣𝑖𝑑

∗

∆𝑣𝑖𝑞
∗] = [𝑐𝑐] [

∆𝛾𝑖𝑑
∆𝛾𝑖𝑞

] + [𝐷𝑐1]

[
 
 
 
 
 
 

[𝑐𝑣] [
∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] + [𝐷𝑣1] [[𝐶𝑝𝑣] [
∆𝑃
∆𝑄
]] + [𝐷𝑣2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

]
 
 
 
 
 
 

+ [𝐷𝑐2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]
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[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

= [ALCL]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

+ [BLCL1]

[
 
 
 
 
 
 
 

[𝑐𝑐] [
∆𝛾𝑖𝑑
∆𝛾𝑖𝑞

] + [𝐷𝑐1]

[
 
 
 
 
 
 

[𝑐𝑣] [
∆𝜗𝑣𝑑
∆𝜗𝑣𝑞

] + [𝐷𝑣1] [[𝐶𝑝𝑣] [
∆𝑃
∆𝑄
]] + [𝐷𝑣2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

]
 
 
 
 
 
 

+ [𝐷𝑐2]

[
 
 
 
 
 
 
∆𝑖𝑙𝑑
∆𝑖𝑙𝑞
∆𝑣𝑜𝑑
∆𝑣𝑜𝑞
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞 ]

 
 
 
 
 
 

]
 
 
 
 
 
 
 

+ [BLCL2] [𝑖𝑛𝑣 [
cos(𝛿) − sin(𝛿)

sin(𝛿)    cos(𝛿)
] [
∆𝑣𝑏𝑑
∆𝑣𝑏𝑞

] + [
−𝑣𝑏𝐷 sin(𝛿) + 𝑣𝑏𝑄 cos(𝛿)

−𝑣𝑏𝐷 cos(𝛿) − 𝑣𝑏𝑄 sin(𝛿)
] [∆𝛿]] + [BLCL3][[𝐶𝑝𝑤][∆𝛿]] 

                                                                         𝑇𝑠                                                            𝑇𝑣
−1    

𝐴𝑖𝑛𝑣 =

[
 
 
 
 
 
 
 
 

(𝐴𝑝)3×3
((0)2×2) (0)2×2 (𝐵𝑝)3×6

(𝐵𝑣1 ∗ 𝐶𝑝𝑣)2×3 ((0)2×2) (0)2×2 (𝐵𝑣2)3×6
(𝐵𝑐1 ∗ 𝐷𝑣1 ∗ 𝐶𝑝𝑣)2×3 (𝐵𝑐1 ∗ 𝐶𝑣1)2×2 (0)2×2 (𝐵𝑐1 ∗ 𝐷𝑣2 ∗ 𝐵𝑐2)2×6

(

 
 

(𝐵𝐿𝐶𝐿1 ∗ 𝐷𝑐1 ∗ 𝐷𝑣1 ∗ 𝐶𝑝𝑣) +

(

𝐵𝐿𝐶𝐿2 ∗

[
 𝑇𝑣
−1 (0)3×2

(0)4×1 (0)3×2
]
) + (𝐵𝐿𝐶𝐿3 ∗ 𝐶𝑝𝑤)

)

 
 

6×3

(𝐵𝐿𝐶𝐿1 ∗ 𝐷𝐶1 ∗ 𝐶𝑣)6×2 (𝐵𝐿𝐶𝐿1 ∗ 𝐶𝑐)6×2 (
𝐴𝐿𝐶𝐿 + 𝐵𝐿𝐶𝐿1 ∗ 𝐷𝑐1 ∗ 𝐷𝑣2

𝐵𝐿𝐶𝐿1 ∗ 𝐷𝑐2
)
6×6

]
 
 
 
 
 
 
 
 

 

𝐵𝑖𝑛𝑣 =

[
 
 
 
 
 

((0)3×2)

((0)2×2)

((0)2×2)

(𝐵𝐿𝐶𝐿2 ∗ [
(0)4×2
 𝑇𝑠
−1 ])

6×2]
 
 
 
 
 

[
∆𝑣𝑏𝑑
∆𝑣𝑏𝑞

] 

𝐵𝑖𝑛𝑣 =

[
 
 
 
 
[Bpcom]

(0)2×1
(0)2×1
(0)6×1 ]

 
 
 
 

[∆𝛿] 

𝐶𝑖𝑛𝑣𝑤 = {
[(𝐶𝑝𝑤)1×3 (0)1×10][∆𝛿]                     𝑖𝑓 𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑖𝑛𝑑𝑒𝑥 = 1

                    [(0)1×13]        [∆𝛿]                     𝑖𝑓 𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑖𝑛𝑑𝑒𝑥 ≠ 1     
         

𝐶𝑖𝑛𝑣𝑐 = [(𝑇𝐶)2×1 (0)2×10 (𝑇𝑆)2×2][∆𝑥𝑖𝑛𝑣]
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Appendix B 

Small Signal Model of DC/DC Converter  

Small signal model of DC/DC converter: 

𝑑𝑖𝑣

𝑑𝑡
=
1

𝐿𝑓
(𝑣𝑡̀) −

1

𝐿𝑓
(𝑣𝑜̀) −

𝑅𝑓

𝐿𝑓
. (𝑖𝑣̀) 

𝑑𝑖𝑜

𝑑𝑡
=
1

𝐿𝑜
(𝑣𝑜̀) −

1

𝐿𝑜
(𝑣𝑑𝑐̀ ) −

𝑅𝑜

𝐿𝑜
. (𝑖𝑜̀) 

𝑑𝑣𝑜

𝑑𝑡
=
1

𝐶𝑓
(𝑖𝑣̀) −

1

𝐶𝑓
(𝑖𝑜̀) 

[
𝑖𝑣̇
𝑖𝑜̇
𝑣𝑜̇
] =

[
 
 
 
 
 
 −
𝑅𝑓

𝐿𝑓
0 −

1

𝐿𝑓

0 −
𝑅𝑜
𝐿𝑜

−
1

𝐿𝑜
1

𝐶𝑓
−
1

𝐶𝑓
0
]
 
 
 
 
 
 

[
∆𝑖𝑣
∆𝑖𝑜
∆𝑣𝑜

] + [

1

𝐿𝑓
0
0

] [∆𝑣𝑡̀] + [

0

−
1

𝐿𝑜
0

] [∆𝑣𝑑𝑐̀ ] 

 

Voltage and Current Controller: 

-
il

Vdm
ref

vo'

io'

PI 

-

il
ref

H

PI 

 

[𝑥𝑝̇] = [𝐴𝑝][∆𝑥𝑝] + [𝐵1𝑝][∆𝑣𝑡̀] + [𝐵2𝑝][∆𝑣𝑑𝑐̀ ] 

𝑖𝑣′ = (𝑣𝑜̀ − 𝑣𝑑𝑐)𝐾𝑝𝑣 + (𝑣𝑜̀ − 𝑣𝑑𝑐)
𝐾𝑖𝑣
𝑠
+ 𝐻(𝑖𝑜̀) 

𝜗𝑣 = (𝑣𝑜̀ − 𝑣𝑑𝑐)
𝐾𝑖𝑣
𝑠

 

[𝑖𝑣′] = [1][∆𝜗𝑣] + [𝐾𝑝𝑣][∆𝑣𝑜̀] + [−𝐾𝑝𝑣][∆𝑣𝑑𝑐̀ ] + [𝐻][∆𝑖𝑜̀] 

[𝜗𝑣̇] = [0][∆𝜗𝑣] + [𝐾𝑖𝑣][∆𝑣𝑜̀] + [−𝐾𝑖𝑣][∆𝑣𝑑𝑐̀ ] 

𝑣𝑡̀ = (𝑖𝑣̀ − 𝑖𝑣)𝐾𝑝𝑐 + (𝑖𝑣̀ − 𝑖𝑣)
𝐾𝑖𝑐
𝑠

 

𝜗𝑐 = (𝑖𝑣̀ − 𝑖𝑣)
𝐾𝑖𝑐
𝑠

 

[𝑣𝑡̀] = [1][∆𝜗𝑐] + [𝐾𝑝𝑐][∆𝑖𝑣̀] + [−𝐾𝑝𝑐][∆𝑖𝑣] 

[𝜗𝑐̇] = [0][∆𝜗𝑣] + [𝐾𝑝𝑣][∆𝑣𝑜̀] + [−𝐾𝑝𝑣][∆𝑣𝑑𝑐̀ ] 

RfLf

Cf

Ro

io

DC/DC Converter

vo vtvdc

ivic
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DC Power Controller  

vo'ref

vo'

io'

×   

K p

-

Vdc
inv

wf

wS + f
×

 

𝑃𝑑𝑐̀ = (
𝑤

𝑠 + 𝑤
) (𝑖𝑜 − 𝑣𝑜) 

[𝑃𝑑𝑐̀ ] = [𝑤. 𝑣𝑜][∆𝑖𝑜] + [𝑤. 𝑖𝑜][∆𝑣𝑜] + [−𝑤][∆𝑃𝑑𝑐] 

𝑣𝑜̀ = 𝑣𝑜 − 𝑚𝑑𝑐𝑃𝑑𝑐  

[∆𝑣𝑜̀] = [−𝑚𝑑𝑐][∆𝑃𝑑𝑐] 

Overall small signal model of DC/DC converter 

[𝑥𝑝̇] = [𝐴𝑝][∆𝑥𝑝] + [𝐵1𝑝][∆𝑣𝑡̀] + [𝐵2𝑝][∆𝑣𝑑𝑐̀ ] 

[𝑖𝑣′] = [1][∆𝜗𝑣] + [𝐾𝑝𝑣][∆𝑣𝑜̀] + [−𝐾𝑝𝑣][∆𝑣𝑑𝑐̀ ] + [𝐻][∆𝑖𝑜̀] 

[𝜗𝑣̇] = [0][∆𝜗𝑣] + [𝐾𝑖𝑣][∆𝑣𝑜̀] + [−𝐾𝑖𝑣][∆𝑣𝑑𝑐̀ ] 

[𝑣𝑡̀] = [1][∆𝜗𝑐] + [𝐾𝑝𝑐][∆𝑖𝑣̀] + [−𝐾𝑝𝑐][∆𝑖𝑣] 

[𝜗𝑐̇] = [0][∆𝜗𝑣] + [𝐾𝑖𝑐][∆𝑖𝑣̀] + [−𝐾𝑖𝑐][∆𝑖𝑣] 

[𝑃𝑑𝑐̀ ] = [𝑤. 𝑣𝑜][∆𝑖𝑜] + [𝑤. 𝑖𝑜][∆𝑣𝑜] + [−𝑤][∆𝑃𝑑𝑐] 

[∆𝑣𝑜̀] = [−𝑚𝑑𝑐][∆𝑃𝑑𝑐] 

Re-arrangement: 

[𝑖𝑣′] = [1][∆𝜗𝑣] + [𝐾𝑝𝑣][−𝑚𝑑𝑐][∆𝑃𝑑𝑐] + [−𝐾𝑝𝑣][∆𝑣𝑑𝑐̀ ] + [𝐻][∆𝑖𝑜̀] 

[𝑣𝑡̀] = [1][∆𝜗𝑐] + [𝐾𝑝𝑐] [[1][∆𝜗𝑣] + [𝐾𝑝𝑣][−𝑚𝑑𝑐][∆𝑃𝑑𝑐] + [−𝐾𝑝𝑣][∆𝑣𝑑𝑐̀ ] + [𝐻][∆𝑖𝑜̀]] + [−𝐾𝑝𝑐][∆𝑖𝑣] 

State space model then: 

[𝑥𝑝̇] = [𝐴𝑝][∆𝑥𝑝] + [𝐵1𝑝][1][∆𝜗𝑐] + [𝐾𝑝𝑐][𝐵1𝑝][1][∆𝜗𝑣] + [𝐾𝑝𝑐][𝐵1𝑝][𝐾𝑝𝑣][−𝑚𝑑𝑐][∆𝑃𝑑𝑐]

+ {[𝐾𝑝𝑐][𝐵1𝑝][−𝐾𝑝𝑣][∆𝑣𝑑𝑐̀ ]} + [𝐾𝑝𝑐][𝐵1𝑝][𝐻][∆𝑖𝑜̀] + [𝐵1𝑝][−𝐾𝑝𝑐][∆𝑖𝑣]

+ {[B2p][∆vdc̀ ]} 

[𝑃𝑑𝑐̀ ] = [𝑤. 𝑣𝑜][∆𝑖𝑜] + [𝑤. 𝑖𝑜][∆𝑣𝑜] + [−𝑤][∆𝑃𝑑𝑐] 

[𝜗𝑣̇] = [0][∆𝜗𝑣] + [𝐾𝑖𝑣][−𝑚𝑑𝑐][∆𝑃𝑑𝑐] + {[−𝐾𝑖𝑣][∆𝑣𝑑𝑐̀ ]} 

[𝜗𝑐̇] = [0][∆𝜗𝑣] + [𝐾𝑖𝑐][1][∆𝜗𝑣] + [𝐾𝑖𝑐][𝐾𝑝𝑣][−𝑚𝑑𝑐][∆𝑃𝑑𝑐] + {[𝐾𝑖𝑐][−𝐾𝑝𝑣][∆𝑣𝑑𝑐̀ ]} + [𝐾𝑖𝑐][𝐻][∆𝑖𝑜̀]

+ [−𝐾𝑖𝑐][∆𝑖𝑣] 
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𝐴𝑝𝑑𝑐 =

[
 
 
 
 
 
 
 
 
 
 

(

 
 
 
 𝐴𝑝 + [([𝐵1𝑝] ∗ [−𝐾𝑝𝑐]) [

0 0
0 0
0 0

]]

+ [[
0
0
0
]  ([𝐾𝑝𝑐] ∗ [𝐵1𝑝] ∗ [𝐻])  [

0
0
0
]]

)

 
 
 
 

3×3

([𝐾𝑝𝑐][𝐵1𝑝][𝐾𝑝𝑣][−𝑚𝑑𝑐])3×1
([𝐾𝑝𝑐][𝐵1𝑝][1])3×1

(𝐵1𝑝)3×1

(0  [𝑤. 𝑣𝑜]  [𝑤. 𝑖𝑜])1×3 (−𝑤)1×1 (0)1×1 (0)1×1

(
[0 0 0]

+[[−𝐾𝑖𝑐]  ([𝐾𝑖𝑐] ∗ [𝐻])   0]
)
2×3

([
[𝐾𝑖𝑣][−𝑚𝑑𝑐]

[𝐾𝑖𝑐][𝐾𝑝𝑣][−𝑚𝑑𝑐]
])
2×1

([
0

[𝐾𝑖𝑐]
])
2×1

(0)2×1
]
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
∆𝑖𝑣
∆𝑖𝑜
∆𝑣𝑜
∆𝑃𝑑𝑐
𝜗𝑣
𝜗𝑐 ]

 
 
 
 
 

 

 

𝐵𝑝𝑑𝑐 =

[
 
 
 
 
 (
[𝐾𝑝𝑐] ∗ [𝐵1𝑝] ∗ [−𝐾𝑝𝑣]

+[B2p]
)

3×1

(0)1×1
([−𝐾𝑖𝑣])1×1

([𝐾𝑖𝑐][−𝐾𝑝𝑣])1×1 ]
 
 
 
 
 

[∆𝑉𝑑𝑐] 
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In order to implement the state space model for the entire DC 

microgrid, the DC loads must be included in the system matrix. 

Therefore, the A matrix of inverter # 1 and #3 will be changed, while 

converter #2 remain to the previous state space model. 

 

[𝑋𝑃̇] = [

𝐴𝑝𝑑𝑐1 (0)6×6 (0)6×6
(0)6×6 𝐴𝑝𝑑𝑐2 (0)6×6
(0)6×6 (0)6×6 𝐴𝑝𝑑𝑐3

] [∆𝑋𝑃]

+ [

𝐵𝑝𝑑𝑐1
𝐵𝑝𝑑𝑐2
𝐵𝑝𝑑𝑐3

] [
∆𝑉𝑑𝑐1
∆𝑉𝑑𝑐2
∆𝑉𝑑𝑐3

] 

 

∵ 𝑉𝑑𝑐1 = 𝑖𝑙𝑜𝑎𝑑1 ∗ 𝑅𝑙𝑜𝑎𝑑1 

     𝑉𝑑𝑐3 = 𝑖𝑙𝑜𝑎𝑑3 ∗ 𝑅𝑙𝑜𝑎𝑑3 

∴   𝑖𝑙𝑜𝑎𝑑1 = (𝑖𝑜1 + 𝑖𝑙𝑖𝑛𝑒1)  

       𝑖𝑙𝑜𝑎𝑑3 = (𝑖𝑜3 + 𝑖𝑙𝑖𝑛𝑒3) 

 

Thus: 

[𝑋𝑃̇] = [

𝐴𝑝𝑑𝑐1 (0)6×6 (0)6×6
(0)6×6 𝐴𝑝𝑑𝑐2 (0)6×6
(0)6×6 (0)6×6 𝐴𝑝𝑑𝑐3

] [∆𝑋𝑃] + [

𝐵𝑝𝑑𝑐1
𝐵𝑝𝑑𝑐2
𝐵𝑝𝑑𝑐3

] [

(∆𝑖𝑜1 + ∆𝑖𝑙𝑖𝑛𝑒1) ∗ 𝑅𝑙𝑜𝑎𝑑1
∆𝑉𝑑𝑐2

(∆𝑖𝑜3 + ∆𝑖𝑙𝑖𝑛𝑒2) ∗ 𝑅𝑙𝑜𝑎𝑑3

] 

 

It is clear that includeing the DC loads shows some elements are related to the state matrix. Therefore, 

these elements must be considered in the state matrix as illustrated below: 

[𝑋𝑃̇] = ([

𝐴𝑝𝑑𝑐1 (0)6×6 (0)6×6
(0)6×6 𝐴𝑝𝑑𝑐2 (0)6×6
(0)6×6 (0)6×6 𝐴𝑝𝑑𝑐3

] [∆𝑋𝑃] + [
𝐵𝑝𝑑𝑐1
𝐵𝑝𝑑𝑐3

] [
𝑅𝑙𝑜𝑎𝑑1
𝑅𝑙𝑜𝑎𝑑3

] [
∆𝑖𝑜1
∆𝑖𝑜3

]) + [
𝐵𝑝𝑑𝑐1
𝐵𝑝𝑑𝑐3

] [
𝑅𝑙𝑜𝑎𝑑1
𝑅𝑙𝑜𝑎𝑑3

] [
∆𝑖𝑙𝑖𝑛𝑒1
∆𝑖𝑙𝑖𝑛𝑒2

]

+ [𝐵𝑝𝑑𝑐2][∆𝑉𝑑𝑐2] 

∵  𝐵𝑝𝑑𝑐1 =

[
 
 
 
 
 
 
(
(
[𝐾𝑝𝑐] ∗ [𝐵1𝑝]

∗ [−𝐾𝑝𝑣]
)

+[B2p]

)

3×1

(0)1×1
([−𝐾𝑖𝑣])1×1

([𝐾𝑖𝑐][−𝐾𝑝𝑣])1×1 ]
 
 
 
 
 
 

[𝑅𝑙𝑜𝑎𝑑1][∆𝑖𝑜1]    ⟹ 𝐵𝑝𝑑𝑐1 =

[
 
 
 
 
 
 
(
(
[𝐾𝑝𝑐] ∗ [𝐵1𝑝] ∗

[−𝐾𝑝𝑣] ∗ [𝑅𝑙𝑜𝑎𝑑1]
)

+[B2p] ∗ [𝑅𝑙𝑜𝑎𝑑1]

)

3×1

(0)1×1
([−𝐾𝑖𝑣] ∗ [𝑅𝑙𝑜𝑎𝑑1])1×1

([𝐾𝑖𝑐][−𝐾𝑝𝑣] ∗ [𝑅𝑙𝑜𝑎𝑑1])1×1]
 
 
 
 
 
 

[∆𝑖𝑜1] 

io2
vdc2

io3

vdc3

io1

vdc1

Rline1

Rline2

Rload1

Rload2

iline1

iline2

RfLf

Cf

Ro

io

vo vt
vdc2

ivic

RfLf

Cf

Ro

io

vo vt

vdc3 ivic

RfLf

Cf

Ro

io

vo vtvdc1

ivic

Lo

Lo

Lo

Rline1

Rline2

Rload1

Rload2
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Therefore: the (𝐴𝑝𝑑𝑐(𝑖)) becomes as written below including the load and lines resistances: 

𝐴𝑝𝑑𝑐(𝑖)

=

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(

 
 
 
 
 
 
 
 
 
 
 𝐴𝑝(𝑖) + [([𝐵1𝑝(𝑖)][−𝐾𝑝𝑐(𝑖)]) [

0 0
0 0
0 0

]]

+ [[
0
0
0
]  ([𝐾𝑝𝑐(𝑖)][𝐵1𝑝(𝑖)] ∗ [𝐻𝑖])  [

0
0
0
]]

+

[
 
 
 
 
 
 
 

[
0
0
0
]  

(

 
 
 
 

[
 
 
 
 
 
 (
[𝐾𝑝𝑐(𝑖)][𝐵1𝑝(𝑖)][−𝐾𝑝𝑣(𝑖)][𝑅𝑙𝑜𝑎𝑑(𝑖)]

+[B2p(𝑖)][𝑅𝑙𝑜𝑎𝑑(𝑖)]
)

3×1

(0)1×1
([−𝐾𝑖𝑣(𝑖)][𝑅𝑙𝑜𝑎𝑑(𝑖)])1×1

([𝐾𝑖𝑐(𝑖)][−𝐾𝑝𝑣(𝑖)][𝑅𝑙𝑜𝑎𝑑(𝑖)])1×1 ]
 
 
 
 
 
 

)

 
 
 
 

  [
0
0
0
]

]
 
 
 
 
 
 
 

)

 
 
 
 
 
 
 
 
 
 
 

3×3

(
[𝐾𝑝𝑐(𝑖)][𝐵1𝑝(𝑖)]

× [𝐾𝑝𝑣(𝑖)][−𝑚𝑑𝑐(𝑖)]
)

3×1

(
[𝐾𝑝𝑐(𝑖)][1]

× [𝐵1𝑝(𝑖)]
)

3×1

(𝐵1𝑝(𝑖))3×1

(0  [𝑤𝑖 . 𝑣𝑜𝑖]  [𝑤𝑖 . 𝑖𝑜𝑖])1×3 (−𝑤𝑖)1×1 (0)1×1 (0)1×1

(
[0 0 0]

+ [[−𝐾𝑖𝑐(𝑖)]  ([𝐾𝑖𝑐(𝑖)][𝐻(𝑖)])   0]
)

2×3

([

[𝐾𝑖𝑣(𝑖)][−𝑚𝑑𝑐(𝑖)]

(
[𝐾𝑖𝑐(𝑖)][𝐾𝑝𝑣(𝑖)]

× [−𝑚𝑑𝑐(𝑖)]
)
])

2×1

([
0

[𝐾𝑖𝑐(𝑖)]
])
2×1

(0)2×1

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
∆𝑖𝑣𝑖
∆𝑖𝑜𝑖
∆𝑣𝑜𝑖
∆𝑃𝑑𝑐𝑖
𝜗𝑣𝑖
𝜗𝑐𝑖 ]

 
 
 
 
 
 

 

The input matrixes then can be written as: 

𝐵𝑝𝑑𝑐(𝑖) =

[
 
 
 
 
 
 (
[𝐾𝑝𝑐(𝑖)] ∗ [𝐵1𝑝(𝑖)] ∗ [−𝐾𝑝𝑣(𝑖)] ∗ [𝑅𝑙𝑜𝑎𝑑(𝑖)]

+[B2p(𝑖)] ∗ [𝑅𝑙𝑜𝑎𝑑(𝑖)]
)

3×1

(0)1×1
([−𝐾𝑖𝑣(𝑖)] ∗ [𝑅𝑙𝑜𝑎𝑑(𝑖)])1×1

([𝐾𝑖𝑐(𝑖)][−𝐾𝑝𝑣(𝑖)] ∗ [𝑅𝑙𝑜𝑎𝑑(𝑖)])1×1 ]
 
 
 
 
 
 

[∆𝑖𝑙𝑖𝑛𝑒(𝑖)] 
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Appendix C 

Small signal model of IC  

Power Circuit of IC equations: 

𝑑𝑖𝑑
𝑑𝑡

=
1

𝐿𝑓
𝑣𝑡𝑑 −

1

𝐿𝑓
𝑣𝑜𝑑 −

𝑅𝑓

𝐿𝑓
𝑖𝑑 + 𝑤𝑖𝑞 

𝑑𝑖𝑞

𝑑𝑡
=
1

𝐿𝑓
𝑣𝑡𝑞 −

1

𝐿𝑓
𝑣𝑜𝑞 −

𝑅𝑓

𝐿𝑓
𝑖𝑞 −𝑤𝑖𝑑 

𝑑𝑣𝑜𝑑
𝑑𝑡

=
1

𝐶𝑓
𝑖𝑜𝑑 −

1

𝐶𝑓
𝑖𝑑 + 𝑤𝑣𝑞 

𝑑𝑣𝑜𝑞

𝑑𝑡
=
1

𝐶𝑓
𝑖𝑜𝑞 −

1

𝐶𝑓
𝑖𝑞 − 𝑤𝑣𝑑 

𝑑𝑣𝑑𝑐
𝑑𝑡

=
1

𝐶𝑑𝑐
𝑖𝑜𝑑𝑐 −

1

𝐶𝑓
𝑖 

∴ 𝑣𝑡𝑑 + 𝑣𝑡𝑞 = 𝑚𝑑𝑣𝑑𝑐 +𝑚𝑞𝑣𝑑𝑐 

∴ 𝑖𝑑 + 𝑖𝑞 =
3

2
𝑚𝑑𝑣𝑑𝑐 +

3

2
𝑚𝑞𝑣𝑑𝑐           

  

1. Power Circuit model: 

∆𝐼𝑑̇ = −
1

𝐿𝑓
∆𝑣𝑑 +

𝑚𝑑
𝐿𝑓
∆𝑣𝑑𝑐 +

𝑣𝑑𝑐
𝐿𝑓
∆𝑚𝑑 −

𝑅𝑓

𝐿𝑓
∆𝑖𝑑 + 𝑤. ∆𝑖𝑞 + 𝑖𝑞 . ∆𝜔 (1) 

∆𝐼𝑞̇ = −
1

𝐿𝑓
∆𝑣𝑞 +

𝑚𝑞

𝐿𝑓
∆𝑣𝑑𝑐 +

𝑣𝑑𝑐
𝐿𝑓
∆𝑚𝑞 −

𝑅𝑓

𝐿𝑓
∆𝑖𝑞 − 𝑤. ∆𝑖𝑑 − 𝑖𝑑∆𝜔 (2) 

∆𝑣𝑑̇ =  −
1

𝐶𝑓
∆𝑖𝑜𝑑 +

1

𝐶𝑓
∆𝑖𝑑 + 𝑤

𝑜 . ∆𝑣𝑞 + 𝑣𝑞
𝑜 . ∆𝑤 (3) 

∆𝑣𝑞̇ =  −
1

𝐶𝑓
∆𝑖𝑜𝑞 +

1

𝐶𝑓
∆𝑖𝑞 − 𝑤

𝑜 . ∆𝑣𝑑 − 𝑣𝑑
𝑜 ∙ ∆𝑤 (4) 

∆𝑣𝑑𝑐̇ = (−
1.5𝑚𝑑
𝐶𝑑𝑐

∆𝑖𝑑 −
1.5𝑖𝑑
𝐶𝑑𝑐

∆𝑚𝑑 −
1.5𝑚𝑞

𝐶𝑑𝑐
∆𝑖𝑞 −

1.5𝑖𝑞

𝐶𝑑𝑐
∆𝑚𝑞) +

1

𝐶𝑑𝑐
∆𝑖𝑜𝑑𝑐 (5) 
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[
 
 
 
 
 
∆𝑖𝑑̇

∆𝑖𝑞̇

∆𝑣𝑑̇

∆𝑣𝑞̇

∆𝑣𝑑𝑐̇ ]
 
 
 
 
 

⏟  
[∆𝑥𝑝̇ ]

=

[
 
 
 
 
 
 
 
 
 
 
 −

𝑅𝑓

𝐿𝑓
𝑤 −

1

𝐿𝑓
0

𝑚𝑑
𝐿𝑓

−𝑤 −
𝑅𝑓

𝐿𝑓
0 −

1

𝐿𝑓

𝑚𝑞

𝐿𝑓
1

𝐶𝑓
0 0 𝑤 0

0
1

𝐶𝑓
−𝑤 0 0

−
1.5𝑚𝑑

𝑜

𝐶𝑑𝑐
−
1.5𝑚𝑞

𝑜

𝐶𝑑𝑐
0 0 0

]
 
 
 
 
 
 
 
 
 
 
 

⏟                          
[𝐴𝑝]

[
 
 
 
 
∆𝑖𝑑
∆𝑖𝑞
∆𝑣𝑑
∆𝑣𝑞
∆𝑣𝑑𝑐]

 
 
 
 

+

[
 
 
 
 
 
 
 
 −

𝑣𝑑𝑐
𝐿𝑓

0

0 −
𝑣𝑑𝑐
𝐿𝑓

0 0
0 0

−
1.5𝐼𝑑

𝑜

𝐶𝑑𝑐
−
1.5𝐼𝑞

𝑜

𝐶𝑑𝑐 ]
 
 
 
 
 
 
 
 

⏟            
[𝐵𝑝1]

[
∆𝑚𝑑
∆𝑚𝑞

]
⏟  
[∆𝑚𝑑𝑞]

+

[
 
 
 
 
𝑖𝑞
−𝑖𝑑
𝑣𝑞
−𝑣𝑑
0 ]
 
 
 
 

⏟  
[𝐵𝑝2]

[∆𝜔] +

[
 
 
 
 
 
 
 
0 0
0 0

− 
1

𝐶𝑓
0

0 − 
1

𝐶𝑓
0 0 ]

 
 
 
 
 
 
 

⏟        
[𝐵𝑝3]

[
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞

] +

[
 
 
 
 
 
0
0
0
0

−
1

𝐶𝑑𝑐]
 
 
 
 
 

⏟    
[𝐵𝑝4]

[∆𝑖𝑜𝑑𝑐] 

[∆𝑥𝑝̇ ] = [𝐴𝑝]5×5[∆𝑥𝑝] + [𝐵𝑝1]5×2[∆𝑚𝑑𝑞] + [𝐵𝑝2]5×1[∆𝜔] + [𝐵𝑝3]5×2[∆𝑖𝑜𝑑𝑞]

+ [𝐵𝑝4]5×1[∆𝑖𝑜𝑑𝑐] 

2. Current Controller model: 

∆𝑚𝑑 =
𝑘𝑝𝑐

𝑣𝑑𝑐
(∆𝑖𝑞

∗ − ∆𝑖𝑞) +
𝑘𝑖𝑐
𝑣𝑑𝑐

∆𝜃𝑖𝑑 +
1

𝑣𝑑𝑐
∆𝑣𝑑

𝑐 −
𝑤𝐿𝑓

𝑣𝑑𝑐
∆𝐼𝑞
𝑐 −

𝑖𝑞𝐿𝑓

𝑣𝑑𝑐
∆𝑤 −

𝑚𝑑
𝑣𝑑𝑐

∆𝑣𝑑𝑐 (8) 

∆𝑚𝑞 =
𝑘𝑝𝑐

𝑣𝑑𝑐
(∆𝑖𝑞

∗ − ∆𝑖𝑞) +
𝑘𝑖𝑐
𝑣𝑑𝑐

∆𝜃𝑖𝑞 +
1

𝑣𝑑𝑐
∆𝑣𝑞

𝑐 +
𝑤𝐿𝑓

𝑣𝑑𝑐
∆𝐼𝑑
𝑐 +

𝑖𝑑𝐿𝑓

𝑣𝑑𝑐
∆𝑤 −

𝑚𝑞

𝑣𝑑𝑐
∆𝑣𝑑𝑐 (9) 

∆𝜃𝑖𝑑̇ =  ∆𝑖𝑑
∗ − ∆𝑖𝑑 (10) 

∆𝜃𝑖𝑞̇ =  ∆𝑖𝑞
∗ − ∆𝑖𝑞 (11) 

 

[
∆𝜃𝑖𝑑̇

∆𝜃𝑖𝑞̇
] = [

0 0
0 0

] [
∆𝜃𝑖𝑑
∆𝜃𝑖𝑞

] + [
1 0
0 1

]
⏟  
𝐵1𝑖

[
∆𝑖𝑑
∗

∆𝑖𝑞
∗] + [

−1 0
0 −1

]
⏟      

𝐵2𝑖

[
∆𝑖𝑑
∆𝑖𝑞
] 



 

135 

[
∆𝑚𝑑
∆𝑚𝑄

] =

[
 
 
 
 
𝑘𝑖𝑐
𝑣𝑑𝑐

0

0
𝑘𝑖𝑐
𝑣𝑑𝑐]
 
 
 
 

⏟      
𝐶𝑖

[
∆𝜃𝑖𝑑
∆𝜃𝑖𝑞

] +

[
 
 
 
 
𝑘𝑝𝑐

𝑣𝑑𝑐
0

0
𝑘𝑝𝑐

𝑣𝑑𝑐]
 
 
 
 

⏟      
𝐷𝑖1

[
∆𝑖𝑑
∗

∆𝑖𝑞
∗] +

[
 
 
 
 −
𝑘𝑝𝑐

𝑣𝑑𝑐
−
𝑤𝐿𝑓

𝑣𝑑𝑐
𝑤𝐿𝑓

𝑣𝑑𝑐
−
𝑘𝑝𝑐

𝑣𝑑𝑐 ]
 
 
 
 

⏟          
𝐷𝑖2

[
∆𝑖𝑑
∆𝑖𝑞
] +

[
 
 
 
1

𝑣𝑑𝑐
0

0
1

𝑣𝑑𝑐]
 
 
 

⏟      
𝐷13

[
∆𝑣𝑑
∆𝑣𝑞

]

+

[
 
 
 
 −
𝐿𝑓𝑖𝑞

𝑣𝑑𝑐
𝐿𝑓𝑖𝑑

𝑣𝑑𝑐 ]
 
 
 
 

⏟    
𝐷𝑖4

[∆𝑤] + [

−
𝑚𝑑
𝑣𝑑𝑐

−
𝑚𝑞

𝑣𝑑𝑐

]

⏟    
𝐷𝑖5

[∆𝑣𝑑𝑐] 

 

[∆𝜃𝑖𝑑𝑞̇ ] = [𝐵𝑖1][∆𝑖𝑑𝑞
∗ ] + [𝐵𝑖2][∆𝑖𝑑𝑞] (b) 

[∆𝑚𝑑𝑞
𝑜 ] = [𝐶𝑖][∆𝜃𝑖𝑑𝑞] + [𝐷𝑖1][∆𝑖𝑑𝑞

∗ ] + [𝐷𝑖2][∆𝑖𝑑𝑞] + [𝐷𝑖3][∆𝑣𝑑𝑞] + [𝐷𝑖4][∆𝑤] + [𝐷𝑖5][∆𝑣𝑑𝑐] (c) 

 

3. Voltage Controller model: 

∆𝐼𝑑
∗ = 𝑘𝑝𝑣(∆𝑣𝑑

∗ − ∆𝑣𝑑
𝑐) + 𝑘𝑖𝑣∆𝜃𝑣𝑑 + 𝐻∆𝐼𝑜𝑑

𝑐 − 𝑤𝑜𝐶𝑓∆𝑣𝑞
𝑐 − 𝐶𝑓𝑣𝑞

𝑜∆𝑤 (6) 

∆𝐼𝑞
∗ = 𝑘𝑝𝑣(∆𝑣𝑞

∗ − ∆𝑣𝑞
𝑐) + 𝑘𝑖𝑣∆𝜃𝑣𝑞 + 𝐻∆𝐼𝑜𝑞

𝑐 + 𝑤𝑜𝐶𝑓∆𝑣𝑑
𝑐 + 𝐶𝑓𝑣𝑑

𝑜∆𝑤 (7) 

∆𝜃𝑣𝑑̇ =  ∆𝑣𝑑
∗ − ∆𝑣𝑑

𝑐  (10) 

∆𝜃𝑣𝑞̇ =  ∆𝑣𝑞
∗ − ∆𝑣𝑞

𝑐  (11) 

[
∆𝐼𝑑
∗

∆𝐼𝑞
∗] = [

𝑘𝑖𝑣 0
0 𝑘𝑖𝑣

]
⏟      

𝐶𝑣

[
∆𝜃𝑣𝑑
∆𝜃𝑣𝑞

] + [
𝑘𝑝𝑣 0

0 𝑘𝑝𝑣
]

⏟      
𝐷𝑣1

[
∆𝑣𝑑

∗

∆𝑣𝑞
∗] + [

−𝑘𝑝𝑣 −𝑤𝐶𝑓
𝑤𝐶𝑓 −𝑘𝑝𝑣

]
⏟          

𝐷𝑣2

[
∆𝑣𝑑

𝑐

∆𝑣𝑞
𝑐] + [

−𝐶𝑓𝑣𝑞
𝑜

𝐶𝑓𝑣𝑑
𝑜 ]

⏟    
𝐷𝑣3

[∆𝑤]

+ [
𝐻 0
0 𝐻

]
⏟    
𝐷𝑣4

[
∆𝐼𝑜𝑑

𝑐

∆𝐼𝑜𝑞
𝑐] 

[
∆𝜃𝑣𝑑̇

∆𝜃𝑣𝑞̇
] = [

0 0
0 0

] [
∆𝜃𝑣𝑑
∆𝜃𝑣𝑞

] + [
1 0
0 1

]
⏟  
𝐵1𝑣

[
∆𝑣𝑑

∗

∆𝑣𝑞
∗] + [

−1 0
0 −1

]
⏟      

𝐵2𝑣

[
∆𝑣𝑑

𝑐

∆𝑣𝑞
𝑐] 

[∆𝐼𝑑𝑞
∗ ] = [𝐶𝑣][∆𝜃𝑣𝑑𝑞] + [𝐷𝑣1][∆𝑣𝑑𝑞

∗ ] + [𝐷𝑣2][∆𝑣𝑑𝑞] + [𝐷𝑣3][∆𝑤] + [𝐷𝑣4][∆𝑖𝑜𝑑𝑞] (d) 

[∆𝜃𝑣𝑑𝑞̇ ] = [𝐵𝑣1][∆𝑣𝑑𝑞
∗ ] + [𝐵𝑣2][∆𝑣𝑑𝑞] (e) 

 

4. Virtual impedances model: 

∆𝑣𝑑
∗ = ∆𝑉𝑟𝑒𝑓 − 𝑅𝑣∆𝑖𝑜𝑑 + 𝑤𝐿𝑣∆𝑖𝑜𝑞 + 𝐿𝑣𝑖𝑜𝑞∆𝑤  

∆𝑣𝑞
∗ = 0         − 𝑅𝑣∆𝑖𝑜𝑞 − 𝑤𝐿𝑣∆𝑖𝑜𝑑 − 𝐿𝑣𝑖𝑜𝑑∆𝑤  

[
∆𝑣𝑑

∗

∆𝑣𝑞
∗] = [

−𝑅𝑣 𝑤𝑜𝐿𝑣
−𝑤𝑜𝐿𝑣 −𝑅𝑣

]
⏟          

𝐷𝑣𝑟1

[
∆𝑖𝑜𝑑
∆𝑖𝑜𝑞

] + [
+𝑖𝑜𝑞𝐿𝑣
−𝑖𝑜𝑑𝐿𝑣

]
⏟      
𝐷𝑣𝑟2

[∆𝑤] 

[∆𝑣𝑑𝑞
∗ ] = [𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐷𝑣𝑟2][∆𝑤] (f) 
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5. Swing equation model: 

𝑑𝑤

𝑑𝑡
=
𝑃𝑟𝑒𝑓

2𝐽
−
𝑃𝐼𝐶
2𝐽
−
𝐾𝑑 ∗ 𝑤𝑉𝑆𝑀

2𝐽
+
𝐾𝑑 ∗ 𝑤𝑔

∗

2𝐽
 

∆𝑤̇ =
∆𝑃𝑟𝑒𝑓

2𝐽
−
1.5𝑖𝑜𝑑
2𝐽

∆𝑣𝑑
𝑜 −

1.5𝑖𝑜𝑞

2𝐽
∆𝑣𝑞

𝑜 −
1.5𝑣d
2𝐽

∆𝑖𝑜𝑑 −
1.5𝑣𝑞

2𝐽
∆𝑖𝑜𝑞 −

𝐾𝑑
2𝐽
∆𝑤𝑉𝑆𝑀 +

𝐾𝑑
2𝐽
∆𝑤𝑔

∗ 

𝑑θvsm
𝑑𝑡

=  𝑤𝑉𝑆𝑀 

∆θvsṁ =  ∆𝑤𝑉𝑆𝑀 

[
∆𝑤𝑉𝑆𝑀̇

∆θvsṁ
] = [

−
𝐾𝑑
2𝐽

0

1 0

]

⏟      
𝐴𝑠

[
∆𝑤𝑉𝑆𝑀
∆θvsm

] + [−
1.5𝑣d
2𝐽

−
1.5𝑣𝑞

2𝐽
0 0

]

⏟            
𝐵𝑠1

[
∆𝑖𝑜𝑑

𝑐

∆𝑖𝑜𝑞
𝑐] + [

−
1.5𝑖𝑜𝑑
2𝐽

−
1.5𝑖𝑜𝑞

2𝐽
0 0

]

⏟              
𝐵𝑠2

[
∆𝑣𝑑

𝑐

∆𝑣𝑞
𝑐]

+ [

𝐾𝑑
2𝐽
0

]
⏟
𝐵𝑠3

[∆𝑤𝑔] 

 

[
∆𝑤̇
∆θvsṁ

] = [𝐴𝑠] [
∆𝑤𝑉𝑆𝑀
∆θvsm

] + [𝐵𝑠1][∆𝑖𝑜𝑑𝑞] + [𝐵𝑠2][∆𝑣𝑑𝑞] + [𝐵𝑠3][∆𝑤𝑔] (g) 

 

[∆𝑥𝑝̇ ] = [𝐴𝑝]5×5[∆𝑥𝑝] + [𝐵𝑝1]5×2[∆𝑚𝑑𝑞] + [𝐵𝑝2]5×1[∆𝜔] + [𝐵𝑝3]5×2[∆𝑖𝑜𝑑𝑞]

+ [𝐵𝑝4]5×1[∆𝑖𝑜𝑑𝑐] 

[∆𝜃𝑖𝑑𝑞̇ ] = [𝐵𝑖1][∆𝑖𝑑𝑞
∗ ] + [𝐵𝑖2][∆𝑖𝑑𝑞] 

[∆𝑚𝑑𝑞] = [𝐶𝑖][∆𝜃𝑖𝑑𝑞] + [𝐷𝑖1][∆𝑖𝑑𝑞
∗ ] + [𝐷𝑖2][∆𝑖𝑑𝑞] + [𝐷𝑖3][∆𝑣𝑑𝑞] + [𝐷𝑖4][∆𝑤] + [𝐷𝑖5][∆𝑣𝑑𝑐] 

[∆𝐼𝑑𝑞
∗ ] = [𝐶𝑣][∆𝜃𝑣𝑑𝑞] + [𝐷𝑣1][∆𝑣𝑑𝑞

∗ ] + [𝐷𝑣2][∆𝑣𝑑𝑞] + [𝐷𝑣3][∆𝑤] + [𝐷𝑣4][∆𝑖𝑜𝑑𝑞] 

[∆𝜃𝑣𝑑𝑞̇ ] = [𝐵𝑣1][∆𝑣𝑑𝑞
∗ ] + [𝐵𝑣2][∆𝑣𝑑𝑞] 

[∆𝑣𝑑𝑞
∗ ] = [𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐷𝑣𝑟2][∆𝑤] 

[
∆𝑤̇
∆θvsṁ

] = [𝐴𝑠] [
∆𝑤𝑉𝑆𝑀
∆θvsm

] + [𝐵𝑠1][∆𝑖𝑜𝑑𝑞] + [𝐵𝑠2][∆𝑣𝑑𝑞] + [𝐵𝑠3][∆𝑤𝑔] 

 

2 

[∆𝜃𝑖𝑑𝑞̇ ] = [𝐵𝑖1][∆𝑖𝑑𝑞
∗ ] + [𝐵𝑖2][∆𝑖𝑑𝑞] 

[∆𝑖𝑑𝑞
∗ ] = [𝐶𝑣][∆𝜃𝑣𝑑𝑞] + [𝐷𝑣1][∆𝑣𝑑𝑞

∗ ] + [𝐷𝑣2][∆𝑣𝑑𝑞] + [𝐷𝑣3][∆𝑤] + [𝐷𝑣4][∆𝑖𝑜𝑑𝑞] 

[∆𝑣𝑑𝑞
∗ ] = [𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐷𝑣𝑟2][∆𝑤] 

[∆𝜃𝑖𝑑𝑞̇ ] = [𝐵𝑖1] [[𝐶𝑣][∆𝜃𝑣𝑑𝑞] + [𝐷𝑣1] [[𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐷𝑣𝑟2][∆𝑤]] + [𝐷𝑣2][∆𝑣𝑑𝑞]

+ [𝐷𝑣3][∆𝑤] + [𝐷𝑣4][∆𝑖𝑜𝑑𝑞]] + [𝐵𝑖2][∆𝑖𝑑𝑞] 



 

137 

[∆𝜃𝑖𝑑𝑞̇ ] = [𝐵𝑖1][𝐶𝑣][∆𝜃𝑣𝑑𝑞] + [𝐵𝑖1][𝐷𝑣1][𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐵𝑖1][𝐷𝑣1][𝐷𝑣𝑟2][∆𝑤]

+ [𝐵𝑖1][𝐷𝑣2][∆𝑣𝑑𝑞] + [𝐵𝑖1][𝐷𝑣3][∆𝑤] + [𝐵𝑖1][𝐷𝑣4][∆𝑖𝑜𝑑𝑞] + [𝐵𝑖2][∆𝑖𝑑𝑞] 

 [∆𝜃𝑣𝑑𝑞̇ ] [∆𝑤̇ ∆θvsm] [∆𝑥𝑝] = [∆𝐼𝑑𝑞 ∆𝑣𝑑𝑞 ∆𝑣𝑑𝑐]𝑇 [∆𝜃𝑖𝑑𝑞̇ ] 

[∆𝜃𝑖𝑑𝑞̇ ] [𝐵𝑖1][𝐶𝑣] [𝐵𝑖1][𝐷𝑣1][𝐷𝑣𝑟2] [𝐵𝑖2] [𝐵𝑖1][𝐷𝑣2] 0 0 

 

3 

[∆𝜃𝑣𝑑𝑞̇ ] = [𝐵𝑣1][∆𝑣𝑑𝑞
∗ ] + [𝐵𝑣2][∆𝑣𝑑𝑞] 

[∆𝑣𝑑𝑞
∗ ] = [𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐷𝑣𝑟2][∆𝑤] 

[∆𝜃𝑣𝑑𝑞̇ ] = [𝐵𝑣1] [[𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐷𝑣𝑟2][∆𝑤]] + [𝐵𝑣2][∆𝑣𝑑𝑞] 

[∆𝜃𝑣𝑑𝑞̇ ] = [𝐵𝑣1][𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐵𝑣1][𝐷𝑣𝑟2][∆𝑤] + [𝐵𝑣2][∆𝑣𝑑𝑞] 

 [∆𝜃𝑣𝑑𝑞̇ ] [∆𝑤̇ ∆θvsm] [∆𝑥𝑝] = [∆𝐼𝑑𝑞 ∆𝑣𝑑𝑞 ∆𝑣𝑑𝑐]𝑇 [∆𝜃𝑖𝑑𝑞̇ ] 

[∆𝜃𝑣𝑑𝑞̇ ] 0 [𝐵𝑣1][𝐷𝑣𝑟2] 0 [𝐵𝑣2] 0 0 

 

 

4 

[
∆𝑤̇
∆θvsṁ

] = [𝐴𝑠] [
∆𝑤𝑉𝑆𝑀
∆θvsm

] + [𝐵𝑠1][∆𝑖𝑜𝑑𝑞] + [𝐵𝑠2][∆𝑣𝑑𝑞] + [𝐵𝑠3][∆𝑤𝑔] 

 [∆𝜃𝑣𝑑𝑞̇ ] [∆𝑤̇ ∆θvsm] [∆𝑥𝑝] = [∆𝐼𝑑𝑞 ∆𝑣𝑑𝑞 ∆𝑣𝑑𝑐]𝑇 [∆𝜃𝑖𝑑𝑞̇ ] 

[∆𝜃𝑣𝑑𝑞̇ ] 0 [𝐴𝑠] 0 [𝐵𝑠2] 0 0 

 

1 

[∆𝑥𝑝̇ ] = [𝐴𝑝][∆𝑥𝑝] + [𝐵𝑝1][∆𝑚𝑑𝑞] + [𝐵𝑝2][∆𝜔] + [𝐵𝑝3][∆𝑖𝑜𝑑𝑞] + [𝐵𝑝4][∆𝑖𝑜𝑑𝑐] 

[∆𝑚𝑑𝑞] = [𝐶𝑖][∆𝜃𝑖𝑑𝑞] + [𝐷𝑖1][∆𝑖𝑑𝑞
∗ ] + [𝐷𝑖2][∆𝑖𝑑𝑞] + [𝐷𝑖3][∆𝑣𝑑𝑞] + [𝐷𝑖4][∆𝑤] + [𝐷𝑖5][∆𝑣𝑑𝑐] 

[∆𝑖𝑑𝑞
∗ ] = [𝐶𝑣][∆𝜃𝑣𝑑𝑞] + [𝐷𝑣1][∆𝑣𝑑𝑞

∗ ] + [𝐷𝑣2][∆𝑣𝑑𝑞] + [𝐷𝑣3][∆𝑤] + [𝐷𝑣4][∆𝑖𝑜𝑑𝑞] 

[∆𝑣𝑑𝑞
∗ ] = [𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐷𝑣𝑟2][∆𝑤] 



 

138 

[∆𝑥𝑝̇ ] = [𝐴𝑝][∆𝑥𝑝]

+ [𝐵𝑝1] [[𝐶𝑖][∆𝜃𝑖𝑑𝑞]

+ [𝐷𝑖1] [[𝐶𝑣][∆𝜃𝑣𝑑𝑞] + [𝐷𝑣1] [[𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐷𝑣𝑟2][∆𝑤]] + [𝐷𝑣2][∆𝑣𝑑𝑞]

+ [𝐷𝑣3][∆𝑤] + [𝐷𝑣4][∆𝑖𝑜𝑑𝑞]] + [𝐷𝑖2][∆𝑖𝑑𝑞] + [𝐷𝑖3][∆𝑣𝑑𝑞] + [𝐷𝑖4][∆𝑤]

+ [𝐷𝑖5][∆𝑣𝑑𝑐]] + [𝐵𝑝2][∆𝜔] + [𝐵𝑝3][∆𝑖𝑜𝑑𝑞] + [𝐵𝑝4][∆𝑖𝑜𝑑𝑐] 

[∆𝑥𝑝̇ ] = [𝐴𝑝][∆𝑥𝑝] + [𝐵𝑝1][𝐶𝑖][∆𝜃𝑖𝑑𝑞] + [𝐵𝑝1][𝐷𝑖1][𝐶𝑣][∆𝜃𝑣𝑑𝑞]

+ [𝐵𝑝1][𝐷𝑖1][𝐷𝑣1][𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐵𝑝1][𝐷𝑖1][𝐷𝑣1][𝐷𝑣𝑟2][∆𝑤]

+ [𝐵𝑝1][𝐷𝑖1][𝐷𝑣2][∆𝑣𝑑𝑞] + [𝐵𝑝1][𝐷𝑖1][𝐷𝑣3][∆𝑤] + [𝐵𝑝1][𝐷𝑖1][𝐷𝑣4][∆𝑖𝑜𝑑𝑞]

+ [𝐵𝑝1][𝐷𝑖2][∆𝑖𝑑𝑞] + [𝐵𝑝1][𝐷𝑖3][∆𝑣𝑑𝑞] + [𝐵𝑝1][𝐷𝑖4][∆𝑤]

+ [𝐵𝑝1][𝐷𝑖5][∆𝑣𝑑𝑐] + [𝐵𝑝2][∆𝜔] + [𝐵𝑝3][∆𝑖𝑜𝑑𝑞] + [𝐵𝑝4][∆𝑖𝑜𝑑𝑐] 

[∆𝑥𝑝̇ ] = [𝐴𝑝][∆𝑥𝑝] + [𝐵𝑝1][𝐶𝑖][∆𝜃𝑖𝑑𝑞] + [𝐵𝑝1][𝐷𝑖1][𝐶𝑣][∆𝜃𝑣𝑑𝑞]

+ [𝐵𝑝1][𝐷𝑖1][𝐷𝑣1][𝐷𝑣𝑟1][∆𝑖𝑜𝑑𝑞] + [𝐵𝑝1][𝐷𝑖1][𝐷𝑣1][𝐷𝑣𝑟2][∆𝑤]

+ [𝐵𝑝1][𝐷𝑖1][𝐷𝑣2][∆𝑣𝑑𝑞] + [𝐵𝑝1][𝐷𝑖1][𝐷𝑣3][∆𝑤] + [𝐵𝑝1][𝐷𝑖1][𝐷𝑣4][∆𝑖𝑜𝑑𝑞]

+ [𝐵𝑝1][𝐷𝑖2][∆𝑖𝑑𝑞] + [𝐵𝑝1][𝐷𝑖3][∆𝑣𝑑𝑞] + [𝐵𝑝1][𝐷𝑖4][∆𝑤]

+ [𝐵𝑝1][𝐷𝑖5][∆𝑣𝑑𝑐] + [𝐵𝑝2][∆𝜔] + [𝐵𝑝3][∆𝑖𝑜𝑑𝑞] + [𝐵𝑝4][∆𝑖𝑜𝑑𝑐] 

 [∆𝜃𝑣𝑑𝑞̇ ] [∆𝑤̇ ∆θvsm] [∆𝑥𝑝]

= [∆𝐼𝑑𝑞 ∆𝑣𝑑𝑞 ∆𝑣𝑑𝑐]𝑇 

[∆𝜃𝑖𝑑𝑞̇ ] 

[

∆𝑖𝑑𝑞
∆𝑣𝑑𝑞
∆𝑣𝑑𝑐

] 

[𝐵𝑝1][𝐷𝑖1][𝐶𝑣] [𝐵𝑝1][𝐷𝑖1][𝐷𝑣1][𝐷𝑣𝑟2]

+ [𝐵𝑝2] 

[𝐴𝑝]

+ ([𝐵𝑝1][𝐷𝑖2][∆𝑖𝑑𝑞]

+ [𝐵𝑝1][𝐷𝑖1][𝐷𝑣2][∆𝑣𝑑𝑞]

+ 0) 

[𝐵𝑝1][𝐶𝑖] 
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[
 
 
 
 
∆𝑋𝑝̇

∆𝜃𝑖𝑑𝑞̇

∆𝜃𝑣𝑑𝑞̇

∆𝑤̇ ]
 
 
 
 

=

[
 
 
 
 (

𝐴𝑝 +
[𝐵𝑝1𝐷𝑖2 𝐵𝑝1𝐷𝑖1𝐷𝑣2 0]

) 𝐵𝑝1𝐶𝑖 𝐵𝑝1𝐷𝑖1𝐶𝑣 (
𝐵𝑝1𝐷𝑖1𝐷𝑣1𝐷𝑣𝑟2

+𝐵𝑝2
)

(𝐵𝑖2 𝐵𝑖1𝐷𝑣2 0) 0 𝐵𝑖1𝐶𝑣 𝐵𝑖1𝐷𝑣1𝐷𝑣𝑟2
(0 𝐵𝑣2 0) 0 0 𝐵𝑣1𝐷𝑣𝑟2
(0 Bs2 0) 0 0 As ]

 
 
 
 

[
 
 
 
∆𝑋𝑝
∆𝜃𝑖𝑑𝑞
∆𝜃𝑣𝑑𝑞
∆𝑤 ]

 
 
 

+

[
 
 
 
 
 
 
(

(𝐵𝑝1𝐷𝑖1𝐷𝑣1𝐶𝑣𝑟)
+(𝐵𝑝1𝐷𝑖1𝐷𝑣3)

+𝐵𝑝2
)

(
(𝐵𝑖1𝐷𝑣1𝐶𝑣𝑟)

+(𝐵𝑖1𝐷𝑣3)
)

𝐵𝑣1 ∗ 𝐶𝑣𝑟
Bs2 ]

 
 
 
 
 
 

[∆𝑖𝑜𝑑𝑞] 

 

 

 


